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Empower Green Production 

Foreword 

Not only higher energy efficiency, CO2 savings and less scrap characterize sustainable 
production. If we want to “Empower Green Production”, the paradigm shift is to extend the 
use cycle by transferring products or assets beyond their original life cycle into a multiple 
life cycle by adding a perceptible extension of functionality. Life-extending measures such 
as the timely replacement of existing components or assets with refurbished ones or those 
that can offer upgrades with completely new functions to end customers exemplify our un-
derstanding of a value-added circular economy. It differs from the generally intuitive under-
standing of "circular economy" in that not only are raw materials and energy recovered from 
used products, but used products and machines are specifically refurbished, industrially 
upgraded and used for a significantly longer period of time and potentially in a different 
context. 

The digital shadow, along with specific technological and technical solutions, which were 
researched in the Aachen Cluster of Excellence "Internet of Production", creates the condi-
tions for exploiting this – by far the greatest – sustainability potential of industrial production. 
In the future, new connectivity and data technologies will help companies save up to 50 
percent of their industrially used resources and emissions, while at the same time enabling 
them to manufacture and offer complex series products up to 30 percent more cost-effec-
tively than before. Household appliances, cars, machinery and plants can thus be system-
atically upgraded for a second, third or fourth life, without customers having to forego the 
added performance and appeal of new products created in parallel. 

Ensuring the future viability of manufacturing companies against the backdrop of growing 
global challenges posed by climate change and the associated political and economic 
measures is the goal of the 31st AWK, the international Aachen Conference for Production 
Technology. The guiding theme of this year's AWK – "Empower Green Production" – re-
presents the joint efforts of science and industry to achieve the urgently needed transfor-
mation towards green production. 

In past editions of our conference series, we already used examples of successful research 
and industrial projects in the 2010s to show the opportunities offered by the comprehensive 
networking of machines and plants. Whereas AWK'21 dealt in detail with how the database 
obtained can serve as the basis for an "Internet of Sustainability," the next logical step for 
us is now to use these resources not only to increase productivity, as in the past, but above 
all for the transformation towards circular production. With this concept of a value-adding 
circular economy, for example, the (F-)ESG criteria could also be achieved many times 
better than with the classic, limited approach to the circular economy. The expansion of 
production boundaries beyond the factory gates and the inclusion of the information gained 
in the user cycle enables higher industrial value creation and at the same time increases 
the control options in the direction of increased resilience. 



Foreword of the professors 

Using initial concrete examples from current industry and research projects, this year‘s 
AWK’23 would like to show which technologies and strategies will promote this transfor-
mation, how companies can select their individual tools for the change from the wealth of 
methods available, and with which challenges proximate production research can provide 
targeted support. The four central thematic blocks of the AWK include contributions on high-
performance, storage-optimized and resilient data infrastructures, on technologies and pro-
cesses for a properly functioning circular economy, on modelling and analyzes aimed at 
more resource-efficient manufacturing, and on scenarios and business models for sustain-
able value creation. 

Under the guiding theme "Empower Green Production", we are taking up the complex chal-
lenge of the transformation to a value-adding circular economy, and have discussed our 
ideas and concepts with top-class teams of experts from industry and science at the 31st 
AWK. Together we want to set impulses and enable companies in the best tradition of the 
Aachen Machine Tool Colloquium to make their production equally more efficient and more 
sustainable.  

AWK'23 is a renowned network meeting and hybrid information hub at the same time. Ac-
companied by the international top-class lecture program and with thematic tours of the 
host research facilities – on site in Aachen as well as digitally – the conference offers a 
comprehensive insight into the trends of applied research and development for specialists 
and executives from industry and science. 

This conference proceedings, which takes up and reflects the contents of the event program, 
can serve as an incentive to initiate a conversation with us, with the expert teams and with 
the speakers, and to become an active protagonist of a value-enhancing circular economy 
yourself. We are pleased to make our research results available to a wide circle of inter-
ested parties and would like to thank all those who have contributed with great personal 
commitment to the discussion and the preparation of the presentations and the contribu-
tions in this book. 

Prof. Dr.-Ing. Thomas Bergs MBA 

Prof. Dr.-Ing. Christian Brecher 

Prof. Dr.-Ing. Robert H. Schmitt 

Prof. Dr.-Ing. Dipl. Wirt.-Ing. Günther Schuh 
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Greeting by the President of the VDI 

Greeting 

Univ.-Prof. Dr.-Ing. Lutz Eckstein 
President VDI 

Production technology of the future - resilient, intelligent and sustainable 

Current crises such as pandemics and wars, but also ongoing climate change, show 
us how necessary it is for companies and society to be able to adapt to changes in 
product availability and supply chains. 

In the coming years there will be further disruptive changes. In Germany, we have 
to adapt to scarce and expensive energy, and to adapt our production systems in 
such a way that we work with the raw materials that we import as carefully as 
possible and in closed value-added cycles. Our goal must be a sustainable circular 
economy – as inde-pendent as possible from fossil fuels – which meets the global 
emissions- and climate-targets and is simultaneously resilient and adaptable.

In all sectors in Germany, it is important to implement processes that make 
production more sustainable. We have to decarbonize, recycle and reuse all materials, 
recycle waste immediately, and avoid waste over the entire production life cycle, as well 
as to generate, distribute and use energy intelligently. With the heading "Empower 
Green Production", it is clear that we are still in a global competition in which the best 
solution counts to make production truly green. The goal must be to think and act in 
a circular manner and to implement changes as quickly as possible.

According to the four “Rs” – Rethink, Reuse, Reduce, Recycle – it is important to 
consider the entire product life cycle. Since recycling usually only works as 
downcycling, reuse in combination with refurbishment should also play a major role in 
order to generate maxi-mum effects.

Specifically, it is important to consider two footprints of a means of production: the 
man-ufacture of the machine; and the use and disposal of the machine. So here, too, 
a con-sideration of the entire life cycle – from cradle to grave – is required! 
I am convinced that, based on your excellent research and systematic development, 
you will succeed in creating a resilient, intelligent and sustainable production 
technology which will help ensure the future of our manufacturing industry as a pillar of 
Europe. 
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Greeting by the Lord Mayor of the City of Aachen 

Greeting 

Sibylle Keupen 
Lord Mayor of Aachen 

Multiple crises such as natural events and the war of aggression on Ukraine are challeng-
ing companies in a way never seen before. Nevertheless, it is important to think ahead 
together and shape our future. The current challenges are also an opportunity. 

The transformation to a more sustainable, energy- and resource-efficient industry and 
economy must succeed. We have a responsibility to make climate protection socially and 
economically sustainable for future generations. To do this, we need to develop even 
more momentum. 

The manufacturing industry is still highly dependent on global logistics chains, fossil en-
ergy, and rare raw materials. A circular economy that is less dependent on fossil fuels 
can help create greater resilience and security while helping to meet global emissions 
and climate targets. 

How to overcome dependence on conventional energy suppliers is the topic of the 31st 
Aachen Machine Tool Colloquium (AWK). Internationally renowned experts from industry, 
politics and science will discuss new technologies and concepts for a more crisis-resistant 
and at the same time greener production in the future under the motto "Empower Green 
Production". 

The colloquium is a unique flagship for our city of Aachen and highlights the interdisci-
plinarity and industrial relevance of this location. I wish all participants an interesting ex-
change about opportunities, experiences and ideas. 
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Greeting by the President of the Fraunhofer-Gesellschaft 

Greeting 

Prof. Reimund Neugebauer 
President of the Fraunhofer-Gesellschaft 

Sustainable, innovative production technologies are essential for increasing productivity 
while maintaining climate targets, reducing dependence on fossil fuels, and, thus, secur-
ing Germany's long-term competitiveness as a technology location.  

Digital transformation in particular provides numerous opportunities for sustainable and 
circular industrial production by networking people and machines in an intelligent system 
with real-time control. The successful implementation of a circular economy comprises 
three elements: first, resource-efficient products, processes, and production systems; 
second, circular product lifecycles, i.e., circulation of products and resource-efficient 
(re)manufacturing; and, finally, the circular materials lifecycle with renewable raw materi-
als. All of these measures must be supplemented and flanked by digitalization, AI, and 
robotics. 

Sustainable and circular production also plays an important role in gaining independence 
from volatile raw material markets and in saving costs by improving material use. Against 
this background, the "Empower Green Production" focus of the Aachen Machine Tool 
Colloquium 2023 perfectly addresses the current times. Both a fundamental openness to 
technology and close cooperation between industry, science, and politics are essential 
for a successful transformation and for securing our international competitiveness. Let us 
set the course for a successful future together. 

Foto 
(bitte als druckfähige 

Datei mitschicken, 
wird von uns einge-

fügt) 
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Top-level research 
up close –
experience the 
virtual 3D campus

Digital labs 
Take a tour!
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At the campus Digital Twins are not only used in research. 
In the 3D environment of the machine halls and laboratories
of the WZL | RWTH Aachen University and Fraunhofer IPT,
the nine thematic tours can be visited and experienced virtually.
In this way, targeted information on the rich diversity of research 
and development topics of the two host institutes can be 
provided to complement the AWK. All with the focus on 
sustainable production.

Digital lab tours:

1. Data-driven sustainable manufacturing 

2. Sustainable manufacturing through data-driven optimization of process chains

3. Sense - think - act: closed-loop data for closed-loop lifecycles

4. Production analytics in machine tools

5. Innovative gear analysis for a green production

6. Smart automation lab

7. Next generation propulsion systems

8. Digitization as an enabler for green production

9. Enablers for sustainable production systems
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At the campus Digital Twins are not only used in research. 
In the 3D environment of the machine halls and laboratories 
of the WZL | RWTH Aachen University and Fraunhofer IPT, 
the nine thematic tours can be visited and experienced virtually. 
In this way, targeted information on the rich diversity of research 
and development topics of the two host institutes can be 
provided to complement the AWK. All with the focus on 
sustainable production.

Digital lab tours:

1. Data-driven sustainable manufacturing

2. Sustainable manufacturing through data-driven optimization of process chains

3. Sense - think - act: closed-loop data for closed-loop lifecycles

4. Production analytics in machine tools

5. Innovative gear analysis for a green production

6. Smart automation lab

7. Next generation propulsion systems

8. Digitization as an enabler for green production

9. Enablers for sustainable production systems
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Manufacture #LikeABosch – Producing Technology Invented for Life 

Plenary talk 

Manufacture #LikeABosch – 
Producing Technology Invented for Life 

Dr. Stefan Hartung 

Chairman of the Board of Management, Robert Bosch GmbH 

Year of birth: 

1966 

Current position: 

since 2022 Chairman of the Board of Management, Robert Bosch GmbH 

Previous positions: 

2019-2021 Chairman of the Mobility Solutions business sector, Robert Bosch GmbH 

2013-2019 Member of the board of management, Robert Bosch GmbH 

2009-2013 President, Power Tools division 

Studies: 

1993 PhD at RWTH Aachen University 

until 1990 Studies of Mechanical engineering, specializing in production engineering 
at RWTH Aachen University 
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Empower Green Production 

Manufacture #LikeABosch – Producing Technology Invented 
for Life 

Dr. Stefan Hartung 

Chairman of the Board of Management, Robert Bosch GmbH 

Advanced and high-volume production is at the heart of our economies turning ideas and 
digital designs into tangible goods for the masses.  

For us, this ranges from the creation of tiny structures in specialized semiconductors, to 
fabricating power tools for millions of users and automotive products for millions of drivers, 
as well as to the provision of manufacturing technology and services themselves.  

With the implementation of advanced green technologies, sustainable, circular ap-
proaches, and resilience measures, modern production facilities offer great opportunities 
to achieve these goals for supply chains and economies at large.  

Thus, for us, high-quality manufacturing is a cornerstone in achieving the goal of our 
technology, which is invented for life, too. 
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Circular Economy as an industry strategy for sustainable value creation made in Europe 

Plenary talk 

Circular Economy as an industry strategy for 
sustainable value creation made in Europe 

Prof. Dr.-Ing. Dr.-Ing. E. h., Siegfried Russwurm 

President, Federation of German Industries (BDI e.V.) 

Year of birth: 

1963 

Current positions: 

since 2021 President, Federation of German Industries (BDI e.V.) 

since 2019 Chairman of the Supervisory Board, thyssenkrupp AG 
since 2019 Chairman of the Shareholders' Committee and the Supervisory Board, 

Voith GmbH & Co. KGaA 

Previous positions: 

2008-2017 Member of the Managing Board & Chief Technology Officer, Siemens AG 

1992-2007 various management positions, Siemens AG 

Studies: 

1983-1988 Production Technologies 

1988-1991 Computational Mechanics (PhD) 
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Empower Green Production 

Circular Economy as an industry strategy for sustainable 
value creation made in Europe 

Prof. Dr.-Ing. Dr.-Ing. E. h., Siegfried Russwurm 

President, Federation of German Industries (BDI e.V.) 

We need a circular economy to achieve our climate goals and secure our raw material 
supply. According to the Circularity Gap Report, only 7.2 percent of the global economy 
is currently circular. However, companies can design products in such a way that as few 
– and, above all, sustainable – materials are used. Sustainable business models need to
focus on longevity, repairability, and recyclability. Not considering a product's recovery
potential means not understanding its full value potential.
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Autonomous Manufacturing for a Sustainable Future 

Plenary talk 

Autonomous Manufacturing for a Sustainable 
Future 

Paolo Guglielmini 

President and CEO, Hexagon 

Paolo Guglielmini is President and CEO of Hexagon, a leading global provider of digital 
reality solutions. Guglielmini assumed this role in 2023 after serving as COO. Prior to that 
he led the strategic and commercial development of Hexagon’s Smart Factory Solutions 
as President of Hexagon’s Manufacturing Intelligence division. He has served in many 
key roles since joining Hexagon in 2010 – from strategy and business development to 
mergers and acquisitions and general management. Prior to joining Hexagon, Guglielmini 
held positions at CERN, European Council for Nuclear Research (in Switzerland) and 
Accenture (in Italy). He holds a Master of Science in engineering and a Master of Busi-
ness Administration. 

Year of birth: 

1977 

Current position: 

since 2023 President and CEO, Hexagon 

Previous positions: 

2022-2023 Chief Operating Officer, Hexagon 

2020-2022 Manufacturing Intelligence Division President, Hexagon 

2017-2020 President and CEO, MSC Software (part of Hexagon) 

2010-2017 Business Development, Manufacturing Intelligence Division, Hexagon 

2004-2008 Project Lead, Engineering Department, CERN 

2003-2008 Business Analyst, Accenture 

Studies: 

2009 Master of Business Administration 

2002 Master of Science in Engineering 
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Autonomous Manufacturing for a Sustainable Future 

Autonomous Manufacturing for a Sustainable Future 

Paolo Guglielmini 

President and CEO, Hexagon 

Our world is composed of finite resources. To conserve the environment, it is vital to 
reshape product lifecycles and create a value-added circular economy. When products 
reach end of life, we can do much more than recover the materials – we can refurbish 
and upgrade them to extend the product lifecycle and maximise the energy used to man-
ufacture goods in the first place. But how can we ensure products are designed with end-
of-life in mind, made to last, fit for reuse and ready for upgrade? This presentation will 
explore the complex equation of people, technology and process in the pursuit of greener 
production. 

Driving optimization and innovation 

Addressing key sustainability challenges such as decarbonization, waste reduction and 
resource protection requires a focus on productivity, quality and efficiency at every stage 
of the product lifecycle. To make manufacturing as planet friendly as possible we need to 
ask questions about everything – from the products we create, to the way they are de-
signed, the way they look, the materials we use, the way they are created, and the way 
they are used and serviced.  

Optimizing product design and production processes can help reduce waste, energy us-
age and emissions. But optimization alone cannot stop climate change – we must also 
accelerate innovation. Manufacturers need to innovate and bring sustainable product in-
novations to market – for example by making better performing products, using the best 
available materials in the most efficient ways, and developing more sustainable produc-
tion processes. 

Empowering people with technology 

Leveraging data to its full potential, digital reality solutions empower makers with insight 
to make better products in better ways. They bring together innovation and optimization 
so sustainability concerns can be addressed more holistically. Deployed effectively, this 
technology can be enhanced with advanced automation and autonomous technologies 
to unlock the power of human ingenuity, enabling cross-functional teams to collaborate, 
solve problems, iterate faster and address complex but urgent sustainability challenges 
sooner.  

13



Autonomous Manufacturing for a Sustainable Future 

This is the time for new ideas and bigger ambition. To achieve scalable sustainability, 
manufacturers must empower people with the data they need to make informed decisions 
throughout the product lifecycle. 

Digitalizing the product lifecycle 

Taking a data-driven approach throughout the product lifecycle offers a blueprint for 
greener production. Using digital tools to break down siloes and drive collaboration ena-
bles product developers to take a more holistic view of sustainability issues from design 
concept to delivery and make better decisions that will in time lead to a more sustainable 
manufacturing ecosystem. 

In design – With an estimated 80% of a product’s environmental impacts locked in at the 
design stage, it’s important that development teams have as much information as possi-
ble to inform decisions about materials, processes and the product’s purpose and re-
quired performance. Understanding the usage cycle and consumer behavior provides 
valuable insight, as does data from the production and quality assurance processes of 
previous iterations. The ability to understand the consequences of decisions in digital 
reality and test ideas can reduce prototyping, and ensure manufacturability and quality. 
Effectively leveraging data in the design process also opens the door to design for sus-
tainability and eco-design approaches, supporting predictive maintenance, value-added 
upgrades, simple dismantling, re-manufacturing and recycling. 

In production – Digital reality solutions enable process simulation and validation and 
optimise production to save resources and cut waste by reducing rework and scrap. 
Bringing the process of manufacturing closer to the design phase through continuous 
digital feedback helps to create optimized products in optimized ways that maintain de-
sign intent. Increasingly closed-loop automation helps to remove the potential of human 
error in processes and mitigate common issues such as tool wear, moving production 
closer to first time right. 

In quality control and service life – Metrology solutions capture real-world data typically 
used for quality assurance, however its potential is much greater. Feeding measured data 
back into design simulations can improve a designer’s understanding of the impact of the 
manufacturing process, or of the behavior of the part during service – helping give usage 
cycle insights that raise the bar for future developments.  

Digitalizing products throughout the lifecycle also offers the potential to introduce digital 
product passports. With digital information embedded in products, manufacturers will gain 
transparency to improve the lifecycle sustainability of products by gathering and sharing 
information on how they can be repaired, broken down or recycled.  

Harnessing the power of data 

Data is the key to scalable sustainability, but it will only supercharge the march to greener 
product production when it is fully accessible to the right people at the right time. Siloed 
tools and rigid systems are hampering innovation. To change this, manufacturers need 
to connect data from different applications to form workflows and solve problems. Con-
necting this data centrally via cloud technology can provide advanced insight and power 
intelligent automation, while applying AI and machine learning techniques to autono-
mously make vast quantities of data usable and actionable to human experts. Only then 
can cross-functional teams fully leverage data, interact and share like never before, bring 
their ideas to life faster, and produce better products in new innovative ways. 
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Empowering green production
Let’s shape tomorrow, today

Makers shape our world. Define the way we live. 
Constantly strive for improvement. With a climate 
emergency staring humanity in the face – makers can 
make the difference. 

Hexagon exists to empower makers to shape a better 
future – collaborating with designers, inventors, 
engineers, researchers and manufacturers, and providing 
the tools to unlock innovation and solve challenges. 

Through efficient design, material selection, process, 
production and end-of-life planning, we can conserve 
energy, resources, money and time – taking manufacturing 
from problem to solution. 

The innovation imperative  

An opportunity exists, not simply to slow climate change, 
but to turn the tide. It is time for new ideas and bigger 
ambition. 

Makers that place their focus on optimising what exists 
will lose out to innovators who rethink every aspect of 
products and production – disrupting the status quo with 
solutions that realign people with planet.

It’s time to swap resources, energy and consumption for 
data, technology and innovation. It’s time to give wings to 
your ideas. 

Make the difference
Let’s rethink making. Let’s shape a better future.

Securing the future for people and planet requires more 
than a rethink – we need to reinvent making.

This isn’t about improving what exists, it’s about rethinking 
everything we know about products and production.
Hexagon technology empowers makers with the tools to 

create optimised products in new innovative ways – from 
concept design and material selection to simulation and 
production.

Dream the impossible and redefine what’s real. Let’s create 
the change we need to see. Together.

#empoweringmakers|  Visit hexagon.com/mi



Empower Green Production 

Plenary talk 

Beyond Sustainability – Manufacturing a new 
mindset  

Stefan Liske 

Managing Director, PCH Innovations 

Year of birth: 

1966 

Current position: 

since 2021 Blank.AI Founder + Partner 

since 2006 PCH Innovations Founder + Partner 

Previous positions: 

2003-2006 VW Group, Director Global Product Strategy + Innovation Projects 

2000-2003 Arthur D. Little, Partner 

1988-2000 BMW Group, Manager Special Vehicle + Design Division 

Studies: 

until 1993 Dipl.-Ing. Industrial Design, TU Munich 

until 1993 Dipl.-Ing. Mechanical Engineering, TU Munich 

until 1990 MBA, Thunderbird School of Global Management 
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Beyond sustainability – Manufacturing a new mindset

Beyond sustainability – Manufacturing a new mindset 

Stefan Liske 

Managing Director, PCH Innovations 

Sustainable transformation of production means requires a shift in both culture and tech-
nology, at every level of the organization. It is not just about machines and processes; it 
is about people. Without a shift in culture and consciousness, we will only make marginal 
improvements, while disconnection between and within us increases. To address this, we 
propose an innovation framework that promotes harmony between humans and ma-
chines. This framework consists of three parts: Mindset, Organization, and Technol-
ogy. 

Innovation Mindset explores practices that address our minds and hearts, creating 
deeper awareness of caring, interconnected, and ultimately healing states. Keeping the 
balance between Original and Artificial Intelligence. 

Organization connects the shift in mindset to emerging production ecosystems that pri-
oritize flow in networks over transactions in markets. It also highlights the need to em-
brace local, near, and far manufacturing capacity, open and adaptable fabrication sys-
tems, educational platforms, and spaces to build production communities. It even pro-
poses a redesign of factories as Manufacturing Biomes. 

Finally, the last pillar of the framework focuses on Technology applications that support 
this new human-machine harmony. It covers four main automation areas: design-to-make 
software pipelines, additive manufacturing, circular robotics, and generative AI. 

The keynote by PCH Innovations will provide a wealth of insights, ideas, and cases, 
drawn from our work as a creative engineering studio for exploratory technology in Berlin. 
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Plenary talk 

Transformation of the steel industry – how to 
save 2.5% of German CO2 emissions 

Dr. Marie Jaroni,  

Head of Decarbonization, thyssenkrupp Steel Europe AG 

Year of birth: 

1984 

Current position: 

since 2021 Head of Decarbonization of thyssenkrupp Steel Europe AG 

since 2021 Member of the Supervisory Board of Eisen- und Hüttenwerke AG 

Previous positions: 

2017-2021 thyssenkrupp Steel Europe AG 

2011-2017 McKinsey & Company 

Studies: 

2016 Promotion an der RWTH Aachen 

until 2011 Studied metallurgy and materials engineering at RWTH Aachen University 
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Transformation of the steel industry –how to save 2.5% of German CO2 emissions 

Transformation of the steel industry –how to save 2.5% of 
German CO2 emissions 

Dr. Marie Jaroni,  

Head of Decarbonization, thyssenkrupp Steel Europe AG 

tkH2Steel®: With hydrogen toward carbon-neutral steel 

Steel production at thyssenkrupp is planned to be carbon-neutral by 2045. With our cli-
mate strategy, we are stepping up our previous activities to reduce emissions, accepting 
our social responsibility and showing our commitment to the 2015 Paris Climate Agree-
ment. As an initial target for 2030, thyssenkrupp Steel is aiming to reduce emissions from 
its own production and processes and from the purchase of energy by more than 30 per-
cent versus the base year 2018. 

thyssenkrupp Steel is pursuing a technology-open approach and focusing on two parallel 
routes: The decisive step is the avoidance of CO2 through the use of hydrogen ("Carbon 
Direct Avoidance", CDA). This is complemented by the use of CO2 produced in steelmak-
ing ("Carbon Capture and Usage", CCU).  

thyssenkrupp Steel is continuously developing both ways. The company is always looking 
for even more efficient solutions or ways to accelerate the transformation, for example 
through new technological findings. In the hydrogen path thyssenkrupp Steel also always 
keeps an eye on the availability of hydrogen, as the hydrogen economy is still in its in-
fancy. To force the rapid development of a supply infrastructure for green hydrogen, 
thyssenkrup Steel is a partner in various national and international projects and collabo-
rations. 

The first technology path contains the successive farewell to the blast furnace 

In contrast to the blast furnace, DR plants do not produce hot metal, but solid sponge iron 
("Direct Reduced Iron", DRI). By 2026, we will have built the first plant with a capacity of 
2.5 million metric tons. This alone will save 3.5 million metric tons of CO2, about 20 per-
cent of our overall emissions. By 2030, we aim to produce 5 million metric tons of CO2-
reduced steel, and to cut CO2 emissions by more than 30 percent. Steel production at 
thyssenkrupp Steel is planned to be completely carbon-neutral by 2045. 

 It must be melted down into a hot metal-like product so that it can be further processed 
into high-quality steel. Together with equipment builders, thyssenkrupp Steel has there-
fore developed a completely new unit in order to optimize the hot metal system. It is an 
electrical power-operated melter, which is combined with the DR plant. Direct reduction 
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plants with a melter – just like a blast furnace – continuously produce a liquid product 
comparable to conventionally produced hot metal. 

As a result, the new plants can be seamlessly integrated into the existing metallurgical 
plant. The great advantage is that the existing and proven processes in the Duisburg-
based BOF meltshops can be maintained. The liquid product is processed into the proven 
steel grades there. Thus, the Duisburg steelworks is continuing to boil steel like in the 
past – but with hydrogen and green power instead of coal. 

The second technological method thyssenkrupp Steel is pursuing in its goal to 
become carbon-neutral by 2045 is the Carbon2Chem® project. 

As part of a project funded by the German government, thyssenkrupp Steel has been 
treating process gases from steel production and processing them into basic products for 
the chemical industry since 2018. In this way synthesis gas, which until now has been 
obtained from fossil resources such as oil or natural gas, can be saved. On a test site 
close to the iron and steel plant, the company recycles process gases generated during 
steel production and processes them further. With the new process, thyssenkrupp Steel 
has produced ammonia and methanol from steel mill gases – the first time this has hap-
pened anywhere in the world. The basic chemicals are further processed in the chemical 
value chain into fertilizers, plastics or fuels, for example. 

Using both of these methods – Carbon2Chem® and injecting hydrogen as a reducing 
agent – in parallel will allow thyssenkrupp to considerably reduce the emissions of its 
existing blast furnace route in future. 
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5G – Manufacturing a sustainable future by breaking the en-
ergy curve 

Joe Wilke 

VP, Head of Center of Excellence 5G Industry 4.0, Ericsson 

Every sector of society must work together to reach the global climate and energy chal-
lenge. Net Zero is the North Star of climate action and will be key for the industry. In the 
telecommunications industry, for instance, the deployment of new network generations 
usually means higher energy consumption. If 5G was deployed similarly as 3G and 4G, 
energy consumption would increase a lot. Thus, breaking the energy curve of mobile 
networks is of utmost importance and will have the benefit of reducing energy use, cost 
and environmental impact. Based on extensive research and development, this can be 
achieved through 1) operating site infrastructure intelligently with artificial intelligence, 2) 
building 5G with precision and 3) implementing energy-saving software in radio equip-
ment. Furthermore, the lifecycle of network hardware shall follow a circular approach, 
where components are designed from sustainable material and facilitate re- use and re-
cycling. 

Sustainable, climate-friendly production also is the aim for most other industries, with a 
target to reduce carbon footprints and environmental impact. Next to the importance of 
contributing to sustainable development goals, industries can also yield economic profits 
from investing into green solutions. For manufacturers, this can be achieved through mon-
itoring of the production via sensors and derivation of optimization potential in processes 
which can lead to lower energy consumption and to reduction of scrap and rework. Con-
tinuous monitoring provides real-time visibility of the status of critical, high- value assets 
and processes and enables prompt reaction to potentially hazardous situations. It also 
allows machine maintenance to be performed proactively instead of reactively. Robotics 
operations are optimized by live mapping their locations and routes, thus avoiding colli-
sions and unnecessary slow-downs which prolong battery life. 

This type of real-time monitoring requires a connectivity infrastructure that guarantees 
both flexibility and continuity in production, but also reliable transfer of large amounts of 
data – key characteristics of 5G. 5G is a platform that enables building up cyber-physical 
systems with a closed feedback loop – beginning with the collection of live production 
data through different types of sensors in the physical production area which are then 
analyzed in the virtual data layer. This is supported by artificial intelligence and ultimately 
leads to the automatic derivation of actions for the assets in the physical layer. 
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In this session, we will explore how 5G enables automated and connected factories to 
reduce their environmental impact while also benefitting economically from reduced re-
source usage. 
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Transforming Industry Through the Industrial Metaverse: a 
Catalyst for Sustainability 

Dr. Annika Hauptvogel 

Head of Technology and Innovation Management, Siemens AG 

The world faces growing environmental challenges, generated among other things by 
CO2 emissions. Industry is responsible für 20% of global CO2 emissions and more than 
30% of global energy consumption. Therefore, the industry today is faced with the chal-
lenge of reducing both. The Industrial Metaverse will play a major role to tackle these. 

The Industrial Metaverse is the concept of a virtual world to mirror and simulate real ma-
chines and factories. It will be a world which is always on, allow for the interaction of an 
infinite number of people and assets, and offer the full immersion into a physics-based, 
photo-realistic and real-time simulation. In this digital environment people can break the 
barriers of distance and work together across countries and continents, enabling a whole 
new level of collaboration. Problems can be found, analyzed, and fixed quickly – or even 
discovered before they arise. And businesses and economies will be able to become 
more sustainable, driving the decarbonization and dematerialization of product design, 
their processes and production. 

The Industrial Metaverse is still a vision, but it will be realized by technologies that exist 
even today. Digital twins are key building blocks for the Industrial Metaverse. The combi-
nation of several technologies like Artificial Intelligence, 5G/6G, Blockchain, Edge and 
Cloud Computing as well as Augmented and Virtual Reality will combine the real and the 
digital worlds even more. 

The Industrial Metaverse will enable a sustainable industry by saving energy, improving 
efficiency, and reducing waste across all phases of the product lifecycle, which will be 
shown by different use cases from design & engineering and production to operation & 
service. All these use cases are interconnected with each other exchanging continuously 
data between physical and digital worlds. 

During the design phase the Industrial Metaverse will allow more collaboration between 
stakeholders, also involving non-technical stakeholders in the process. That drives the 
democratization of simulations, allowing experts to communicate more effectively with 
non-experts. Therefore, it will be possible to explore designs and manufacturing options 
more interactively, involving more viewpoints, to create better resilient products. The 
whole process will be more efficient and by trying out different scenarios in a virtual envi-
ronment before building them in real, material is saved, and waste is reduced. 
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A major use case in the production phase will be the virtual commissioning of factories: 
virtually installing and testing new devices and software without disturbing the ongoing 
production line. The industrial metaverse will allow to visualize the new equipment in the 
factory in augmented reality (AR) technologies and simulate interaction with existing man-
ufacturing assets. Industry professionals will collaborate in real-time, troubleshoot issues 
before they occur in the physical world, and develop new, innovative solutions, which can 
prevent dangerous situations and enhance worker safety. It will forever change the way 
we collaborate – within organizations, ecosystems and between firms and their clients 
and customers and become a key enabler of Industry 4.0. It will enable to test more in 
the virtual world with less resources from the real world. So resilient factories can be 
modeled and optimized in a virtual environment, reducing the need for physical testing 
and experimentation. These factories will rely on artificial intelligence and machine learn-
ing algorithms to optimize production processes, reduce downtime, and minimize waste. 

For operations the Industrial Metaverse allows not only the virtual training of the workforce 
on unusual scenarios, including the access to virtual experts at large scale but also it 
helps to visualize data and augment information (e.g., virtual sensors) associated with 
the physical asset though AR technology using either glasses or a tablet. 

The Industrial Metaverse will disrupt industries and enable sustainability. By leveraging 
this technology, we can create more sustainable and efficient industrial systems, reduce 
waste, and promote circular economy principles. Overall, it is a catalyst for building a 
more resilient, circular, and sustainable future. 
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Many young entrepreneurs dedicate themselves to the challenges of our society and 
economy. In particular, companies with disruptive technologies or new resource-saving 
business models have longer commercialization cycles and greater capital requirements. 

Investments in such companies enable a rapid transformation into a resource-saving and 
climate-neutral economy. This transformation is fraught with uncertainty and risk, but it is 
also the greatest opportunity for our economy. 

With growth capital and long-term commitment, we want to contribute to developing in-
dependent and successful technology champions in Germany and Europe. 
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Abstract 
Data Structures for Resilience in Life Cycle Sustainability 
The perspective of tomorrow's life cycle sustainability combines the megatrends of sus-
tainability, digitalisation and resilience under the boundary conditions of responsible use 
of resources. The cross-life cycle consideration of defined sustainability criteria for a 
product and its components with the aim of maintaining or increasing value focuses 
these three megatrends on the necessary data management. The data determine the 
technological scope and enable an objective evaluation. The effective use of already ex-
isting building blocks such as smart sensors, digital twins, cyber physical systems, intel-
ligent algorithms for pattern recognition and decision making and others need to be 
complemented by the necessary advanced communication in terms of speed, latency 
and jitter. The temporal horizon of life cycle sustainability and the a priori unknown use 
of data lead to further challenges: Beyond production and user cycles, data must be reli-
ably findable, accessible, interoperable and reusable for a long period of time and for 
many stakeholders, even if there are several decades, numerous data owners and mul-
tiple system breaks between data collection and data use. The FAIR and FACT princi-
ples offer a suitable framework, provided they are tailored to the domain of production 
technology, to enable economically successful circular value creation. The article pre-
sents an approach for this and illustrates it with various examples from the areas of 5G, 
sensor data management, automation and quality management. 

Keywords: Data Management, Resilience, Sensing, Sustainability 

Kurzfassung 
Datenstrukturen für eine resiliente Life Cycle Sustainability 
Die Perspektive der Life Cycle Sustainability von morgen vereinigt die Megatrends Nach-
haltigkeit, Digitalisierung und Resilienz unter den Rahmenbedingungen eines verantwor-
tungsvollen Umgangs mit Ressourcen. Die Betrachtung definierter Nachhaltigkeitskrite-
rien für ein Produkt und seine Komponenten über mehrere Lebenszyklen mit dem Ziel 
des Werterhalts oder der Wertsteigerung, fokussiert diese drei Megatrends auf das not-
wendige Datenmanagement. Die Daten bestimmen den technologischen Gestaltungs-
spielraum und ermöglichen eine objektive Bewertung. Die effektive Nutzung bereits exis-
tierender Bausteine wie Smart Sensors, Digital Twins, Cyber Physical Systems, intelli-
gente Algorithmen zur Mustererkennung und Entscheidungsfindung und andere sind 
durch die notwendige fortschrittliche Kommunikation in Bezug auf Geschwindigkeit, La-
tenz und Jitter zu ergänzen. Der Zeithorizont der Life Cycle Sustainability sowie die a 
priori gegebenenfalls unbekannte Nutzung der Daten führen zu weiteren Herausforde-
rungen: Diese müssen über Produktions- und Nutzerzyklen hinaus für einen langen Zeit-
raum und für viele Stakeholder zuverlässig auffindbar, zugänglich, interoperabel und wie-
derverwendbar sein, selbst wenn zwischen der Datenerhebung und der Datennutzung 
mehrere Jahrzehnte, vielzählige Dateneigner sowie mehrfache Systembrüche liegen. Die 
FAIR- und FACT- Prinzipien bieten einen geeigneten Rahmen, sofern Sie auf die Do-
mäne der Produktionstechnik zugeschnitten werden, um wirtschaftlich erfolgreiche zirku-
läre Wertschöpfung zu ermöglichen. Hierfür wird im Beitrag ein Ansatz vorgestellt und 
anhand verschiedener Beispiele aus den Bereichen 5G, Sensordatenmanagement, Au-
tomatisierung, und Qualitätsmanagement illustriert. 

Schlagwörter: Datenmanagement, Resilienz, Sensing, Nachhaltigkeit 
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1 Motivation 

The promise of increasing prosperity for everyone and a rising overall population in rela-
tion to the preservation of nature and the environment so that responsibility for future 
generations can be met is one of the greatest social, political and economic challenges 
of the 21st century. This is also reflected in the political macro targets for reducing climate 
change - for example, achieving CO2 neutrality by 2050 or the so-called 1.5-degree target. 
The natural catastrophes of the recent past, the current energy crisis and the increasing 
political awareness are thus also placing the topic of sustainability in the operational and 
strategic focus for manufacturing companies.  
The megatrend, digitalization, with the associated metaphors of cyber-physical systems 
realized as Digital Twins is seen as an enabler for the sustainable design of production 
technology. This is being acknowledged both in the production technology community [1], 
the research of new technologies [2] as well as concretized in the orientation of the Eu-
ropean politics. [3]. Nevertheless, the implementation of Industry 4.0 has so far focused 
primarily on the connectivity of resources [4]. This is accompanied by two challenges: in 
order to exploit the potential of data in terms of sustainability, the specific Digital Shadow 
must not only be stored, but also aggregated and processed into information, knowledge 
as well as specific actions [2]. Second, data cannot be collected in virtually unlimited 
amount over a long period of time without becoming a significant driver of the CO2 foot-
print itself. The energy consumption of data storage depends on many factors in each 
individual case, but a rough calculation estimates a CO2 equivalent of about one ton for 
cloud storage of 100 gigabytes over 10 years.  At the same time, the expectation that the 
relevant amount of data will increase to about 80 trillion gigabytes by 2025 [1], was al-
ready exceeded in 2022 with almost 100 zettabytes generated, stored, distributed and 
consumed. In this estimate, full storage of the entire created annual gross data volume 
over 10 years would be associated with about 1000 billion tons of CO2 equivalent – more 
than 20 times the global CO2 emissions in 2021 [5]. Although many technology compa-
nies - including hyperscalers - are themselves working to make their data infrastructure 
more sustainable [6], it is clear that this aspect alone requires consistent data manage-
ment as well as strategies for efficient aggregation of data and subsequent reduction of 
raw data.  
A third, current megatrend is resilience as a desirable characteristic for society and thus 
also for its manufacturing companies. In globally connected, complex production systems, 
unexpected disturbances quickly have a far-reaching impact [7] - for example, when con-
tainer prices increased eightfold in the logistics sector due to a crisis situations, calling 
into question the profitability of globally distributed production [8]. If we consider not only 
profitability, but assume multidimensional business goals along the FESG criteria [9], a 
direct link between resilience and sustainability emerges.  
The three megatrends of sustainability, digitalization and resilience are focused the per-
spective of Life Cycle Sustainability, as this enables both macro targets and technological 
strategies to be specified. It also creates a frame of reference for implementing the nec-
essary data management. The central aspect of this is suitable data structures. This pa-
per considers the above focus on megatrends in three main sections: First, the concept 
of Life Cycle Sustainability is motivated and the role of data along the knowledge pyramid 
is highlighted (Section 2). Then, the concept of resilience for Life Cycle Sustainability is 
interpreted and implications for data structures and algorithms are derived (Section 3). 
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Finally, technological solution approaches are presented as building blocks for achieving 
resilient Life Cycle Sustainability (Section 4).  

2 Data as enabler of Life Cycle Sustainability 

2.1 Life Cycle Sustainability - Definition and objectives 
The origins of Life Cycle Sustainability lie in Life Cycle Thinking [10]. Life cycle thinking 
calls for consideration of the cumulative footprint of a product over its entire life cycle, 
often referred to as cradle to grave. Life cycle thinking was already included in the Inte-
grated Product Policy of the European Union in 2003 with a focus on ecological sustain-
ability. [11]. The expansion towards Life Cycle Sustainability can be classified in the de-
velopment of the Life Cycle Sustainability Assessment (LCSA) [10], [12]. The original 
scope of consideration includes the three sustainability dimensions economic, environ-
mental, and social sustainability [12]. However, further criteria and a weighting of those 
can be included , so that Life Cycle Sustainability is also compatible in particular with 
green and economic production meeting the FESG criteria.  
The implementation of Life Cycle Sustainability thus pursues the optimization - i.e. reduc-
tion - of a product's footprint considering defined sustainability criteria in accordance with 
Life Cycle Thinking as a goal. Thus, from a target perspective, especially in the ecological 
field, it is congruent with closed-loop approaches as well as the idea of a circular economy. 
Due to the challenge of resource scarcity with increasing global prosperity, various frame-
works have emerged over time [13]. Cradle-to-Cradle, the Ricoh Comet System and the 
Performance Economy are examples of these. The representation of circularity on sev-
eral levels from the product to the raw material is common for all the frameworks.  The 
sustainable design of production is therefore often understood as synonymous with the 
implementation of a Circular Economy. Even though this is not completely true from an 
academic point of view, the strategies and technologies developed for Circular Economy 
are also feasible for achieving Life Cycle Sustainability. The overarching strategies can 
be summarized as 9Rs - Refuse, Rethink, Reduce, Reuse, Repair, Refurbish, Remanu-
facture, Repurpose, Recycle, Recover. [14].  
As a consequence, in the course of Life Cycle Sustainability the scope of consideration 
has to be extended beyond the focus on one product and one life cycle, as it seems to 
be implied in Life Cycle Thinking. Based on this motivation, this paper proposes a more 
specific definition of Life Cycle Sustainability, which explicitly includes the extension to 
several life cycles:  

Life Cycle Sustainability is the objective fulfillment of defined sustainability 
criteria over the entire life cycle of a product, including consideration of pre-
vious and subsequent life cycles of the product itself or individual compo-
nents. 

Figure 1 illustrates this understanding: Over several life cycles and use phases, a product 
or its components can exhibit different states. Life Cycle Sustainability is achieved when 
defined sustainability criteria are met across these states.  
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Figure 1: Expanded understanding of Life Cycle Sustainability in this paper. 

Applied sustainability strategies and appropriate technologies are necessary to achieve 
the transition to new states that allow compliance with the criteria over an extended time. 
The physical life cycles are complemented by a data sphere, which is necessary in two 
respects: On the one hand, it enables an objective sustainability assessment using data-
based indicators. On the other hand, the data is the basis for necessary information that 
enables targeted actions and the application of sustainability strategies. 

2.2 Data-driven sustainability strategies and -assessment 
To implement the 9R strategies and similar approaches, digital twins are critical and rep-
resent an enabler to leverage significant sustainability potential. [1], [2], [13]. KRISTOF-
FERSEN et. al. address this assumption in a review of published approaches aligned with 
the knowledge pyramid, which is presented in the Smart Circular Economy Framework 
shown in Figure 2 [2]. 
The central element of the knowledge pyramid as framework is the data flow and the 
corresponding data processing across all levels:  

- Connected resources are the basis for collecting relevant data over the entire life
cycle.

- Data is the raw form of collected information and its representation as a sign, but
without context or interpretation.

- Information is obtained from data, e.g., through interpretation, aggregation and
contextualization. Information enables descriptive analysis.

- Knowledge is the further conversion of information into insights and bases for
decision-making and enables diagnostic or exploratory measures to be taken.

- Actions are the specific, possibly autonomous implementation of decision making
on the basis of the knowledge gained. These include predictive and prescriptive
methods in particular.
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Figure 2: Smart Circular Economy Framework according to KRISTOFFERSEN et al. [2] and levels 
of sustainability assessment 

The knowledge pyramid can be used as a framework for objective sustainability assess-
ment, as it can be used to show the aggregation of available data to form indicators and 
assessing the fulfillment of sustainability criteria. The importance of an objective assess-
ment can be illustrated by the example of secondary effects: While in the first life cycle it 
is possible to recycle most of the material used in a new product, this initially appears to 
be ecologically sustainable. However, if the new product addresses a need that is newly 
created, the footprint remains the same. A similar effect occurs when, for example, refur-
bishment creates a second-hand market which, however, addresses a buyer group that 
is disjoint from the primary market due to the lower costs. [13]. Therefore, it is necessary 
to quantify the scope of sustainability indicators as objectively as possible. In addition, 
transparent sustainability assessment is important to include customers and employees 
in the sustainability strategy. For example, GRANSKOG et al. suggest that by this involve-
ment and communication, the synergy of sustainability and value creation can be 
adressed [15]. 
For operationalization, especially at the lower levels of the knowledge pyramid, the de-
composition of the defined category- and criteria-specific sustainability indicators into 
specific quantifiable sustainability parameters is necessary so that data collection, prep-
aration as well as processing is feasible and thus also the corresponding data structures 
can be designed. Figure 3 shows the categories of a sustainability key performance indi-
cator model developed by SOHNIUS et al. which represents such decomposition [16].  Spe-
cific parameters are, for example, the absolute material consumption for packaging in 
tons (ecology/material) or the fluctuation of employees (social/employment).  
Considering sustainability strategies it shows that the number of available technologies 
and their impact are increasing in the higher levels of the knowledge pyramid. The same 
applies to objective sustainability assessment, which can only succeed with suitable data 
aggregation and processing. Moreover, in Life Cycle Sustainability, this prerequisite ex-
tends over several life cycles. The comprehensive connection of resources and the long-
term and reliable availability of usable data are becoming fundamental prerequisites for 
the design of green production. 

Action

Knowledge

Information

Data

Connected Resources

Datenstrukturen

Restore, Reduce & 
Avoid RecirculateStrategySustainability 

Assessment

Sustainability criteria & 
indicators

Assessment, Trade-
Offs,

Cause- and effect

Measures & decision 
support

Process & Product Data 
 Life cycle inventory

Use of existing 
resources according to 

scope definition

R
ei

nv
en

t

R
et

hi
nk

R
aw

 M
at

er
ia

ls
 &

 S
ou

rc
in

g

M
an

uf
ac

tu
rin

g

Pr
od

uc
t U

se
 &

 O
pe

ra
tio

n

Lo
gi

st
ic

s 
&

 E
ne

rg
y

Ex
te

nd
 E

xi
st

in
g 

U
se

 C
yl

ce
s

Ex
te

nd
 to

 N
ew

 U
se

 C
yc

le
s

M
at

er
ia

ls

Data sphere



42 

Figure 3: Categories of measurable parameters for assessing the fulfillment of defined sustaina-
bility criteria according to SOHNIUS et al. [16] 

3 Resilient production data management 

3.1 Resilience - definition and challenges 
Resilience is a term defined in several scientific disciplines and connoted with different 
properties. In the field of production engineering, it is generally understood to be the ability 
of a system to return to a value-adding state within a certain recovery time in the face of 
a disturbance or other unexpected shock. [4]. In addition, resilience is often associated 
with characteristics such as robustness, flexibility, mutability, and agility [17].  
For the goal of resilient Life Cycle Sustainability, the authors suggest defining the concept 
of resilience as follows: 

Resilience in Life Cycle Sustainability refers to the ability to continue to 
maintain defined sustainability criteria over the entire life cycle in the face 
of an unexpected event, possibly with the inclusion of a limited additional 
footprint.  

Economy

Social

Ecology

Costs Economic Performance

Product Quality

Energy Materials Water

Emissions

Waste

Sewage

Invest

Employment
Relationship

Health and Safety

Education and 
Training

Diversity

Employees

Compliance with Laws and 
Regulations

Procurement

Production

Operations

Suppliers

ProductsProduct
Development Distribution

Data Structures für Resilience in Life Cycle Sustainability 



Data structures for resilience 

43 

This re-interpretation transforms the linear understanding of resilience into a circular tar-
get corridor that may extend over several life cycles (cf. Figure 4).  
Since essential technologies and strategies for achieving Life Cycle Sustainability are 
data-driven (cf. Section 2), the following specific challenges for data management, among 
others, arise in relation to resilience: 

1. Data availability itself must become resilient in the sense that a lack of availability
at the moment of application of data-driven technologies must not itself become a
disturbance.

2. Data must be kept in a suitable form so that a technological response can be made
quickly and with a limited footprint in the event of a disturbance. This applies not
only to the availability of the data itself, but also to its processing along the
knowledge pyramid.

3. Possibilities for collecting necessary but previously non-existent data must be con-
sidered, for example, based on measurement technology.

4. For decision making, data must be appropriately available to assess the response
in terms of additional footprint and long-term achievability of sustainability goals.

5. Data management must be ensured over very long-term periods.
6. The implementation of data management itself, in particular the storage and pro-

cessing of data, brings its own additional contribution to the footprint in the sense
of Life Cycle Thinking.

These challenges culminate, on the one hand, in the need to establish production data 
management as an independent task and, on the other hand, in the adaptation or expan-
sion of existing areas of production technology, such as quality management and auto-
mation. 

3.2 FAIR Data and FACT Algorithms 
The processing and aggregation of data along the knowledge pyramid requires their in-
terpretation without doubt or error. This is the only way to ensure that inconsistency of 
different data can be detected and wrong decisions can be avoided [18], to strengthen 
the resilience of Life Cycle Sustainability. A sufficient amount of documentation by means 
of metadata and contextual information on collected and stored data is therefore a basic 
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prerequisite for finding, understanding and (re)using this data, as well as making deci-
sions based on the knowledge derived from it. In 2016, this starting point led to the "FAIR 
Guiding Principles" for data presented by WILKINSON et al. [19]. "FAIR" here is not to be 
understood in the conventional sense, but as an acronym of the terms for the four pillars 
of sustainable data management: findability, accessibility, interoperability, and reusability, 
cf. Figure 5. Broken down into several aspects of the four principles, WILKINSON et al. 
formulate the following requirements: 
Findability - To be able to use data at all, it must be possible to find data first. This 
requires, on the one hand, unique and persistent identifiers for data. On the other hand, 
the data must be described using detailed metadata, which enables both humans and 
algorithms to find this data using appropriate search queries. Technically, this means that 
both data and metadata are managed in a searchable index, such as a database. 
Accessibility – Second, if data can be found, it must also be accessible. This does not 
mean that data must be freely available, but that the access rules must be communicated 
clearly and transparently, i.e., it must be comprehensible who can access the data and 
under what conditions. At the technical level, this requires the use of standardized and 
open data formats and data exchange protocols, as well as the technical connectivity to 
the storage resource. 
Interoperability - Interoperability requires the data to be universally understandable and 
interpretable. The core aspect is the use of known and defined terms and languages for 
the representation of the data (or the information contained therein). Furthermore, the 
interoperability of data can be significantly increased by referencing other metadata and 
data, i.e., placing them in a larger context. 
Reusability - Compliance with the aforementioned three criteria is necessary to be able 
to use data at a later point in time but is not sufficient on its own. To decide whether data 
can be (re)used for a specific application, information about the provenance of the data 
and all relevant attributes must be available. Compliance with domain-specific community 
standards and requirements and the specification of a usage license are elementary. 
If data is collected, managed and stored in accordance with the FAIR principles, the data 
management itself also fulfills sustainability aspects. Data for which no or little information 
about its context is stored cannot be unambiguously interpreted and thus cannot be 
(re)used. Such data can therefore be considered lost [20] and, if nevertheless stored for 
the long term, represent an additional and avoidable footprint. 
The aggregation and processing of data along the individual levels of the knowledge pyr-
amid involves a large number of algorithms and software modules, which may also in-
clude machine learning methods. In order to achieve resilience of the derived decisions 
in terms of resilient Life Cycle Sustainability, not only the underlying data must be inter-
pretable, more precisely FAIR, but also the algorithms processing the data must be cor-
rect and comprehensible [22]. This ties in with the criteria for responsible data analysis 
that VAN DER AALST et al. [21] present based on four conditions: Fairness, Accuracy, Con-
fidentiality, and Transparency, cf. Figure 5. 
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Figure 5 Left: the "FAIR Guiding Principles" for data. [19], right: Challenges of responsible data 
analysis [21] 

Fairness – Fairness does not refer to the underlying data and FAIR principles, but to 
algorithms used and requires that they are unbiased. This means that both the data basis 
used for the training and the implementation of the algorithm must ensure that the data 
evaluation is not biased.  
Accuracy – Due to the high-dimensional data spaces and heterogeneous input data of 
complex algorithms and software solutions, the precision of a result in the sense of the 
accuracy and reproducibility of a calculation, is often not comprehensible. Therefore, it is 
important to determine and return not only a result, but also an indication of its accuracy 
and, if necessary, the sensitivity to changed input variables. This definition often includes 
the concept of correctness, i.e., the property of how accurately a specific situation is rep-
resented algorithmically. A distinction must therefore be made between "accuracy" and 
"correctness" in the more specific sense.  
Confidentiality – Processed data may contain sensitive information. To ensure data sov-
ereignty, results calculated by algorithms must not allow any conclusions to be drawn 
about this sensitive input data. Similarly, a result must not allow any conclusions to be 
drawn about the technical implementation details of an algorithm, because the algorithm 
itself is intellectual property. Ensuring the confidentiality of both the data and the algo-
rithms is therefore an integral part of responsible data analysis. 
Transparency – Finally, the methods used must be transparent so that the calculated 
results are comprehensible. Algorithms must not be viewed and used as a black box, 
otherwise the results cannot be understood by humans. Transparency is not a contradic-
tion to confidentiality, but the parallel realization of both requirements is a great challenge. 

3.3 From FAIR and FACT to production data management 
Establishing production data management based on FAIR and FACT holds great poten-
tial for achieving Life Cycle Sustainability resilience but is a major challenge due to the 
technical and organizational constraints in production. Looking at the data life cycle in 
production (Figure 6), it becomes clear that FAIR and FACT have comprehensive signif-
icance and must be taken into account in almost all stages of the data life cycle. 
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Figure 6: The FAIR data lifecycle according to BODENBENNER et al. [23] 

One of the core problems in implementing the FAIR principles is heterogeneity. For ex-
ample, there is not only a very large set of very different (measurement) systems for cap-
turing data and correspondingly different models and formats for representation, but also 
an equally heterogeneous group of stakeholders as well as possible data-driven applica-
tions, each of which has different requirements for the data [24]. The challenge is there-
fore not only the technical standardization of used models, formats and protocols for stor-
ing and transmitting the data (accessibility & interoperability), for which many approaches 
already exist, such as the use of open, standardized protocols and formats, for example 
OPC UA, MQTT or JSON and XML. Critical for the long-term use of the data is especially 
its contextualization [25]. Long-term usage requires annotation through meaningful 
metadata and linking with other data so that data can be found and evaluated for usability 
(findability & reusability). The central challenge is to manage data accordingly and to en-
able findability for any applications and scenarios, some of which are still unknown. 
Simply storing all captured data because it might be relevant one day is not a sufficient 
solution. On the one hand, this data must also be contextualized, otherwise it cannot be 
transformed into information or knowledge, and on the other hand, storing the data in 
central data stores, such as cloud systems, consumes a large amount of energy. Data 
storage therefore itself has a significant footprint, which should be reduced to a necessary 
minimum in order to meet the target values of the sustainability criteria and thus achieve 
Life Cycle Sustainability. Another challenge is that at the time of data collection, the spe-
cific use in the long-term perspective is not yet known and suitable data sets need to be 
identified in retrospect. Key to this is the storage of context data, even beyond the period 
of storage of the actual (measurement) data. Primarily, only the contextual information is 
necessary for evaluating the usability of a data set, not the data itself [19]. Since context 
information usually has a much lower rate of change than the data itself, this can initially 
reduce the data footprint.  Data richly documented using context information can be re-
produced, if needed, or data that is not (no longer) available can be collected again based 
on the stored context information. Another possibility is the synthesis of suitable data. 
Data-driven insight in production is increasingly based on service-oriented applications 
rather than monolithic software systems. Components of these applications are usually 
composite IT systems that also include platforms from external companies, such as cloud 
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systems, and multi-tier architectures [26]. In particular, the role of service providers, which 
offer processing of data and provision of analytics and recommended actions, is steadily 
increasing [27], [28]. This initial situation leads to a manifold trust issue: from the point of 
view of the producing company, the data used is highly sensitive, as they may allow con-
clusions to be drawn about trade secrets or even represent them itself [29]. For software 
service providers, control over the use and secrecy of the implementation details of the 
algorithms used is essential to secure the business foundation [30]. Confidentiality is thus 
a substantial prerequisite for data sovereignty. 
However, this is contrasted by the requirement for transparency. Data processing must 
be transparent and comprehensible in order to be able to secure and responsibly shape 
decisions derived from it. Furthermore, this is the only way to ensure an objective evalu-
ation of measures against selected sustainability goals [31]. In addition, the uncertainty 
of the information obtained must also be considered in order to estimate the risk of deci-
sions based on this information.  
In metrology, for example, the measurement uncertainty associated with the measured 
value is the most important criterion for the quality of the measurement [32]. When meas-
urement data is processed by algorithms, this information is often lost because the con-
tribution of any algorithm to the uncertainty of the result is difficult to determine or may 
not be determined at all. The criterion of transparency in the context of production data 
management must therefore also include ensuring the correctness and accuracy of algo-
rithms. 
The FAIR and FACT principles set out important design guidelines that should also guide 
production data management. This applies in general and in the perspective of resilient 
Life Cycle Sustainability, which focuses on long-term requirements and trustworthiness. 
However, since FAIR and FACT originate from research data management, they cannot 
simply be adopted, but must be adapted to the domain-specific characteristics of produc-
tion technology. This is especially true in complex value networks where customer, sup-
plier, and competitive relationships exist and data sovereignty is economically critical. 

4 Data structures and technological solution modules 

The establishment of production data management as a prerequisite for Life Cycle Sus-
tainability is neither a singular field of action, nor can a single, universally valid implemen-
tation be expected. Rather, it is the integration of interdisciplinary, data-driven technolo-
gies and methods in the dimensions of people, organization and technology in several 
fields of action. The following are examples of some of these with reference to the chal-
lenges mentioned in Section 3:   

- Quality management must be expanded to include consideration of sustainability
strategies that are already known a priori (e.g., repair or remanufacturing by the
original manufacturer). This also applies in particular to the management of data
whose necessity for technological implementation or sustainability assessment is
known (cf. challenges 4, 6).

- Techniques of data management as well as data processing, summarized as in-
formation management, must be further adapted or developed specifically for
production. This is particularly relevant to ensure the flow of data in the sense of
the knowledge pyramid, even if the technological design of sustainability strategies
and thus the data consumer is not known a priori. Furthermore, the amount of data,
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the long-term nature of Life Cycle Sustainability, and the data management's own 
footprint introduce additional requirements (cf. challenges 2, 5, 6). 

- Sensing can be understood as the acquisition of necessary information for which
the necessary data is not or no longer available. On the one hand, this includes
the consideration of measurement technology as an enabler for the targeted, situ-
ational collection of data (e.g., condition assessment), but also a further interpre-
tation of the term to include the collection of customer feedback or field data. In
addition, metrology as a discipline contributes essential aspects of long-term phys-
ical trustworthiness of collected data (cf. challenges 3, 5)

- A suitable data infrastructure is becoming an unavoidable prerequisite as the
backbone of data-driven technologies. However, in addition to questions of com-
patibility, scalability and cost-effectiveness, the focus is also on the resilience and
sustainability of the infrastructure itself (see challenge 1).

- Automation takes on a broader meaning in the target picture of resilient Life Cycle
Sustainability. It can increase the responsiveness, cost-effectiveness and social
compatibility of technological solutions, for example in the context of automated
disassembly. However, this also requires inherently data-driven automation. (cf.
challenge 2)

- The qualification of employees and the establishment of sociotechnical ecosys-
tems are necessary since the production systems being created will be of consid-
erable complexity. The participating actors must be enabled to make data-based
and objectified decisions in the sense of Life Cycle Sustainability (cf. challenges 2,
4, 6).

Suitable models and corresponding data structures are characteristic, recurring elements 
in the fields of action mentioned. In the following, these are concretized by means of 
technological solution modules as examples. These extend across all layers of the know-
ledge pyramid. 

4.1 5G as infrastructure (Connected Resources) 

Figure 7: Left: Electronics board for 5G-based networking of sensors. Right: Local test setup for 
the evaluation of 5G use cases in production. Image credit: Fraunhofer IPT 

Industrial communication, especially in automation, has always been associated with high 
requirements in terms of reliability, availability and real-time capability. The establishment 
of data-driven technologies in production engineering, but especially the aspects of flexi-
bility and adaptability of automated systems, additionally transfer these requirements to 
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wireless communication. In addition, there are the requirements for the resilience of 
cyber-physical production systems, which are summarized by SCHMITT et al. as follows: 
Decentralized IT structures, data security, modularity of technical systems, convergence 
of shopfloor and office IT, and integration of humans into sociotechnical systems [33]. At 
the network layer, there are also technical requirements for the resilient design of the 
communication networks themselves, as summarized, for example, by the VDE in a po-
sition paper [34]. 
5G is a key technology that can address the above requirements and serve as the back-
bone of a suitable infrastructure for connected resources. It is also connectable to other 
network technologies through its convergent design. The various profiles are suitable for 
mapping the connection of resources for several aspects of data-driven sustainability: 

- It’s nature as a mobile communications standard enables location-independent
connection and thus the collection of data in the field, e.g., during the use phase
of the customer life cycle.

- The application profiles eMMB (enhanced mobile Broadband) and mMTC (mas-
sive Machine Type Communication) are suitable for communicating large amounts
of sensor data with high bandwidth or a high number of sensors. MOHANRAM et al.
validate the industrial applicability using a multisensor platform based on an
STM32 as an example [35]. This contains interfaces to strain gauges, accelerom-
eters, and temperature sensors for monitoring purposes and is shown in Figure 7.

- The combination of 5G and time-sensitive networking enables the realization of
wireless automation networks. KEHL et al. demonstrate this approach for applica-
tion in mobile robotics and show that jitter (99.9% interval) can be reduced to below
1µs, achieving real-time capability [36].

The decision whether connecting resources via 5G is worthwhile compared to other tech-
nologies must be made depending on the expected benefits. KIESEL et al. present a model 
for the techno-economic evaluation of latency-critical applications with respect to the tar-
get criteria flexibility, mobility, productivity, quality, security, sustainability and degree of 
utilization [37]. This approach can be applied to the technological implementation of data-
driven sustainability strategies in the sense of Section 2 and the goals of Life Cycle Sus-
tainability. 

4.2 Domain-adapted data structures (Data) 
To ensure that data can be found and retrieved quickly in the event of a disturbance to 
life cycle sustainability, data must be stored in an indexable and easily searchable struc-
ture. The basic prerequisite for this is the transfer of FAIR principles to production tech-
nology on the basis of specific requirements and the technical realization of these. In 
addition to the use of a uniform description language (cf. Section 4.3), it is necessary to 
use standardized data models, formats and data exchange or communication protocols 
[38] (cf. Section 3.3). For this purpose, standardized solutions known from computer sci-
ence can be adapted for use in production engineering. The spectrum of available solu-
tions ranges from specific solutions for one of the three aspects to "all-in-one" solutions,
such as OPC UA. Table 1 shows an overview of different models, formats and protocols.
However, the data models may be tailored to different use cases, so that usually more
than one data model has to be implemented in order to keep data available in required
models, which significantly increases the implementation effort. Second, most models are
complex and therefore require advanced data modeling skills. In addition, the majority of
these models do not take the FAIR principles into account.
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Table 1: Examples of standardized data formats, data models and communication protocols for 
use in production engineering 

Model Format Protocol 
Asset Administration 

Shell 
JSON HTTP 

Digital Calibration Certifi-
cate 

XML MQTT 

OPC UA (via XML and TCP/IP) 
MTConnect 

An infrastructure and data structure that allows the definition of measurement system 
interfaces with little effort has been presented by MONTAVON et al. [39], [40] and was fur-
ther developed by BODENBENNER et al. [41] into a domain-specific modeling language. All 
properties and data of a measurement system can thus be represented by means of four 
different elements: Variables for the representation of measured values, parameters for 
adjustable property values, functions for the execution of complex procedures and objects 
for the structuring of all properties. Each element requires the definition of specific pre-
scribed attributes by means of which technical interoperability with other systems can be 
ensured. For variables and parameters, these attributes include the permissible range of 
values, the mathematical dimension and also the physical unit. Since all these attributes 
are always provided together with the actual measured value via the interface, these val-
ues can be processed without prior knowledge. For example, suitable storage or table 
structures of databases can be built and managed automatically and efficiently. Figure 8 
shows such a data package. In addition, the data model can also be translated into more 
complex structures, such as OPC UA or the Asset Administration Shell. 

Figure 8: Structured data package for the interoperable exchange of measurement data according 
to [23], [40], Figure taken from [38] 

{
“covariance”: [

[1.3276206530821578e-10, 1.0791437929694123e-11, 7.9915972948561065e-11],
[1.079143792969412e-11, 5.5091565613752213e-11, 1.0896977314156854e-11],
[7.9915972948561065e-11, 1.0896977314156854e-11, 5.9079887330941402e-11]

],
“datatype”: “double”,
“description”: “Position in Cartesian Coordinates in meter.”,
“dimension”: [3],
“hash”: “3a785573eecfc75434572906c31bae675f1c173612bc25579c996bddf4e51a85”,
“label”: “Calibration of machine tool.”,
“name”: “Position [m]”,
“range”: [-40, 40], 
“timestamp”: “2022-06-13T11:27:15.046550Z”,
“unit”: “MTR”,
“uuid”: “MEA-Position”,
“value”: [2.4184784967537318, 0.32977268925781256, -3.8299400458421968]

}
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Interoperable interfaces and systems contribute significantly to the resilience of the data 
infrastructure of production systems, since (partial) failures of devices or subsystems can 
be replaced with little effort by other, but not necessarily identical, devices or subsystems. 
They also lower the technical hurdle of implementing a Life Cycle Sustainability assess-
ment that is as automated, data-driven and timely as possible.  

4.3 From data to information management by means of contextualization (Infor-
mation) 

Data can be aggregated into information in two main ways: 
Contextualization - By describing data using metadata or metainformation, data can be 
interpreted and placed in a larger context. A simple example of this is the physical unit, 
without which measured values could be interpreted differently in different countries. 
Data evaluation - By means of the processing a dataset by algorithms, correlations of 
data can be uncovered and thus allow human interpretation. For example, the individual 
position data of a mobile unit can be combined to form a path and the deviation of the 
movement can be determined by comparing the aggregated path with the nominal data. 
This information can then be processed accordingly. 
Algorithmic analysis of data is increasingly performed using machine learning methods. 
However, designing these according to the FACT principles and with an appropriate foot-
print is a major challenge [42]. Moreover, machine learning alone does not achieve infor-
mation management in the long-term perspective.  
Contextualization initially represents the lighter-weight approach here and can also in-
crease the efficiency of data evaluation as a preliminary stage. In addition, contextualiza-
tion can also reduce the footprint of data management itself: Especially in the case of 
high-frequency data, which implies a large footprint if stored.  In contrast, the storage of 
contextual information, which makes the reproduction of the data possible, can signifi-
cantly reduce the footprint. The prerequisite for this is that the data can be generated in 
a short time with a small footprint. By defining FAIR data models, information manage-
ment can be synergized with data management because describing data with contextual 
information is a fundamental principle of FAIR. FAIR data can be contextualized into in-
formation reliably in the long term. 
Since data is increasingly collected, processed and stored in massively distributed sys-
tems as the degree of connectivity increases, the subsequent contextualization of data 
becomes more difficult. It is therefore crucial to annotate data with metadata and available 
contextual information as early as possible, at best at the device or edge level. 
This approach was presented by BODENBENNER et al. among others and builds directly on 
a unified data structure as presented in section 4.2. The authors present a multi-layer 
software architecture for FAIR Sensor Services that ensures both technical interoperabil-
ity of data and semantic interoperability of information on measurement data. For this 
purpose, the software of the cyber-physical measurement system is divided into three 
layers, as shown in Figure 9. The bottom layer (L1) covers the device-specific and non-
generalizable implementation of the internal system logic. The middle layer (L2), the so-
called "FAIRification layer", enriches the data based on the SOIL model with meta-infor-
mation, such as the physical unit. The top layer (L3) implements the communication in-
terface and makes all data and metadata available in a standardized data format via pro-
tocols that are also standardized. L2 and L3 can be implemented based on the SOIL 
metamodel independently of the specific device. This is made possible by adapting 
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model-based software development, where a simple model for the interface of a meas-
urement system can be defined, using the "SensOr Interfacing Language (SOIL)" [41]. 
This model can then be used for the automated generation of the FAIRification layer, as 
well as the appropriate interface and the desired data format [23].  
As a result, measured values are immediately available as information already and not 
only in the form of a date. This increases the availability of the measured values in the 
event of a disturbance of the Life Cycle Sustainability. It also prevents the storage of 
undocumented and therefore hardly usable data. 

Figure 9: Software architecture of a "FAIR Sensor Service 

4.4 The Digital Twin as an enabler for automation (Knowledge) 
Data-driven automation requires powerful data structures that take into account both the 
short-term horizon of performing the specific operations themselves and the long-term 
horizon in terms of Life Cycle Sustainability. In addition, a balance between standardiza-
tion and use-case specific flexibility is necessary to harmonize interoperability and com-
plexity of the implementation. Here, the domain-specific adaptation of data structures 
based on more widely used standards is a suitable approach. For this purpose, GÖPPERT
et al. present a Digital Twin Pipeline [43]: The first goal is to create a domain-specific 
ontology. First, standard ontologies and metamodels that are generally suitable for the 
domain are analyzed. These are then adapted to the expected use cases by means of 
expert input through combination and/or conformal extension. The resulting ontology pro-
vides syntax and semantics for modeling the specific use cases, an example of which is 
shown in Figure 10. From this model description, which is interpreted as a Digital Twin, 
generative programming can be utilized for the deployment of an automated system. 
Moreover, the ontology-based modeling can be used for persistent, reusable and interop-
erable management of use-case-related information in the form of knowledge.  
GÖPPERT et al. evaluate the Digital Twin Pipeline for the control of line-less assembly 
systems. The reference implementation builds on MASON and BOT as general ontolo-
gies, which are combined with SOIL and the Asset Administration Shell as meta-models. 
The model obtained in the description phase is mapped using JSON as a markup lan-
guage so that it can subsequently be loaded in different software environments [43]. KA-
VEN et al. integrate this approach into a control system for line-less assembly of a battery 
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pack. Here, an MQTT-based, VDA 5050-compliant communication structure between the 
control system and automated guided vehicles is generated from the Digital Twin [44].  
The Digital Twin Pipeline is a key enabler for the technological realization of line-less 
assembly systems. These in turn contribute to Life Cycle Sustainability through their in-
herent capabilities to address resilience and sustainability [45].  

Figure 10: Ontology and description model formulated based on it for a product to be assembled. 
[43] 

4.5 Synergies of sustainability and quality management (Action) 
The challenges of sustainability management as well as quality management can be clas-
sified in the dimensions of normative, strategic and operational management according 
to BLEICHER [46]. In the perspective of the Aachen Quality Management Model (ACQMM), 
this is considered in corporate quality, which is understood as momentary degree of over-
lap of market demands, business orientation and business capabilities [47]. Sustainability 
goals thereby become market demands. The ACQMM also includes the Quality Stream 
as a central element, which represents the quality-related value stream and is oriented to 
the product life cycle. This provides a direct link to the goal of Life Cycle Sustainability. 
Quality and sustainability management can be integrated by incorporating suitable strat-
egies for achieving strategic sustainability goals and KPIs as well as sustainability as-
sessments into the Quality Forward or Backward Chain(s). 
Figure 11 shows an approach for embedding sustainability management in the ACQMM. 
The consideration of the product life cycle is explicitly given by including selected R strat-
egies (cf. Section 2). Additionally Life Cycle Thinking is addressed by the focus on the 
integration of data management, both vertically and horizontally. 
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Figure 11: Incorporation of sustainability strategies into quality management in the ACQMM. [48] 

From the perspective of the knowledge pyramid, the described extension of the ACQMM 
allows to map the action level to the previously mentioned management dimensions. Nev-
ertheless, the complexity of the possible measures and solutions as well as the need for 
an objective sustainability assessment call for data-driven decision making in order to act 
in terms of Life Cycle Sustainability. BRIELE et al. concretize this data-driven aspect and 
emphasize the importance of quality and sustainability management in the further devel-
opment of the Internet of Production [49]. 

5 Outlook 

Data is a key driver of many technologies for achieving sustainability goals in production 
engineering. It is not only the collection of data itself that is important, but above all the 
processing and aggregation into knowledge and actions. In the Life Cycle Sustainability 
perspective presented this is particularly focused. At the same time, the technological 
complexity and individuality of the required processes are increasing, so that a resilient 
design of the processes is necessary. To illustrate this, an adapted definition of the term 
resilience was presented for Life Cycle Sustainability. Overall, specific requirements are 
thus defined for data structures and associated data management.  
In the discipline of (research) data management, the sustainability and transparency of 
data and algorithms have already been demanded and investigated for some time by the 
principles of FAIR (Findable, Accessible, Interpretable, Reusable) and FACT (Fairness, 
Accuracy, Confidentiality, Transparency) data. However, these must be transferred to the 
domain of production engineering, as illustrated by the example of the SensOr Interfacing 
Language SOIL. The principle pursued in SOIL of decoupling domain-specific modeling 

External 
stakeholder

External 
stakeholder

Company

Operative management

Strategic managementNormative management

Data management

vertical 
integration

horizontal
integration 

Internal stakeholder
Company resources

Physical
(e. g. machines)

Personnel
(e. g. employees)

Intellectual
(e. g. knowhow)

Financial
(e. g. capital)

Strategic analysis

ImplementationControl

Strategy development

Sustainability strategy

Mission

Vision

ValuesCorporate 
philosophy

Rules of procedure

Support processes

Communication

Internal External

M
at

er
ia

l &
 E

ne
rg

y
(S

up
pl

ie
rs

)

Waste

DistributionProductionProcurement

Product development Sustainability goals Fields of action Tools

U
sage

(custom
ers)

Recycle

Reduce Repair

Recovery

Redesign Remanufacture Reuse

Product life 
cycle

Input 
performance

Output 
performance

Data Structures für Resilience in Life Cycle Sustainability 



Data structures for resilience 

55 

from implementation in standardized data structures or communication protocols is rep-
resentative of the maxim that the domain-specific adaptation of widespread standards is 
more important than the initiation of a large number of specific individual standards – this 
is also beneficial for interoperability and automation. 
Overall, production data management can be identified as a new field of action for the 
successful design of green production. However, it does not stand alone, but must be 
closely linked to the respective domains, as has been outlined for quality and information 
management, metrology, communication technology, automation and qualification of em-
ployees. Among other things, the establishment of suitable data structures is based, on 
the following guiding questions, which can be used to transfer the partial solutions shown 
to new applications:  

- What are the specific sustainability goals to be pursued?
- What strategies should be used to achieve these goals in the dimensions of people,

organization and technology?
- What data and information will (probably) be needed?
- Which stakeholders are involved throughout the life cycle?
- Which standard data structures can be adapted domain-specifically?

With the help of strong production data management, it will be possible in the future to 
combine the megatrends of sustainability, resilience and digitalization in production tech-
nology in a synergetic and socially profitable way. To this end, the system boundaries of 
data management must be derived from the entire scope of Life Cycle Sustainability in 
the technological design as well as research and development. This reinforces an inter-
disciplinary and interoperable connected approach, which is reflected in the vision of the 
Internet of Sustainable Production. 
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Abstract 
Closing the Loop with Adaptive Automated Disassembly 
With the introduction of social and political requirements such as the "European Green 
Deal", the implementation of the circular economy is becoming a corporate task. However, 
its economic implementation as an answer to regulatory demands requires the adaptation 
of industrial processes regarding the desired degree of adaptivity to a then increasing 
variance of input materials in industrial value creation. Strategies such as re-manufactur-
ing not only offer ecological potential, but also bring about an increase in resilience and 
thus open new economic business perspectives. Within the contribution, the importance 
of suitable disassembly systems including dismantling abilities for the circular economy 
is shown. Based on the specific challenges of the circular strategies, a target picture for 
economic disassembly systems is derived. Three industrial use cases show different 
forms of such systems. There is a need to automate disassembly while maximizing the 
adaptivity of the system to cope with different product states. Adaptive automated disas-
sembly is the key enabler for this. Enabling technologies such as the use of sensors, AI 
or "design for disassembly", serve to implement this. From an organizational perspective, 
standardization is necessary to make data from production, from the user cycle and from 
automated condition assessments available and usable as a decision-taking foundation 
for adaptive processes. Consequently, the provision and analysis of the necessary data 
represents a central concern for the implementation of disassembly processes. 
Keywords: Disassembly, automation, adaptivity, resilience, circular economy 

Kurzfassung 
Schließen des Kreislaufs mit adaptiver automatisierter Demontage  
Mit der Einführung von gesellschaftlichen und politischen Vorgaben wie dem „European 
Green Deal“ wird die Umsetzung der Kreislaufwirtschaft zur Unternehmensaufgabe. De-
ren wirtschaftliche Umsetzung erfordert jedoch die Anpassung industrieller Prozessab-
läufe hinsichtlich des angestrebten Grades an Adaptivität an eine dann zunehmende Va-
rianz von Eingangsmaterialien in die industrielle Wertschöpfung. Strategien wie das 
Remanufacturing bieten nicht nur ein ökologisches Potenzial, sondern bewirken eine 
Steigerung der Resilienz und eröffnen dadurch neue wirtschaftliche Geschäftsperspekti-
ven. Innerhalb des Beitrags wird die Bedeutung geeigneter Demontagesysteme für die 
Kreislaufwirtschaft aufgezeigt. Aufbauend auf den spezifischen Herausforderungen der 
Kreislaufstrategien wird ein Zielbild für wirtschaftliche Demontagesysteme abgeleitet. 
Drei industrielle Use Cases zeigen verschiedene Ausprägungen solcher Systeme auf. Es 
besteht der Bedarf, die Demontage zu automatisieren und gleichzeitig die Adaptivität des 
Systems zu maximieren, um verschiedenen Produktzuständen gerecht zu werden. Die 
adaptive automatisierte Demontage stellt hierfür die zentrale Befähigung dar. Zur Umset-
zung dienen Befähigertechnologien wie der Einsatz von Sensorik und KI, aber auch das 
„Design for Disassembly“. Aus organisatorischer Perspektive sind Standardisierungen 
notwendig, um die Verfügbarkeit von Daten sowohl aus der Produktion, dem User-Zyklus 
als auch aus automatisierten Zustandsbewertungen als ein Entscheidungsfundament für 
adaptive Prozesse nutzbar zu machen. Die Bereitstellung und Analyse der notwendigen 
Daten stellt folglich ein zentrales Anliegen für die Umsetzung der Demontageprozesse 
dar.  
Schlagwörter: Demontage, Automatisierung, Adaptivität, Resilienz, Kreislaufwirtschaft 
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1 Introduction 

In the past, previous economic models were primarily based on a linear structure in which 
products are disposed of after use [1]. However, the finite nature of resources has be-
come an increasing problem as the global demand for resources has almost quadrupled 
in the last fifty years [2]. Half of all greenhouse gas emissions and over 90% of biodiversity 
loss are caused by the extraction and processing of resources [3]. In response to the 
European Green Deal [4] and the goal of climate neutrality by 2050, the EU Commission 
promotes circular business models through actions for the circular economy [5]. The "Ac-
tion Plan for the Circular Economy" requires that almost all physical goods must not only 
be more energy-efficient throughout their entire life cycle, but explicitly more recyclable – 
i.e. for reuse as secondary resources. [3], [5] Regulations are thus anchored in regula-
tions, such as making simplified product maintenance, refurbishment, and the recycling
of products. These measures are aimed at implementing the concept of a "true circular
economy in the EU" through tangible actions and concrete product measures [5].
However, in 2022, the percentage of reused resources in a circular manner is only 7.2 %, 
while in Germany 12 % of secondary resources are reused [3], [6]. This creates a signif-
icant gap that can be narrowed by extending the lifespan of resources through methods 
such as remanufacturing [6]. In addition to dealing with the shortage of raw materials, 
possible savings potentials, customer requirements and increasing competitiveness are 
drivers for the implementation of the circular economy. [7] 
To fully benefit from the potential of resources, it is important to not only design products 
accordingly for a circular economy, but also to establish the necessary processes. How-
ever, not all products are currently designed in a way that guarantees profitability in re-
manufacturing processes [8]. In addition to reverse logistics, the disassembly of products 
is a major challenge that cannot be classified as a simple reversal for assembly activities 
[8], [9]. The process of disassembly is characterized by a diverse range of variants, fluc-
tuating product conditions and quantities. Despite the variants, the high demands for 
scalability must be met, which at the same time enables a reproducible handling of the 
large number of uncertainties [9]. Resolving these conflicts can be a key to utilize the 
necessary potential of secondary resources for a more sustainable production. The nec-
essary change in production design must be actively supported by concepts and technol-
ogies.  
This article explains how the circular economy can be facilitated by disassembly systems 
that enable materials and components to be returned to the production process. The ar-
ticle first discusses the various strategies of the circular economy, such as recycling and 
remanufacturing. It highlights the importance of industrial remanufacturing and presents 
a vision of an efficient disassembly system consisting of four key characteristics: disas-
sembly depth, degree of destruction, process adaptivity, and system adaptivity. The arti-
cle then explains the technologies associated with each of these properties, using the 
refurbishment of washing machines (Miele & Cie. KG), disassembly of car battery boxes 
(Ford Werke GmbH), and remanufacturing of leisure shoes (PCH Innovations) as exam-
ples. Finally, the article discusses the similarities between these use cases, and identifies 
future fields of actions.  
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2 Remanufacturing for the circular economy 

Given the challenges presented in terms of resource availability, the dimension of "sus-
tainability" has become an essential addition to the production optimization [10]. In order 
to implement more sustainable business models, it is necessary to shift the focus from 
the production to the entire life cycle, with special emphasis on the end-of-life phase [10], 
[11]. A sustainable industrial circular economy is not limited by factory gates but also 
takes the usage cycle into account. The scarcity of resources has become a major driving 
force for change, leading to an increased focus on the recovery of resources [11]. How-
ever, it is important to note that different concepts have varying definitions of what con-
stitutes a "resource," which will be explained in the following section. 

2.1 Development from the linear to a circular economy 
A sustainable economy requires a comprehensive analysis that considers the environ-
mental impact of using resources. Therefore, to fully analyze the environmental impact, 
the entire product lifecycle must be taken into account [10]. The traditional linear eco-
nomic model assumes that products have a one-time lifecycle: raw materials are ex-
tracted, products are manufactured, and the products are disposed of as waste [1], [12], 
[13]. This one-time lifecycle is also known as "cradle-to-grave” [12], [13].  
Design options for a sustainable production are provided by the three concepts of effi-
ciency, consistency and sufficiency. Efficiency measures are focused on improving the 
use of resources in relation to the output produced, which is an ongoing task from both 
an ecological and economic perspective [14], [15]. However, these measures only miti-
gate negative effects, e.g. material savings, but do not solve the underlying problem [16]. 
On the contrary, the consistency approach aims to improve effectiveness by extending 
the product life cycle through various strategies, with the goal of reusing resources as 
often as possible. This concept is known as the circular economy [17]–[19]. The approach 
of circular economy aims to establish usage cycles that generate no waste, promote a 
holistic perspective, achieve complete recyclability of materials, and utilize renewable en-
ergies. Such design concepts can then also be economically beneficial. [20], [21] In par-
ticular, design concepts that proactively shape the entire product life cycle fulfil a crucial 
task toward this goal [16].  
In literature, various strategies are discussed that focus on recovering resources, improv-
ing their value, and enabling more life cycles [22]–[24]. For instance, POTTING ET AL. define 
ten "R-strategies" [22]. Some selected terms of the "R-strategies" are listed for further 
elaboration (see Figure 1): 
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Figure 1: Industrial resource use through circular economy; based on [23] 

The most established R strategy is "Recycling“ [16]. Recycling refers to the reprocessing 
of valuable materials [22], [25]. However, in this process, the material loses its original 
function and form. As a result, the product must be returned from the material phase to 
the usage phase, requiring many process steps to be repeated and resources must be 
spent. Therefore, a "longer" path is taken before the material can be used again in new 
products [26]. 
In contrast, "reuse" is a strategy with low additional material and energy expenditure. 
Reuse refers to the reusage of a product after it has been discarded by another consumer 
after its initial first-life use [22]. In contrast to recycling, this method results in a much 
“shorter” journey for the product back into the usage phase. In turn, the "Repair" strategy 
involves the additional step of repairing or servicing a damaged product to restore its 
original function before it is available for use in the market again [22].  
If repairment is not possible, additional value-preserving measures can be utilized instead 
of material-conserving activities such as recycling [26]: "Remanufacturing" refers to the 
process of disassembling a product at module or component level and using those parts 
to create new products. When the reprocessing of the product itself cannot achieve the 
required level of functionality, the discarded components can be used in products with 
different functionality. [22]. These options are highly valuable for industrial use, not just 
because they contribute to the circular economy, but also because they offer the potential 
for functional improvements and value creation while the reprocessing. To implement 
these strategies, several tasks must be carried out, including a condition assessment, the 
disassembly processes, reprocessing of components for reuse, potential replacement of 
parts, and remounting of those parts in the original or new products. Quality inspections 
complete the process chain [16], [26], [27] 
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As illustrated in Figure 1, strategies with a “shorter route” are generally preferable be-
cause faster reuse of the product and lower resource consumption can be achieved [22]. 
However, to achieve holistic ecological and economic advantages through "R-strategies", 
it is necessary to ensure that problem shifting in the life cycle is avoided [28].  

2.2 Potentials and challenges of remanufacturing 
According to a study by PARKER ET AL. , the market potential for remanufacturing in the 
EU is estimated to be up to €90 billion by 2030 [29]. Of particular interest is the high 
flexibility for the use of components in various products and, if applicable, with new tech-
nology standards [30], [31]. Refurbishment and remanufacturing represent a great poten-
tial for industrial production from the perspective of recovering resources for sustainable 
production and developing additional business fields. [29], [30] 
Economic and ecological business models are essential for the implementation of "R-
strategies" in an industrial context. However, there are several challenges that need to 
be addressed to achieve this.: 

- Used products must be collected through the appropriate redistribution channels
[16], [26].

- Products are often not designed for disassembly, leading to difficulties in achiev-
ing economic disassembly and restoration of the product [12], [26], [27].

- The high number of variants for some product groups leads to additional complex-
ity in the remanufacturing process [32].

- The different time periods until the return of the product and the consequent dif-
ferent technologies during disassembly must also be addressed [33].

- High labour costs, such as those associated with manual disassembly, are a sig-
nificant barrier to further expansion of industrial remanufacturing [29].

- An important challenge in remanufacturing is the accurate measurement of the
condition level of each individual component, in order to apply efficiently the ap-
propriate treatment processes [27], [34].

Automation can make the R-strategies economically feasible by enabling scalability and 
increased capacity [35]. At the same time, many of the challenges listed also represent 
demanding tasks for automation in linear concatenation, especially with regard to disas-
sembly systems [36]. Furthermore, there is a lack of proven systems that can provide the 
required flexibility and versatility for allowing product-specific usage paths. There is a 
need to validate the scenarios through industrial applications. 

3 Disassembly for economical remanufacturing 

Disassembly is a central component of remanufacturing. The goal is to disassemble the 
product into its individual parts so that they can be checked and, if necessary, repaired 
or replaced. While assembly is defined as ensuring the functionality of a product by joining 
all components, disassembly describes the process of recovering assemblies, compo-
nents, or materials from a multi-body system for further use or reprocessing. [37] Although 
assembly and disassembly have similar and sometimes identical requirements for kine-
matics and tools, disassembly cannot be understood as the direct logical reversal of as-
sembly. [37], [38 as cited in 39] Issues arise especially from complex disassembly pro-
cesses due to non-disassembly-friendly designs, heterogeneous product conditions [39], 
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and a wide range of products and variants. To address these issues, an adaptive disas-
sembly system needs to be implemented where the continuous development of product, 
process, and system technologies is necessary. 
Initially, the characteristics of disassembly depth, degree of destruction, and adaptability 
of economical disassembly systems are presented below (see Figure 2). Subsequently, 
enabling technologies for economical disassembly systems, such as product, process, 
and system technologies, are highlighted. 

Figure 2: Characteristics of an economical disassembly system 

3.1 Vision of an economical disassembly system 
The disassembly depth is a significant measure of the efficiency and sustainability of a 
disassembly process. Typically, legal requirements dictate the minimum disassembly 
depth, which comprises all the disassembly activities necessary for the complete pollutant 
disposal. Conversely, the maximum disassembly depth refers to the complete disassem-
bly of a used product. The optimal disassembly depth falls between these two endpoints 
and is established by taking into account the labor, cost, and residual value of the com-
ponents. It also requires comprehensive knowledge of the product's condition, structure, 
joining techniques, and available methods for separating joints. [40] To maximize the ef-
ficiency and sustainability of a disassembly system, it is necessary to optimize the depth 
of disassembly. This can be achieved primarily through suitable product design that facil-
itates disassembly and reduces the associated expenses. 
Aside from the disassembly depth, the degree of destruction also plays a crucial role 
for the economic efficiency of the disassembly process. Disassembly can be non-destruc-
tive, partially destructive, or destructive [37]. Destructive disassembly is used mainly for 
recycling components that cannot be disassembled non-destructively due to irreversible 
connections or component alterations, e.g. oxidation or damage of screw heads. [41] 
Non-destructive disassembly, on the other hand, is suitable for components that can be 
processed and reused, such as loosening screw connections or clip fastenings. Between 
destructive and non-destructive disassembly, there is semi-destructive disassembly. This 



Closing the Loop with Adaptive Automated Disassembly 

68 

is characterized by destroying the joining element while leaving the components unaf-
fected [42]. This often serves as the starting point for non-destructive disassembly steps. 
To minimize the degree of destruction during disassembly and maximize component re-
usability, appropriate product design is essential. This not only reduces resource use dur-
ing recycling but also helps to achieve an optimal disassembly depth.  
In addition to the disassembly depth and the degree of destruction, the adaptability of the 
disassembly system is also a key factor affecting the cost-efficiency of remanufacturing. 
The term "adaptability" refers to the capability of making timely and forward-looking ad-
justments to structures and processes in a cost-effective way [43]. While a flexible disas-
sembly system is capable of responding promptly to changes in circumstances, an adap-
tive system is characterized by its ability to make both short-term and long-term adjust-
ments. Long-term adjustments usually involve more complex and resource-intensive 
changes to the fundamental structure, but also allowing to implement sustainability and 
economic efficiency of production systems for a long period of time. On the other hand, 
short-term adjustments are quick, efficient, and require minimal investment. Thus, flexi-
bility describes short-term adaptability within a certain range, while adaptivity refers to the 
ability to transform in both the short and long term. There are different forms of adaptivity 
in a disassembly system, such as process and system adaptivity. Process adaptivity re-
fers to the capacity to respond actively and rapidly to changes in circumstances by ad-
justing procedures and methods [44]. An adaptive process can disassemble various prod-
uct types and variants, while taking into account specific disassembly requirements for 
each product. Adaptive processes are also crucial for disassembly of products with un-
known product conditions. Unknown conditions due to contamination, destruction, aging, 
wear, and corrosion of components can alter process boundary conditions and require 
customized and adaptable processing strategies. 
Moreover, an adaptive system for disassembly is characterized by its strong system 
adaptability, which refers to the system's capability to adjust to external conditions [45], 
such as the market demand or the availability of resources. One of the key characteristics 
of adaptive systems is reconfigurability, which allows for capacities, functional content, 
and technologies to be reorganized [46] in a way that system properties like production 
rate, product mix, or resources can be tailored to external conditions. To conclude, an 
economically viable disassembly system is defined by the following traits: 

- Maximization of disassembly depth while taking into account cost-efficiency
- Minimizing the degree of destruction to maximize reusability
- Maximum process adaptivity for the disassembly of a wide range of products and

variants and for introducing product-specific machining strategies
- Maximum system adaptivity to increase responsiveness to external influences.

Product, process, and system technologies contribute significantly to achieving econom-
ical disassembly systems (see Figure 3). 
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Figure 3: Vision of adaptive disassembly systems based on exemplary enabling technologies 

3.2 "Design for Disassembly" - Product technology as an enabler for economical 
disassembly systems 

Design for Disassembly (DfD) is a product design approach that aims to facilitate the 
disassembly of products into their individual components to enable reuse, recycling, or 
refurbishment strategies [47]. The concept of DfD is to design products that can be easily 
disassembled with little effort, while minimizing damage to the components during disas-
sembly. The primary goal of DfD can be achieved through a variety of design techniques, 
including: 

- modular design
- the selection and use of materials
- the use of mechanical joining technologies
- clear identification of components and materials. [48]

Modular design, as a core element of the DfD approach, aims to reduce complexity and 
create synergies through modular product architectures [49]. In particular, modular design 
of variant-rich products proves to be a promising measure along all stages of the product 
life cycle. In the context of remanufacturing, modular product architectures offer the ad-
vantage of standardized disassembly processes and thus, promote process automation. 
In addition to a modular design, the selection and use of suitable materials is very much 
relevant. DfD requires a comprehensive examination of the materials used to select those 
with low environmental impact, suitable for assembly and disassembly processes, and 
with high recycling potential. [48] 
The use of mechanical fastening technologies such as connectors, screws, and locking 
mechanisms is a central part of DfD. Unlike adhesively bonded connections, these offer 
the advantage of non-destructive disassembly, thus increasing the number of reusable 
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components and reducing the cost of disassembly processes. By clearly labeling materi-
als and components, the goal is to facilitate the identification and separation of materials 
during the disassembly process. This allows materials to be sorted for recycling or repro-
cessing, ensures the traceability of materials and facilitates the planning of future use [48]. 
Overall, DfD can be a significant enabling technology for economic remanufacturing, con-
tributing to the efficient disassembly of products, reuse of components, and recycling of 
materials.  

3.3 Robotic automation, AI development & sensor technology - Process technol-
ogies as enablers for economical disassembly systems 

The automation of disassembly processes is an essential technology that can help to 
create cost-effective disassembly systems by improving efficiency, accuracy, and reduc-
ing errors, and subsequently, leading to lower costs. To determine the best degree of 
automation for the disassembly system, the factors depicted in Figure 4 should be taken 
into consideration. 
Manual, robot-assisted, and fully automated disassembly processes can be compared 
based on their attributes, and advancements in AI and sensor technology improve the 
adaptability of disassembly systems.  

Figure 4: Factors for determining the degree of automation of disassembly systems, based on 
[50] 

Manual disassembly is characterized by its high adaptability, as it allows to respond to 
unforeseen circumstances during the disassembly process [50]. Compared to higher de-
grees of automation, manual disassembly systems can be gradually expanded and have 
lower fixed costs for the operating equipment. However, lower productivity, high person-
nel costs, and non-reproducible quality are drawbacks of the manual disassembly when 
compared to automated disassembly. In particular, the identification of the individual com-
ponents in cases of high product and variant diversity poses an additional challenge. To 
address this challenge, image-based AI systems for worker assistance can be used [51]. 
They support, for example, the identification of components where nameplates and serial 
numbers are no longer legible, or in assessing the components condition. A collaboration 
between staff working on the disassembly and AI systems combines the advantages of 
both, overcoming obstacles and difficulties within the sorting procedure, as well as reduc-
ing the error rate in product identification. 
Robot-assisted disassembly is a possible extension of the manual disassembly that can 
increase the efficiency as well as the volume of disassembled products [11]. In robot-
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assisted disassembly, humans and machines work together on the object to be disas-
sembled [52]. While humans perform more complex tasks, the robot assists in performing 
repetitive and time-consuming work steps. Human tasks include the separation of com-
plex component connections, handling limp components, or performing manual inspec-
tion tasks. The robot, on the other hand, simultaneously removes screws and bolts, the 
position of which has been taught manually beforehand or detected via a camera and 
performs handling tasks. In addition to increased productivity, advantages of robot-as-
sisted disassembly are that it reduces the workload on the human staff and exposes them 
to fewer risks by allowing the robot to perform tasks such as lifting heavy loads or remov-
ing hazardous materials [52]. 
For disassembly tasks of identical and modularized products in high batch sizes, fully 
automated disassembly systems are often the preferred option. While automated pro-
cesses are already commonly used in assembly, they are still not commonly found in 
disassembly. However, pilot projects have shown that using SCARA and 6-axis robots 
for disassembly have great potentials for the disassembly system [53], [54]. The tools for 
automated disassembly can be categorized as handling tools or cutting tools [55]. Han-
dling tools include vacuum or finger grippers, while cutting tools can be either non-de-
structive, such as screwdrivers, or destructive, such as drilling spindles and plasma cut-
ters. Full adaptability is achieved at the process level through multifunctional tools and 
tool-changing systems, as well as product-specific programming and the use of AI algo-
rithms. 
The ability to adjust processes quickly is particularly important for automated disassembly 
processes. The sensor capabilities of robot-assisted and automated disassembly cells 
play a significant role in the development of this technology. Challenges like manufactur-
ing tolerances, changes in geometric dimensions due to wear and deformation caused 
by process forces, and the increasing diversity of products and variants are significant for 
both, industrial production and disassembly automation. Therefore, disassembly robots 
must have a certain degree of decision-making freedom to perform their assigned tasks. 
According to NEHMZOW , freedom of choice implies the ability of the machine to determine 
its sequence of actions through its own inference processes, rather than following a fixed, 
rigid sequence of instructions from outside. As a result, a robot must perceive and inter-
pret its surroundings, develop an action plan to handle the task, and then execute an 
appropriate action. [56] Sensors are used to perceive the environment and internal states 
of robots. They allow the robot to determine its own state, such as the position of a robot 
arm or end effectors, detect touches, measure distances to objects, or capture images of 
the environment [57]. The fusion of sensor data from various sources and their interpre-
tation enables compensation for positioning and component deviations and generally fa-
cilitates adaptive process adjustments. 
Overall, technological advancements in the areas of automation, sensor technology, and 
AI are making a significant contribution to replacing cost-intensive manual disassembly 
processes with automated adaptive processes, thus making remanufacturing economi-
cally viable. 

3.4 Lineless assembly - System technology as an enabler for economical disas-
sembly systems 

Choosing an appropriate organizational structure is crucial for the effective implementa-
tion of an economical disassembly system. It defines the fundamental features of the 
system, such as flexibility and adaptability, as well as spatial and temporal relationships 
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[58]. Fluctuations in production volume, the integration of new products and processes, 
and high variant flexibility present unique challenges for disassembly systems. 
The takt-based assembly line is based on a strict spatial and temporal concatenation of 
assembly stations. Due to the spatial linking, stations in the process can neither be 
skipped nor subsequently added, while the temporal linkage only allows for order passing 
if the following station has also completed its task. This setting results in a fixed cycle 
time for all stations. [36] However, the takt-based assembly line becomes less efficient 
with an increasing number of diverse product variants with varying work content and pro-
cess times. Consequently, the takt-based assembly line is better suited for the disassem-
bly of standard products with little product variety in large quantities. Although other or-
ganizational forms, such as individual workstation disassembly, on-site disassembly, 
or workshop disassembly, provide higher process and system adaptability, they are not 
suitable for economically operation of large series. 
The organizational structure of the so-called lineless assembly method provides a rem-
edy at this point and introduces a paradigm shift in the design of assembly systems. In 
contrast to the traditional assembly line, where components are guided through assembly 
stations on a fixed path like a conveyor belt, a lineless assembly system allows for indi-
vidual guidance of each product and does not require a fixed cycle time. This approach 
is characterized by flexible product-specific assembly sequences and an event-based 
control system that coordinates the material flow and autonomously determines order 
routes based on the system and product state [36]. The lineless assembly structure offers 
advantages like scalability, the ability to reconfigure stations during operations, and the 
capacity to handle process variants, which makes this setting beneficial for not only as-
sembly operations but also for disassembly systems. Because lineless assembly allows 
the addition of extra stations to the system easily and has high flexibility against product 
and process variants or disturbances, the lineless assembly structure may also appropri-
ate for combined assembly and disassembly systems. A combined assembly and disas-
sembly system is a system of both, disassembling products into individual parts and as-
sembling products from individual parts. These systems are designed to enable flexible 
and efficient production by integrating material recovery and product recycling into the 
production process. This enables supplier independence and partial decoupling from 
global influences. 
The lineless organization holds great potential for the successful implementation in both 
disassembly and combined assembly and disassembly systems. Above all, the synergies 
created, and the high level of adaptability set it apart from other forms of organization for 
operating remanufacturing systems economically. 

4 Use Cases 

The following sections, three examples from companies in the expert group are presented 
that demonstrate specific applications for closing material loops. The example from Miele 
& Cie. KG focuses on the refurbishment of washing machines, while Ford Werke GmbH 
aims to implement widespread remanufacturing of vehicle batteries in the future. The third 
use case highlights the possibilities of shoe refurbishment by PCH Innovations. These 
examples illustrate the current considerations of circular economy in three very different 
industries, which differ not only in the market but also in product design and expected 
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return rates. The use cases discuss concrete potentials of "R-strategies", the implemen-
tation of the necessary disassembly, and the resulting challenges for the business areas 
are discussed. 

4.1 Refurbishment processes for second-life washing machines 
Starting situation 

The implementation of circular strategies also represents an important perspective for 
established companies. With over 23,000 employees, Miele & Cie. KG generated sales 
of € 5.43 billion in the 2022 financial year. In its current corporate strategy, the topic of 
sustainability is explicitly implemented as one of the supporting pillars. In this way, Miele 
is addressing social challenges and the extended product responsibility, as well as the 
increased demand for sustainable and durable products. As the world’s leading supplier 
of premium household appliances as well as premium electrical appliances for commer-
cial use, particular attention is paid to the circular economy and the associated second-
life products. This is being implemented in the washing machine business case. Since 
the fall of 2022, the refurbishment of washing machines has been taking place in a re-
gionally limited sales area.  
Table 1: Overview Miele & Cie. KG Use Case 

Company: Miele & Cie. KG 

Product: Washing Machines 

R-Strategy: Refurbishment 

Main Challenges: Product Variance and Complexity 

Most Important Enabler Technology: Adaptive Process Automation 

Objective of the use case and structure of the product 

The aim of the use case is to establish the refurbishment of premium devices, promoting 
usage paths that align with circular economy principles. Depending on the washing ma-
chine's type, age, and condition, the refurbishment process needs to be tailored to the 
specific product. Suitable disassembly systems are required to achieve this goal. The 
potential for refurbishment is derived from the consideration that the offered washing ma-
chine is designed in such a way that after a long initial lifespan with the customer it re-
mains functional. The product should therefore not yet be sent for raw material recycling 
at this stage. Thus, the refurbishing of household appliances is not only a response to 
future regulations on product circularity but also represents an interesting business case. 
In the regionally limited sales area, the share of refurbished appliances is currently still in 
the single-digit percentage range and is to be further expanded.  
To design the required disassembly system, it is necessary to consider the product struc-
ture. Essentially, the individual washing machine remains as the product and forms the 
framework of the refurbishment. Various components are refurbished or replaced, and in 
any case, cleaned. A high degree of disassembly to the individual component level is 
generally not required, but accessibility for replacement is crucial. At the same time, the 
components should be replaceable with minimal damage.  
Figure 5 shows an example of the structure of a washing machine and possible compo-
nents that could be examined in the context of refurbishment. These include consumable 
parts such as pipes, the belt pulley, or shock absorbers, as well as the door and control 
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electronics. This process also provides an opportunity to upgrade the device, for example, 
through software updates. The variability of the components and their different conditions 
in each device must be addressed in a refurbishment system. 

Figure 5: Exemplary selection of washing machine components that can be replaced in the 
refubishment process (Source: Miele) 

Features of the disassembly system 

Figure 6: Planned refurbishment process chain for the second-life washing machine (Source: 
Miele) 

Condition assessment. The devices are collected centrally by the customer service de-
partment as its own logistics solution. The product condition is checked, and the technical 
reconditioning as well as its economic feasibility in terms of preparation time and part 
costs are evaluated using a proprietary software solution. 
Automated assembly planning. Provided that the refurbishment process is technically 
and economically feasible, a detailed plan for the process is created using software sup-
port. Device-specific planning of the disassembly and reassembly processes is carried 
out by determining the components to be replaced. The depth of disassembly is deter-
mined based on the condition of the components, and the necessary degree of destruc-
tion is decided based on the condition of the product. 
Disassembly and reassembly. The steps of disassembling, replacing parts, and reas-
sembling follow the planning. Firstly, the previously identified parts are disassembled, 
among them also hygienically stressed ones. The components to be exchanged are then 
replaced, considering the device-specific refurbishment planning, and the washing ma-
chine is entirely reassembled. The degree of disassembly and reassembly activities fluc-
tuates significantly depending on the product type and condition. Various ideas help to 
achieve the vision of adaptive disassembly systems, including a product design that fa-
cilitates disassembly. For instance, by avoiding joining connections such as adhesive 
processes, which reduces the costs and effort involved and minimizes the damage 
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caused during the process. The current process configuration uses automation to a low 
degree, as the automation is limited to selected process steps. The manual processes' 
high adaptability allows to react in a flexible manner to unforeseen situations. The overall 
system’s high process adaptivity is currently the primary reliance. At the same time, the 
system adaptivity, such as adjusting the production rate, has currently a low priority, as 
the presented use case is quite new in its development. 
Software Update. After successful reassembly, the software of the washing machine is 
updated. Depending on its age and equipment, this may also lead to an increase in value 
to the washing machine. 
Automated functional tests. In the following process step, a fully automated testing sta-
tion is passed through. This ensures that the machine is fully functional before a recondi-
tioning certificate is issued. 
Hygienic cleaning. After the automated functional test is done, the washing machine 
undergoes a hygienic cleaning process where both the exterior and interior components, 
particularly the machine drum, which are hygienically relevant, are thoroughly cleaned. 
Preparation for shipping. Finally, the refurbished, checked, and cleaned machine is 
prepared for dispatch and delivered.  
Challenges and next steps 

With the new business case of the refurbishment of washing machines, Miele faces both 
technical and economic challenges that arise from the product and the disassembly sys-
tem.  
The high product variability and complexity require high adaptability of the processes and 
the overall system. Due to the regional limitation of the distribution area of the second-life 
washing machines, the number of refurbished machines is currently still low compared to 
the production of new machines. Therefore, most of the de- and reassembly processes 
can still be carried out manually. Although these manual activities enable the product-
specific disassembly processes, they must be automated with increasing quantities in 
order to ensure scalability and thus, the economic viability of the business case. However, 
it is precisely this automation capability that must be able to continue the high process 
adaptability due to the variety of parts and individual inspection results. Adaptive disas-
sembly systems are needed for this purpose, which offer the possibility of scaling the 
presented business case and thus enabling the industrial expansion. The system adap-
tivity of the target system can also be increased in this way, because the system can 
respond variably to different quantities and fluctuating batch sizes. The already familiar 
assembly system offers potential for automating the disassembly system, since it is pos-
sible to use parallels for the first automation steps. The complete automation of the dis-
assembly system then represents a long-term task due to the adaptivity required for the 
various product states. In addition, there is a need for appropriate planning and control 
processes for the disassembly. Furthermore, the use of data represents a central enabler 
of adaptive processes: Sensor technology enables process adaptation of disassembly 
activities based on the actual condition of the components.  
In summary, it can be stated that at Miele the history of traditionally durable products has 
been perpetuated: Certified refurbishment can additionally enable a “second life” for these 
appliances, so that their service life is extended beyond their first life cycle. Refurbishment 
with adaptive disassembly thus contributes to resource cycles in a novel way and can 
thus even enable tapping into new groups of customers. In addition, leasing models and 
“Pay-per-use options” can further increase the customer base for refurbished appliances 
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in the future. For the development of larger markets, the automation of the disassembly 
system while maintaining the current adaptability are key tasks.  

4.2 Disassembly of car battery boxes 
Starting situation 

The Ford Motor Company is a global automotive corporation with 186,000 employees 
(2020) and a revenue of 136.3 billion USD (2021) [59]. In the global effort to reduce 𝐶𝐶𝑂𝑂2 
emissions, EU member states agreed in the EU Environment Council in 2023 that newly 
registered vehicles must no longer emit 𝐶𝐶𝑂𝑂2 from 2035 onwards [60]. In response, Ford 
of Europe has declared its intention to produce and sell only electric vehicles in Europe 
starting from 2030 [61]. At the Ford Werke GmbH in Cologne, pure electric vehicles on a 
VW platform will be produced from 2023 onwards. As per the EU Battery Directive, battery 
manufacturers are required to have a take-back system and comply with strict collection 
quotas [62]. Therefore, Ford anticipates several hundred thousand returned batteries an-
nually in the EU within the next 10-15 years. At the end of their use phase, the installed 
batteries must be recycled, but they also have potential for second-life applications with 
the current cell technology. 
Table 2: Overview Ford Motor Company Use Case 

Company: Ford Motor Company 

Product: Battery of Electric Vehicles 

R-Strategy: Remanufacture, Repurpose, Recycling 

Main Challenges: Return Logistics and Legal Conditions 

Most Important Enabler Technology: Design for Disassembly 

Objective of the use case and structure of the product 

The goal of an adaptive disassembly system at Ford is to non-destructively disassemble 
batteries down to the module level in order to return them to the circular economy in 
various ways. Research projects have already been launched with partners and univer-
sities, the results of which can be used to set up pilot plants. The following options for 
return are currently conceivable: 

- The battery is disassembled and reassembled as well as tested to be put on the
market as a replacement battery or for used cars (Remanufacturing).

- The battery is used for another purpose (Repurpose).
- The valuable metals of the battery are recovered and used for the production of

new batteries (Recycling).
Besides the condition of the batteries, the recovery process depends on the used cell 
chemistry. Currently, lithium-ion batteries, with cathode materials based on nickel, man-
ganese, and cobalt (NMC) in different compositions, compete with batteries that do not 
rely on these sometimes expensive and problematic materials in terms of extraction and 
safety under mechanical and thermal influences. Lithium iron phosphate (LFP) batteries 
represent such an alternative within the above-mentioned timeframe. This leads to high 
product variability and complexity for the reprocessing.  
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As shown in Figure 7, the battery along with its individual battery modules is embedded 
in a battery box of the vehicle. The control system, cooling system, and wiring are also 
located there. The modular design of the battery allows for a high level of disassembly 
depth. In addition to the valuable battery modules, the other components can be used in 
different paths: The metal plates and battery boxes are expected to be melted down be-
cause, first, the design for new vehicles has changed within the vehicle's lifetime and, 
second, aging due to external influences is significant. The viscosity of aged coolant 
causes deformation when the plates are disassembled, which precludes reuse at the cur-
rent level. The wiring, for example, can be returned to the circular economy through the 
recycling process that already exists today. Increasing the viscosity of aged thermal paste 
leads to deformation in some battery designs when the plates are disassembled, which 
precludes reuse. Newer designs have already solved this problem.  

Figure 7: Schematic structure of a battery box (c) iStock 

Features of the disassembly system 

In the technical design of the disassembly system with regard to the solution components 
presented in chapter 3, there are various possibilities depending on the requirements, 
which will be discussed at this point. 
The battery box's steel construction provides protection for the valuable battery modules 
against external influences. Tests done so far suggest that corrosion is unlikely to have a 
significant effect on the system and internal components are well-maintained during re-
processing. Consequently, less adaptability is required from the system in response to 
mechanical changes. Automatic mechanized testing is achievable, such as with seams 
and screws during production. As such, the degree of automation for the disassembly can 
be similar to that of an assembly process. However, identifying variations will require ad-
ditional sensory capabilities. If only manufacturer-specific systems are present in the dis-
assembly system, the vehicle IDs can be cross-checked with an internal database and 
predetermined disassembly instructions can be uploaded. In addition to fully automated 
disassembly, the robot-assisted disassembly discussed in chapter 3 is also possible, es-
pecially for handling heavy components and taking on repetitive tasks, like removing 
screws or dealing with toxic substances, through human-robot collaboration. 
The organizational form also depends on logistical issues. Vehicles must be received 
decentral. Before the battery box can be completely disassembled in a central factory, it 
must be removed from the vehicle. This can be done decentral at the acceptance points 
or centrally within the disassembly system. Since transporting battery boxes without ve-
hicles is more compact but has high safety requirements, the determination is still under 
discussion. The subsequent disassembly can be set up in modules, unlike assembly in 
fixed production lines, to be able to react to fluctuating quantities. 
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Design for disassembly approaches is also of great importance for the design of the dis-
assembly system. The battery is a static component and can therefore be designed to be 
easily disassembled. However, due to space and design reasons, there is a trend towards 
integrating the battery into the existing vehicle structure. This leads to higher complexity 
and product variability. Currently, there are still covers of the battery boxes that are glued, 
which makes the disassembly more difficult. The integration possibilities into the vehicle 
structure and the use of screws together with non-adhesive seals instead of adhesives 
must be evaluated considering a cost calculation for both the assembly and disassembly 
processes. Non-destructive removal of the battery modules is the necessary boundary 
condition. 
Challenges and next steps 

Since small quantities of batteries are initially expected in the next few years (e.g., in the 
form of batteries with production defects), the industrial design of the disassembly sys-
tem is still open for discussion. Due to the legal requirements to accept batteries, corre-
sponding logistics (decentralized or centralized) is a priority. One possible approach is 
to partially incorporate manual disassembly strategies to enable decentralized repro-
cessing in local workshops. Based on this, the logistics structure for a central disassem-
bly can be set up. In addition, warranty, liability and determination of the value of batter-
ies when repaired battery modules are made available to other companies for second-
life applications, as well as the installation of reconditioned battery systems in used ve-
hicles, are issues that have not yet been clarified and could influence the circular econ-
omy. For the latter, a uniform (cross-manufacturer) certified procedure should be aimed 
for, which could also increase customer acceptance of reconditioned batteries. 

Developments in cell chemistry have a considerable influence on the possibilities for fur-
ther use of the batteries. Together with the changes in vehicle design, this means that 
the disassembly system must evolve continuously. In the disassembly process, occupa-
tional safety will play a role due to the materials used, which will further increase the 
need for automation. If the quantities increase, extensive automation in disassembly 
lines or within free disassembly modules is necessary. In the automotive industry, as-
sembly systems already have a high degree of maturity, which is why it is possible to 
fall back on well-known technologies and partners. However, the strong predicted 
growth will require the expanded use of data and sensors to enable high adaptivity. 
Sensor technology can be used, as is currently the case in assembly, to position prod-
ucts and machines relative to each other and, most importantly, to accurately determine 
the condition and residual value of the battery.  

4.3 Sneaker remanufacturing 
Starting situation 

1.1 PCH Innovations is a Berlin-based creative engineering studio that specializes in 
robotics for circularity, generative AI, and computer vision solutions. Founded in Los An-
geles in 2006, the company focuses on developing tailor-made system innovations that 
can be scaled up to industrial applications. As EU eco-design directives have been ex-
tended to include product categories like clothing and footwear, their recent efforts have 
been directed towards creating systems that can handle deformable materials such as 
textiles, shoes, backpacks, and tents. Their overarching goal is to reduce the ecological 
impact of products by minimizing material use and maximizing resource efficiency 



Data structures for resilience 

79 

through appropriate reprocessing and recycling measures. PCH Innovations is currently 
exploring assorted automation solutions for the textile industry including dismantling sys-
tems for products such as shoes, tents, and backpacks, that facilitate recycling and con-
tribute to a more sustainable future. 

Table 3: Overview PCH Innovations Use Case 

Company: PCH Innovations 

Product: Shoes 

R-Strategy: Remanufacture, Repair, Recycling 

Main Challenges: Product Variance and Handling 

Most Important Enabler Technology: Sensors + Machine Learning 

Aim of the use-case and structure of the product 

Although many boundary conditions of dismantling are still unknown, a process can be 
defined with four central tasks of detection, sorting, handling and disassembly, which 
must be performed in this or a comparable order: 
Recognition. The first task is to both identify the shoes to be dismantled and their con-
dition. Computer vision systems play a major role here but one challenge is the large 
amount of training data required to be able to recognize all brands, models, and condi-
tions with a high degree of certainty. A digital product file could provide data on the com-
position of the product by means of an RFID transponder. In addition to the combination 
of conventional industrial cameras with computer vision, special imaging technologies 
such as infrared spectroscopy can also be used to determine the materials of the present 
shoe and to estimate the condition of these materials. Based on this data, further process 
steps can be planned accordingly and initiated.  
Sorting. Depending on the business case and the capabilities of the disassembly system, 
different types of sorting are possible. A product-side challenge lies in the recognition and 
sorting by brand, material composition or shoe structure. The manufacturer's own logis-
tics system could significantly reduce the variation in advance with the help of used shoe 
collection centers that are easily accessible for customers. In addition, sorting must be 
carried out according to product condition, which decisively determines the type of return. 
It is possible to differentiate between complete dismantling (recycling or remanufacturing), 
dismantling components (e.g. repair) or even the omission of dismantling (resell). 
Handling. Handling the shoe – a semi-soft, deformable object – poses a key challenge 
to the reliability and stability of the process, as any automated operation requires counter-
pressure from the inside of the shoe. To guarantee the defined positioning of the materials 
and provide the required uniform back pressure in automated shoe production, lasts are 
used, i.e., fittings made of high-density plastic that are modeled after human feet. How-
ever, as lasts can only be used specifically for individual models and it is not possible to 
reinsert them into a finished shoe, research is currently being carried out on flexibly ex-
pandable lasts. For this purpose, PCH Innovations has developed a one-way expandable 
last for Nike's Bot Initiated Longevity Lab system. A general-purpose strip should be ex-
pandable in multiple directions and use potentially smart, programmable, shape-changing 
materials. A sketch of the possible implementation of the handling in combination with a 
sensor system for detection is given in Figure 8. 
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Features of the disassembly system 

Although many boundary conditions of dismantling are still unknown, a process can be 
defined with four central tasks of detection, sorting, handling and disassembly, which 
must be performed in this or a comparable order: 
Recognition. The first task is to both identify the shoes to be dismantled and their con-
dition. Computer vision systems play a major role here but one challenge is the large 
amount of training data required to be able to recognize all brands, models, and condi-
tions with a high degree of certainty. A digital product file could provide data on the com-
position of the product by means of an RFID transponder. In addition to the combination 
of conventional industrial cameras with computer vision, special imaging technologies 
such as infrared spectroscopy can also be used to determine the materials of the present 
shoe and to estimate the condition of these materials. Based on this data, further process 
steps can be planned accordingly and initiated.  
Sorting. Depending on the business case and the capabilities of the disassembly system, 
different types of sorting are possible. A product-side challenge lies in the recognition and 
sorting by brand, material composition or shoe structure. The manufacturer's own logis-
tics system could significantly reduce the variation in advance with the help of used shoe 
collection centers that are easily accessible for customers. In addition, sorting must be 
carried out according to product condition, which decisively determines the type of return. 
It is possible to differentiate between complete dismantling (recycling or remanufacturing), 
dismantling components (e.g. repair) or even the omission of dismantling (resell). 
Handling. Handling the shoe – a semi-soft, deformable object – poses a key challenge 
to the reliability and stability of the process, as any automated operation requires counter-
pressure from the inside of the shoe. To guarantee the defined positioning of the materials 
and provide the required uniform back pressure in automated shoe production, lasts are 
used, i.e., fittings made of high-density plastic that are modeled after human feet. How-
ever, as lasts can only be used specifically for individual models and it is not possible to 
reinsert them into a finished shoe, research is currently being carried out on flexibly ex-
pandable lasts. For this purpose, PCH Innovations has developed a one-way expandable 
last for Nike's Bot Initiated Longevity Lab system. A general-purpose strip should be ex-
pandable in multiple directions and use potentially smart, programmable, shape-changing 
materials.  
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Disassembly. Finally, to successfully dismantle shoes, additional steps for reconditioning 
and repair are necessary. During the dismantling process, the use of appropriate tools is 
essential for removing individual layers of material. Cutting, grinding, vacuuming, as well 
as heat or chemical separation technologies may be required. The flexible and deforma-
ble material layers resulting from this process must be treated individually and sorted into 
their respective material flows or further disassembly steps. The goal is to minimize the 
number of tools needed while covering a wide range of materials and technologies. This 
requires the development of customized end effectors and grippers for robotic systems 
that can adapt to the varying needs of different types of footwear and materials. 
Challenges and next steps 

To develop and implement effective industrial reprocessing processes, the highest priority 
is identifying the wide variety of footwear models and their diverse states. While computer 
vision systems can detect material properties and variants with increasing accuracy, ad-
ditional data support is still necessary. However, since shoes typically lack embedded 
sensors, determining their condition is difficult. One realistic solution is to embed RFID 
transponders or memory that provide information about materials used and even disas-
sembly instructions to support the planning of disassembly steps. Challenges also arise 
during dismantling itself, as substances must be decontaminated or cleaned of adhesive 
residues if all materials are to be returned to their own material streams. Shoe production 
must already be designed with "Design for Disassembly" approaches for dismantling. Ul-
timately, the realization of a shoe dismantling system depends on the business case. 
Without a legal obligation to take-back or clear customer demand, widespread use of 
dismantling systems for shoes is not yet possible. However, motivating manufacturers to 
implement dismantling or corresponding recycling quotas can help promote their use. 

4.4 Summary of the current status quo from the perspective of companies 
The goal of circular economy strategies is to promote ecological and economic objectives 
in companies for a sustainable production approach. As illustrated in the individual use 
cases, the potential of the circular economy is recognized and promoted by the industry. 
New regulatory provisions are important drivers for the development towards a circular 
economy. Above all, the steadily increasing customer willingness for sustainable products 
has a strong positive influence on this development. Circular economy also opens up new 
business perspectives by allowing companies to differentiate themselves within the com-
petition market by offering "second-life" products. Therefore, the implementation speed 
of industrial reprocessing systems is increasing rapidly, making the design of disassembly 
and remanufacturing systems a central concern. 
Since the presented use cases are currently being implemented, these activities are pri-
marily carried out manually, so individual product states can be treated accordingly. How-
ever, disassembly systems enable circular economy to be expanded to industrial scales. 
In contrast to established assembly systems, the variance of product types and conditions 
within the disassembly is significantly higher for companies. Therefore, a rigid automation 
of the system is not sufficient. Rather, for further scaling, disassembly requires process 
automation with high adaptability, which can be implemented using available data and 
sensors. 
When comparing the use cases with the presented vision of an adaptive disassembly 
system, differences in terms of the depth of disassembly and the degree of destruction 
are noticeable. One commonality of the three discussed application cases is the need for 
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high process adaptability. In the case of washing machine refurbishment, process adapt-
ability can be depicted by manual activities. For the disassembly of car batteries, a mod-
ular design offers potential to implement process adaptability on an industrial scale. Sys-
tem adaptability is not initially set as a central focus at this early stage, but this feature 
will be of great importance for the design of disassembly systems in the further develop-
ment, as product and technology cycles become shorter, and the number of variants in-
creases. While circular economy strategies have become a strategic topic in companies, 
a variety of challenges remains that need to be solved through appropriate enabling tech-
nologies.  

5 Conclusion 

An efficient use of resources and the expansion of product life cycles represent a central 
perspective for sustainably oriented companies. The EU's efforts to establish a circular 
economy motivates companies early on to implement sustainable systems, and also al-
lows new business opportunities. Potentially, industrial-scale reprocessing can be 
achieved through the implementation of automated disassembly systems. These systems 
must have adaptive capabilities, as rule-based automation alone cannot account for the 
wide range of products and conditions. 
Based on the motivation (chapter 1) and the basic terminology for the circular economy 
(chapter 2), this article describes a vision of an adaptive disassembly system and its char-
acteristics to support resource loops (chapter 3). The core of the article focuses on use 
cases such as the "Refurbishment processes of second-life washing machines," "Disas-
sembly of car battery boxes," and "Remanufacturing of leisure shoes" (chapter 4). Alt-
hough some aspects are tailored to specific products, commonalities, and challenges in 
establishing disassembly systems across various products are also discussed. 
Furthermore, in order to be able to react to strong fluctuations in reprocessing, high-qual-
ity and consistent data is necessary. Product variants and conditions serve as a basis for 
decision-making. By automating the determination of the product condition, the assess-
ment efficiency could potentially increase: Data recorded from e.g., depth-sensing cam-
eras can train AI models to classify components, and thus resulting in an automated clas-
sification of the product condition and its variation from the original product directly from 
the start. 
Additionally, to respond to condition assessments effectively, the actual reprocessing 
should be adaptive. This requires machines to use their own reasoning to determine their 
actions, rather than simply following a predefined set of instructions. Advanced sensors 
like laser scanners and depth-sensing cameras facilitate process monitoring and enable 
adaptive tool positioning. Using 5G mobile communication standards and edge compu-
ting, sensor data processing can be done in central data centers, providing cost-effective 
access to powerful robotics control and AI algorithms for fleets of robots. By implementing 
adaptive automated processes, it becomes possible to control condition variance in an 
industrial setting.  
While the listed action areas mainly concern the short- and medium-term goals within the 
industry, there are also tasks that will require long-term solutions and collaboration with 
multiple stakeholders: 
Concepts of data acquisition and utilization are a long-term significant task. As described, 
data is already the basis for all actions in adaptive processes. However, in the future, the 
necessary data should be transmitted with the product itself, eliminating the need for 
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strenuous data collection within condition assessments. For data of the product structure 
and the used materials the digital product file offers one solution, which is presented in 
more detail in the article "Re-Manufacturing Green Factory". On the other hand, data from 
the entire product life cycle - and especially from the use phase - can be monitored to 
provide information about the product condition. The goal is to make decisions for the 
reprocessing in combination with predictive algorithms to optimally deal with the variance 
of the product state. 
In addition, it is necessary that the industry, research organizations, and lawmakers work 
together in order to standardize requirements for reprocessed products so that the market 
and the quality demands of customers are brought together in a suitable way. Standard-
ization of product components will also make disassembly easier by reducing product 
type variance right from the beginning. Additionally, legal issues related to the storage 
and processing of usage data from the product life cycle need to be addressed by gov-
ernmental institutions. Furthermore, there is a need to define liability issues for repro-
cessed products.  
Necessary fields of action can be summarized as follows: 

- Collection of product and usage data throughout the entire product life cycle
- Automated condition assessments
- Adaptive and automated disassembly processes enabled by sensors and AI sys-

tems
- Standardization and modularity for "Design for Disassembly"
- Legal framework for data storage from the usage phase.

From an overarching perspective, it is apparent that implementing industrial systems for 
reprocessing requires not one single solution, but rather several different action areas 
that must be pursued simultaneously. Just as assembly lines are specialized and work 
with high precision, but only act economically due to the large quantities, these require-
ments also apply to disassembly systems. However, these must be able to handle much 
greater variance within the reprocessing, so adaptivity must be enabled as a central char-
acteristic. The concrete design of resource cycles requires diverse technological, but also 
strategic components. In this way, adaptive automated disassembly helps to use re-
sources in a variety of product life cycles with additional value creation opportunities. 
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Abstract 
New Modularity and Technology Roadmapping 
By focusing on recycling, lower energy consumption and reduced use of environmentally 
harmful (raw) materials, sustainability can only be increased to a certain extent and usu-
ally requires compensation for the associated costs. In contrast, a change in thinking and 
a radical transformation of the value creation towards a circular economy offer superior 
ecological and economic potential. This is realized by an active extension of utilization 
cycles and the continuous increase of product value through upgrades during the utiliza-
tion phase, creating the possibility of recurring monetization.  
Accordingly, the key to this paradigm shift lies in a new product modularization for the 
realization of a circular economy and in an extended technology planning to anticipate 
the required flexibility and upgrades. Therefore, the goal of modularization is no longer 
the realization of economies of scale but enabling the value-enhancing extension of prod-
uct lifetimes through module upgrades and replacements. This means that technology 
planning should no longer focus exclusively on new products, but in particular also on 
upgrades for existing products. As a consequence, holistic circularity roadmaps are 
emerging instead of roadmaps for individual products. 
Keywords: Circular Economy, Product Modularization, Technology Planning, Green 
Growth 

Kurzfassung 
Neue Modularität und Technologie-Roadmapping
Durch einen Fokus auf Recycling, geringere Energieverbräuche und verminderten Ein-
satz umweltschädlicher Rohstoffe kann die Nachhaltigkeit nur bis zu einem gewissen 
Grad gesteigert werden und erfordert meist die Kompensierung damit einhergehender 
Kosten. Ein Umdenken und eine radikale Transformation der Wertschöpfung hin zur Zir-
kularität bieten demgegenüber ökonomische Potenziale, die den Status-Quo deutlich 
übersteigen. Der Hebel dafür, ist die aktive Verlängerung von Kreisläufen und die Wert-
steigerung durch das Upgraden von Produkten während der Nutzungsphase. Dies 
schafft die Möglichkeit der kontinuierlichen Monetarisierung von Upgrade-Potenzialen, 
während eine ressourcenausschöpfende Wertsteigerung über die Lebenszyklen eine 
ganzheitli-che ökologische Nachhaltigkeit erreichbar macht. 
Schlüssel zu diesem Paradigmenwechsel liegen in der Produktmodularisierung und 
Technologieplanung. Zur Realisierung kreislauffähiger Produkte müssen diese verstärkt 
integriert und synchronisiert werden. Um heute und morgen ökologische und 
ökonomisch nachhaltige Leistungen anzubieten, ist ein Verständnis über Märkte und 
Kunden der Cir-cular Economy notwendig. Außerdem erfordern die regelmäßigen 
Upgrades ein frühzei-tiges Antizipieren relevanter Technologiesprünge. Unter 
Berücksichtigung dieser beiden Blickrichtungen muss eine Produktarchitektur für 
kreislauffähige Produkte entwickelt und die Technologiebetrachtung vertikal (um Re-
X-Technologien) sowie horizontal (um Remanufacturing und Modul-Upgrades) 
erweitert werden. 
Schlagwörter: Circular Economy, Produktmodularisierung, Technologie-Roadmapping, 
Green Growth  
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1 Introduction 

1.1 Why efficiency improvements are not sufficient 
"Take, Make, Waste" - this so far prevailing production and consumption logic is unmis-
takably taking our planet to the limits of its carrying capacity. The consumption of natural 
resources on a global average is 1.75 times higher than the renewable resources pro-
vided by our planet and does not cast doubt on the urgent need for action. [1]. Especially 
a focus at Germany, where the factor of resource overuse of the earth is at a factor of 3 
[2], underlines the necessity to fundamentally transform today's linear economy  as soon 
as possible. The response to these worrying effects of linear economies is to increase 
efficiency and use environmentally friendly substitutes. However, any linear economic 
system based on the consumption of finite resources – no matter how efficient – entails 
negative environmental impacts along the entire material chain. To achieve a substantial 
decoupling of economic activities from resource consumption, a shift in thinking towards 
a systematic approach that enables value creation without resource consumption is 
needed. [3]-[6] 

1.2 The Circular Economy as a Green North Star 
According to the ELLEN MACARTHUR FOUNDATION [7] a Circular Economy is a restorative 
or regenerative industrial system by intent and design. It replaces the "end-of-life" concept 
with restoration, relies on the use of renewable energy, eliminates the use of harmful 
chemicals that interfere with reuse, and strives to eliminate waste through superior design 
of materials, products, systems, and business models. This ideal economic system can 
be characterized by the following three key points: 

1. The realization of products made from recycled and renewable raw materials, pro-
duced with renewable resources and with no or minimal environmental impact

2. Optimal product utilization over several life cycles combined with systematic recy-
cling or reuse of products and its components in cycles

3. Creation of ecological and economic added value for customers, for the company
itself and the stakeholders concerned.

This Green North Star is characterized by a high ecological and economical benefit, but 
also by a significant distinction from the current way manufacturing companies act and 
think.  
In order to effectively approach this goal, companies must align their strategy with it, in-
crease sustainability in their existing core businesses and approach the potential of the 
Circular Economy. Only with great far-sightedness companies are able to invest in the 
right developments today that will enable them to maximize environmental and eco-ben-
efit potential in the future. Incremental development and extrapolation of development 
activities alone, based on today's core business, can result in companies having to react 
unprepared to upcoming fundamental product and technology changes. This increases 
the risk of being disrupted in the future. Companies can prepare for this by developing 
their capabilities simultaneously in the following four potential dimensions: modularization, 
technology, value creation and revenue. By combining these different potentials, compa-
nies can succeed in achieving the goal set out in Figure 1 to successfully follow the trans-
formation path to the Green North Star of Circular Economy. 
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Figure 1: Synchronization of modularity, technology, value creation and revenue potentials for 
the transformation to a Circular Economy 

The potential dimension of modularization describes that modularization contributes to 
the transformation path to the Circular Economy. While at the beginning of the transfor-
mation the focus is on realizing efficiency improvements through a reduction in complexity, 
a higher modularization will enable the exchange of modules in the future and therefore 
refurbishment and remanufacturing of products and modules will become feasible.  
The technology potential describes the contribution of existing and future technologies to 
the transformation process. In this context, potential is initially realized through the opti-
mization of existing technologies, which can lead to efficiency improvements. Along the 
transformation path, new technologies must be evaluated and developed more frequently 
to enable and improve the different re-X cycles. 
The value creation potential describes the potential that arises through additional value 
creationwithin a Circular Economy. Additional value includes for example the repro-
cessing or value enhancement of modules, resulting in new value creation steps. 
The revenue potential describes the economic potential created by the transformation. 
This contributes to the transformation path in an important way but can only be realized 
if the three other dimensions are developed further alongside. The potential increases 
along the transformation path from the realization of minor savings and revenue increases 
to new revenue channels through the monetization of product upgrades and the additional 
value creation steps described.  
The bigger picture shows ecological and economic benefits that can be realized increas-
ingly. However, in order to realize the potential for value creation and earnings, it is nec-
essary to realize the potential for modularization and technology at the same time. A 
complete corporate transformation is therefore required, wherein ecological and eco-
nomic benefits are successively aligned on the transformation path and behave as syn-
ergetic dimensions towards the Green North Star of the Circular Economy. For a more 
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detailed description of this transformation path, it is divided into three spheres, which are 
examined in more detail below.  
The outermost sphere - "Reducing the ecological impact". 

Increasing sustainability in a company's core business represents a necessity. By focus-
ing on recycling, lower energy consumption in production and use, and reduced use of 
environmentally harmful raw materials, ecological sustainability can be increased to a 
certain extent. Therefore, existing product and production technologies are optimized, 
and value creation is designed for an efficient resource consumption. However, this in-
crease in ecological sustainability enables only a marginal increase in economic benefits 
because, apart from possible potential savings through more efficient use of resources or 
increases in sales through image enhancement, the fundamental actions of the company 
have not changed.  
Many companies, however, are currently sticking to these basic activities and see a fur-
ther increase in sustainability beyond this point as a major challenge. In this context, the 
potential benefits in the next spheres increase over proportionately, as completely new 
business potentials can be explored. 
The middle sphere - "Managing products in lifetime-extending cycles". 

If companies extend their recycling and efficiency optimization activities through ap-
proaches of re-use and refurbishment, they can extend the lifespan of their products and 
moreover manage their products (or parts of it) in value-creating re-X cycles. In addition 
to optimized value creation, value preservation (over an extended period of time) is real-
ized. This offers the opportunity to monetize arbitrage potentials between degrading prod-
uct lives and thus generate an economic benefit. However, this requires the targeted fur-
ther development of parts of the core business and the underlying technologies. 
However, companies are still not exploiting their full sustainability potential at that point. 
To do so, companies need to make further efforts in all four potential dimensions and 
combine them in the sense of the Circular Economy. 

The innermost sphere - "Harvesting the ecological & economical rewards". 
Only through rethinking and radical transformation of a companies’ business activities 
towards the Circular Economy, it is possible to create the maximum ecological and eco-
nomic benefit in the innermost sphere. The lever for this is the active and value-enhancing 
extension of life cycles through industrial remanufacturing and the upgrading of products 
during the use phase. Therefore, cycles of products as well as modules and product com-
ponents have to be considered. In this way, value creation from available resources is 
maximized and realized over the life cycles and thus greater ecological sustainability is 
achievable. In addition, the economic potential is increased by the possibility of continu-
ous monetization through upgrades in the respective product and module cycles. How-
ever, this requires the development of new technologies both in the areas of product and 
production and in the new areas that make it possible to enable re-X cycles (e.g., recy-
cling technologies and digital technologies). 
By describing the four potential dimensions and the three spheres, the trajectory of the 
sustainability transformation can be described. This trajectory inevitably heads for the 
Green North Star of the Circular Economy and intersects the four potential dimensions 
several times. This defines the focus areas of the circularity activities in the three spheres 
and potential dimension; these activities are summarized in Figure 2. 
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Figure 2: The characteristics of the trajectory towards Circular Economy 

The current challenge for companies is to focus not only on the initial circularity activities 
but on their holistic transformation efforts. Companies are currently still neglecting the fact 
that they need to look ahead when it comes to investing. They need to invest today in 
activities that are required on the further path to the Circular Economy in order to prevent 
their business from being disrupted in the future. Companies need to understand their 
holistic sustainability potentials based on the target image of the Green North Star and 
build their strategic program aligned to the four potential dimensions in a synergetic man-
ner. This is the only way that development opportunities can be realized in a balanced 
way without neglecting current performance. 

Practical example: Webasto SE  
Playground Green Mechanism - creative set-up for sustainable product solutions 
Webasto is one of the 100 largest suppliers to the automotive industry and specialized in 
the development and manufacturing of roof and thermal systems as well as battery and 
charging solutions for electromobility. 
Looking at ambitious climate targets, Webasto is already working on how future genera-
tions of their products can become more sustainable. The "Playground Green Mecha-
nism" project offers development teams an unrestricted environment, in which they can 
develop under their own premises, detached from all requirements. Their target is to en-
sure the functionality of the product while reducing energy consumption by 50 percent 
over the entire life cycle and create a so-called "Minimum Viable Sustainable Product" 
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(MVSP). The initial results of this less restrictive environment testify to enthusiasm and 
high creativity in the teams at a completely new level. 
Webasto's experience shows that breaking down restrictions and requirements promotes 
the creativity of development teams. For example, ignoring peak requirements like the 
requirement for their modular roof system architecture to be able to close while driving at 
320 km/h and additional headwind, lead to more sustainable products at marginally re-
duced functionality.  
With the help of this project, Webasto is already working towards the Green North Star. 
Even if the MVSP still costs more than the existing product and is therefore not yet eco-
nomically viable, the tipping point will come when rising energy prices ensure that the 
more energy-efficient version becomes more economical, which will ultimately allow eco-
logical and economic potential to be realized. 

Figure 3: Development of roof systems according to the MVSP approach at Webasto. 

1.3 Paradigm shift of product modularization and technology planning 
At this point, the question arises what measures can be taken to prepare the company 
and its products for a Circular Economy. In order to deal with the necessary activities of 
the innermost sphere, it is necessary to prepare the product architectures of the products 
for the Circular Economy already today. The product architecture must be designed in a 
way that individual parts of a product can be exchanged, refurbished or upgraded. There-
fore, it is important to provide flexibility in the right places and to implement this through 
suitable interfaces. Accordingly, the key to the required transformation lies in product 
modularization for the realization of circular product architectures and technology plan-
ning for the anticipation of the required flexibility and upgrades. 
By definition, modularization describes the suitable structure of a product by reducing the 
dependencies between elements (modules) or reducing the interface variants [8]. Accord-
ingly, the aim is to provide standardized interfaces between modules so that a wide vari-
ety of module variants can be combined with each other, and a large number of different 
product variants can be realized for the customer while at the same time achieving a high 
level of module reuse. The modules have no or only minimal dependencies to each other 
to ensure that changes to one module do not affect other modules. 
But while product modularization in the past focused on realizing economies of scale, for 
future products it serves as the key enabler for realizing the Circular Economy. 
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Consequently, modularization faces a paradigm shift that can be described by the trajec-
tory described above from today's linear economy to the Circular Cconomy. In particular, 
the objective (1.), the way of creating customer value (2.) and the complexity of the re-
quirements for modularization (3.) will change. 

Figure 4: Paradigm shift of product modularization and technology planning 

1. The change in the objective of modularization begins with the addition of target
dimensions. Initially, the focus is on realizing economies of scale, with the aim of
reusing as many parts as possible in the product portfolio. Modular products make
it possible to reduce complexity in the company, simplify order processing (e.g.
through configurators) and standardize production processes. These effects pri-
marily aim at increasing efficiency and thus also offer ecological potential - how-
ever, they must not lead to a perceived economically viable overproduction [9]. An
increasingly important target dimension of modularization is the extension of prod-
uct life cycles. This can be achieved by classifying modules according to their ex-
pected, value-adding lifespan and by designing modules whose added value has
a shorter lifespan than the product itself (e.g., wear parts or components with a
high frequency of technical innovations) in a way that allows easy and low-cost
replacement during the products life cycle. Furthermore, modularization will enable
the "upcycling" of products on a regular basis, i.e., to increase the value of the
product by renewing modules. The replaced "old" modules can then be reused in
products in lower price segments through "reuse" approaches or are "upcycled"
through remanufacturing and can be used in comparable products again.

2. The perception of the customer benefits of modular products will also evolve. A
product is purchased because customers expect value and benefit from the fea-
tures and functions [10]. This often involves solving a customer problem and ful-
filling the corresponding needs. The benefit for customers initially arises from the
fact that the products can provide the required features and functions as cost-ef-
fectively as possible. If the offered products match the customer's needs as closely
as possible, this creates an opportunity to increase resource efficiency by not over-
sizing products and improving their degree of utilization and capacity utilization. In
the transition to the Circular Economy, simply "right-sizing" of products is no longer
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sufficient and resource-efficient performance is becoming increasingly important. 
The right measure in this context is to increase the performance of the product 
without requiring additional resources. This can be achieved by using software 
adaptations or additional services to enhance product performance. The implica-
tion for modularization is the increasing relevance of software and services, which 
must be considered in future product architectures. At the core of the Circular 
Economy, the value of a product is no longer measured only in terms of cost, 
productivity, or performance specifications, but rather as a combination of other 
sustainability-oriented factors. These factors measure the impact of the product on 
its environment in terms of ESG (Ecological, Social, Governance) factors and are 
included in the evaluation of the product's value. Accordingly, the modules of the 
product must be designed to address these factors as effectively as possible at 
their initial development. In addition, the development of modules must consider 
possible second, third and following cycles in the Circular Economy, as well as the 
possibility of refurbishment, remanufacturing or further re-X strategies. 

3. Against the background of the changes already outlined, dividing the product into
modules will become a much more complex task than it is today, as further degrees
of freedom and target variables have to be considered. Today, modularization is
carried out based on an optimization of the variety of module variants, whereby the
goal is to divide the product into modules in a way that complex and expensive
modules require as few variants as possible in order to be able to serve the entire
product portfolio, while the diversification of the product is achieved through sim-
pler and more cost-effective modules. The focus is always on meeting individual
customer requirements while simultaneously standardizing product components to
realize economies of scale in production and downstream processes. In the con-
text of the Circular Economy, further dimensions must be considered in determin-
ing modules and module interfaces. For example, it makes sense to group com-
ponents with similar life expectancy into a module, since the life of an entire module
depends on the life of the shortest-lived component. Another perspective would be
the material view from which it is important to be able to recycle the modules at the
end of their life cycles. Defining the modules in a way that they support refurbish-
ment or remanufacturing through easy disassembly, reprocessing and upgradea-
bility must be another objective for the modular product architectures of future
products. These examples already demonstrate how many perspectives there will
be on modularization in the Circular Economy and thus contribute to the increase
in complexity. To address this complexity, new methods and tools must be devel-
oped to assist in product architecture development for modular and circular prod-
ucts.

The basis of the realization of this change in product modularization is the consideration 
of appropriate decisions regarding future technological direction and the anticipation and 
operationalization of future technologies.  
The main task of technology planning will be to answer the questions, which technologies 
and methods will best meet customer requirements, strengthen ecological and economic 
potential of the company, achieve competitive and time advantages, and expand 
strengths or reduce weakness. [11].  
This is accompanied by a transformation in the orientation of technology planning towards 
the development of the Circular Economy. This paradigm shift consists of three main as-
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pects: 1. the times in the product life cycle for which the use of technology must be antic-
ipated, 2. the scope of the product life cycles which is taken into account in the planning, 
and 3. the interdependence between various roadmaps. 

1. In their technological orientation, manufacturing companies mainly focus on their
future. This results from the current business models of manufacturing companies,
which revolve around the one-time transaction of a manufactured product. How-
ever, when product life cycles are extended through refurbishment and reuse,
companies must adapt their technological decisions accordingly. As the product
lifespan will increase and modular design allows the replacement of modules and
components, the integration of technologies into existing products will play a key
role. Future technologies will then no longer only affect products to be manufac-
tured in the future. In the Circular Economy, regular product upgrades will lead to
a new value creation, in which  a large part of the value creation will take place in
future products after their initial creation. New production, which is the current
standard, will decrease proportionately and accordingly, technology planning will
primarily focus on existing products.

2. Companies are currently focusing on the technologies they use for (resource-con-
serving) value creation as well as technologies in upstream or downstream value
creation stages due to possible (in)direct dependencies. With the emerge of closed
product loops and finally intersecting loops in the transformation to the Circular
Economy, this is developing into a systemic technology view in ecosystems, taking
into account the interfaces to tangential or overlapping cycles. This increases the
scope of planning to include additional relevant technology levels, and technology
decisions must not only be positive for the company itself to increase competitive-
ness but also enforceable in the overall system and therefore positive for all stake-
holders.

3. The last paradigm shift in technology planning addresses the transition from clas-
sic technology roadmaps for individual products or product families to circularity
roadmaps. While technology deployments in products are today still displayed de-
terministically, in the future roadmaps will consider potential cascading product
lifecycles and depict conditions and effects of cascading in terms of the technolo-
gies to be deployed. This will eventually lead to the drawing of technology deploy-
ment roadmaps, considering possible development scenarios, which map the
technology deployment in various products and modules over several life cycles.

In order to realize circular products, product modularization and technology planning must 
therefore be increasingly integrated. Through iterative synchronization between the prod-
uct and technology levels, ecologically and economically effective coordination of the life 
cycles of different module generations across diverse products and stakeholders in over-
lapping cycles can be enabled. 

Practical example: Endress+Hauser AG 
Endress+Hauser AG is a leading global supplier of measuring instruments, services and 
solutions for industrial process engineering. 
Their customers work in a wide range of industries, such as chemicals, food, oil and gas, 
water and wastewater, energy and power plants, metals and mining, and life sciences, 
characterized by plants with high complexity, harsh conditions and long lifespan of often 
up to 50 years.  
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During their long lifespan, these systems are subject to constant internal change. The 
complexity of these systems increases exponentially due to the required replacement of 
subsystems, (software) updates and upgrades of components, and the addition of further 
data recording and data processing systems. Circular Economy leads to a further in-
crease in this complexity with increasingly closed and interdependent cycles of products 
and components in these systems. 
Endress+Hauser therefore recognized early that they had to think of the application areas 
of its solutions as "systems-of-systems" in order to remain ecologically and economically 
competitive in the long term. To account for the uncertainties of technology development, 
user behavior and the solutions of other suppliers, their solutions are designed as robust 
and resilient subsystems. This results in two specific requirements for product architec-
ture: firstly, each of its solutions, as a component of an overall system, must be designed 
as a functionally self-contained subsystem, and secondly, the interfaces to other systems 
must be standardized, physically and software-wise robust, and designed to be compati-
ble over the long term. The latter requires, for example, as a technology, a high degree 
of automated testing in development to ensure quality in the face of ever-increasing com-
bination diversity. This circumstance was recognized early on and considered accordingly 
in technology planning.  
How this is manifested in their solutions is particularly evident in the example of the well-
established Memosens sensor technology, or now Memosens 2.0: Digital sensors with 
Memosens technology store calibration, sensor and process data directly in the sensor. 
This allows them to be calibrated and regenerated under optimum conditions in the la-
boratory. Through regular replacement, refurbishment and calibration, Memosens sen-
sors can live up to 30% longer - even under the harsh application conditions of the pro-
cess industry. The bayonet lock and automatic sensor recognition enable a "plug & play" 
replacement of pre-calibrated sensors in the field in the shortest possible time. This re-
duces the time needed for maintenance and therefore reduces plant downtime costs. 
Memosens 2.0 sensors can also be integrated into Endress+Hauser's IIoT ecosystem 
Netilion. There, the sensor and diagnostic data can be evaluated using various applica-
tions allowing for precise predictions about the conditions of the sensors and any mainte-
nance needs in addition to information for process optimization. Meanwhile, the new 
Memosens generation is fully backward compatible, so plant operators are not forced to 
replace existing measurement lines with new ones: New sensors with an increased range 
of functions can be used with previously installed transmitters of the older generation 
without any restrictions. The compatibility of the components also allows for easy exten-
sions and configuration changes at any time preserving past investments.  

Figure 5: Example of Memosens 2.0 sensor technology from Endress+Hauser 
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2 Realization of circular products 

For the development of modular and circular products, there are four steps that are 
needed to realize the paradigm shift in product modularization and technology planning 
along the three phases of analysis, evaluation and realization. In order to offer ecologi-
cally and economically sustainable products, it is necessary to understand the changes 
a transformation to a Circular Economy will bring in markets and among customers. In 
addition, regular upgrading of products requires the anticipation of relevant technological 
leaps. Taking these two perspectives into account, it is essential to develop a product 
architecture for circular products that considers new objectives and degrees of freedom. 
Additionally, the realization of circular products requires the vertical and horizontal expan-
sion of the technology view. Figure 6 illustrates the three phases and four design tasks 
for developing modular circular products. 

Figure 6: Approach for the development of circular products 

2.1 Understand markets and customers in a Circular Economy 
First, a deeper understanding of markets and customers in the Circular Economy is the 
foundation for a successful modular and circular product. On the one hand, it becomes 
more important to analyze changes in customer needs over time and, on the other hand, 
to identify potential market segments for re-X products. The consideration of raw materi-
als markets in the context of the Circular Economy also plays a central role. The availa-
bility and prices of raw materials or semi-finished products will have an increasingly large 
influence on the profitability of re-X modules or products.  

Practical example: Webasto SE - Market for glass as a semi-finished product 
In the production of roof systems for the automotive industry, Webasto requires glass as 
a semi-finished product. Glass has the advantage that it can be reused as often as de-
sired. Additionally, the recycling of glass has the advantage that it has a lower melting 
point than its raw materials and thus recycled glass can theoretically be produced with 
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lower energy consumption. However, the availability of recycled glass is not sufficient to 
meet global glass demand. This is primarily due to the long lifespan of glass in applica-
tions such as building construction, resulting in insufficient glass being returned for recy-
cling. 
In Germany, 7.78 million tons of glass were produced in 2021 [12], of which about 7.6% 
(i.e., 590,000 tons) were used for the automotive industry [13]. In contrast, only about 
14,300 tons of glass were available for recovery from end-of-life vehicles, of which only 
about 998 tons were ultimately recovered [14].  

This example shows that even with the technological prerequisites in place, availability is 
another important criterion and knowledge of the relevant raw material and semi-finished 
product markets is of high relevance.  

In addition to the raw material and semi-finished product markets, the sales markets and 
consequently the customers play an important role, as well. Existing methods need to be 
adapted to place greater emphasis on long-term forecasts and should be applied itera-
tively. By means of market segmentation with market segments of homogeneous cus-
tomer needs, it can be analyzed how customer needs within these segments might 
change over time. Different methods are suitable for this purpose for different time frames: 

1. Current needs (e.g. conjoint analyses, sales figure analyses, ...)
2. Short-term forecasts of needs (e.g. data extrapolation, trend radars, ...)
3. Long-term forecasts of needs (e.g. scenario technique, simulations, ...)

Market and customer analyses strive to identify the potential for re-X products or products 
with re-X modules. This supports anticipating the reuse of products and modules in the 
second, third or following life cycle.  
Accordingly, within the Circular Economy, a large amount of information must be collected 
and structured when analyzing markets and customers. Only when all individual pieces 
of information are interconnected and contextualized a reliable overall picture of possible 
future scenarios emerge. To support the handling of this abundance of information and 
its connection, the development of market intelligence is helpful [15]. 

Figure 7: Market intelligence for recording and evaluating market information 
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2.2 Anticipate technological leaps in the Circular Economy 
To realize longer life cycles and the value enhancement within the use phase of products 
in the Circular Economy, it must be ensured that new functionalities and their underlying 
technologies can be incorporated into the product both after initial production and during 
or between use cycles. 
This requires anticipating relevant technology leaps. Therefore, it is necessary to ensure 
upward compatibility of the corresponding modules in product modularization. 

Figure 8: Value enhancement during the useful life through the incorporation of new product 
technologies 

Due to the highly interconnected nature of a circular value creation network, successful 
anticipation of technology leaps in the Circular Economy is only possible, if there is a 
holistic view of the system effects of the potential technology leap. The metric that pro-
vides insight into the occurrence and extent of a technology leap is the disruption potential. 
This summarizes the probability of occurrence, speed of occurrence and impact magni-
tude and can be determined for a circularity ecosystem by means of a system impact 
analysis. In the context of this system impact analysis, the effects of the potential tech-
nology leap are examined along three dimensions: stakeholders in the circularity ecosys-
tem, product lifecycle for technology deployment, and influencing factors that affect the 
emergence, development or speed of occurrence of a technology leap. 
The relevant stakeholders are all actors who are involved in the implementation of the 
technology leap, apply it or are influenced by it in their actions. Thus, users, manufactur-
ers (including competitors), recyclers, suppliers and complementors generally represent 
the relevant stakeholders in the value creation network. The government, capital provid-
ers and the public are considered under the "influencing factors" dimension due to their 
non-direct value-influencing role. As the second dimension, the corresponding phases in 
the product life cycle, or in the successive life cycles are listed for each identified stake-
holder in the circular ecosystem. 
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To examine whether, at what speed and to what extent, a technological leap is likely to 
prevail, additional factors must be considered that can influence the emergence and es-
tablishment of a technological leap across the various phases of the product life cycle 
and stakeholders in the value network. In addition to political and legal factors, macroe-
conomic, microeconomic (cost-benefit ratio at the respective stakeholder level), socioec-
onomic and technological factors must be taken into account, as well. A positive effect 
indicates a positive impact on a technological leap and can be understood as a main 
driver. Conversely, a negative impact represents a potential obstacle. 
The target picture of the system impact analysis represents a so-called disruption heat 
map (see Figure 9). This provides the possibility of measuring the system maturity of the 
technology leap, identifying critical entry barriers and anticipating the changes in value 
creation. This combined analysis enables an assessment of the disruption potential of the 
technological leap.  
The probability of occurrence is shown in the heat map by means of the color-coded 
impact values for the various stakeholders across the different product life cycles. The 
probability of occurrence is highest when the impact values are classified as high in all 
product lifecycle phases and are synchronized across the different stakeholders - this can 
also be referred to as a high maturity level of the circular ecosystem. A high level of ma-
turity indicates a high readiness and ability to realize and establish a technological leap 
in the system. In this case, the probability is high that the new technology will become 
dominant and displace the established technology. 
The speed of occurrence results from the interplay of barriers to the establishment of the 
new technology and the remaining potential of the current technology in place. The re-
maining potential of the current technology counteracts the disruption potential of a tech-
nology leap, so the relative potential advantage is decisive for occurrence. The deter-
mined maturity level of the systemic context helps to determine the speed of occurrence 
of a technology leap, as it provides information regarding existing barriers to the estab-
lishment of a technological leap. 
The impact magnitude refers to the expected changes in the value creation network when 
the technological leap occurs. These changes can occur, for example, at the vertical or 
horizontal level, by shifting or adding phases in the product lifecycle or stakeholders drop-
ping out of or joining the system in future due to changing value creation activities. 
Finally, a qualitative-quantitative benefit assessment is required from the perspective of 
each affected company. A technological leap can affect the company or the company-
specific environment on numerous levels and in many ways. Therefore, an analysis of 
the strategic fit, i.e., the strategic adaptability of a company to opportunities in the external 
environment, and an assessment of the financial benefit are required. Only then it is pos-
sible to determine whether the company is capable to support the technological leap and 
generate economic value from it. A structured system impact analysis thus enables stake-
holders to anticipate relevant technological leaps for upgrading and upcycling products in 
the Circular Economy at an early stage. 
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Figure 9: System impact analysis (heat map) to determine the disruption potential of a techno-
logical leap 

2.3 Design product architectures for circular products 
Building on the previous steps, a product architecture for circular products can be devel-
oped. It has already been noted that modularization will become a much more complex 
task in the course of the Circular Economy. This is caused by the expanded target dimen-
sions in terms of lifespan extension and re-X capability, as well as by extended degrees 
of freedom in the form of possible performance provided by software and services. Due 
to the multitude of interdependencies and possible influencing parameters, modulariza-
tion is becoming increasingly complex, making it impossible for development teams to 
fully grasp the effects of decisions using conventional methods. Therefore, modularization 
has to be supported by appropriate methods and tools and it evolves into a comprehen-
sive optimization problem. In addition to technical restrictions and interfaces, other spe-
cific perspectives of the Circular Economy must be considered to obtain a suitable product 
architecture. Given the multitude of possible solution alternatives, a system model known 
from Model-Based Systems Engineering is suitable as a basis for architecture develop-
ment. The model is based on the well-known RFLP logic (Requirements, Functions, Logic, 
Product). [16]. Based on the input from step 1, the requirements for the product are initially 
modelled and the corresponding required functions of the product are derived and linked 
to the requirements in the system model. The next step involves linking the functions with 
product elements that are suitable to implement this function. The product elements can 
be components, assemblies or even software applications. Product functions can often 
be realized in various ways, which is why different alternatives of product elements come 
into consideration for realizing the functions. For a complete overall architecture design 
these alternative technical solutions should be considered and integrated into the system 
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model as alternatives. In the last step of building the system model, attributes (e.g. mate-
rial, expected lifetime, costs, ...) are assigned to the different product elements and the 
technical dependencies on other product elements are recorded. 
On this basis, relevant perspectives for modular product design in the Circular Economy 
are defined. Traditionally, modularization is thought of in terms of departments or func-
tional units. The function-oriented perspective will continue to be considered, but further 
perspectives arise regarding the targeted re-X strategy, lifespan or materials. The re-X 
strategy considers which strategic goals are pursued with the components in the context 
of the Circular Economy. In addition, technical restrictions must still be considered to ob-
tain technically feasible modules. Furthermore, the lifespan of the components plays an 
important role for modularization, where components with a similar lifespan may be com-
bined in a module and exchanged as a bundle. Further perspectives can arise from com-
pany-specific requirements. 
After all the necessary perspectives have been formulated, they are detailed in criteria. 
For each individual criterion, the various product elements are evaluated on the underly-
ing attributes. When defining the criteria, the basic idea is that product elements which 
fulfil the same criteria should be combined in a common module. This can be illustrated 
using the example of the lifespan perspective: Possible criteria could include "wear re-
sistance", "expected service life" or "frequency of technological innovations". Product el-
ements which are equally evaluated by these criteria should be combined in a common 
module from the perspective of lifespan. It can be assumed that these product elements 
will reach a similar lifespan and therefore, when the associated module is replaced, only 
product elements that are already approaching the end of their lifespan will be replaced, 
as well. This can prevent a module consisting of fully functional components from being 
replaced due to a single component. 
Finally, the different perspectives must be considered together so that the most syner-
getic modules possible are created from a holistic perspective. An optimization algorithm 
determines which alternatives of product elements should be located in a common mod-
ule. At this point, obligations or prohibitions for module composition are also given as an 
input into the algorithm. The result is a proposal for the modularization of the product 
considering the different perspectives as well as possible alternative realizations of prod-
uct functions.   
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Figure 10: Concept for modularization in the Circular Economy 

Practical example: Vaillant GmbH 
The Vaillant Group is an internationally family-owned company in the field of heating, 
ventilation and air-conditioning technology.  
At Vaillant Group, development goals for the system architecture are developed in inter-
disciplinary teams and defined in the form of use cases. Aspects of the Circular Economy 
are also integrated. In addition to an understanding of the market and customers, future 
scenarios, long-term forecasts and technological developments form the basis. Finally, 
the architecture development, which is completely function-oriented and model-based, is 
approached based on these use cases. The Vaillant system model comprises the require-
ments, functional and technical levels. The use cases are the decisive input for the re-
quirements level, from which the functions are subsequently derived. The functions form 
the core of the system architecture and enable a flexible exchange and combination of 
elements in the technology level. In realizing this flexibility, interface compatibility and 
standardization is a core factor. 
Another aspect of the change in architectural development is the increasing shift of the 
system boundary of architectures. For example, the system model is no longer limited to 
the heat generators such as a heat pump itself but encompasses the entire heating sys-
tem of a building.  

Alternative B

Alternative C
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Through function-oriented system architecture and the extension of the system boundary, 
the Vaillant Group is able to carry out the functional upgrades as described above through 
module expansions and/or replacements. In an overall heating system, for example, the 
heating pipes can be used for the same length of time as the heating system itself, while 
radiators, storage tanks or heat pumps can be upgraded in the course of new technical 
innovations. 

Figure 11: The Vaillant Group heat pump is part of the overall heating system and can be
  replaced or updated on a modular basis as a result of future technological innovations 

2.4 Expand technology roadmaps vertically and horizontally 
The transformation from linear to circular value creation requires companies to expand 
their technology planning in two dimensions. Accordingly, a vertically and horizontally 
expanded technology tree forms the basis for companies to create holistic and 
integrated roadmaps for realizing circular products. 
On the one hand, technology planning in the Circular Economy is no longer solely 
focused on the products to be manufactured in the future. Rather, in the context of 
closed loops, companies will repeatedly come into contact with their products or 
modules of these prod-ucts within a life cycle and need to align their technologies 
accordingly to this new value creation logic. This requires not only technology planning 
for new products, but also for revised and functionally updated or "upgraded" products 
(e.g., through the replacement of modules or software updates). 
Moreover, due to the higher interdependencies between the different actors in the Circu-
lar Economy, companies no longer have to deal only with product and production tech-
nologies that underlie their own value creation. In the Circular Economy, it is necessary 
to address the process technologies that enable the closing of loops, especially 
recycling, refurbishment and remanufacturing technologies. This does not mean that 
companies are not going to close all loops themselves and therefore do not need to 
master all technolo-gies themselves. Nevertheless, it is necessary that the technology 
use is orchestrated in the overall system and therefore planned. This is because in 
circular ecosystems, all technologies and processes are interconnected, and cycles can 
only be implemented, if all the technologies required can be used in the system in a way 
that is both economically and ecologically viable. 
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To visually establish the extended technology consideration in the technology tree as well, 
it can be extended in two directions as shown in Figure 12. The technology tree enables 
the identification and structuring of relevant technological resources and capabilities and 
the representation of both the relationships between the central technologies and their 
links to the application through functions, modules, products and ultimately markets [11]. 
The horizontal extension includes the expansion of applications to include products that 
are intended to be refurbished or regain higher-value state with the help of remanufactur-
ing technologies. Furthermore, the vertical extension offers the possibility to include not 
only technologies for manufacturing but also technologies for closing the loops (re-X tech-
nologies) and thus actively plan their usage. 

New 
modules

HORIZONTAL
EXTENSION

Refurbished 
products

Upgraded
products

Markets

Products

Modules

Functions

Product technologies

Material technologies

…

Support technologies

Figure 12: Schematic representation of the extension of the technology tree 

Practical example: Murrelektronik GmbH 
Murrelektronik is a leading company in the development and manufacture of advanced 
decentralized automation technology for machines and plant systems. In their efforts to 
optimize not only the economic but also the ecological benefits for their customers, the 
company is anticipating a significant technological leap in machine and plant engineering 
by switching from compressed air-driven to electrically driven actuators in manufacturing. 
On the path to CO2-neutral production in the automotive industry, OEMs must significantly 
increase their energy efficiency in their own value creation and the supply chain. One 
lever, particularly in body construction, is the switch from compressed air as an energy 
source to electrical energy for the clamping systems. 
A variety of clamping systems are required in manufacturing for the automated clamping, 
holding and positioning of workpieces. Up to now, predominantly pneumatic clamps have 
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been used, which are equipped with pneumatic cylinders and use compressed air as the 
medium for movement. Compared to electric motors, however, compressed air systems 
are less efficient. This is due to the energy-intensive generation of compressed air, in 
which a large proportion of the energy used is lost as waste heat. In addition, due to 
leakages in the distribution systems and, after further conversion losses in the actuator, 
only a small proportion of the energy consumption is available as useful power. 
In addition to energy efficiency, the switch from pneumatic solutions to electric motors 
also increases the flexibility and performance of the overall system. With electric motors 
no longer allow only two discrete positions (e.g. open-close, forward-back), but variable 
positioning. Equipped with basic intelligence, the clamps can now simultaneously meas-
ure whether, for example, workpieces are correctly positioned and have the correct di-
mensions when gripping. This eliminates the need for additional sensors, which pneu-
matic clamps require today to ensure correct positioning. Ultimately, this means less wir-
ing and thus less copper and plastic required per clamping system. 
To ensure that this technological leap in automation also leads to increased benefits for 
the other relevant stakeholders in the value creation network, Murrelektronik has devel-
oped a concept that simplifies the overall system and thereby significantly reduces the 
installation effort. The newly developed installation system Vario-X is designed as a mod-
ular and highly flexible platform and enables automation functions to be implemented 
without control cabinets and decentral in the direct machine environment. 
The centerpiece is a robust, waterproof and dustproof housing that contains the power 
supply, control system, bus technologies and safety technology, among other things. The 
installation and wiring of the sensors and actuators are carried out quickly and error-free 
following the plug-and-play principle. The preassembled connectors eliminate time-con-
suming and thus expensive installation work on the control cabinet, such as stripping, 
setting of wire end sleeves and clamping, for the system supplier. 

Figure 13: The automation platform Vario-X 
To bring such innovative products to market in short time, Murrelektronik focuses on sys-
tematically breaking down the solution to be developed into its individual functions and 
components and determining the technologies required for realization. This enables them 
to identify new technology requirements at an early stage and plan for their efficient use. 
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In case of the development of Vario-X as an example, this means, among other things, 
that the recuperation of the electric motors requires new power supply units with corre-
sponding recuperation capability, which Murrelektronik is has specifically developed.  
The modularity and flexibility requirements of the automation platform are also accompa-
nied by the need for complex software and, in particular, control technologies. Since this 
will also be highly relevant for further automation solutions in the future, Murrelektronik 
has consciously decided to build up new competencies in the area of software technolo-
gies and thus open a new field of technology as a company. 
Finally, new technologies are also being used at the material and manufacturing level. 
Since the company pays attention to using materials and technologies as efficiently as 
possible, plastic injection molding is deliberately used for dedicated housing components 
instead of milled aluminum parts. However, ordinary plastics generally cannot provide the 
required thermal conductivity, so investments have been made in material technologies 
to develop and industrialize an appropriate plastic. 

3 Summary and outlook 

Summary 

The Circular Economy addresses the resource waste of conventional, linear economies 
by aiming for value creation without additional resource consumption. The realization of 
products with minimal environmental impact, the systematic recycling of products in cy-
cles, and the simultaneous and concurrent generation of ecological and economic added 
value for all stakeholders reflect the core principles of this idea. However, current products 
are rarely suitable for a transformation to a Circular Economy. In this context, product 
modularization and technology planning play a central role in embedding products into a 
circular system. Four steps have been defined for the development of circular products, 
which consider product modularization and technology planning in an integrated way: 
First, the market and customer perspectives are taken into consideration in order to iter-
atively analyze customer needs over time as well as to better understand sales and raw 
material markets. Second, a system impact analysis is performed to anticipate future 
technology leaps for life cycle extension. Based on these findings, a modularization strat-
egy is developed. Based on a system model relevant perspectives for the Circular Econ-
omy are combined and an optimization algorithm is used for a holistic modularization 
considering technical restrictions. Finally, in the fourth step, extended technology plan-
ning is performed with the help of a technology tree, which horizontally extends the con-
sideration of new products to existing products, but also revised and upgraded products. 
Vertically, technologies for closing the cycles in form of recycling, refurbishment and re-
manufacturing are added. 
With these four steps, a methodical approach is described that reflects the boundary con-
ditions of the Circular Economy and applies them onto product modularization and tech-
nology planning. As a result, a basic framework for the future development of product 
architectures and roadmapping of the necessary technologies in a Circular Economy is 
formed. 



New Modularity and Technology Roadmapping 

112 

Outlook: Further enablers for the transition to a Circular Economy 

In addition to modularization and technology planning, there are numerous other essential 
prerequisites for the transformation to a circular economy: Therefore, three topics adja-
cent to the previously mentioned core topics of this article are outlined below as a brief 
outlook. 
In order to ensure that a product can continue to function and be guaranteed for use in 
future cycles, it is important have extensive knowledge about the modules built into the 
product and their current condition. To obtain transparency about the use and condition 
of products, modules, components and materials in the Circular Economy, all relevant 
information generated throughout the life cycle from development and production to use 
and reuse must be consolidated in a digital product file. The digital product file serves as 
the information base for all parties involved and provides information about the relevant 
aspects of the product life cycle. This level of transparency about the use and condition 
is required for modularization in the sense of the Circular Economy. The data set includes 
information about the components, materials, chemical substances, reparability, spare 
parts, and proper disposal of the product, which is collected in all phases of the product 
life cycle and used for different purposes in each phase. There is a great deal of com-
plexity involved, as each product in the field may have a different combination of original 
modules, refurbished modules, or modules that have already been remanufactured. Man-
ufacturers can "record" and track the use and condition of a product using a digital product 
file, which is essential for remanufacturing activities. Based on the advanced digitization 
of products, manufacturers can predict the return of products from the field and identify 
modules that need to be refurbished or remanufactured early on.  
The Circular Economy leads to a shift from traditional supply chain thinking towards cir-
cular ecosystems. These ecosystems require close collaboration between many different 
partners in a tightly interconnected network to integrate the technologies necessary. It is 
important to recognize that individual companies cannot close the loops by themselves 
but must actively build ecosystems or integrate into existing ones. Technology decisions 
have to consider the impact on all stakeholders involved. Decisions that are beneficial to 
one stakeholder may have negative impacts on others. Therefore, technology decisions 
must be evaluated from both an individual and a collective perspective to ensure that all 
partners in the ecosystem generate a benefit.  
Results-oriented business models are suitable for the transformation to a Circular Econ-
omy. Due to the currently widespread transactional business models, an exchange of 
modules or the return and reprocessing of end-of-life products is not in the responsibility 
of the manufacturer. Therefore,  business models that motivate customers to return the 
product to the manufacturer have to be considered, such as: Buyback programs, deposit 
systems, service contracts or subscription models. In the case of a subscription model, 
the products remain the property of the manufacturer and the customer only pays for the 
usage. Therefore, there is no return from “the market” but from “product operation” at a 
costumer. For this reason, subscription models are particularly suitable for use in a Cir-
cular Economy. In general, it is necessary to realize the monetization of the additional 
value creation with a suitable business model. This will be a central challenge in the de-
sign of future circular business models.  
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Key Learnings 

Overall, the work of the expert group has the following implications for industrial practice: 
Firstly, it is fundamental to broaden one's horizon through market analyses and technol-
ogy forecasts. Due to the high complexity and dynamics of technologies, it is no longer 
possible to plan in an all-encompassing, deterministic manner. Rather, it is necessary to 
anticipate scenarios and make appropriate preparations by providing flexibility for subse-
quent product or technology changes. 
Second, the importance of Model-Based Systems Engineering or a digital twin in product 
development will increase significantly. Access to technology and digital solutions is es-
sential in today's world to develop successful products. It is also crucial to integrate ex-
isting knowledge and opportunities continuously into the development process. Addition-
ally, the ability to capture and evaluate usage patterns and product histories is vital. Fur-
thermore, architectural decisions must be evaluated based on the potential for future 
monetization through improved sustainability. Finally, it is important to keep raw materials 
circulating in different levels of processing, leading to more complex circular value crea-
tion structures. 



New Modularity and Technology Roadmapping 

114 

4 Literature 

[1] "Living Planet Report 2022: Building a nature-positive society," R. E. A. Almond, M.
Grooten, D. Juffe Bignoli, and T. Petersen, Gland, 2022. Accessed: Feb. 23, 2023.
[Online]. Available: https://wwfint.awsassets.panda.org/downloads/em-
bargo_13_10_2022_lpr_2022_full_report_single_page_1.pdf

[2] Bundesministerium für Umwelt, Naturschutz, nukleare Sicherheit und Verbraucher-
schutz (BMUV). "Erdüberlastungstag: Ressourcen für 2022 verbraucht." umweltbun-
desamt.de. https://www.umweltbundesamt.de/themen/erdueberlastungstag-res-
sourcen-fuer-2022-verbraucht. (accessed Feb. 23, 2023).

[3] N. K. Sharma, K. Govindan, K. K. Lai, W. K. Chen, and V. Kumar, "The transition
from linear economy to circular economy for sustainability among SMEs: A study on
prospects, impediments, and prerequisites," Business Strategy and the Environment,
vol. 30, no. 4, pp. 1803-1822, 2021, doi: 10.1002/bse.2717.

[4] "Circular Business Models: Overcoming Barriers, Unleashing Potentials," E. G. Han-
sen et al., München/London, 2021. Accessed: Mar. 23, 2023. [Online]. Available:
https://doi.org/10.48669/ceid_2021-8.

[5] K. Delchet-Cochet, "Introduction," in Circular Economy: From Waste Reduction to
Value Creation (Modern Finance, Management Innovation and Economic Growth Set
3), K. Delchet-Cochet, Ed., London: ISTE, 2020, pp. xvii-xx.

[6] F. Aggeri, "The Circular Economy: Historical Perspective and Contemporary Issues,"
in Circular Economy: From Waste Reduction to Value Creation (Modern Finance,
Management Innovation and Economic Growth Set 3), K. Delchet-Cochet, Ed., Lon-
don: ISTE, 2020, pp. 1-12. 

[7] Ellen MacArthur Foundation, "Towards the circular economy: Economic and busi-
ness rationale for an accelerated transition: Vol 1," 2013. Accessed: Feb. 23, 2023.
[Online]. Available: https://ellenmacarthurfoundation.org/towards-the-circular-econ-
omy-vol-1-an-economic-and-business-rationale-for-an

[8] G. Schuh and M. Riesener, Produktkomplexität managen: Strategien - Methoden -
Tools, 3rd ed. Munich: Hanser, 2017.

[9] "Die Produktionswende - Turning Data into Sustainability: Durch das Internet of Pro-
duction zu nachhaltiger Produktion und Betrieb," W. Boos, Aachen, 2021. Accessed:
Mar. 1, 2023. [Online]. Available: https://www.wzl.rwth-aachen.de/global/show_doc-
ument.asp?id=aaaaaaaabapamly&download=1

[10] G. Schuh and C. Dölle, Sustainable Innovation: Nachhaltig Werte schaffen. 2nd ed.
Berlin, Heidelberg: Springer Vieweg, 2021.

[11] G. Schuh, S. Klappert, and S. Orilski, "Technologieplanung," in Technologiemanage-
ment: Handbuch Produktion Und Management 2 (VDI-Buch), G. Schuh and S. Klap-
pert, Eds., 2nd ed. Berlin, Heidelberg: Springer, 2010, pp. 171-222.

[12] Statista Research Department. "Produktionsmenge von Glas und Glaswaren in
Deutschland in den Jahren 2009 bis 2021 (in 1.000 Tonnen)." de.statista.com.
https://de.statista.com/statistik/daten/studie/368573/umfrage/produktionsmenge-
von-glas-und-glaswaren-in-deutschland/ (accessed Mar. 1, 2023).

[13] Statista Research Department. "Abnehmerstruktur der deutschen Glasindustrie nach
Anteil am Produktionswert im Jahr 2021." de.statista.com. https://de.statista.com/sta-
tistik/daten/studie/199453/umfrage/umsatzanteile-der-deutschen-glasindustrie/ (ac-
cessed Mar. 1, 2023).



Resource efficient manufacturing 

115 

[14] Bundesministerium für Umwelt, Naturschutz, nukleare Sicherheit und Verbraucher-
schutz (BMUV). "Glas und Altglas." umweltbundesamt.de. https://www.umweltbun-
desamt.de/daten/ressourcen-abfall/verwertung-entsorgung-ausgewaehlter-abfallar-
ten/glas-altglas#massenprodukt-glas (accessed Mar. 1, 2023).

[15] "Konsortial-Benchmarking Studie Market Intelligence: Ergebnisbericht," G. Schuh,
M. Kuhn, A. Becker, and A. Keuper, Aachen, 2022. Accessed: Mar. 1, 2023.
[Online]. Available: https://www.researchgate.net/profile/Alexander-Keuper-2/publi-
cation/359352188_Ergebnisbericht_Market_Intelligence_Konsortial-Benchmark-
ing_Studie/links/6236d95cd545b77294043edf/Ergebnisbericht-Market-Intelligence-
Konsortial-Benchmarking-Studie.pdf?origin=publication_detail

[16] S. Kleiner and C. Kramer, "Entwerfen und Entwickeln mit Systems Engineering auf 
Basis des RFLP-Ansatzes in V6," in Entwerfen Entwickeln Erleben - Methoden und 
Werkzeuge in der Produktentwicklung: 10. Gemeinsames Kolloquium Konstrukti-
onstechnik KT2012, R. Stelzer, K.-H. Grote, K. Brökel, F. Rieg, and J. Feldhusen, 
Eds., 2012, pp. 459-474.

The content of presentation 1.3 was elaborated by the authors together with other experts 
in this working group: 

Michael Feucht, Endress + Hauser AG, Maulburg 
Daojing Guo, Fraunhofer IPT, Aachen 
Dr.-Ing. Jan Kantelberg, Vaillant GmbH, Remscheid 
Alexander Keuper, WZL | RWTH Aachen University, Aachen 
Dr.-Ing. Maximilian Kuhn, WZL | RWTH Aachen University, Aachen 
Dr.-Ing. Marc Patzwald, Fraunhofer IPT, Aachen 
Georg Rossmair, Webasto SE, Stockdorf 
Leonard Schenk, Fraunhofer IPT, Aachen 
Dr.-Ing. Herbert Schroth, Endress + Hauser AG, Maulburg 
Prof. Dr.-Ing. Dipl.-Wirt. Ing. Günther Schuh, WZL | RWTH Aachen University and 
Fraunhofer 
IPT, Aachen 
Dr.-Ing. Ulrich Viethen, Murrelektronik GmbH, Oppenweiler 
Dr.-Ing. Paul Zeller, Murrelektronik GmbH, Oppenweiler 

https://www.umweltbundesamt.de/daten/ressourcen-abfall/verwertung-entsorgung-ausgewaehlter-abfallarten/glas-altglas#massenprodukt-glas
https://www.researchgate.net/profile/Alexander-Keuper-2/publication/359352188_Ergebnisbericht_Market_Intelligence_Konsortial-Benchmarking_Studie/links/6236d95cd545b77294043edf/Ergebnisbericht-Market-Intelligence-Konsortial-Benchmarking-Studie.pdf?origin=publication_detail




Session 2 
Resource efficient manufacturing



2.1 Manufacturing for a Circular Economy 

T. Bergs, J. Brimmers

Table of Contents 

1 Introduction .........................................................................................................120

2 Manufacturing in the circular economy ................................................................121
2.1 Classification .......................................................................................................121
2.2 The digital twin as an enabler for the successful implementation of the circular 

economy ............................................................................................................. 126
2.3 Current challenges for the implementation .......................................................... 129

3 Perspectives for manufacturing in a sustainable economy ................................. 130
3.1 Examples and perspectives for sustainable production ......................................131
3.2 Examples and perspectives for the production of sustainable products .............. 135
3.3 Vision ..................................................................................................................137

4 Summary .............................................................................................................139

5 Literature .............................................................................................................140

118 doi: 10.24406/publica-945



Resource efficient manufacturing 

119 

Abstract 
Manufacturing for a Circular Economy 
The sustainable use of the earth's resources forms the essential goal of our society. For 
industry, and in particular for manufacturing companies, this poses completely new chal-
lenges in the design of resource-conserving value chains in the sense of the circular 
economy and the rapid realization of sustainable products. The successful implementa-
tion of the circular economy in manufacturing companies requires different approaches - 
the consideration of the environmental impact of the manufacturing process, the optimiza-
tion of the manufacturing-related product properties, the analysis of the correlation bet-
ween production and use as well as the development of new business models to maintain 
or increase value. For this purpose, the digital twin represents the necessary tool or the 
enablement for a successful implementation of these approaches. At the same time, the 
digital twin is also the essential enabler for the rapid development of manufacturing pro-
cesses for the provision of sustainable products. For both of these approaches, this paper 
presents various examples that are used to demonstrate the possibilities and perspec-
tives of sustainable manufacturing. Furthermore, recommendations for action for the im-
plementation of a circular economy for manufacturing companies can be derived from the 
examples. 

Keywords: Circular cconomy, Sustainable production, Digital twin, Production of sustain-
able products 

Kurzfassung 
Fertigung für eine Kreislaufwirtschaft 
Die nachhaltige Nutzung der Ressourcen der Erde bildet das wesentliche Ziel unserer 
Gesellschaft. Für die Industrie und insbesondere produzierende Unternehmen ergeben 
sich dadurch völlig neue Herausforderungen in der Gestaltung ressourcenschonender 
Wertschöpfungsketten im Sinne der Kreislaufwirtschaft sowie der schnellen Realisierung 
nachhaltiger Produkte. Die erfolgreiche Implementierung der Kreislaufwirtschaft in pro-
duzierenden Unternehmen bedarf dabei verschiedener Ansätze - die Betrachtung der 
Umweltwirkung des Fertigungsprozesses, die Optimierung der fertigungsbedingten Pro-
dukteigenschaften, die Analyse der Korrelation zwischen Produktion und Nutzung sowie 
die Erarbeitung neuer Geschäftsmodelle zur Werterhaltung bzw. –steigerung. Der digitale 
Zwilling stellt hierfür das notwendige Werkzeug bzw. die Befähigung für eine erfolgreiche 
Umsetzung dieser Ansätze dar. Gleichzeitig ist der digitale Zwilling auch der wesentliche 
Befähiger für die schnelle Entwicklung von Fertigungsprozessen für die Bereitstellung 
nachhaltiger Produkte. Für diese beiden Ansätze werden in dem vorliegenden Beitrag 
verschiedene Beispiele vorgestellt, anhand derer die Möglichkeiten und Perspektiven ei-
ner nachhaltigen Produktion aufgezeigt werden. Ferner lassen sich aus den Beispielen 
Handlungsempfehlungen für die Umsetzung einer Kreislaufwirtschaft für produzierende 
Unternehmen ableiten. 
Schlagwörter: Kreislaufwirtschaft, Nachhaltige Produktion, Digitaler Zwilling, Produktion 
nachhaltiger Produkte 
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1  Introduction 

The sustainable use of resources on our planet is the major goal of our and future gener-
ations. In 2015, the United Nations jointly set 17 goals under the title Sustainable Devel-
opment Goals (SDGs) [1]. In particular, Goals 9, 11, 12, and 13 highlight the need for 
innovative and sustainable products for the future, cf. Figure 1.  

Figure 1: Sustainable Development Goals of the United Nations 

The Green Deal, adopted by the European Union in 2020, identifies climate neutrality in 
2050 as a necessary goal and picks up on the United Nations target [2]. The European 
Green Deal focuses in particular on the circular economy. It formulates 35 action points, 
which promote the implementation of the circular economy through a variety of measures. 
The design processes of sustainable products and the development of sustainable pro-
duction processes are derived from the Green Deal and describe the objectives for the 
manufacturing industry. The urgency of implementation is shown in Figure 2 illustrates 
the urgency of implementation. The current resource consumption in Germany corre-
sponds to the available renewable resources of 2.9 Earths. It also shows that the resource 
consumption of primary raw materials must be reduced by 52 % by 2040 in order to 
achieve the climate targets. 
This topic has been the subject of many scientific publications in recent years. However, 
the approaches presented in the scientific publications are mainly of a methodological 
nature. [3]. This is due, among other things, to the numerous challenges to the implemen-
tation of a circular economy in the previous value system [4]. However, the topic of the 
circular economy shows a high relevance for the achievement of the SDG targets and 
thus also for the European Union's Green Deal [5].  
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Figure 2: High resource consumption requires a rethink by the industry 

The question of what challenges exist from the point of view of a manufacturing company 
and what measures can be taken to achieve a circular economy for technical products in 
the short and long term forms the core of this article. To this end, the first part of the article 
first provides an introduction to the topic, focusing in particular on the manufacture of 
higher-value, technical products. The digital twin is highlighted as an enabler for an effec-
tive implementation of the circular economy and the challenges for its implementation are 
outlined. Subsequently, various application examples for the implementation of a circular 
economy are presented from the perspective of manufacturing companies. 

2 Manufacturing in the circular economy 

The concept of circular economy represents a key solution approach for industry to 
achieve climate goals [5]. From the point of view of manufacturing as an important phase 
in the product life cycle, it is therefore necessary to provide a classification of the topic of 
the circular economy in steps. For this purpose, the existing definitions and concepts of 
the product life cycle and the circular economy are summarized below and examined from 
the perspective of a manufacturing company. 

2.1 Classification 
Product life cycle 

The life cycle of a product covers the following five phases, which are shown on the left 
in Figure 3 are shown [6], [7]: 

- Product idea
- Product design and development
- Product manufacturing and assembly
- Product usage
- Product end of life
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Figure 3: Product life cycle and changing targets for product development, production and use 

Depending on the type of product, different requirements are placed on the five phases 
in the product life cycle. These requirements result, for example, from existing regulations 
and statutory provisions, from customer demands and the existing competitive situation 
in the market. The requirements placed on the product are converted into product func-
tionality or product properties in the product development phase.  
These product functionalities or properties must be ensured in the product manufacturing 
and assembly step. Up to now, production has been faced with conflicting goals in terms 
of functional fulfillment, costs and production time. In order to ensure that the announced 
climate targets are met, see chapter 1, sustainability will also have to be taken into ac-
count in the future, see right-hand side of Figure 3. It is therefore necessary to reduce 
both the ecological footprint of the product and the ecological footprint of the production 
process. This can be achieved, for example, by using renewable energies and renewable 
or recycled raw materials.  
Product use is generally the longest phase in the product life cycle. The most important 
target variables here are product availability in terms of functionality and operating costs. 
In the future, an ecological evaluation of product use will also have to be carried out. It 
should be noted here that the sustainability of a product during use is already significantly 
influenced in the development phase and the production phase [8]. For example, the ef-
ficiency of a gearbox can be significantly influenced by the surface finish of the gears. 
The definition of this surface condition takes place in the development process, whereas 
the generation of this surface is completed in the production phase, which is sometimes 
energy and resource intensive. This illustrates that an objective sustainability assessment 
requires not only the singular consideration of the individual product life phases, but rather 
the holistic consideration of all phases of the product life cycle.  
The end of product life marks a milestone in the product life cycle. The end of product life 
is defined as the point in time when the product can no longer fulfill the required product 
functionality. A distinction can be made between end-of-use (EOU) and end-of-life (EOL) 
[9]. EOU describes the state in which the product can again fulfill the intended functionality 
at least partially through a targeted measure, whereas EOL describes the complete end 
of life of the product. When the EOL is reached, the only remaining option is to return the 
products to the cycle in the form of recycling processes or other methods of material 
recovery. In addition to the actual EOU or EOL of a product, there is also a product lifetime, 
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which serves as a target value for the development phase. Depending on the product 
type, the product life can be measured in operating hours, kilometers or load cycles, for 
example. The objective of a sustainable product in a circular economy is therefore to 
maximize its service life in terms of EOL or EOU. At this point, the particular importance 
of the manufacturing method used should already be mentioned, as this is largely respon-
sible for the longevity as well as the efficiency of the product. Its design against the back-
ground of maximum resource efficiency will be the focus of this article later on. 
Circular economy 

The concept of circular economy represents the operationalization of the implementation 
of a sustainable product [4]. The understanding of the term circular economy for this re-
port is based on the interpretation of the term according to Kirchherr et al. [4]. The goal 
of the circular economy is to extend the concept of EOL by reducing (Reduce), reusing 
(Reuse), recycling or recovering (Recover) material in the production, distribution and use 
phases [3], [4]. The concept of circular economy finds implementation at several scales: 
macro (production system level), meso (sector level), micro (company level), and nano 
(product level) [10]. Similarly, the circular economy covers aspects of economic, environ-
mental, and social sustainability [4]. However, from the perspective of production and 
manufacturing companies, the concept of sustainability is interpreted with a focus on en-
vironmental sustainability [3]. 
In the implementation of the circular economy, the literature distinguishes between differ-
ent frameworks/classifications. These classifications differ in the granularity of the possi-
ble strategies and are referred to as R-scenarios. In the literature, a distinction is made 
between 3R [11], 4R [12], 6R [13] up to 9R [14]. The nine scenarios according to 9R are 
shown in Figure 4 shown. 
The nine R scenarios can be divided into three main classes. The strategies Refuse (R0), 
Rethink (R1) and Reduce (R2) require a new and innovative product development and 
production. Refuse (R0) leads to a reduction of product variety by separating functions or 
to a radical and innovative redesign of the product with the previous range of functions. 
Rethink (R1) describes the rethinking of the use of existing products and thus the increase 
in the utilization of a product by, for example, expanding the circle of users through shar-
ing concepts (car sharing, subscription models, etc.). The Reduce scenario (R2) coin-
cides with the familiar basic idea of process and product optimization, whereby costs and 
production time have been used primarily as optimization parameters in the past and 
sustainability or the ecological footprint should also be taken into account as a target 
parameter in the future. 
The second class comprises the scenarios Reuse (R3), Repair (R4), Refurbish (R5), Re-
manufacture (R6) and Repurpose (R7). These scenarios have in common the basic idea 
of extending the product life and thus postponing the EOU or EOL to a later point in time. 
Reuse (R3) describes the possibility of continued use of the existing product with the 
same functionality by another user or entity. The prerequisite for this is that the existing 
product is still in a usable condition and the functional fulfillment is ensured. Repair (R4) 
is the repair and reconditioning of a defective product so that the actual function can be 
fulfilled again. Refurbish (R5) describes the repair and simultaneous update of an existing 
product, whereby in some cases newer or higher-quality subcomponents can be installed 
or the range of functions expanded or renewed. Remanufacture (R6) describes the use 
of still usable subcomponents of a defective product to create a new product with the 
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same function. It is also possible to manufacture completely new subcomponents. Re-
purpose (R7) follows the same idea of reusing subcomponents, but with the aim of creat-
ing a product that fulfills a different function than the product from which the subcompo-
nents were removed. 

Figure 4: 9R scenarios in the circular economy as depicted in [4], [14] 

The third class contains the scenarios Recycle (R8) and Recover (R9). In this class, the 
product can no longer be used, so the focus here is on the material. Recycle (R8) de-
scribes the recovery of the materials either in the same or in reduced material quality. 
These materials can then be reused for the production of new products. Recover (R9) 
represents the last option for a product, as here the material used cannot be reused. 
Therefore, for example, only the possibility of thermal recycling arises. This scenario char-
acterizes the state with the lowest potential of sustainability. As shown on the left in Figure 
4 shown, the potential benefits of the circular economy increase in reverse order from 
Recover (R9) to R0 (Refuse). The Recycle (R8) and Recover (R9) scenarios currently 
represent the status quo in many industries, but these approaches are characterized by 
low value retention. Therefore, the goal in the future should be to pursue the R7-R0 sce-
narios so that a higher value retention or even an increase in value for the products can 
be achieved.  
In the quantification of the ecological footprint of companies and organizations, a distinc-
tion is made between so-called "scopes" or emission areas [15]: 

- Scope 1: This refers to direct GHG emissions from sources within the control of
the company or organization, such as emissions from the combustion of fossil fuels
in company-owned facilities or vehicles.

- Scope 2: This refers to indirect GHG emissions resulting from the generation of
purchased electricity, heating or cooling used by the company or organization.
These emissions occur outside the direct control of the company or organization,
but can be reduced by purchasing renewable energy.

- Scope 3: This refers to all other indirect GHG emissions that arise in connection
with the activities of the company or organization but are outside the control of the
company or organization. This can be, for example, emissions from the production
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of raw materials, from the disposal of waste, or from the use of products and ser-
vices. 

In particular, manufacturing companies that are part of a value chain without their own 
responsibility for the subsequent product face the challenge of quantifying the resulting 
GHG emissions in Scope 3, i.e., including upstream and downstream process steps. Here, 
there is often a lack of access to data from these upstream and downstream stages of 
the value chain in order to determine the scope 3 impacts mathematically.   
Overall, the scope for action of manufacturing companies, especially those with product 
responsibility, OEMs in business-to-customer (B2C) or production equipment suppliers, 
toolmakers in business-to-business (B2B), is diverse, as there is corresponding scope for 
cross-lifecycle optimization measures in the sense of a holistic view of sustainability. If, 
on the other hand, one takes the perspective of a manufacturing company, e.g. compo-
nent manufacturer within a value chain, the design options are significantly more limited, 
which is due to the aforementioned lack of access to corresponding data outside of one's 
own value creation stages or life cycle phases. With reference to the aforementioned R-
scenarios, four key sustainability approaches emerge for manufacturing companies from 
a manufacturing perspective. These four approaches are shown in Figure 5. 

Figure 5: Sustainability approaches for manufacturing companies 

The first approach, top right, describes the transparent and ecologically sustainable de-
sign of manufacturing processes and their optimization. For this approach, R-scenarios 
from the first and second class are used (R0 - R7). Whereas manufacturing costs and 
times were previously the focus of an evaluation and optimization, the ecological effects 
are now also included. For this purpose, the input and output variables used, such as 
material input (workpiece and tool materials), operating materials and the energy required 
for each process and across the process chain, must be considered and evaluated. Here, 
reference should already be made to the importance of the digital twin, which provides 
the necessary transparency and thus access to the relevant information on a component-
by-component basis. In the future, the digital twin will also provide an evaluation basis for 
increasingly flexible and automatable assembly and manufacturing processes, which will 
allow cost-effective machining of highly individualized components, for example in a re-
pair process. [16]. The main focus here is on reducing the manual effort required, for 
example, for an initial diagnosis of defective products, as a starting point for adapted 
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ecologic production planning. Here, too, the digital twin will be a necessary prerequisite 
in the future. 
The second approach, bottom right, deals with the targeted generation of production-
related functionality and functionally relevant properties of the products. The basis for this 
approach is increased information transparency with regard to the effect of the manufac-
turing process on the product - again with the help of the digital twin. With regard to the 
R scenarios, this approach can be assigned to the Reduce (R2) scenario. However, this 
presupposes knowledge on the part of the component manufacturer about the effect of 
the generated component functionality on the later component use. For example, a com-
ponent surface can be specified which results in lower power loss in the tribological sys-
tem due to reduced friction and thus in higher efficiency in component use. In the same 
way, innovative and new manufacturing technologies can be used to create product prop-
erties that may not have been possible with previously known processes. In the future, 
these new product properties could also lead to an increase in efficiency and a reduction 
in the amount of material used for new products. 
The description of the functionally relevant properties in the digital twin enables the scope 
of consideration to be extended to the life cycle of the product under consideration. This 
third approach, bottom left, ultimately creates the information basis for carrying out holistic 
life cycle product optimization with the help of suitable life cycle assessment (LCA) meth-
ods. The balancing methods thus enable the ecological and economic footprint of the 
product to be quantified and form a further important assessment basis for the manufac-
turing company. Based on these characteristic values, an optimization of the product can 
take place. This also allows innovative approaches to be evaluated on the basis of the R-
scenarios (R0 - R9) for maintaining or increasing the value of the product, and new busi-
ness models to be realized (fourth approach, top left).  
The new business models result in changed challenges for the production of products. 
This changes the focus from the life cycle to the product cycle and results in further ap-
proaches for optimizing production technology to increase sustainability in manufacturing 
companies. What the four approaches have in common is that the chance of success 
depends heavily on the availability of usable data. The four approaches can only be suc-
cessfully implemented with high-quality data on the product, production and the usage 
behavior of the product users. Therefore, the digital twin is the essential enabler to imple-
ment these four approaches profitably in the producing company.  

2.2 The digital twin as an enabler for the successful implementation of the cir-
cular economy 

The approaches described above for implementing the circular economy in manufactur-
ing companies require the availability of different information in all phases of the product 
life cycle. This is achieved in the form of the digital twin already mentioned, which can 
provide both the technical condition of the product along its life cycle and the resources 
used in the process, often referred to as a rucksack. In principle, the digital twin is under-
stood as a digital representation of a real object which undergoes a process-related 
change of state during production [17]. Individual manufacturing processes cause 
changes between individual time-discrete states of the digital twin and influence function-
determining properties [17]. Thus, it is possible to analyze the individual processes, pro-
cess chains in their effect on the function-determining properties as well as on the eco-
logical key figures in more detail. Taking this idea further, the digital twin can be used to 
integrally bring together relevant data from the development phase, the production phase, 
through to the use and EOL phases, and to perform a holistic assessment of sustainability. 
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Even at the end of the utilization phase, the necessary information about the product's 
condition is available to enable further material recycling in the sense of the R-cycles.  
The essential functions of the digital twin from the perspective of a manufacturing com-
pany are shown in Figure 6. In addition to a single-process-specific focus (vertical level) 
of the digital twin, the linking of several individual processes to form a process chain 
(horizontal level) is also represented by the digital twin of the product, see figure on the 
left. For the implementation and use of the digital twin in manufacturing, special attention 
must be paid to four aspects.  
The first aspect comprises the essential tasks for data acquisition and connectivity. This 
includes the acquisition and structured storage of heterogeneous data along the life cycle 
of the product. The data to be stored varies from product to product and is primarily based 
on the relevance of the data for the subsequent fulfillment of the product's function [17]. 
This can be understood as a requirement specification, which brings together the totality 
of the requirements for the product and thus specifies the scope of the data to be collected 
[17]. Likewise, this data forms the basis for the analysis and optimization of the individual 
process or the process chain and its interactions. The information transparency created 
by the digital twin is reflected in the first approach to increasing sustainability in manufac-
turing processes, cf. Figure 5 top right. 

Figure 6: Prerequisites for the implementation of the digital twin as an enabler of the circular 
economy from the manufacturing perspective 

Another prerequisite is the provision of standardized interfaces and frameworks within a 
process and along a process chain. In both cases, this ensures that data from a wide 
variety of data sources and formats can be exchanged, recorded and analyzed. For ex-
ample, data can be exchanged internally within a company without the risk of misinter-
pretation of the data or the information derived from it. As a result, the functionally relevant 
properties of the product can be described unambiguously, cf. Figure 5 bottom right. 
For the creation and use of the digital twin, there are already initial initiatives to create 
standardized formats and architectures. For manufacturing, for example, the digital twin 
framework according to ISO 23247 has become established [18]. This framework is 
based on a Lambda architecture and has different layers and domains. In addition to the 
batch layer for processing large amounts of data, the stream layer is the prerequisite for 
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real-time capable processing of data packets. The framework builds on the following four 
domains [17]: 

- User domain: people, devices, systems that use applications and services from
the core domain

- Core domain: operation and management of the digital twin (provisioning, moni-
toring, optimization, etc.)

- Data collection domain: monitoring and collection of sensory data
- Observable manufacturing domain: Physical manufacturing resources such as

personnel, equipment, material, etc.
With the help of this framework, a standard for the implementation of a digital twin within 
a manufacturing company should become possible in the future. 
In addition to such initiatives, there are already standardized data formats which can be 
used within the digital twin for data storage and also for data exchange at defined points 
in time. One example of such a data format is the Gear Data Exchange (GDE) format in 
the field of gear manufacturing. This format is defined according to VDI 2610, is based 
on the Extended Markup Language (XML) and exists since 2018 [19]. Using this format, 
the geometry, the desired manufacturing tolerances, the measurement instructions, as 
well as measurement results and the manufacturing processes can be documented in a 
component-specific manner. This standardized file format can thus be used to exchange 
data between machines (e.g. gear grinding machine and gear measuring machine for 
automatic manufacturing correction) but also across companies (gear cutting machine 
and tool manufacturer for tool production). The defined contents and the standardized 
interpretability of the data ensure error-reduced processing of the data.  
Current initiatives to create collaborative data ecosystems and cross-company exchange 
platforms go one step further. One well-known representative of a collaborative data eco-
system is the Catena-X platform. Catena-X is an association of numerous companies in 
the automotive industry. The vision is to provide a collaborative, open and secure data 
ecosystem that connects the different players in the value chains within automotive pro-
duction, ensures data sovereignty over their own data, enables accelerated digitization of 
processes even for small and medium-sized companies, and promotes cooperation and 
collaboration between market participants and competitors [20]. The Manufacturing-X in-
itiative, which is currently being established, builds on the model of Catena-X and aims 
to transfer the approaches from Catena-X to other industrial sectors (mechanical engi-
neering, chemicals & pharmaceuticals, food, electronics, etc.) [21]. Especially for the use 
of the digital twin in the sense of the circular economy, such platforms represent important 
prerequisites. They create the necessary data transparency for all parties involved for the 
evaluation of the ecological footprint of the product, even across life cycles. This coincides 
with the requirements for the previously mentioned approaches to sustainability, cf. Fig-
ure 5 bottom left. 
The fourth prerequisite describes the user perspective of the digital twin and addresses 
the actual analysis and forecasting capability through the use of the digital twin. For man-
ufacturing companies, the approaches to quality-controlled production in accordance with 
the goal of "first part right" and digital support of the start-up process ("digital ramp-up") 
are of particular relevance. Likewise, further fields of application and business models for 
the products can be devised on the basis of improved forecasts. This forms the prerequi-
site for the approach in Figure 5 top left. 

Catena-X:#_CTVL0011f89a4ecc43a42b78b0ef212fb1788e9
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Predictive capability in the sense of first part right is made possible in particular by linking 
physical models with sensory measurement data from the process or from the process 
chain in the digital twin. Based on this information, it is possible to intervene in the process 
if the desired quality for the production step cannot be achieved. Likewise, historical data 
from previously manufactured components can be used to improve the quality of the 
physical models and thus increase the predictive quality of the quality prediction. 
The approach to digitally support the start-up process represents a strong competitive 
advantage, especially in the future, in a successful implementation for the production of 
sustainable products. This approach enables a significant acceleration of the start-up pro-
cess of a series production with simultaneous cost reduction. Crucial for the cost reduc-
tion is the possible reduction of experimental investigations and validation tests. The num-
ber of necessary experiments can be reduced on the basis of extensive simulative studies 
with the digital twin and reduced to essential experiments to verify the approaches and to 
demonstrate the most important influencing factors. It is precisely these cost- and time-
reducing measures that enable rapid provision of manufacturing capacities for new prod-
ucts and rapid responsiveness in the case of modified products. 

2.3 Current challenges for the implementation 
In the previous sections, approaches for implementing the circular economy in manufac-
turing companies were presented and the digital twin was identified as an enabler for the 
successful implementation of these approaches. In the following, we will discuss the chal-
lenges that currently impede the implementation of the aforementioned approaches to 
the circular economy. 
An overview of existing challenges is presented in Figure 7 is given. From the literature 
and from discussion with industry, these challenges can be divided into six focal points. 

Figure 7: Current challenges for the implementation of the circular economy in manufacturing 
companies 

The first challenge is the difficulty in implementing the digital twin. Major problems arise 
for manufacturing companies in the structured recording of data. This applies in particular 
to manufacturing companies that have very heterogeneous machinery. There are cur-
rently no completely standardized interfaces and data formats available that would enable 
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a generally valid definition of the relevant data. Instead, each machine has different for-
mats for import and export and different specific definitions of process parameters or axis 
configurations. This makes the implementation of digitization more difficult and requires 
a very high level of personnel. Especially for small and medium-sized companies, this 
required personnel deployment cannot be mapped, since in most cases adequately qual-
ified personnel is also lacking and thus employees must be further trained or newly hired 
in the first step.  
A second challenge is the lack of partnerships and systems for implementing the circular 
economy [3]. Especially for manufacturing companies without product ownership, this 
represents a major challenge due to the lack of information transparency across compa-
nies. Initiatives such as Catena-X have recognized this problem and are developing suit-
able solution methods. However, trust between suppliers and customers in particular 
must be strengthened with regard to information sharing and the benefits of information 
sharing must be brought to the fore and increased. 
The third challenge is the high cost of implementing a circular economy [3]. Process and 
supply chains need to be rethought and adapted, requiring investment in new machinery 
and equipment. Similarly, the availability of sustainable energy and sustainable raw ma-
terials at low cost is another problem.  
Further challenges are the currently still lower acceptance of end customers for "non" 
new products and goods [16], the low public availability of sustainability metrics of com-
panies or products [3] and the lack of incentive to implement sustainability strategies by 
legislators [3].  

3 Perspectives for manufacturing in a sustainable economy 

In the preceding sections, key building blocks and approaches for realizing a circular 
economy were discussed. The digital twin was identified as a key enabler, although a 
large number of challenges still hinder the implementation of the circular economy. In the 
following, perspectives for the implementation of the circular economy from the point of 
view of a manufacturing company are presented by means of examples. These examples 
can be categorized as sustainable production, using the different sustainability ap-
proaches according to Figure 5, as well as the category of production of sustainable prod-
ucts with new or adapted manufacturing processes. The latter primarily address the as-
pect of "digital ramp-up" - i.e., the rapid scaling of sustainable and, above all, competitive 
production of sustainable products. An overview is provided by Figure 8.  
In this article, the sustainable production category is based on the four approaches to 
increase the sustainability presented. Three examples are presented below. The exam-
ples include the technological and ecological consideration of a process chain for gear 
manufacturing and two examples of manufacturing technologies that demonstrate new 
business models for the R scenarios Repair and Remanufacture. The assignment to the 
respective sustainability approaches for each example is made via the pictogram at the 
top left.  
The second category comprises the production of sustainable products. Here, the focus 
is on competitive manufacturing of new products, innovative manufacturing processes, 
flexible and scalable manufacturing chains, and digital ramp-up. Three examples are pre-
sented for this category. The examples show that the digital twin is a necessary prereq-
uisite for the production of sustainable products. 
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Finally, a vision for the marketplace for semi-finished products is presented. The market-
place should enable and simplify the further use of technical components in new products. 
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Figure 8 : Perspectives for manufacturing in a sustainable economy 

3.1 Examples and perspectives for sustainable production 
In this section, examples and perspectives for the sustainable production category are 
given. These examples address at least one sustainability approach for manufacturing 
companies, cf. Figure 5. 
The first example can be assigned to the three approaches of transparent manufacturing 
processes, consideration of functionally relevant properties, and holistic assessment over 
the life cycle. These approaches are shown in the example of the production of a geared 
pinion shaft for a transmission from an electrically powered vehicle, see Figure 9. The 
example was implemented as a demonstrator at the Laboratory for Machine Tools and 
Production Engineering WZL | RWTH Aachen University. 
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The holistic ecological and economic evaluation of a product, such as the geared pinion 
shaft shown, requires a corresponding digital twin for each processing step of the product. 
This digital twin is fed from different data sources and describes all relevant product prop-
erties. For the ecological assessment, these are the data on the current energy consump-
tion of the production machines (in this case electricity) and on the substances used (raw 
material, tool material, cooling lubricant, compressed air, etc.). It is also interesting to 
know how much material is machined in which production step and how much energy has 
to be used for this step. By means of this survey, process steps can be identified which 
show an unfavorable ratio between cutting performance and energy consumption. How-
ever, this analysis cannot be carried out without taking into account the component quality 
to ensure function as well as the resulting manufacturing costs. Sustainable production 
in the future can therefore only be considered as a compromise between the component 
quality achieved, the process or product costs and ecological sustainability.  
For the geared pinion shaft example shown, the production chain consists of the following 
steps: 

- Turning the outer contour
- Soft machining of the gear via gear hobbing
- Heat treatment (case hardening)
- Hard machining of the functional surfaces
- Hard machining of the gear

In order to shed more light on the above-mentioned compromise, a test plan was drawn 
up by varying the four substeps mentioned in the manufacturing process. Thus, either 
process parameters were changed or different manufacturing technologies (profile grind-
ing to generating grinding) were compared. In addition, these parts were examined on 
the test rig to determine a statement about the mappability of functional properties through 
different process chains in combination with the resulting operational behavior. To this 
end, for example, gear noise vibration and harshness (NVH) were investigated using sin-
gle flank tests to establish a correlation between component quality and component func-
tion. Likewise, the load-bearing capacity of the gearing was investigated with regard to a 
possible correlation. The load-bearing capacity can be used to estimate an expected ser-
vice life in the later use phase. Results from the analysis of the process chain and the 
service life phase show that functional properties can be achieved independently of the 
process. Similarly, it was found that simultaneous optimization of the environmental foot-
print does not equate to a deterioration in the economics of the process. Further evalua-
tions will be presented during the lab tours at the WZL | RWTH Aachen University. 
The main challenge in implementing this project was making the data available and cre-
ating the digital twin. The multitude of different production machines and production tech-
nologies forms a heterogeneous landscape as a basis for digitization. In the implementa-
tion of the demonstrator, it was possible to homogenize the data and make it available for 
use in the digital twin. This made it possible to perform the analysis and LCA. 
Uniform conventions for data formats and frameworks are therefore required for simple 
implementation of the digital twin in the future. In the case of cross-company production 
chains, uniform data ecosystems are also necessary to ensure information transparency 
(e.g., Catena-X). This is the only way to ensure that existing knowledge can be transferred 
from process to process and that the effort required to implement a new process can be 
greatly reduced. This ensures that the functional properties and thus increased efficiency 
and sustainability of the product can be achieved.  
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The achievement of functional properties is also relevant for the following example. Here, 
manufacturing technologies for automated component repair are presented, see Figure 
10. This example is assigned to the approaches of transparent manufacturing processes,
the consideration of functionally relevant properties and new business models.

Source: Chiron Source: Fraunhofer IPT Source: Trump

Manufacturing technologies, 
such as

... Laser Metal Fusion (LFM)

... Laser Metal Deposition (LDM)

offer the possibility of component repair.

Repair possible on original component

Strength of the new material reduced if necessary

Significant reduction in material and energy use

Need: Efficient manufacturing technologies with high material rates for repair

Figure 10: Efficient manufacturing technology for component repair 

Additive manufacturing technologies, such as Laser Metal Fusion (LFM) or Laser Metal 
Deposition (LDM), can be used for component repair. In these processes, the material, 
provided as powder or wire, is melted locally on the surface of the component to be re-
paired using a laser. Any material thickness and geometric elements can thus be created 
on existing workpieces by applying the material in strips or layers.  
Advantages of these processes are the local application on the original component as 
well as the significant reduction of material and energy input compared to the new pro-
duction of the component. Disadvantages may be the reduced strength of the added ma-
terial layers, especially for highly stressed components. 
The challenges for the implementation of these technologies within the circular economy 
lie, among other things, in the limited consistency of the data for the digital twin. These 
processes must be integrated into existing process chains so that efficient repair of the 
components is possible. Likewise, the information from the additive process must be in-
tegrated into an existing digital twin of the product so that it can be ensured that the func-
tional properties of the component are described with sufficient accuracy after repair.  
From the perspective of a manufacturing company, the two production technologies rep-
resent an enabler for the development of new business models, in this case repair (R4). 
In this way, the manufacturing company can open up new markets and at the same time 
contribute to extending the EOU of the product. 
The development of new business models is also the focus of the third example, see 
Figure 11. Mercedes-Benz carries out remanufacturing of various products for passenger 
cars or commercial vehicles and then sells these products to the end customer under the 
label Mercedes-Benz Genuine Remanufactured Parts [22]. The example is assigned to 
the approaches for transparent manufacturing processes and new business models, sce-
nario Remanufacture (R6). 
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Figure 11: Spare parts made at Mercedes-Benz through remanufacturing [22] 

In this process, the products usually pass through a process chain consisting of the fol-
lowing steps: 

- Disassembly
- Cleaning
- Components testing
- Manufacturing
- Assembly
- Quality control

Once the process chain has been run through, the products can be installed in the vehicle 
and are to be regarded as equivalent new parts in terms of service life. In the life cycle 
assessment, 215 kg of CO2 and 850 kWh of energy can be saved for the remanufacturing 
of a transmission compared with new production. 
The process described above is currently very much characterized by manual activities. 
For this reason, the remanufacturing of products is currently only economically viable for 
very few products. In the future, it must therefore also be possible to automate the re-
quired processes for single-item and small-batch production. Concepts with teachable 
robots in a human-robot collaboration, such as cobots, or advances in AI-supported pro-
gramming and object recognition could help here. Likewise, new methods are needed 
that allow non-destructive evaluation of different components for their remaining service 
life. This could be done, for example, on the basis of the digital twin and the collection of 
further data from the use phase. However, the meaningful collection of data, the reduction 
of the amount of data to be stored and the availability of the data for external third parties 
are issues that have not yet been clarified. 
This example illustrates the transition between life cycle and production cycle according 
to Figure 5. The remanufacturing of existing products results in new requirements for 
production. Suitable technologies must be identified that allow efficient remanufacturing 
while ensuring functional properties. In the future, these new business models may there-
fore lead to innovative new manufacturing technologies. 

Disassembly

Testing

Manufacturing Quality control
Assembly

Cleaning

During remanufacturing of a transmission

... 215 kg CO2

... 850 kWh energy
... saved compared to new production.

Source: remanparts.mercedes-benz.com

Need: Processes to reduce manual activities &. 
Test methods for accurate evaluation
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3.2 Examples and perspectives for the production of sustainable products 

In this section, examples and perspectives on the production of sustainable products cat-
egory are addressed. In contrast to section 3.1 the following three examples are not ori-
ented to the sustainability approaches of actual manufacturing but focus on the rapid 
availability of innovative and, above all, sustainable products. In this context, the aspects 
from the approaches and in particular from the prerequisites for a digital twin in manufac-
turing come to the fore. 

The first example addresses the development of so-called high bypass ratio (HBR) en-
gines to reduce fuel consumption and noise emissions of commercial aircraft engines 
(see Figure 12). For research purposes of the German Aerospace Center (DLR), the 
Fraunhofer IPT manufactured a 1:3 scale integral titanium fan for the purpose of testing 
crosswind effects on a special engine test rig. Following the product design, the main 
process steps included computer-aided pro-cess design, turning and milling, and final 
quality assurance. 

Figure 12: Resource-efficient prototype manufacturing for low-emission aviation engines 

The industrial state of the art to produce such aero engine components is characterized 
by an experience-based process design and highly iterative, resource-intensive run-in 
procedures. In contrast, the computer-aided process design at the Fraunhofer IPT was 
carried out completely virtually based on the digital twin. The focus here was on deter-
mining stable spindle speeds, estimating the tool life and maintaining permissible geo-
metric deviations of the flow surfaces. The required simulation tools mainly comprised 
numerical and analytical models, which were integrated with the computer-aided design 
and manufacturing (CAD/CAM) environment via appropriate interfaces. In this way, the 
prototype could be manufactured resource- and cost-efficiently according to the first-part-
right principle. It was possible to completely dispense with the normally required run-in 
and reserve components and the associated scrap. 

The digital twin was also used profitably in the actual production of the prototype. The 
focus here was on the high-frequency acquisition of machine and sensor data from the 
machine tool and the resulting determination of component quality and resource con-
sumption. For this purpose, an edge cloud-based data acquisition and processing solu-
tion was used, which calculated the geometric deviations of the component as well as the 
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total energy consumption and other sustainability parameters from the acquired raw data. 
In this way, data-based quality assurance was realized based on the digital twin and a 
significant contribution was made to a precise life cycle assessment (LCA). 

In the example shown, the digital twin supported the economic and resource-efficient 
production of the prototype as well as compliance with the high tolerance requirements. 
A key differentiator compared to the industrial state of the art was the use of extensive 
technology models for simulation and data processing. In addition to further research and 
development of the required Internet-of-Things (IoT) infrastructure, the further exploitation 
of these models represents a key success criterion for the industrialization of the digital 
twin. 

Another example of the use of the digital twin in the design of sustainable product pro-
duction is shown in Figure 13. In this example, we are dealing with the digital ramp-up 
process, which, analogous to the production of the blisk, is based on the increase in the 
analysis and forecasting capability through the digital twin. 

The ramp-up process for a series production usually represents a personnel and time-
consuming process for manufacturing companies. Extensive experimental investigations 
on small and medium batch sizes are necessary in order to adjust the manufacturing 
processes and the manufacturing sequences within the process chain. Between these 
investigations, regular adjustments of the process parameters up to design changes of 
tools and clamping systems take place in order to ensure the desired quality and cycle 
time of the product. This process currently often takes place heuristically on the basis of 
empirical knowledge or with the aid of process simulations. As product development cy-
cles become shorter and shorter, e.g. for new wind turbines or fuel cells, a more flexible 
alignment of production and manufacturing chains will become increasingly important in 
the future. Therefore, there is great potential in a digitally supported ramp-up process. 
Here, the digital twin is used to accelerate the ramp-up process on the basis of additional 
data (sensors for e.g. temperature and force, material data) and to reduce the necessary 
iteration loops through analytical data models. The aim is to use the digital twin to obtain 
an automatable prediction of the process parameters, which will enable stable process 
control in compliance with the product requirements. 

Figure 13: Digital ramp-up process for efficient manufacturing of the future 
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This method is currently being used in the research environment for an industrial ramp-
up process for an application in the field of forming (roll bonding). When setting up a new 
production line, additional sensors are installed in the machines to measure various pro-
cess parameters. These recorded process data are combined with the incoming material 
data (e.g. sheet thickness) in a digital twin of the sheet. By analyzing the process data, 
the material data and the generated part quality, correlations between the different pa-
rameters can be determined and used to control the process via corresponding models. 
This can create a model-based automation of the start-up process for roll bonding. The 
findings can then be transferred to series operation and used there for process control. 

In addition to the creation of the digital twin, the main challenge here is the methodical 
structuring of the digital ramp-up process. It is necessary to find out which sensors and 
measurable parameters are required to determine correlations between component qual-
ity and process control, see approaches to functionally relevant properties. Likewise, 
methods must be created which allow multi-objective optimization of the process chain. 
In this context, it is also necessary to resolve the conflicting goals of product function, 
costs and sustainability. If the implementation is successful, the next step is to automate 
it in the best possible way.  

Another example of new innovative sustainable products is shown in Figure 14. In the 
example given here, it is a functionally integrated development and production of a hy-
drogen-powered gas turbine. 

Figure 14: Function-integrated development and production of sustainable products 

For this purpose, a combustion chamber for the combustion of hydrogen for energy gen-
eration was developed at the Fraunhofer IPT together with Kawasaki company. The re-
quirements for the combustion chamber and the functions necessary for this were taken 
into account directly in the component design in interaction with the manufacturability. 
Thus, using the familiar approach with Design for Additive Manufacturing (DfAM), it was 
possible to realize a function-optimized inner and outer structure of the component for the 
LPBF process. This made it possible to achieve 100 % material utilization for the compo-
nent.  

The further merging of development and production is to be seen as a need for the future 
here. Particularly for the manufacture of such innovative and above all sustainable prod-
ucts, the consideration of production and especially also upgradeability and reprocessing 
in the development phase is of immanent importance. Without a suitable product design, 
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suitable manufacturing technologies for extending the service life can often only be used 
uneconomically. 

3.3 Vision 

The vision for a marketplace for secondary parts in the form of semi-finished products is 
shown in Figure 15. Here, the product value of any technical product is to be maintained 
as best as possible or, if necessary, increased. This can be done within an existing prod-
uct life cycle but also outside the company in another, new product life cycle. In particular, 
the reuse of subcomponents as semi-finished products for new products represents a 
significant factor for increasing the sustainability of the industry due to economies of scale. 
For example, energy-intensive heat treatment routes for the production of as-new semi-
finished products can be substituted. In particular, the availability of the relevant condition 
data of the semi-finished products via the digital twin will be an essential prerequisite.  

Figure 15: Semi-finished products as starting material for sustainable new products 

To enable the reuse of subcomponents, for example, a marketplace (platform) must be 
created to make these components available, see figure on the right. The digital twin of 
the subcomponent is a key enabler for this marketplace. This is because knowledge of 
the remaining service life or the loads during the life cycle is important for the sensible 
use of subcomponents or semi-finished products. Especially for highly loaded compo-
nents, such as gears, drive shafts or bearings, the information about the fatigue state of 
the material must be known. Based on this condition description, a decision can be made 
about further use as a semi-finished product for new products. It would also be conceiv-
able to classify the semi-finished products on the basis of the intended use. For example, 
the requirements of the semi-finished products for lower future loads would be lower, so 
that a larger quantity of semi-finished products can be considered. 

This marketplace requires the existence of models for estimating the fatigue state of the 
material or the remaining service life. Initial approaches for estimating remaining service 
life already exist in the literature. However, these approaches are very specialized to cer-
tain types of components. Approaches that allow a more general formulation of remaining 
service life are therefore to be explored in the future. Likewise, measurement methods 
for material characterization must be further developed so that an estimate of the damage 
state of the material can be obtained, if possible non-destructively. Third, the digital twin 
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for a component must be structured in such a way that only the data necessary for eval-
uating the remaining service life along the component's life cycle and the current geomet-
ric shape are stored. Should these approaches become available in the future, a new 
industry could be opened up, which would open up the secondary market for subcompo-
nents and massively increase the sustainability of our industry. 

4 Summary 

Increasing the sustainability of our products and our industry represents the goal for the 
coming years and decades. The literature shows that the circular economy, and in partic-
ular the implementation of the R-scenarios, provide methods and techniques to achieve 
this goal. Four approaches have been identified for manufacturing companies to success-
fully implement sustainability. From the point of view of manufacturing companies, there 
are essentially two fields of activity that are oriented to the four approaches. One is the 
creation of sustainable products. The second is the production of sustainable products. 
The digital twin is an important enabler for the successful implementation of these two 
fields of activity. Only with the availability of product-specific data can decisions be made 
and analyses carried out that will lead us to more sustainable production and the produc-
tion of sustainable products.  

The fields of activity have a number of challenges in common which make current imple-
mentation difficult. Examples include the frequent lack of digitization and availability of 
the digital twin, the high economic investment required, the lack of customer acceptance 
for refurbished or reused products, and the lack of regulatory framework conditions. 

In this presentation, different examples from the two fields of activity are given. For the 
examples, it becomes clear that science must develop new and better models to deter-
mine the remaining service life of components in the future. Likewise, it becomes clear 
that the availability of the digital twin must be significantly increased. On the other hand, 
new manufacturing technologies and production processes must be developed that ena-
ble efficient processing of individual and small series. Likewise, new product innovations 
must be focused on which, through a direct coupling of development, production and use, 
design products that already contain a value retention or value increase strategy after the 
initial service life has been reached. 

Close discourse between research and industry is therefore very important for the coming 
years and decades. Only in this way can we address the numerous challenges and find 
and implement solutions. 
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Abstract 
Energy and Resource Efficiency in Manufacturing 
The compatibility of economic and ecological sustainability is increasingly determining 
the strategies of manufacturing companies. The focus of ecological sustainability is pri-
marily on energy and material efficiency in the company's own production. However, 
many possibilities that could already be used in the company's own production to reduce 
energy consumption and increase material efficiency remain unused. In the medium to 
long term, for an economy in a sustainable society, moreover, cross-company activities 
will increasingly have to be initiated and become effective. This requires close, product-
specific cooperation from all participants along the respective value chains as well as the 
development and implementation of new sustainability approaches. Therefore, this paper 
presents current best practices for increasing energy and material efficiency in manufac-
turing. With a view to the potentials of tomorrow as well as the future challenges, promi-
sing possibilities and examples for realising the urgently needed circular economy will 
continue to be highlighted, taking into account different R-cycles based on the digital twin 
of product and manufacturing. 
Keywords: energy, resources, manufacturing, efficiency, product lifecycle 

Kurzfassung 
Energie- und Ressourceneffizienz in der Fertigung 
Die Vereinbarkeit von ökonomischer und ökologischer Nachhaltigkeit bestimmt zuneh-
mend die Strategien fertigender Unternehmen. Im Fokus der ökologischen Nachhaltigkeit 
stehen vor allem die Energie- sowie die Materialeffizienz in der eigenen Produktion. Viele 
Möglichkeiten zur Senkung des Energiebedarfs und zur Erhöhung der Materialeffizienz 
in der eigenen Fertigung bleiben jedoch bisher ungenutzt. Unternehmen, die hier bereits 
die Initiative ergriffen haben, konnten bereits kurzfristig Potentiale zur Energieeinsparung 
heben und Wertstoffe und Materialien erstmals in Wertstoffkreisläufen führen. Mittel- bis 
langfristig werden für eine Wirtschaft in einer nachhaltigen Gesellschaft darüber hinaus 
zunehmend unternehmensübergreifende Aktivitäten initiiert und wirksam werden müssen. 
Dies erfordert eine enge, produktspezifische Kooperation von allen Beteiligten entlang 
der jeweiligen Wertschöpfungsketten sowie die Entwicklung und schnelle Umsetzung 
neuer und innovativer Nachhaltigkeitsansätze. Daher wurden im vorliegenden Beitrag ak-
tuelle Best-Practices zur Steigerung der Energie- und Materialeffizienz in der Fertigung 
vorgestellt, die in enger Diskussion mit OEMs, Komponenten- und Maschinenherstellern, 
Betriebsmittellieferanten sowie Herstellern von Sensor- und Monitoringsystemen identifi-
ziert wurden. Mit einem Blick auf die Potentiale aber auch Herausforderungen von Mor-
gen sowie die zukünftigen Herausforderungen werden weiterhin vielversprechende Mög-
lichkeiten und Beispiele zur Realisierung der dringend benötigten Kreislaufwirtschaft un-
ter Berücksichtigung unterschiedlicher R-Szenarien auf Basis des Digitalen Zwillings von 
Produkt und Fertigung beleuchtet. 
Schlagwörter: Energie, Ressourcen, Fertigung, Effizienz, Produktlebenszyklus 



Energy and Resource Efficiency in Manufacturing 

144 

1 Motivation and current challenges 

Hardly any other topic has moved society and industry as much in recent years as the 
issue of sustainability. Both socially and politically, there is a growing desire to take effec-
tive measures to protect our environment. The industry plays a key role in this. In 2021, 
the entire german industrial sector was the second largest emitter of greenhouse gases 
after the energy industry (247 million tons of CO2 -eq), with 181 million tons of CO2 -eq 
[1]. This brings industry into focus in the search for potential savings, which are more 
and more being pushed by business and politics.  
Based on a growing number of climate protection laws, such as the Paris Climate Agree-
ment and the German Climate Protection Act, manufacturing companies are also increas-
ingly required to reduce their greenhouse gas emissions and use renewable energies as 
the basis for their operations. According to the Paris Climate Agreement targets, green-
house gas emissions are to be reduced by 43% by 2030 and 84% by 2040 compared to 
2019 levels [2]. Nevertheless, analyses by the consultancy Roland Berger have shown 
that so far only around 10-15% of all large companies have committed to aiming for an 
overall emissions reduction of 50% by 2030. On the contrary, calculations show that if all 
the target values of the largest listed companies in the most important industrialized coun-
tries are added together, the result is a reduction in CO2 emissions of only 20% by 2030, 
as shown in Figure 1. [3] This is significantly below the required 43%. Each company 
must therefore increase its efforts in order to still achieve the Paris climate target. Roland 
Berger also notes that only 50% of large companies worldwide currently have decarbon-
ization targets. The scope of the study was based on the 4,700 companies with the 
largest market capitalization, the 166 largest CO2 emitters and the 2,000 largest listed 
companies worldwide by revenue. However, only 80% of these have decarbonization tar-
gets within the 2030 time horizon, with 15% of companies having targets for 50% emis-
sions reductions by 2030.[3] In summary, companies will have to cut CO2 much more 
consistently in the future than they have so far if the Paris climate targets are to be met.  

Figure 1: Target emissions reductions by large companies are insufficient to meet the goals of 
the Paris climate agreement [3] 

In Germany, anchored in the German Commercial Code (HGB), large capital market-
oriented companies as well as credit institutions and insurance companies with more than 
500 employees are also required to publish sustainability reports that report on the com-
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pany's ecological and social impact. The report must contain information on environmen-
tal, social and labor issues as well as respect for human rights and anti-corruption 
measures. The reporting obligation has been in force in Germany since the 2017 fiscal 
year and was expanded in 2021 as part of a reform of the German Commercial Code. 
Companies must disclose their resource and energy consumption as well as their green-
house gas emissions and their strategies for reducing these factors. In addition, strategies 
for adapting to climate change, energy efficiency measures and recycling activities 
must be presented, and the supply chain and its interaction with the company's own sus-
tainability goals must be demonstrated. [4] 
In this context, companies face the difficulty of collecting and providing all the necessary 
data and information for comprehensive reporting. Small and medium-sized companies 
in particular often have limited resources and expertise in this area. The increasing pres-
sure towards reporting and ultimately towards sustainability is additionally flanked in 
many industries by customers in both B2B and B2C business. In the automotive industry 
for example, ESG (Environment, Social and Governance) ratings are increasingly man-
datory for suppliers. OEMs are increasingly demanding sustainability reports from their 
suppliers, as typically over 90% of the emissions in the sustainability balance sheet of 
OEMs are Scope 3 emissions (see Figure 2). Investors and customers are also increas-
ingly relying on ESG information to inform decisions and strengthen their commitment to 
sustainable companies. Thus, there is a competitive advantage for suppliers that publish 
ESG information on a voluntary basis, respond to their customers' ESG requirements, 
and thereby present themselves more transparently to their stakeholders. [5] 

Figure 2: More than 90% of the emissions of automobile manufacturers are Scope 3 
emissions [6] 

Scope 1, 2 and 3 emissions are categories defined by the Greenhouse Gas Protocol 
Initiative to classify and measure greenhouse gas emissions from companies. Scope 1 
emissions are direct greenhouse gas emissions resulting from the combustion of fossil 
fuels or from processes within the company, e.g. emissions from heating systems or ma-
chinery. Scope 2 emissions are indirect greenhouse gas emissions that result from the 
purchase of electricity, steam or refrigeration, for example. Scope 3 emissions are all 
other indirect emissions that arise from the activities of companies but are outside the 
boundaries of the company. This includes emissions resulting from the production of raw 
materials, the production of (pre-)products, the use of products by customers, the disposal 
of waste products, and the use of transportation, i.e. indirect greenhouse gas emissions 
along the upstream as well as downstream supply chain. This also includes the activities 
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of any suppliers. As OEMs are affected by the sustainability reporting obligation, they 
accordingly require sustainability data from their suppliers and are increasingly making 
the provision of this a condition of a business relationship. 
Manufacturing companies face the challenge of meeting ecological sustainability require-
ments without losing sight of economic aspects. Due to the high product and plant di-
versity, there is no patent recipe for implementing sustainability in manufacturing com-
panies, which often leads to an unsteady entry into the topic of sustainability accounting 
and improvement. For this article, therefore, current best-practice approaches for 
short-term implementation in the company were developed together with practicing com-
panies. Furthermore, a clear framework for the cross-life cycle consideration of the sus-
tainability of manufactured products is introduced. Finally, an outlook on future opportu-
nities and challenges on the way to a more sustainable manufacturing is given. 

2 Manufacturing as an enabler for increasing environmental prod-
uct sustainability 

Where the relevant levers for increasing sustainability and realizing savings potential lie 
is company-specific and highly dependent on the product. 
A distinction can be made between the extent to which environmental impacts occur dur-
ing production or in the use phase of the product. This can be demonstrated by the three 
examples of products illustrated in Figure 3. 

Figure 3: Individual environmental impacts illustrated using example products from the expert 
group 

The Carcoustics acoustic absorber for the automotive sector is made of plastic and con-
sumes energy and material during production. In the use phase itself, it does not actively 
cause emissions, nor does it have any influence on the service life of the car. Only through 
its weight does the absorber influence the level of CO2 emissions of the car. Depending 
on the design of the absorber, however, the difference in weight is only a few grams, 
which is negligible against the background of the total CO2 emissions of a car in the use 
phase. The second product, a coated screw from the B+T Group, was galvanized, which 
initially means increased environmental impact in production compared with a non-galva-
nized screw. Due to the coating, the end product held together with the help of the screw 
potentially lasts longer than when using screws without a coating. The life of the screw 
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often has a direct impact on the life of the end product, as the end user may replace the 
product when the screw is loosened. Therefore, if the use of the galvanized screws results 
in fewer new end products having to be produced, all associated emissions are saved. In 
the overall balance, the increased use of resources in the production of the screw due to 
electroplating can be outweighed by the savings over the extended product life cycle. 
Products such as the illustrated marine engine of the company MAN Energy Solutions in 
figure 3, on the other hand, generate a large part of their environmental impact during the 
use phase. The marine engine shown, for example, generates less than 10 t CO2 per 
engine during its own production, but in the life phase, depending on the load profile, 
emissions amount to several 10,000 t/a CO2 with an operating phase of often well over 
20 years. 
For the sake of the environment, the goal for manufacturing companies must be to mini-
mize the overall environmental impact, regardless of the life cycle phase in which it is 
caused. The individual levers that can be used to achieve particularly large effects are 
product-specific. In the case of the acoustic absorber shown, the direct levers lie primarily 
in production, while in the opposite case of the marine engine, they lie in the utilization 
phase. However, the potential for increasing service life and efficiency in the utilization 
phase can also be realized decisively with measures taken during production. The effect 
of the coated screw depends primarily on the application and the environmental condi-
tions to which the screwed end product is exposed.  
To enable the identification and realization of significant levers to increase the sustaina-
bility of products and their manufacturing, a four-step systematic framework (see Figure 
4) can be used. The first step is to define the target of the measures, the so-called balance
limit, within which measures to increase sustainability are to be taken. At best, this should
be uniformly defined for the entire value chain so that the environmental impacts at dif-
ferent points in the life cycle phases can be compared. Also, in order to be able to make
an overall statement about the sustainability of a product, the various partners in the value
chain must quantify sustainability in the same way (see Section 3). Currently, however,
these balance limits are often still defined on a company-specific basis. Anyway this
makes it possible to quickly identify the levers for increasing sustainability and quantify
their effects for the company's own manufacturing processes (see section 4).
In order to be able to evaluate the achievement of objectives, environmental sustainability 
must first be quantifiable. "You can't manage what you don't measure" is an apt quote 
from the US economist Peter Drucker. Improving ecological sustainability and meeting 
targets precisely is not possible if the actual ecological sustainability can not be quantified. 
To make it quantifiable, the relevant variables in production must be made measurable 
on the one hand, and a method must be used on the other hand that translates the meas-
ured numerical values into a statement about the effect of measures to increase ecolog-
ical sustainability. With the aid of so-called life cycle assessment, methods are given 
which convert the variables measured in the company into, for example, a CO2 equivalent 
and thus make them comparable. However, the result depends on which data are taken 
into account in the balance limits and how good the quality of these data is. The "right" 
data must therefore be collected. When the company's environmental sustainability can 
be measured, the existing deficits can be identified. From the deficits and potentials, tar-
geted measures can be derived with the help of which production can act in a more re-
source-conserving and energy-saving manner. These measures are manifold. On the one 
hand, there are short-term individual measures IN production. Although these have a lim-
ited effect, they can be implemented quickly and can be very effective, especially when 
taken together. These short-term measures are located directly IN manufacturing, e.g. 
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using standby modes and switching to green power. However, as noted above, the entire 
product lifecycle is relevant to the holistic sustainability view. Often, the levers that lie in 
the product use phase are the greatest, as they affect longterm consumption and associ-
ated emissions. The associated measures that exist WITH manufacturing (e.g. the man-
ufacturing process-related efficiency increase of an engine) are long-term and can mean 
that more resources should also be used once in manufacturing if the savings from this 
outweigh the costs over the entire product life cycle. Production therefore has a dual role 
to play. On the one hand, it is important in the short term to seize potential for increasing 
internal sustainability, while in the medium to long term manufacturing is increasingly as-
suming the important role of an enabler for sustainable products (see Figure 4). 

Figure 4: Procedure for identifying levers to improve sustainability 

3 "You can't manage what you don't measure" - Basics of Life Cycle 
Assessment 

In order to be able to improve the ecological sustainability of one's own manufacturing 
and the manufactured products, one must first be able to quantify it. There are various 
methods that can be used to assess the ecological impact of companies and manufac-
turing processes (see Figure 5). The basis of all listed methods is life cycle assessment 
according to DIN EN ISO 14040/44. Life cycle assessment offers the possibility to con-
sider all impacts of a product, process or service on the environment from raw material 
extraction to disposal. Thus, LCA can be performed either for a single product, a manu-
facturing process or for the entire company. [7], [8]  
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Figure 5: Collection of methods for ecological assessment according to Andes [9] and the four 
phases of a life cycle assessment according to DIN EN ISO 14040 [7] 

Life cycle assessment consists of four distinct phases, which are iterated through. The 
four phases are:  

1. Goal and scope definition: In this phase, the object of investigation to be ana-
lyzed is defined. This includes the definition of the functional unit, the system
boundaries, the data sources and the methodological approaches (see
Goal/Scope section 2).

2. Life cycle inventory: In this phase, data on the environmental impacts of the
product or service are collected and analyzed. For this purpose, various tools,
methods and models are usually used to quantify the environmental impacts in the
different phases of the life cycle.

3. Impact assessment: In this phase, the identified environmental impacts on the
environment and human health are assessed. For this purpose, the impacts on
different categories such as climate change, acidification, eutrophication, resource
use and toxicity are quantified.

4. Evaluation: In this phase, the results of the life cycle assessment are interpreted
and communicated. This involves evaluating the results in relation to the objectives
and contexts of the study and presenting the results to support decisions to reduce
environmental impacts.

In the following, the phases of the life cycle assessment are explained using the 
example of the production of a pinion shaft. In a research demonstrator at the
WZL | RWTH Aachen University, a pinion shaft was manufactured for an electric drive of 
a passenger car. A life cycle assessment was carried out for the production of the 
pinion shaft. The aim of the LCA was to calculate the environmental impacts of the 
manufacturing processes. In this so-called gate-to-gate approach, all value-adding 
steps in the production process are taken into account, see Figure 6. The use as well 
as the disposal of the pinion shaft were not considered in the balance. A total of five 
manufacturing processes were used to pro-duce the pinion shaft from a round 
material blank: Soft machining in a turning-milling center, soft gear cutting, hardening, 
grinding (cylindrical grinding), and hard gear cutting (profile grinding). It should be noted 
that hardening was performed at an external supplier and thus no data was available 
for evaluation. Therefore there are four manufacturing processes form the product 
system considered for the LCA. The functional unit of this 
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product system is the manufacturing of a pinion shaft. The functional unit of a product 
system is a reference unit to which all environmental impacts are related.  

Figure 6: Product system for manufacturing the pinion shaft and currents to be balanced in a 
manufacturing process using the example of a grinding process 

The second phase of the LCA is the life cycle inventory. In the life cycle inventory, all 
relevant energy and material flows for the individual production steps are identified and 
recorded. Ultimately, environmental impacts arise exclusively from the use of energy in 
the form of electricity, heat, cold and chemical processes, and from the use of materials. 
Each material finds its origin in the environment where raw materials are mined and fur-
ther processed through the use of energy. Energy is provided in the form of electricity by 
power plants, and the environmental impact depends on the electricity mix of the country, 
region or company.   
Figure 6 shows the life cycle inventory for the cylindrical grinding process in qualitative 
terms. These energy and material flows were recorded for the LCA. Sensors were retro-
fitted to record the electricity consumption.  
In the third phase of the LCA (impact assessment), the ReCiPe method was used to 
calculate the environmental impacts [10]. This is a renowned method, which is widely 
used in the scientific literature. ReCiPe can be used to calculate up to 16 different envi-
ronmental impacts, such as climate change, water consumption, particulate matter pollu-
tion, and soil or ocean acidification. The impact assessment methods are multi-interdis-
ciplinary projects in which a large number of research groups in their respective fields 
describe and quantify the environmental impact of individual substances on the environ-
ment. The methods are a current subject of research and are regularly updated. 
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Figure 7 shows an evaluation of the life cycle assessment. The diagram shows the emit-
ted CO2 -eq per manufactured pinion shaft. On the top, only the manufacturing processes 
were taken into account. On the bottom, the CO2 backpack of the processed semi-fin-
ished product was also taken into account. It is noticeable that the raw material already 
contains a great deal of CO2 of the end product. It is therefore particularly important to 
use resources IN manufacturing efficiently and to avoid rejects. It should also be noted 
that even though the contribution of manufacturing to climate change in this example 
appears small at first glance, only the emissions of one pinion shaft were considered in 
this study. In an industrial environment, much higher quantities are produced, and the 
environmental impacts scale accordingly. The complete study can be found in BECKERS
et. al. [11] 

Figure 7: Climate change potential of a pinion shaft with and without consideration of the pro-
cessed semi-finished product 

It should be noted that the expansion of the scope of consideration to include raw material 
production has greatly increased the environmental impacts. In order to calculate a com-
plete Product Carbon Footprint (PCF), consideration of the use phase and disposal is 
also necessary. Even though these life cycle phases are often not yet within the balance 
limit of manufacturing companies, great potentials lie in the right measures WITH manu-
facturing. Here, for example functional improvements to the pinion shaft can improve the 
efficiency of the transmission and thus save significant emissions in the use phase of the 
passenger car. However, in order to take the use phase or the disposal of products into 
account as early as in the manufacturing stage, a large amount of data from the use 
phase is required, which must first be collected. Secondly, the value chain must be net-
worked in order to share this data. In order to reduce the PCF, it will be necessary in the 
future for the stakeholders along the value chain to cooperate more closely. 
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4 Best practice - examples for increasing efficiency in manufactur-
ing 

4.1 Production process-related creation of transparency and derivation of short 
term measures 

The increasing need to create transparency in the use of energy and materials goes hand 
in hand with the increasing digitalization of processes. Many manufacturing companies 
are still facing challenges here. For example, energy consumption is often not recorded 
per machine, but across the entire shopfloor. Data collection should be structured and 
targeted, i.e. the data must be obtained in the correct granularity for further use. In the 
example of energy consumption per machine, an electricity meter infrastructure would be 
necessary on machine level. Current successful approaches in practice have in common 
the creation of transparency over the production processes and the identification of devi-
ations between target and actual energy and material consumption as well as the asso-
ciated data-based measures. 
The B+T Unternehmensgruppe, for example, has been able to implement such measures 
by creating transparency over its production processes. The associated creation of 
transparency can take place at various levels. The energy consumption of individual pro-
cesses in the plants was made transparent for employees with the help of dashboards. 
Among other things, the energy consumption of electroplating equipment was evaluated 
in relation to the coated surface. This made it possible to increase the reaction speed, 
identify deviations between target and actual energy consumption in coating processes, 
and take measures to increase energy efficiency (see Figure 8). The recorded data re-
vealed significant fluctuations in coated area per energy input in the form of energy con-
sumption peaks that had previously gone unnoticed. In the course of creating transpar-
ency, they were uncovered and the causes were researched and improvement measures 
identified. On the one hand, the targeted visualization of the data, which is adapted to the 
stakeholder, enables this rapid elimination of unwanted process deviations; on the other 
hand, it also offers the potential to save energy costs through adjusted production plan-
ning and to create transparency for the customer with regard to his orders. With the help 
of various other measures, such as the adjustment of maintenance cycles, the B+T Un-
ternehmensgruppe was able to reduce energy consumption per unit of coated area pro-
duced. In addition, the created transparency enabled strategic decisions to be made on 
shifting the timing of processes with high energy consumption to times with relatively low 
electricity costs.  
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Figure 8: Process-specific data basis enables overarching transparency and opens up scope for 
action 

BMW AG is also implementing numerous measures to create transparency and reduce 
energy consumption. In the first step, standardized energy modules were defined and 
transparency created by standardizing energy measurement technology and using a 
cross-departmental energy server, which enables live energy consumption monitoring 
within the plants concerned. The measures to increase energy efficiency were initiated at 
the Steyr plant and have since been rolled out at various other BMW AG plants, so that 
the energy server, for example, is used at various BMW AG plants worldwide. Energy 
indicators were derived from the energy data, such as base load power, energy consump-
tion per product produced and the energy utilization rate within the value chain. Based on 
this, improvement measures were defined. Base load, for example, was reduced by 
shutting down equipment during non-production periods, reducing circulation times from 
three to four times per hour to once per day, and programming resource-saving modes 
for machine standby. In addition, pre-cooling and plant exhaust were shut down during 
non-production periods. These base load reduction measures alone saved 4.2 GWh per 
year at the Steyr plant, equivalent to the annual consumption of around 840 single-family 
homes.  
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Figure 9: Creation of increased energy efficiency and standards based on standardized energy 
modules at BMW AG (excerpt). 

The introduction of an energy-saving mode for machining centers resulted in savings of 
a further 2 GWh per year. The aim was to eliminate, as far as possible, energy consump-
tion in non-value-adding non-productive times, as illustrated in the top of Figure 9. At the 
same time, energy efficiency in the value-adding processes was increased. The increase 
in efficiency in production also extended to the peripheral equipment. Equipping the high-
pressure cooling lubricant pumps with frequency converters resulted in savings of 1.7 
GWh per year. These control the pump speed using two controlled variables (pressure & 
flow rate). The savings of 27.1% were previously calculated by the Vienna University of 
Technology using simulation. Overall, the implementation of numerous individual projects 
(in addition to the projects mentioned, for example heating, ventilation and compressed 
air supply were also considered) saved 30% of the energy consumption of the production 
line under consideration. As a result of the energy efficiency projects implemented since 
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2016, recurring annual energy savings of 28.7 GWh have been achieved in production. 
Based on these findings, BMW AG continued to develop the Digital Energy Passport, an 
energy and resource efficiency standard that defines the energy efficiency requirements 
for plants to be procured in the future and thus becomes a future award criterion. The 
procedure for the creation of the energy module, the transparent visualization of the pro-
duction data up to the implementation of improvement measures at BMW AG and the 
energy and resource efficiency standard that will apply in the future is summarized in 
Figure 9.  
The practical examples show that significant energy savings can be achieved even with 
individual measures that can be implemented in the short term if, as a first step, transpar-
ency is created about the consumption in production and potentials can be identified on 
this basis. 

4.2 Increasing the efficiency of machines 
In line with the increasing requirements, as described above for example at BMW AG, 
machine manufacturers are striving to make their contribution to a more sustainable man-
ufacturing in the future. In order to survive in a market with such requirements, machine 
and plant manufacturers as well as manufacturers of machine components are searching 
for effective levers for efficiency improvements in their products.  

Figure 10: Breakdown of the energy consumption of a lathe [6] 

In the past, EMAG GmbH & Co. KG already pursued measures to increase the efficiency 
of individual components, such as pumps or motors. A major lever for further efficiency 
improvement is the process-specific selection of optimally dimensioned machines. With 
its dashboard, the so-called EMAG Energy Monitor (see Figure 10), the consumption data 
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of the machine tools are seamlessly integrated into an IoT platform and can be visualized 
and analyzed centrally, e.g. for an entire production line or directly on the machine.  
An exemplary analysis result of energy consumption data of a lathe is shown in Figure 
10 with a breakdown of the total power consumption into the individual components. It 
can be seen that the drives, the cooling of the components as well as the cooling lubricant 
supply and preparation cause the largest power consumption within the lathe. The avail-
ability of this data offers the possibility of diagnosis and evaluation of efficiency-in-
creasing measures. Based on this, it was deduced in the EMAG example that the great-
est potential for energy savings lies in optimizing the cooling units, hydraulics and drive 
cooling. Potential levers are, for example, the reduction of sealing air, stand-by circuits, 
IE3 motors or frequency-controlled auxiliary drives.  
The spindle manufacturer GMN Paul Müller Industrie GmbH & Co. KG offers one ap-
proach to optimizing the drive system. If, for example, an electric motor is operated in a 
partial load range, this results in lower efficiency. The reduction in efficiency is significant 
depending on the motor type and efficiency class [12]. Therefore, the oversizing of spin-
dles in machine tools should be avoided. However, to meet this requirement, knowledge 
of the operating point(s), i.e. the power consumption of the spindle as a function of the 
rotational speed, is necessary. Often, the user is not aware of the operating point(s) at 
which a spindle is operated or what power requirements the spindle has to meet during 
operation. Therefore, GMN developed a concept for Industry 4.0-capable IoT-ready high-
performance spindles (see. Figure 11), which with an integrated data interface enables, 
among other things, runtime-dependent power recording. In addition, the acquisition of 
further relevant measurement signals, e.g. for condition monitoring, is possible.  

Figure 11: Increased demands on a spindle in machine tools [13] 

This creates transparency about the real operating points and enables a customer-ori-
ented, power-case-specific spindle design for the relevant operating points. Based on the 
knowledge of the real spindle requirements, a synchronous spindle with optimum maxi-
mum power can be developed, so that only the power actually required for the application 
(see Figure 11) is installed in the spindle and frequency inverter. Thus, on the one hand, 
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the overall efficiency of the spindle/machine can be increased and the use of resources 
for the acquisition can be reduced. [13]  

4.3 Increasing the efficiency of machine periphery using the example of cooling 
lubricant supply and preparation 

A major lever for saving energy and increasing the efficiency of manufacturing processes 
is the cooling lubricant supply. For example, the cooling lubricant supply in the grind-
ing process causes more than 60 % of the energy consumption [14]. Compared to 
other manufacturing processes, the cooling lubricant supply is of particular relevance in 
the grinding process because, due to negative rake angles and many parallel grain inter-
ventions, a high thermal load is generated, only a small part of which can be dissipated 
via the chips [15]. In addition, the disposal of cooling lubricant as hazardous waste bur-
dens the environment and thus the ecobalance. There are several approaches to reduc-
ing the energy consumption caused by the supply of cooling lubricant and the quantity of 
cooling lubricant required. 
One way of reducing both the required volume flow and the required pressure of the 
cooling lubricant and optimizing the cooling lubrication of the manufacturing process is to 
use process-specific and optimized nozzle concepts [15]. When optimizing the nozzle 
concept, the best possible combination of the mutually influencing parameters of resource 
conservation, process productivity and product quality must be found.  

Figure 12: Optimization of the cooling lubricant supply by means of an adapted nozzle concept 
for external cylindrical grinding [16] 
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The potential for energy savings offered by the optimization of the nozzle concept is 
shown in the example of external cylindrical grinding from the company Grindaix in Figure 
12 [16]. The original nozzle configuration (a) was too wide for the grinding wheel used. At 
a pressure plubricant = 0.92 bar and an exit velocity of vlubricant = 9.6 m/s, this resulted in a 
volume flow Qnozzle1 = 57 l/min. By using a needle nozzle (b) adapted to the grinding wheel 
geometry, the volume flow Qnozzle2 = 18.11 l/min could be reduced by approx. 68 % at the 
same pressure plubricant and the same exit velocity vlubricant 
Another way to optimize efficiency in the use of cooling lubricants in manufacturing pro-
cesses is to systematically monitor the cooling lubricant supply. By monitoring the pres-
sure, temperature and volume flow in all cooling lubricant circuits of a machine tool, it is 
known at all times how much cooling lubricant is flowing at what point. On the one hand, 
this makes it possible to minimize cooling lubricant-related downtime. In addition, the rec-
orded data can be used to identify possible optimization potential in the cooling lubricant 
circuit.  
An exemplary integration of a complete monitoring of the cooling lubricant circuit during 
tool grinding with a system of the company Grindaix is shown in Figure 12.In a project at 
the WZL | RWTH Aachen Uni-versity, all cooling lubricant circuits in a tool grinding 
process were monitored to identify optimization potentials [17]. By monitoring the cooling 
lubricant circuits, different cooling lubrication strategies were compared to improve the 
cooling lubricant supply in terms of productivity and efficiency. Overall, Grindaix achieved 
a 38% reduction in oil consumption, €85,000 annual savings in electricity costs for 
coolers and pumps, and €285,000 annual savings in cooling lubricant costs when 
implementing its own approaches to optimize cooling lubricant supply (demand 
minimization using nozzle technology and monitoring, demand-based control, and 
sustainable cooling lubricant solutions) in the production of a customer in the automotive 
supplier industry (customer demand for new oil: 185 tons per year). In addition, the 
continuous data recording and online data evaluation of the ongoing production can 
prevent possible machine failures due to the cooling lubricant supply.  
Oil is used in a wide variety of applications in manufacturing technology. For example, 
hydraulic oils, gear oils, lubricating oils, compressor oils, rolling oils or machining oils are 
used. Oils have to be replaced after a certain period of use due to contamination, additive 
degradation and oxidation and so do cooling lubricants. To be able to use oils almost 
infinitely in the identical application, RecondOil, a startup belonging to the SKF Group, 
has developed a reconditioning technology. The circular use of oil not only results in a 
significant improvement in sustainability, but also leads to a reduction in process costs, 
as the procurement of new oils can be greatly reduced. In addition, manufacturing pro-
cesses that do not use aged and contaminated oils due to continuous reconditioning are 
expected to experience an increase in performance. 
Conventional filter systems filter particles larger than 1 µm. However, 80% of the contam-
inants in industrial oils consist of nanoparticles smaller than 1 µm. RecondOil adds a 
chemical booster to the contaminated oil that binds contaminant particles of all types and 
sizes (see Figure 13). This results in larger particles that separate from the oil due to their 
higher density and are either separated in a sedimentation phase or filtered out mechan-
ically. On the one hand, the system can be used as a stand-alone solution in which the 
oil is removed from the actual process circuit. On the other hand, a solution integrated in 
the oil circuit is possible, which is mainly used in central cooling lubricant systems [18]. 
By using RecondOil, numerous improvements have been observed in pilot projects, both 
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in terms of environmental sustainability, economic efficiency and the quality of the 
parts produced. The associated key figures are shown in Figure 13. 

Figure 13: The RecondOil Booster binds nanoparticles in the oil [18] 

5 Functional extension through process optimization in manufac-
turing 

In addition to increasing the ecological and economical sustainability of manufacturing 
through innovative equipment cleaning IN manufacturing, products and their product life 
cycle can also be made more sustainable WITH manufacturing. 87.5 % of the CO2 foot-
print of a machine is determined during the use phase. Therefore manufacturing must 
serve as an enabler for improving the function of a product in the medium and long 
term, so that increased efficiency and longer product life reduce the greenhouse gases 
emitted during the use phase and increase material efficiency, among other things. 

Reduced friction in rolling contacts due to interface layer formation during produc-
tion 

Increasing the functionality and service life of rotating products can be achieved, among 
other things, on the production side by optimizing the product properties. In addition to 
reducing friction by adapting the surface geometry, interface layers, which are formed 
during grinding due to interactions between the workpiece surface and the cooling lubri-
cant used, contribute to friction reduction and wear protection. 
Furthermore, they influence the further layer formation during operation in rolling contact 
with the lubricant used there. Thus, a targeted selection of additives in the cooling lubri-
cant and the grinding parameters reduces the friction during operation and thus the power 
loss. Experimental grinding tests at the WZL | RATH Aachen University have shown that 
by selecting suitable feed rates during grinding, which directly influence the thermome-
chanical loads in the contact zone, a parameter optimum was achieved with regard to 
minimum coefficient of friction µ and maximum service life. This was explained by the 
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different elemental composition of the outer interface layer (F, O and Si occupation) (see 
Figure 14).  
. 

Figure 14: Influence of grinding on friction and service life in rolling contact. 

When an unadditivated ester oil was used, the lifetime was found to be twice that of the 
additivated hydrocracking oil. [19] 

Increasing service life in the example of gearboxes and electric drives by manufac-
turing tribologically optimized functional surfaces 

Gear drives such as those in electric cars or aircraft engines are used everywhere in 
mechanical engineering to transmit power and control speed and torque. In gears, a lower 
tooth flank roughness has a positive effect on the load-bearing capacity of a tooth flank. 
Low roughness is produced, for example, by generating grinding. An additional fine or 
polishing grinding process with ceramic or elastically bonded corundum following the con-
ventional gear grinding process produces lower roughness and a higher material content. 
In load capacity studies (see Figure 15) it was shown that significantly higher flank pres-
sure is possible with the fine and polish ground gears. The results show that a higher 
service life was achieved at a constant nominal flank pressure σ*HO. Despite an initially 
higher CO2 footprint from the production of semi-finished products and manufacturing, 
the increase in service life due to the fine or polishing grinding process thus leads to 
resource conservation by ensuring extended functionality in the service life phase. For 
the maximum service life investigated, the maximum possible nominal flank pressure σ*HO 
was increased by a fine grinding process. This allows the design of more compact gear-
boxes with higher power density, which save resources in the use phase of the gearbox 
due to a lower weight and a lower moment of inertia. [20] 
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Figure 15: Influence of grinding on the load-carrying capacity of tooth flanks 

Rotor shafts of electric motors are another example where tribologically optimized func-
tional surfaces can contribute to resource conservation. Compared to internal combustion 
engines, electric drive trains operate at significantly higher speeds. However, the resulting 
higher temperatures and higher sliding speeds pose major challenges for the associated 
sealing technology. To ensure that the service life of resource-saving systems is not lim-
ited by inadequate sealing capability, not only the sealing elements but also the tribolog-
ical properties of the sealing counterface must be optimized during production. Ground 
surfaces, especially in contrast to turned surfaces, consist of a large number of individual 
structures which, due to their double convergent shape, lead to the buildup of a wear-
protective lubricating film during shaft rotation. Grinding is therefore the standard process 
for producing sealing counterface. However, under unfavorable conditions, the orientation 
of the individual grinding structures can deviate from the circumferential direction during 
plunge grinding.  
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Figure 16: Influence of dressing parameters during grinding on the micro lead structures 

This so-called micro lead is particularly damaging to a sealing system due to the high 
conveying effect at high speeds. Therefore, this must be avoided during grinding by using 
a knowledge-based process design. In the micro lead analysis of the Institute for Machine 
Elements IMA at the University of Stuttgart, optical measurement technology is used to 
detect every surface structure and determine its orientation and geometry. Suitable seal-
ing counterfaces are present if the normalized number of structures plotted against the 
angular orientation exhibits a distribution curve that is as broad and symmetrical as pos-
sible, with a main maximum at an angle of 0°. The width of the distribution curve is de-
scribed by the standard deviation of the angular orientation SdStd , the position of the main 
maximum by the median angle of the angular distribution curve Sdmedian,S. Experimental 
investigations have shown that with negative dressing speed ratio qd , i. e. when the ve-
locity vectors of the forming roll and the grinding wheel point in different directions and 
thus there are shallow pressure angles between the dressing diamond and the abrasive 
grain, the median angle of the angle distribution curve Sdmedian,S deviates significantly 
from the circumferential direction (0°). [5] Due to the tribological properties of ground sur-
faces, the manufacturing process thus offers great potential for improving the friction and 
wear behavior of drive components in such a way that, overall, a significant contribution 
can be made to resource conservation in the context of the mobility revolution. 
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6 Material efficiency and circular economy 

As already stated, the goal must be to minimize the emissions attributable to a product 
over its entire life cycle. The design phase and end of life must also be taken into account. 
In addition to energy, material is also consumed in manufacturing. Any material that is 
disposed of as offcuts and waste has also caused environmental impacts in its production 
and processing up to this point. In a complete balance, these must be shared by the 
products sold. Therefore, it is important to design the use of materials as efficiently as 
possible and to minimize waste, also from an economic point of view. 
Furthermore, the engineering phase is a lever for improving the recyclability of the 
product. If the recyclability is already taken into account in the material selection and 
product design, components can be more easily fed into different R-scenarios by using 
monomaterials or modular design. 

6.1 Material efficiency through process innovation 
Individual product components and their production also play a major role in increasing 
the material efficiency of products. The Schaeffler Group, a leading global automotive 
and industrial supplier, who is driving forward inventions and developments in the areas 
of motion and mobility, such as the production of hydrodynamic plain bearings for high-
performance wind turbine gearboxes from the industrial division, shows how the produc-
tion of gearbox components in wind turbines can make a decisive contribution to ecolog-
ical sustainability in the future through alternative process chains and an associated 
increase in material efficiency both in production and in the use phase and enable an 
increasing circular economy of the manufactured technical products. Since the wind tur-
bine will play a key role in the future production of green hydrogen, which is needed for 
an energy turnaround, the effect of such measures is particularly great.  
One of the components of the wind turbine's gearbox shown in Figure 17 is the plain 
bearing from Schaeffler. The current state of the art is bronze bushings pressed onto the 
planetary gear pin. The conventional process chain consists of a total of 21 individual 
process steps, the most important ones are explained below. In the first step, the steel 
bolt is machined and fine-tuned. This is followed by the assembly of the functional bronze 
bushing with a wall thickness of 15 mm. 
The bronze bushing is produced by melting the alloy in a centrifugal casting process and 
then contoured in a subsequent turning process. This is followed by stress-relief an-
nealing, followed by a precision turning process and joining of the bushing to the steel 
bolt pin by an interference fit. The resulting material consumption of the bronze bushing 
is 30.6 kg of the alloy used, which corresponds to a CO2 equivalent of 156.7 kg per part. 
The consistent further development of this plain bearing is the direct coating of the bolt 
with the aid of modern additive manufacturing. The innovative and greatly shortened 
process chain shown in Figure 17 by incorporating a laser cladding process has a high 
geometric flexibility. In addition, this process guarantees a strong material bond between 
the steel bolt and the bronze functional layer. The entire process chain can thus be re-
duced to just 14 process steps, the most important of which are the machining of the steel 
bolt, the direct laser cladding on the steel bolt and the final finishing (see Figure 17).  
At the same time, the process-related reduction of the functional layer thickness to 1 mm 
instead of 15 mm allows a reduction of the bronze material to only 2.9 kg, which resulta 
in a material reduction of up to 90%. The associated CO2 emissions are thus reduced to 
14.7 kg. 
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Figure 17: Material efficiency through process innovation and innovative process chain for trans-
mission components at the Schaeffler Group 

The example impressively demonstrates the extent to which a technology/process inno-
vation and innovative process chains can contribute to increasing production and material 
efficiency and the role they can play in effectively shaping sustainable value creation in a 
future circular economy.  
An exemplary scenario opens up in the reuse in other product groups of the Schaeffler 
Group via a repair cycle, in which a component machined with this process, after turning 
off the worn bronze functional layer, is guided directly into the utilization cycle and reused 
with a reapplied functional layer. Thus, material efficiency can be further maximized over 
the cumulative life cycles of the components. 

6.2 Material efficiency through material optimization for recycling and circular 
economy 

In order to increase the contribution to sustainability made by manufacturing, the recycling 
of materials represents great potential in addition to measures to extend service life, i.e. 
maximizing functionalization life. Material recycling returns materials to the material cycle 
and saves primary resources, energy and emissions through the use of secondary mate-
rials compared with initial material production. At the same time, waste that would other-
wise be thermally recycled is avoided. Thus, by recycling materials and substituting virgin 
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material with recycled material in manufacturing, a significant contribution can be made 
to sustainable production. [21] In the context of recycling materials, it should be noted 
that good material separation is required, especially for the reuse of materials, in order to 
achieve unmixed materials. However, material separation is currently often still a major 
challenge. This is due to the fact that today's products often consist of different materials 
and complex compounds which, due to their design, are difficult to separate or can only 
be separated with great effort. Furthermore, contamination poses a challenge and makes 
material separation more difficult. Especially when automated separation is not possible 
and manual sorting processes are required, material separation can be very costly. [22], 
[23]  
One way to meet these challenges is to increase the use of monomaterials in manufac-
turing. Monomaterials consist of a single material. In contrast, many conservatively man-
ufactured products are made of different materials that are glued, welded or otherwise 
bonded together. Monomaterial products can also reduce the risk of material separation 
failures, which increases the efficiency of recycling processes. Therefore, monomaterial 
products are seen as an important component of a sustainable and circular economy and 
will be used in the future in various industries such as packaging, consumer goods, and 
construction. [23] At best, the manufacturing industry will also experience continuous 
change in terms of the material groups that can be used and are available.  
A promising approach to the use of monomaterials is being pursued by the company 
Carcoustics. By using monomaterials as absorber material in the interior of cars, the re-
cyclability of the components used can be increased (see Figure 18). These components 
can be completely recycled (III) by melting them down and reusing them as high-quality 
secondary material. This means that no complex mechanical material separation is re-
quired for recycling. Due to the melting down of the monomaterials and the production of 
recycling material with virgin material quality, no separate process control is required, as 
the material can simply be reintroduced into the production process. In addition, Carcous-
tics is increasingly using recycled material instead of virgin material. One application are 
acoustic absorbers. For this purpose, scrap parts or process-related offcuts are shredded 
and then used as recycled production waste for absorber products. Production waste 
recycling attempts to reduce the amount of rejects and material waste generated during 
production and to recycle any residual materials. In the example of Carcoustics this not 
only increased product sustainability through recycling, but additionally improved the 
acoustic properties of the absorbers. It is therefore evident that recycling not only brings 
ecological and economic benefits, but can also be accompanied by an increase in com-
ponent functionality. In this type of material recycling, however, it should be noted that 
the material properties cannot be directly compared with virgin material, which is why 
other, factors, that did not play a role when using virgin material must be taken into ac-
count in the process control. To ensure component quality in this example, it must be 
ensured, that the shredded flakes are evenly distributed during processing. 
The examples provided by Carcoustics show that recycled material can be used in nu-
merous applications without compromising the quality of the end product. The potential 
of recycling is currently not fully exploited, however, primarily because there is a lack of 
suitable and standardized solutions for collecting the components or materials after use 
and returning them to the industrial cycle. The aim of product recycling (II) is to reuse the 
product in the same or in another area of application, for example with lower requirements, 
which mens that the same functional performance must be given. In product recycling, 
a distinction is made between recycling at element level (reuse of individual components 
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or assemblies) and system level (reuse of the entire product). In order to meet this chal-
lenge, the igus company offers its customers the return of manufactured and used energy 
chains after the use phase as part of the igus Chainge program. The material is sorted 
by type, cleaned and processed to new product quality. The material is then returned to 
the material cycle. Thus, almost 100% of the primary material is reused in element prod-
uct recycling. In this case, not only energy chains with the same material quality are 
achieved, but also CO2 emissions are reduced by 28% through a sustainable raw material 
cycle. [22], [24] 
At the end of the product's service life, the original materials of the product are recycled 
(III). Here, the materials can either be fed directly back into material production or, after 
thermal or chemical processing, back into raw material production. In addition to saving 
energy compared to the production of new raw materials, recycling offers potential for 
reducing dependence on raw material supply. The company Ceratizit uses this potential 
in the raw material recycling of hard metal. By using more than 99% of high-quality 
secondary raw materials (for example worn carbide cutters) collected from customers by 
a specially designed service, it is possible to reduce raw material dependencies on critical 
primary raw materials (such as cobalt). In addition, CO2 emissions are significantly re-
duced through the use of innovative low-emission production processes, sustainable en-
ergy sources and short transport routes. The example (see Figure 18) shows that the 
quality of products produced using secondary raw materials, made possible by the use of 
innovative process optimization or the substitution of process routes, does not have to be 
lower than when primary raw materials are used. 

Figure 18: Classification of recycling in the materials cycle 
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7 Product-specific optimization of product life cycles with the help 
of manufacturing and the digital twin 

As outlined in the previous sections, various approaches exist for increasing energy and 
material efficiency in manufacturing and in product use and recycling, as well as the as-
sociated CO2 emissions. It was also shown that a multi life cycle approach is required to 
holistically assess the emissions directly associated with a product. This requires not only 
the recording of local emissions in manufacturing, but also at other points such as logistics, 
use and recycling. In addition, a one-sided view of emissions neglects the effect of po-
tential levers in manufacturing that have a positive or negative impact on emissions in 
other lifecycle phases; instead, the goal must be to minimize a product's overall eviron-
mental footprint. Consequently, in the case of the marine engine, it is ecologically bene-
ficial and also profitable from an economic point of view to accept increased CO2 emis-
sions in the production of the marine engine, e.g. through optimized machining processes 
or through the adaptation and further development of technologies, as long as this leads 
to a correspondingly large reduction in emissions over the product use phase. Here, ret-
rofit-friendly product design and a consciously accepted increase in retrofit accuracy also 
play a special role (see Figure 19), as this can extend the overall service life of the product. 
Functional surfaces in the engine influence its efficiency. If functional surfaces are spe-
cifically optimized by adapted manufacturing technologies, these measures have an ef-
fect on product operation. Due to the significantly greater leverage of product operation, 
improvements to the overall system can thus be implemented particularly WITH manu-
facturing. By optimizing the function of the product in the use phase, for example a re-
duction in CO2 emissions or an improved circular economy balance can be achieved 
through service life extensions. In the case of the acoustic absorber from Carcoustics, 
the influence of the product use phase on the overall resource consumption and emis-
sions is significantly lower than the influence of the production phase. The absorber has 
no influence on the service life of the car and affects its emissions only through its own 
weight, which is, however, very low and therefore offers comparatively little leverage for 
optimizing emissions in the use phase. Although the ecological impact cannot be dis-
missed due to the number of cars that exist and the acoustic absorbers installed in them, 
the predominant lever for ecological optimization with this component lies in the pro-
duction phase and the reusability of the materials used. 
The examples illustrate the need to consider complete product life cycles when evaluating 
the emissions associated with the product. The life cycle of a product begins with its con-
ception and development, followed by raw material production, manufacturing, distribu-
tion and transport. This is followed by the functional fulfillment in the product's use phase, 
which can be additionally extended by repair measures or further recycling approaches. 
This provides further considerable leverage for reducing the CO2 balance of the product. 
Identifying the product-specific optimal R-scenarios requires a life cycle assessment 
on a suitable data basis, comprehensive knowledge of the functional/product/component 
properties and the use phase (service life, load cases, etc.). Here, the application of digital 
twins offers high potential, as they map a virtual representation of a real physical object, 
process or system as a digital model (for further information, see the article Manufactur-
ing for a Circular Economy). This twin is based on manufacturing and usage data and 
processing algorithms as well as physical product properties, so that in addition to repli-
cating the real object, simulations for further life phases or usage scenarios are possible. 
At the same time, this allows potential problems or weak points to be identified in advance 
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and measures to be taken to correct them before they lead to costly failures or malfunc-
tions. In this context, wide-ranging predictive quality approaches offer the potential to 
maximize product life while detecting failures early and avoiding critical component failure. 
The digital twin can also be used to identify valuable data for optimizing recycling loops 
and the interactions between loops. The digital twin thus provides the link between the 
pre-predicted life cycle and the ongoing assessment and optimization of future use sce-
narios.  

Figure 19: Schematically depicted product-specific leverage effects from manufacturing to emis-
sions in the use phase. 

For sustainability assessment of the overall life cycle, the digital twin can make pre-
dictions about life cycle emissions. In the overall consideration of the life cycle for the 
identification of optimization potentials, the digital twin thus represents an important tool 
in the future for linking the production and use phase(s) for CO2 -optimized product design, 
production, use and subsequent implementation of R scenarios.  

8 Summary and outlook 

In order to improve ecological sustainability, manufacturing companies are currently fo-
cusing above all on energy and material efficiency in their own production. Companies 
that have already taken the initiative in this area are already leveraging a great deal of 
potential for energy savings and recycling valuable materials for the first time. However, 
broad, successful implementation requires the commitment of all those involved along 
the respective value chains, as well as exchange among those involved. This article 
therefore presents current best practices for increasing energy and material efficiency in 
manufacturing, which are already being implemented at and with OEMs, component and 
machine manufacturers, equipment suppliers and manufacturers of sensor and monitor-
ing systems. As an enabler, manufacturing will play a key role in the production of more 
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sustainable products in the future. A significant contribution to a sustainable circular econ-
omy can be made both in manufacturing itself and with the increase in product efficiency, 
functionality and energy and material efficiencies theat can be achieved WITH manufac-
turing. The examples presented show how both individual measures and measures 
based on data-based transparency can together pave the way to more sustainable pro-
duction. Increasing the efficiency of machines and their peripherals, process innovations, 
but also product design and the materials used each play an important role. The method-
ological basis for evaluating suitable measures is provided by the ecological assessment. 
The data required for this can often already be collected and used within production today. 
However, with regard to the realization of product-specific sensible R-scenarios for the 
realization of a sustainable circular economy, there is an increasing need for product in-
formation also from the further life phases of a product. In the future, the concept of the 
digital twin will offer a promising approach for combining and processing all relevant pro-
cess and product data so that a circular economy can be realized in production for a 
sustainable society in the medium to long term.  
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Abstract 
Scalable Production of Energy Storage Systems 
The production of energy storage devices, especially batteries and fuel cells, is a growing 
market in Europe, which opens new market opportunities for machine suppliers. The pro-
duction of LIB cells consists of electrode manufacturing, cell assembly and cell finishing. 
Production of future cell formats and cell chemistries is difficult due to little synergy with 
current LIB production and requires research to optimize and streamline processes. Re-
gardless of the development of processes for tomorrow, there is a high need for innova-
tion of conventional production processes. One possible solution is data-driven produc-
tion optimization. In the area of PEMFC and PEMEL, production is not yet high-volume 
capable, but there is a high demand for technologies to scale up. A current barrier to 
faster scaling is the transfer of catalytic layers from decal support films to the membrane. 
Viable solutions are seen in direct coating processes and flexible machine concepts. 
Overall, it can be concluded that there are many research approaches to improve existing 
production equipment and thus generate global added value. A transfer to the manufac-
turing industry is necessary to build next generation production lines that ensure a com-
petitive advantage. To maximize the quality of the product and reliability of the assets, it 
is imperative to draw on knowledge and models derived from data acquired at existing 
machinery and research equipment. During the market ramp-up, European industry can 
take part in the value creation in the field of energy storage production in the short term 
by using existing, bought plant technology. In the long term, further development or the 
construction of in-house developed production machines is necessary to be able to pro-
duce the next generations of energy storage components and systems competitively. 

Keywords: Energy storage, batteries, fuel cells, electrolyzer 

Kurzfassung 
Skalierbare Produktion von Energiespeichern 
Die Produktion von Energiespeichern, insbesondere von Batterien und Brennstoffzellen, 
ist ein wachsender Markt in Europa, der für Maschinenlieferanten neue Marktchancen 
eröffnet. Die Produktion von LIB-Zellen besteht aus der Elektrodenherstellung, Zellmon-
tage und dem Zellfinishing.  Die Produktion zukünftiger Zellformate und Zellchemien ist 
aufgrund von wenig Synergien zur aktuellen LIB-Produktion schwierig und erfordert wei-
terhin Forschungsarbeiten, um Prozesse zu optimieren und zu verschlanken. Unabhän-
gig von der Entwicklung der Prozesse für morgen besteht ein hoher Innovationsbedarf 
konventioneller Produktionsprozesse. Ein möglicher Lösungsansatz ist die datengetrie-
bene Produktionsoptimierung. Im Bereich der PEMFC und PEMEL ist die Produktion 
noch nicht hochvolumenfähig, jedoch besteht eine hohe Nachfrage nach Technologien 
zur Skalierung. Ein aktuelles Hemmnis zur schnelleren Skalierung besteht im Übertrag 
der katalytischen Schichten von Decal-Trägerfolien auf die Membran. Lösungsansätze 
werden in direkten Beschichtungsverfahren und flexiblen Maschinenkonzepten gesehen. 
Insgesamt lässt sich feststellen, dass es zahlreiche Forschungsansätze gibt, um die vor-
handenen Produktionsanlagen zu verbessern und damit einen globalen Mehrwert zu er-
zeugen. Insbesondere ist eine Überführung in die produzierende Industrie notwendig, um 
Produktionslinien der nächsten Generation aufbauen zu können, die einen Wettbewerbs-
vorteil sicherstellen. Zur Maximierung der Produktqualität und Zuverlässigkeit der Anla-
gen, ist es notwendig bei der Entwicklung auf Wissen und Modelle, basierend auf an 
bestehenden Anlagen und Forschungsausrüstungen akquirierten Daten zurückzugreifen. 
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Die europäische Industrie kann während des Markthochlaufs kurzfristig an der Wert-
schöpfung im Bereich der Energiespeicherproduktion partizipieren, indem bestehende, 
zugekaufte Anlagentechnik verwendet wird. Langfristig ist eine Weiterentwicklung oder 
der Aufbau eigenentwickelter Produktionsmaschinen notwendig, um die nächsten Gene-
rationen von Energiespeicherkomponenten und Systemen wettbewerbsfähig produzieren 
zu können. 

Schlagwörter: Energiespeicher, Batterien, Brennstoffzellen, Elektrolyseure, Datenwert-
schöpfungskette 
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1 Introduction 

The demand for renewable energy is driven by several factors. One major driver is the 
increased awareness of global warming. International regulations have come into force 
to reduce greenhouse gas emissions, which are known to have a significant impact on 
climate change. As part of its ambitious goals to reduce greenhouse gas emissions, the 
European Union (EU) has agreed to reduce greenhouse gas (GHG) emissions by 2030, 
by up to 40%. Since the use of fossil fuels causes GHG emissions, government regula-
tions and policies directly affect fossil fuel consumers, such as internal combustion engine 
(ICE) vehicles and power plants that run on fossil fuels [1]. 
Reducing the number of internal combustion engine vehicles is considered a lever for 
reducing GHG emissions. In addition to the environmental damage caused by GHG emis-
sions, health damage is also caused by the emission of pollutants such as nitrogen oxides 
(NOx). As urban regions in particular suffer from air and noise pollution from ICE vehicles, 
more and more cities are introducing driving bans for certain ICE vehicles. A ban on new 
registrations of ICEs has been set for 2035 [2]. Moreover, governments around the world 
are not only regulating internal combustion engine driving through taxes and bans, but 
also promoting vehicle electrification at the same time. The trend in the mobility sector 
towards electric powertrains is reflected in the steadily growing number of electric (BEV), 
plug-in hybrid, and fuel cell electric vehicles (FCEV). In 2021, the number of electric cars 
worldwide passed the 17 million mark, a 1.7-fold increase [3]. This demand for electric 
vehicles is driving interest and investment in the development and manufacture of mobile 
energy storage technologies. In addition to battery storage, these include hydrogen fuel 
cells, particularly for commercial vehicles. By 2030, more than 1 million FCEVs will be 
produced [4].  
For a successful switch to renewable energies, it is crucial to close the cost gap between 
electric and conventional solutions for stationary and mobile energy storage and energy 
converters and to meet the specific technical requirements of the various applications. 
Decisive levers for cost reduction in production are scaling up to high volumes and in-
creasing the efficiency of individual manufacturing processes.  
The increasing demand for energy storage systems represents a major opportunity and 
at the same time a challenge for mechanical and plant engineering and the manufacturing 
industry. These include strong market growth during the market ramp-up phase and, at 
the same time, short development cycles for the next product generations, which require 
new types of manufacturing processes. In order for companies to make an informed de-
cision on new strategic directions and investments, a detailed examination of the various 
technological options for mobile energy storage is essential. Equally important is the de-
velopment of novel production processes to be competitive in the future. 

1.1 Energy storage and its application 
Of the various technological options for climate-neutral mobile energy storage technolo-
gies, batteries currently have the largest market share. In particular, lithium-ion batteries 
(LIBs) are used in applications such as battery electric vehicles (BEVs). However, other 
storage and conversion technologies such as solid-state batteries (SSBs), or fuel cells 
(FCs) will also have to be increasingly considered in the future. 
The various technologies have specific property profiles and differ in their technological 
maturity, their market potential for different applications and the production processes 
required. The main technologies are therefore briefly explained below: 
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Lithium-ion batteries (LIBs) are electrochemical energy storage devices capable of 
converting chemical energy into electrical energy. Depending on the use and specific 
design of a LIB, its lifetime can reach several thousand charge and discharge cycles. 
Single LIB cells come in three different formats: cylindrical cells, prismatic cells and pouch 
cells. A LIB has two electrodes: the cathode, defined by the reduction during the dis-
charge phase, and the anode. LIBs differ depending on the materials used for the anode 
and cathode [5]. The cathode is lithium-based and the anode typically consists of carbon 
materials such as graphite. Between the electrodes, there is a liquid ion-conducting elec-
trolyte and a separating layer to insulate the electrodes. Both electrodes are coated on a 
current collector. 

Figure 1: Exemplary illustration of a prismatic cell of the Fraunhofer FFB (Source: Fraunhofer 
FFB) 

To achieve the required electrical power, several cells are connected in series (increasing 
the voltage) or in parallel (increasing the maximum discharge current). Interconnected 
cells are combined to form a module, and several modules form a battery system, also 
called a battery pack. The complete battery system includes these battery modules as 
well as electrical and mechanical components such as enclosures, insulation, cooling, 
fasteners, and the battery management system (BMS) [6]. 
In terms of energy density, LIBs cover a range from 230 to 300 Wh/kg. Values of up to 
360 Wh/kg are expected for the future [7]. LIBs are used as power supplies for portable 
electronic devices and BEVs, as well as in stationary applications. It is expected that the 
global demand for these products will continue to increase [8]. At what point in the future 
LIB technology will be replaced by SSB is still a matter of discussion. Therefore, LIB 
technology will be evaluated as an example for the production technology challenges in 
the further. However, a possible transfer of synergies in production towards SSB must 
already be taken into account. 
A fuel cell (FC) converts chemical energy of a fuel, in this case hydrogen, into electrical 
energy. In general, FCs consist of two end plates and a series of interconnected cells. 
The design of the stack and its components depends on the type of FC. 
Depending on the operating temperature, FCs are divided into low, medium and high 
temperature FCs. A further distinction can be made according to the type of electrolyte 
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used. Common FCs are the solid oxide fuel cell (SOFC) and the proton exchange mem-
brane fuel cell (PEMFC). [9]. The way an FC system can be operated is characterized by 
its properties, which vary between the different FC types: For FCs with low to medium 
operating temperature, the preheating time before operation can be reduced. This avoids 
complex thermal management systems and enables a short start-up time. The high en-
ergy density of hydrogen results in a lower system weight compared to battery systems. 

Figure 2: Schematic representation of a PEMFC stack (Source: Fraunhofer IPT) 

As an example of low-temperature fuel cells, the structure of the PEMFC is shown in 
Figure 2. A single cell consists of a bipolar plate (BPP), the gasket, the gas diffusion 
layer (GDL) and the membrane electrode assembly (MEA). The MEA consists of two 
electrodes, each functionalized with a catalyst, and a polymer electrolyte membrane 
(PEM) in the center of the cell [10]. These cells are stacked in hundreds to obtain the 
desired power output. Such cell stacks are referred to as stacks. 
A major advantage of hydrogen technologies is the possibility to enable sector coupling, 
e.g. between industry, mobility and the energy sector. In recent years, automotive manu-
facturers and suppliers have increasingly considered FCs as a possible technology for
powering commercial vehicles. Three key technical requirements are shaping their appli-
cation in transportation:

− Short start-up time (low operating temperature)
− High efficiency
− High volumetric and gravimetric power density [11], [12].

Due to their discontinuous operation capability, PEMFCs are the most suitable type of FC 
for transportation and mobility applications [13]-[16]. The PEMFC can be designed for 
different applications depending on the technical requirements, such as output power or 
geometric size. This enables the use of FCs as a solution for zero-emission mobility for 
cars as well as for trucks and buses. FCEVs enable high ranges with short refueling times 
of just a few minutes. 
The necessary green hydrogen may be produced by electrochemical splitting of water 
into Hydrogen and Oxygen through the so-called electrolysis. Employing this reaction 
inside an electrolyzer (EL), it consists of several hundred cells, which are enclosed by 
end plates [17]. As with FCs, there are different designs of ELs, which can be broadly 
divided into alkaline electrolyzers (AEL), polymer electrolyte electrolyzers (PEMEL), and 
solid oxide electrolyzers (SOEL). Analogous to the fuel cell, the PEMEL is also the most 
dynamic system with a high energy density and may be used with dynamic energy 
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sources like sun or wind. In addition, the production processes of PEMEL and PEMFC 
are comparable. The PEMEL is therefore discussed below. The cells essentially consist 
of identical components: the bipolar plate (BPP), the membrane electrode assembly 
(MEA), the gaskets and the porous transport layer which correspond to the GDL of FCs. 
[18]. Technoeconomic considerations have shown that especially the catalyst-coated 
membrane (CCM) as part of the MEA accounts for a large share of the total stack cost 
and has a large scaling potential. Depending on the system performance and production 
technologies, the price can be reduced by a factor of six by increasing the number of 
pieces [17], [19]. The two main functions of CCM in PEM systems are the acceleration of 
the chemical reaction by noble metals (catalysts) on the electrodes and the conduction of 
hydrogen protons through the membrane. 

Figure 3: Schematic representation of a PEMEL stack 

2 Production of batteries and H2 systems 

The production of energy storage devices has experienced rapid development in recent 
years. In particular, the production of LIBs has become a major industry. More and more 
companies are also focusing their portfolio on the development and production of PEM-
FCs. Electrolyzers are currently still produced in smaller quantities but are on the thresh-
old of high-rate production. 
To achieve high efficiency and quality, manufacturers of energy storage systems rely on 
automation and digitization in production. Production processes are optimized and auto-
mated through the use of robots, artificial intelligence and novel process technologies. 
Sustainability is also an important aspect in the production of energy storage devices, as 
these products often require a high input of materials and resources. A growing number 
manufacturers are turning to environmentally friendly materials and production processes 
to reduce their ecological footprint. One example from LIB production are the efforts to 
minimize the use of rare and expensive raw materials such as cobalt or platinum and 
replace them with more sustainable alternatives. 
In addition, the scalability of production plays a major role. Manufacturers must be able 
to adapt production quickly and effectively to increasing demand and changing or evolv-
ing products in order to be successful in the market. In addition to the production of energy 
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storage systems for the vehicle and transport sector, the stationary storage of renewable 
energies is also becoming increasingly important.  

2.1 State of the art - battery production 
Although battery production is already highly scaled, new trends have to be taken into 
account, which raise challenges with regards to flexibility of production processes. On the 
one hand, new product generations and changes within the prevailing battery systems 
require changes in the entire production chain, such as all-solid-state batteries (ASSB) or 
sodium-ion cells. On the other hand, future requirements for economic efficiency and sus-
tainability require innovations within the currently dominant production processes for LIBs. 
These changes create market opportunities for mechanical and special machine engi-
neering companies. By 2030, battery production capacity in Europe is forecast to grow 
by more than 1300 GWh. (see Figure 4) [7]. 

Figure 4: Projected growth of battery production capacity in Europe according to [7] 

The fabrication of LIB cells is a complex process consisting of three superordinate inter-
acting steps: electrode fabrication, cell assembly, and cell finishing [20]. While electrode 
fabrication and cell finishing are almost independent of the cell format, the process steps 
within cell assembly differ for the three relevant cell formats: pouch cell, cylindrical cell, 
and prismatic cell. The established production steps of a pouch cell are described below 
as an example. 
Electrode production begins with mixing the active materials with conductive carbon black, 
solvents, binders and additives according to the cell recipe. Usually, this process is car-
ried out in batches rather than continuously. The coating materials are then applied to the 
collector foils (anode: copper; cathode: aluminum) in a wet process using a coating tool 
such as a slot die or a doctor blade. To remove the solvents, the coated electrode foils 
are passed through a drying oven. Coating and drying are closely linked and often inte-
grated in one machine. In the subsequent process step of calendering, the coated copper 
and aluminum foils are compacted over rotating pairs of rollers to set the desired porosity. 
Slitting describes a separeting process in which a wide electrode coil (mother roll) is di-
vided into several smaller electrode coils (daughter rolls). To remove the residual mois-
ture, the electrode strips are rolled onto a special material carrier and fed into a vacuum 
furnace. During cutting, the individual electrodes of the anode and cathode foils are sep-
arated from the coils, e.g. with the aid of a punching tool. 
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The subsequent stacking process requires high positioning accuracy. At the same time, 
damage during handling must be avoided. The doublesided coated electrodes are 
stacked in the recurring sequence anode-separator-cathode-separator-anode-etc. The 
stacked collector sheets are then contacted with the cell tabs (e.g., by laser welding). 
Afterwards, the cell stack is inserted into the thermoformed aluminum foil and the pouch 
cell is sealed (e.g., by impulse sealing). After sealing, the cell is filled with liquid electrolyte, 
usually with a high-precision dispensing needle, while the cell is exposed to argon and 
vacuum in alternating mode. During cell finishing, in addition to the initial activation of the 
cell and the formation of the SEI layer, the final testing processes also take place. A 
summary overview of the production process is shown in Figure 5 [20]-[22]. 
After cell production, the cells can be packed into modules, which are then assembled 
into so-called packs. The packs are installed as components and must keep mechanical, 
thermal and chemical environmental influences away from the batteries. The long service 
life is often ensured by housings made of metal or fiber composites, which are fitted with 
a cover and corresponding seal.  

Figure 5: Overview of the production process of a LIB 

Commercially available machines and line concepts Foto LIB production are very similar 
in terms of the sequence of processes and the technologies used. For example, each line 
is equipped with a classic convection dryer, which is by far the largest machine (~100 m) 
in the entire production line due to the high web speeds of up to 100 m/min and the 
required drying time of up to 1 min. Regardless of the space requirements, there are also 
enormous energy requirements. Within electrode production, drying can account for up 
to 50% of the total energy requirement. 
In assembly, various technologies have become established that were already familiar 
from earlier automotive applications. Modules and packs are often encapsulated or glued 
together. Opening of the pack or replacement of the individual cells is therefore not pos-
sible. Thus, inline tests must be performed after the individual production steps and can-
not take place collectively at the end of the production line.  
In summary, battery production can be described as a high-scale manufacturing process 
that is already established in the automotive industry. However, many process steps show 
further innovation potential. The challenge is to determine the effect of process control on 
product properties and quality. This gives rise to a great need for production research to 
holistically optimize the entire value chain and streamline individual processes. 

2.2 State of the art - H2 systems 
The production of PEMFC and PEMEL is not yet high-volume capable. The first auto-
mated lines for series production of PEMFC exist or are currently being set up in Europe, 
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Asia and America. However, PEMEL production is still largely done in single or small 
batch production. As described in chapter 1, PEMFCs and PEMELs are similar in terms 
of their structure but can differ considerably in their dimensions. Production can be re-
garded as correspondingly synergetic. In contrast to FC, no clear or categorizable cell 
designs exist yet for ELs. A generic consideration of production chains is therefore only 
possible to a limited extent. Due to the lack of definition of technology and process se-
quence, there is a great opportunity for mechanical engineers to contribute their 
knowledge and influence the production of the future. PEMFC / PEMEL series production 
should be efficiently and sustainably planned and established from the beginning during 
the market peak. In the following, due to the non-scaled and inhomogeneous designs of 
PEMEL, the production technology of PEMFC is mainly discussed and PEMEL is only 
taken up in special cases. The expected number of units of PEMFC is significantly larger 
than for PEMEL, but the cells tend to be smaller than PEMEL. 
There are four important process steps to consider for the fabrication of a PEMFC stack 
which consist of hundreds of individual cells (see Figure 6). These steps are the fabri-
cation of the BPP, the fabrication of the MEA, the assembly of the gaskets and the re-
peated stacking of the different components. 
Modern BPPs for mass production are made of 75-100 µm thick stainless steel or titanium 
sheets [23], [24]. The production line for BPP manufacturing must perform four process 
steps: Forming the flow field, cutting gas inlets, joining two half-plates, and coating the 
plates. The order of these steps may vary depending on the technologies used [23]. 

Figure 6: Photo of a metallic bipolar plate (Source: FCI Fuel Cell Industrialization GmbH) 

The core of the MEA consists of the proton exchange membrane (PEM) and the catalyst 
layer (CL) applied on both sides. This subassembly is referred to as the MEA3L. The GDL 
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lies on the outer surfaces of the CL and defines the MEA5L. In combination with the 
subgasket, the MEA7L is defined.  

Figure 7: Photo of a MEA with half-laid GDL (light gray) on the CL (black) with reinforcement 
frame (white) (Source: FCI Fuel Cell Industrialization GmbH) 

Figure 8: Schematic cross-section of an exemplary MEA (Source: FCI Fuel Cell Industrialization 
GmbH) 

The PEM is a proton conducting PFSA membrane. The GDL usually consists of a carbon 
fiber substrate with a microporous layer. Both the PEM and the GDL are generally pre-
fabricated and supplied as plates or coils. One of the most important processes is the 
deposition of the CL. There are three basic strategies for applying the catalyst and several 
technologies for the application process itself. Regardless of the catalyst application tech-
nology, different layers are hot pressed together to form the MEA7L assembly. In a final 
step, the MEA is cut into the desired size. [24]-[26]. 
According to the mentioned technologies and processes, some possible flows are 
shown in Figure 6 and divided into the two main steps already mentioned: BPP 
production and MEA7L production.  
To make a gasket, the sealant can be applied to either the BPP or the MEA. The sealant 
must normally cure before the cell is assembled. A third option is to use a prefabricated 
inlay gasket, which is inserted between the MEA and BPP when the cell is assembled. 
BPP and MEA are alternately positioned on top of each other to build up the total stack.  
Commercially available production systems or lines use continuous, indirect coating on a 
decal with subsequent transfer to the membrane. The decal is often coated with slot noz-
zles. A heatable calender is used for the transfer. Due to the properties of the interfaces, 
the transfer process takes a certain amount of time, resulting in a web speed of less than 
1 m/min. The remaining layers are applied in roll-to-roll processes and can run faster than 
1 m/min. 
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Figure 9: Process chain for the production of a PEMFC [27] 

In summary, PEMFC and PEMEL production can be described as a hybrid manufacturing 
with elements of continuous and discrete production and complex supply chains. An ex-
ample hybrid process chain is shown in Figure 9 is shown. The first large-scale plants 
are under construction, but the current demand can be met with small batches. In terms 
of process technology, some technologies such as hot pressing have been adopted from 
early development phase laboratory setups. Accordingly, it is difficult to scale the pro-
cesses currently in use. Since both individual processes and interconnected production 
lines are currently being set up, there is a great demand for available technologies for 
scaling.  

Figure 10: Example hybrid production chain for a PEMFC stack with discrete and continuous 
processes 
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In summary, energy storage production is achieved by means of hybrid process chains 
with discrete and continuous processes. These often have innovation potential through 
an improvement of the technology or disruptive adaptations of the production machines. 
This transformation must be data-driven in order to achieve an efficient transformation in 
terms of productivity and quality and thus be able to produce in a more resource-efficient 
and sustainable manner.  

3 Improvements to individual processes and production lines 

In addition to considering process chains, individual processes are important in the con-
text of overall manufacturing. For example, the improvement of specific processes can 
reduce the cycle time or the energy requirement of the entire line. The improvement of 
processes with data-based optimization methods is discussed in chapter 4. As described 
in Chapter 2, in battery production, drying and the time-consuming assembly or sealing 
of the pack have low efficiency. In the production of H2 systems, there is a lack of fast 
production processes for CCM production with direct coating. These processes are ex-
amined in more detail below and technological improvements are proposed. 

3.1 Optimization of convection drying 
Electrodes for batteries are nowadays produced in a vast majority of applications on a 
large industrial scale in tandem coating line (Figure 11). The high acquisition costs 
(CAPEX) of such machinery are often the focus of attention today when considering eco-
nomic efficiency. In many cases, insufficient attention is paid to the often-considerable 
follow-up costs during operation. After only a few years, these operating costs (OPEX) 
exceed the costs for the pure acquisition. Therefore, a comprehensive consideration as 
well as optimization of the total costs (TCO) must take place. 

Figure 11: Tandem coating line for battery electrodes (Source: Jagenberg Converting Solutions) 

Convection drying is still a common method for drying coated electrodes (anode and 
cathode). Here, the drying process decisively defines the line speed as well as the energy 
consumption. Up to 50 % of the energy required by such a system is used for drying the 
coating. 
Suspended convection dryers are often used to dry wet layers. The double-sided coated 
collector foils are exposed to warm gas streams on both sides, which leads to the drying 
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of the layers. Since the heat only reaches the upper layers of the electrode material and 
is thus dried from the outside in, the process takes a long time. Both the heat transfer into 
the material and the mass transfer out of the porous layer mean that conventional con-
vection dryers require a lot of space and power and generate a large waste heat flow. 
Current convection ovens often use fossil resources such as gas or oil to generate the 
required process heat. 
In order to increase the economic efficiency and user-friendliness of the coating and dry-
ing lines, the optimization of the dryers is of decisive importance. Measures can be taken 
here with regard to the process parameters, e.g. by increasing the solvent loading, and 
through optimized air management. Here, up to 30% of CAPEX can be saved, e.g. in 
installation, insulation as well as recovery systems. Optimized process parameters can 
also reduce the energy costs (OPEX) of the dryer by up to 50%.  
The air flow and air management within the dryer not only influence the quality of the 
electrode, but also define to a decisive extent the speed at which the plant can be oper-
ated stably. The very thin material (often < 10 µm) is extremely sensitive, which can lead 
to wrinkling and subsequently to unstable process conditions in the plant. Very high web 
speeds can be achieved by special nozzles, in which an air stream drives rolls by a 
Ven-turi effect (Figure 12). On the one hand, this increases the productivity of the line 
(OPEX) and, on the other hand, costs for roll drives (CAPEX) can be significantly 
reduced.  

Figure 12: Energy-efficient dryer for high belt speeds (Source: Jagenberg Converting Solutions) 

In many cases, the selection of the supposedly optimal process parameters is based on 
experience or empirical determinations. 
The use of virtual prototypes during development, e.g. in the form of CFD simulations or 
physics-based interactive simulations, helps to optimize components and also to deter-
mine the most optimal manufacturing process parameters possible in advance of com-
missioning. 

3.2 Novel radiation-based drying processes 
Disruptive changes in the drying process are represented by near-infrared (NIR) and laser 
drying. In both processes, heat input is provided by electromagnetic waves, which enable 
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more efficient drying by reaching deeper layers and thus drying the coating homogene-
ously in a location-specific manner. Drying time or energy consumption can be reduced 
by up to 90%. In addition, only about 10 % of the previous installation space is required.  
Infrared (IR) dryers are already used in various industries such as the paper and textile 
industry, plastics processing and food production. Drying by IR is based on the heating 
of the material by the radiation of infrared light. The infrared radiation is absorbed by 
atomic bonds in the material, causing them to vibrate. Near infrared light (NIR) with a 
wavelength peak at 800 nm, can contribute a particularly large amount of energy. These 
oscillations result in heat, which is conducted accordingly into the surrounding material. 
Since polar solvents, especially water, are excellent absorbers of near-infrared radiation, 
the drying rate is increased by NIR dryers, thus shortening the drying time compared to 
conventional drying methods. NIR dryers are also capable of drying a wide range of ma-
terials quickly and uniformly without affecting the quality of the material. They can there-
fore dry batteries and fuel cell electrodes with slight adjustments. 
A major problem of radiation-based drying is the formation of a boundary layer on the 
substrate, since the evaporated solvent is not transported away collectively, but diffuses 
only due to concentration gradients. This inhibits the escape of further solvents. One 
way to remove this layer is to apply a defined gas flow along the surface, as shown in 
Figure 13 shown. 

Figure 13: Schematic diagram of three NIR dryers connected in series with radiation source and 
 gas flow (Source: Adphos Innovative Technologies GmbH) 

NIR dryers are used in current production lines only in conjunction with convection ovens. 
To illustrate the performance, the energy consumption of three dryers was compared by 
Adphos. The results can be found in Table 1. As a reference, a water-based anode slurry 
was applied to a substrate. The wet film thickness was ~ 200µm, the dry film thickness 
was 120 µm and the film width was 200mm. Drying was performed in continuous mode 
at 3 m/min. 
Compared to laser drying, NIR can achieve higher cost savings because near-infrared 
lamps are cheaper than lasers. In addition, NIR currently has a higher level of develop-
ment. Validation as a stand-alone solution without another drying process in a large-scale 
production environment is still pending. Data is essential for the efficient use and valida-
tion of NIR dryers. For example, product data such as absorption and slurry composition 
can provide significant indication of thermal and mechanical behavior during drying, ena-
bling more efficient production. Production data during drying coupled with a high-resolu-
tion track and trace concept enable targeted traceability of production defects and can 
also improve the drying strategy. Both data origins ultimately enable quality parameters 
to be inferred from the product and production data in order to be able to decide on sub-
sequent operations already during production.  
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Table 1: Experimental comparison of different drying technologies (Source: Adphos Innovative 
Technologies GmbH) 

Anode Slurry Device version Total energy consump-
tion  

Hot air convection  
thermally heated air 
+ electric ventilation

95 kW 
8 kW 

103 kWh/h 
100 % (ref.) 

Medium wave IR 
electrical power with  
Lamp cooling, no ventilation 

38 kW 
+ 2 kW

38 kWh/h 
37 % 

NIR drying system 
electrical power (energy transmis-
sion) 
+ electrical power
(Exhaust ventilation)

10 
kW 3 kW 

13 kWh/h 
13 % 

3.3 Efficient assembly of battery packs 
Battery cells in vehicles must be assembled in modules and then or directly in packs. One 
widely used process uses jointed-arm robots to apply sealing compounds analogous to 
existing bonding processes in the automotive industry. The disadvantage of such bonding 
solutions is cycle time and reversibility. With regard to the cycle time, it should be noted 
that so-called beads, which are dispensed by a robot-guided dispenser, first have to foam 
up and can then be brought into contact with the second joining partner. Adhesive sys-
tems of this type meet the requirement for sealing against environmental influences such 
as foreign liquids or particles. Once the lid has been applied, the pack cannot be opened 
again, which can be a hindrance to end-of-line testing but also to recycling processes. 
Any data collected in production but also in the life cycle cannot be used as efficiently as 
possible in this way.  
One approach to enable both faster cycle times and reopening can be the application of 
adhesive tapes with accurate production machines. Establishing such a material solution 
requires the cooperation of all stakeholders involved. Collaboration between product and 
material development as well as process and production automation can unleash synergy 
effects. For example, the company tesa SE has developed a new, flexible adhesive ap-
plication system that, in addition to reliable, clean, and automated sealing of battery packs, 
also enables the battery pack to be reworked without any problems [28]. The acrylic foam-
based material requires no curing times and can be processed easily and automatically. 
Vulkan Technic GmbH developed the appropriate application concept for this purpose. 
Liebherr- Verzahntechnik GmbH supplied the proof-of-concept for the implementation of 
the entire production process as general contractor. An automated applicator changeover 
concept reduces CAPEX for the basic machines as well as setup times for material 
changes (OPEX). For example, a liquid adhesive dispenser can be operated on the same 
basic equipment as the adhesive tape applicator. In addition, new options for product flow 
design are created. On the one hand, reaction times of the foamed liquid adhesive are 
eliminated. On the other hand, reworking outside the production line and spatial and tem-
poral decoupling of the application process and its downstream processes can be imple-
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mented. In addition to economic advantages, production can thus also be more sustain-
able [28]. Data play a decisive role in the new closure technology. By a double lapping of 
the tape at the start or end point, sufficient closure is ensured. The length of the overlap 
and the distance between the two tapes can be optimized by analyzing product and pro-
duction data. 

3.4 Direct coating of CCMs for PEMFCs and PEMELs 
One of the first processes in PEMFC/-EL production is the application of the electrodes 
or catalytic layers (CL) to the membrane. In small series production, this layer, which is a 
few µm thick, is first coated onto a decal and dried, and then transferred to the membrane 
in a hot press. The process is similar to the laboratory processes used to develop CCMs. 
The advantage of this process is the easier handling of the membrane, as it can warp (up 
to 30%) due to contact with solvents, which can be eliminated by drying the CL before-
hand. The disadvantage is the long duration of the process. In development laboratories, 
the stationary process can take between 60 and 300 seconds. This process is mimicked 
in current production lines with a heated calender or roll carpet and with preheating zones. 
Due to the line contact area of the calender, two-dimensional pressing is not possible. 
The web speed must therefore be in the low single-digit m/min range and represents an 
obstacle to possible further scaling. Direct coating of the membrane is independent of the 
hot-pressing process and can thus make use of all available scaling options. A machine-
side approach to suppress the curvature of the membrane during coating is presented 
below. 
The reason for the distortion of the membrane on contact with organic solvents is the 
material from which the membrane is made. It is made of an ionomer, typically a sul-
fonated fluoropolymer copolymer based on tetrafluoroethylene, and is thus impermeable 
to electrons. Hydrogen ions diffuse through the PEM and react with oxygen to form water. 
Ionic conductivity is provided by a polymer network filled with water and organic solvents. 
When the solvents are exchanged, the polymer network changes and so does the macro-
structure of the membrane. The CL usually consists of carbon particles with platinum and 
a certain amount of the same ionomer, which is also used in the PEM. In this way, the 
ionomer, carbon particles and platinum form an interface where ionization takes place. 
For wet coating technologies, the solids are usually dispersed in alcohols. 
Since the MEA is a critical component that limits the lifetime of a PEMFC stack, high 
quality components are mandatory. In addition, the MEA has a significant impact on the 
efficiency and stability of an FC [29], [30]. A relevant subcomponent for efficiency and 
cost is the catalyst used. The level of catalyst loading directly affects the goal of increasing 
the interface (active surface area) between the catalyst, ionomer, and electrically con-
ducting catalyst support (see Figure 14). A larger amount of active catalyst can optimize 
power density and durability, but also leads to an increase in material cost. Maximizing 
the available catalyst is therefore of great interest and can be influenced by different types 
of production technologies. In most applications of PEMFCs, platinum is used as the cat-
alyst material.  



190 

Figure 14: Structure of the layers of a MEA and transport of reactants (Source: Fraunhofer IPT) 

In the following, a machine concept for direct coating with inkjet is presented, which ad-
dresses the described problem. 
Regardless of the coating substrate (decal/membrane), it must be determined whether 
the substrate is to be built up continuously (continuous) or with uncoated areas (intermit-
tent). Schematically, both processes are shown in Figure 15. Continuous coating allows 
a steady-state process using conventional technologies such as the slot die coating. 
Dis-continuous coating needs more flexible coating technologies without start-up and 
stop delays, such as the slot die process. Depending on the design of the MEA (see. 
Figure 8), continuous coating results in the need for singulation and discrete handling 
onto the subgasket. Part of the catalyst is obscured by the subgasket and thus does not 
contribute to the electrochemical reaction. Intermittently coated membranes offer 
advantages in terms of catalyst utilization. 

Figure 15: Illustration of continuous and intermittent coating 

A suitable coating technology with enough flexibility with regards to intermittent coating 
could be inkjet. In addition, coating by inkjet offers greater flexibility for the coating geom-
etry since slot nozzles can only coat at right angles.  
Intermittent coating on decals requires complex layer detection on the decal and subse-
quent synchronization of three webs to position the CLs on top of each other over the 
entire area. Direct membrane coating, on the other hand, only requires the membrane to 
be placed in the correct position and coated at the correct time. Product-specific control 
of the coating also increases catalyst efficiency and avoids potential scaling bottlenecks. 
However, direct coating requires strong two-dimensional fixation of the membrane to 
avoid any upheavals. Proven workpiece supports are vacuum tables with vacuum holes 
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smaller than 0.5 mm in diameter. Vacuum tables, usually used for discontinuous pro-
cesses, can be converted into a highly scalable machine concept in two main ways. A 
vacuum roller can be used or a vacuum belt can be installed. The advantages and disad-
vantages of the two approaches are discussed below. 
A vacuum roller is a roller with holes made on the running surface to draw vacuum. 
Holes with diameters smaller than 0.5 mm are difficult to make in a rotationally symmet-
rical body by conventional means. Therefore, there are approaches to manufacture vac-
uum rollers by means of metallic 3D printing.  
The coating process by Inkjet usually takes place with solids content of a few percent. 
The viscosity and yield point are therefore usually low. If possible, the coating should be 
applied to a roller on a plane parallel to the floor to avoid tiling. However, since layers of 
up to 20 µm have to be applied in the PEMFC and PEMEL area, the inkjet process con-
sists of several print heads or several nozzles in succession, depending on the web width 
and speed. To ensure an equal distance to the roller, the print head would therefore have 
to be curved. Drying should take place immediately after coating, so that distortion effects 
of the membrane can be minimized. According to the web direction, the dryer would be 
arranged at an angle with respect to the bottom, which is not a problem. More problematic 
is the unequal distance of the substrate to the dryer due to the curvature of the vacuum 
roll. One way to compensate for this effect is to dry after detachment from the roll. In 
preliminary tests, however, it was observed that drying without fixing the membrane leads 
to significant distortions of the membrane. Drying on the roll is therefore essential. A final 
problem arises for near-series prototypical production. Placing membranes on the roll in 
the sheet process involves a certain complexity. In addition, the time in which the area to 
be printed has to be detected depends on the speed but even more on the roll diameter. 
If the detection were done in advance, the subsequent suction could result in a deviation. 
In contrast, the welded vacuum belt can drift significantly and exact belt tracking is only 
possible after intensive characterization. If the drift can be controlled, there are some 
advantages in using a vacuum strip. The production of steel sheets with holes in the di-
ameter of 0.5 mm can be realized by etching. The orientation of the belt is always hori-
zontal, so when coating with low viscosity inks, only the web speed needs to be consid-
ered, not gravity. The coating and drying always has the same distance to the samples 
to be dried and the time to detect the layers depends on web speed and belt length. 
Another disadvantage of the vacuum belt is that strong vacuum requires strong motors to 
overcome the friction of the belt on the underlying vacuum plates.  
In summary, rollers are much easier to handle, especially for high vacuum applications, 
but may need fast sensor technology to detect layers. Vacuum belts, on the other hand, 
are to be favored when flexible quantities and lower vacuum quantities are required.  
In addition to the speed of the sensor technology for detecting the coatings, the coating 
technology is a decisive feature that influences the efficient coating. State of the art for 
coatings of membranes for PEMFC and PEMEL in scaled productions are slot dies. This 
technology is also used in battery production and is well researched. The advantage of 
the slot die is the fairly simple design and thus low CAPEX. The disadvantage is the 
behavior during start-up and when the process runs out or when coating is not to be done 
over a wide area. Thus, slot nozzles need a certain time after start-up until the coating is 
reproducible. Intermittent coating can be achieved by start/stop of the feed, but to the 
disadvantage of the edges of the coating. The reason for the sluggish behavior is the 
physics behind the slot die. A meniscus forms in front of the nozzle, which allows a uni-
form coating. If the ink flow stops, the meniscus degrades and the coating quality changes. 
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At the beginning of a new coat, the meniscus must be rebuilt accordingly. There have 
been slot dies equipped with piezo actuators for a few years to address this problem. In 
this way, the distance between the lips of the nozzle can be controlled and thus the me-
niscus can be specifically controlled.  
In addition to the complex control of slot nozzles for intermittent coatings, the alignment 
in axial and transverse direction must also be considered for efficient coating. Accordingly, 
the slot die would have to have two actuators by which it could rmove orthogonally to the 
web direction and rotate around its center. An alternative with fewer actuators is inkjet 
technology. Due to its high number of individual print nozzles, it is possible to generate a 
shape that is matched to the previously determined field, analogous to inkjet table printers. 
This means that area-wide coating is conceivable by means of digital control. Conversion 
to other dimensions or even geometries is correspondingly simple. This capability makes 
it possible to flexibly produce new product designs. One disadvantage of inkjet coating is 
the relatively low solids content of the inks of just a few percent and the associated nec-
essary evaporation of the solvent. NIR drying techniques could address this challenge.  

4 Development of next generation production lines 

In the production of energy storage devices, the rethinking of existing production lines is 
gaining more and more attraction. Many energy storage system manufacturers face the 
challenge of aligning their production with increasing demand and new product types. 
One option is to optimize production lines so that they are flexible enough to respond 
quickly to changes in demand. The implementation of automation and digitalization, as 
well as the use of environmentally friendly materials, can help to reduce production costs 
and improve the sustainability of production. In addition to improving individual technolo-
gies, new production methods can also be researched and introduced to increase the 
efficiency and quality of energy storage production. However, rethinking existing produc-
tion lines often requires investment in research and development as well as new technol-
ogies and equipment to remain competitive in the long term. 

4.1 Novel battery production 
In battery production, the importance of sustainability and economic efficiency is increas-
ing. There are significant differences in these criteria within the various technologies of 
modern battery cell production. For an exemplary battery factory in Germany with a bat-
tery production capacity of 7 GWh/a, it is analyzed in Figure 16 analyzes the distribution 
of energy consumption and the corresponding GHG emissions as well as manufacturing 
costs over the individual process steps of cell production. However, it should be noted 
that this analysis does not take into account other energy consumers such as drying 
rooms or battery handling, and that natural gas and electricity can be substituted to some 
extent. Thus, the resulting carbon footprint depends on the underlying electricity mix and 
natural gas composition. [21], [22], [31] . 
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Figure 16: Analysis of process steps in terms of energy consumption, greenhouse gas emissions 
and manufacturing costs taken from [22] 

When considering the criteria of costs and energy consumption, three manufacturing 
steps within electrode production and assembly stand out: coating, drying (incl. vacuum 
drying) and stacking. 
The close connection between coating and drying is a major cost driver in battery manu-
facturing and is often integrated into a common facility. About 21% of the manufacturing 
costs are allocated to this process step, as it has a high energy consumption (~10 
kWh/kWh cell capacity when using natural gas, which is more than 80% of the total gas 
consumption). In addition, a lot of space is required for the long drying ovens. Solvent 
removal in particular requires a lot of energy and needs to be reduced in light of rising 
natural gas prices. Furthermore, vacuum drying adds 9% to manufacturing costs because 
it requires additional process heat to remove residual moisture. Within cell assembly, the 
stacking process is the largest cost driver due to its slow process speed (1 electrode/s) 
and high space requirements [6]. Currently, there is the disadvantage of a lack of flexibility 
in stacking. Existing stacking machines are only suitable for certain cell formats and sizes, 
making it difficult to adapt production. For this reason, there is a need for a continuous 
and flexible stacking process that accommodates changing cell designs and sizes [32].  
Innovations can be divided into radical and incremental innovations. A radical innovation 
could be to avoid solvents in the material mix and instead switch to dry coating. Incre-
mental innovations, on the other hand, could be aimed at optimizing the existing wet coat-
ing process, for example by improving the established convection drying process with 
laser or near-infrared drying. In terms of electrode manufacturing and cell assembly, the 
stacking process is the second largest cost driver. Currently, stacking is performed by 
discontinuous pick-and-place processes, which could still be optimized.  
Figure 17 illustrates the effects of the innovations presented on upstream and down-
stream process steps and shows corresponding technology chains. It can be seen that 
the greatest impact is in the dry coating technology chain, which affects most downstream 
processes. In contrast, the optimized drying technology chain is only related to the drying 
process itself and can largely be carried out with the existing plant technology. The elec-
trode manufacturing technology chains have the potential to be linked to the continuous 
stacking innovation. 



Figure 17: Derivation of future technology chain alternatives based on the technology innovations 
studied taken from [22] 

Over the next 1-3 years, it will be necessary to conduct further research and 
development efforts for each of the technologies shown in Figure 17. In the long term (> 
5 years), dry coating will provide undeniable benefits by significantly reducing costs and 
energy con-sumption. However, the medium-term (3-5 years) use of a particular 
technology chain depends on the progress of dry coating technologies. Since 
industrialization of dry coating is realistic in the long term, laser and near-infrared drying 
technologies may gain traction sooner because they are easier to integrate into existing 
equipment. Battery equipment suppliers should carefully monitor further 
developments in dry coating technology, whether or not they are suppliers of the 
technology, as it will fundamentally change battery cell production. For example, a 
convection oven manufacturer could face a potential decline in addressable market 
volume, even though demand for battery equipment in general is increasing. 
Equipment suppliers should therefore identify the impact of potential innovations along 
the process chain on their established technology and also explore and monitor new 
innovations in upstream and downstream processes [22]. Novel battery con-cepts 
require novel production concepts, since a change in cell chemistry or design al-ways 
means a change in production technology. Meanwhile, product and production data can 
be used to implement changes more efficiently and based on experience.  

4.2 Future production of H2 systems 
With the emergence of the first large-scale productions, it is important to already look at 
the production of tomorrow and the day after tomorrow. Current productions use scaled 
processes from laboratory applications and make use of battery production 
technologies. The direct coating described is one way to increase efficiency and allow 
more flexibility. The choice of a coating technology has an impact on the final design 
and subsequent processes.  
A possible production chain based on direct inkjet coating is described below. The focus 
in the machine selection should be on flexibility, synergetic production and resource effi-
ciency. Due to the flexibility of Inkjet, both continuous and intermittent coating is 
possible. 
After double-sided coating, the CCM coil must be slit and cut, ideally parallel to the applied 
CLs. Due to the flexibility or design of the CCMs and component-specific deviations, 
laser cutting is a suitable option. This technology allows each component to be 
specifically singulated. After coating, the CCM is double-sided bonded into 
subgaskets. These are self-adhesive thermoplastic films from which an opening for the 
CL has already been cut. Roll-to-roll positioning can be done either with the CCM coil or 
with individual CCMs. More resource efficient is the pick and place of a CCM onto 
194th unwound subgasket. Then, in 
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a second pick and place step, the second subgasket is placed and the MEA is rolled up 
again. In the last step, this MEA coil can be unwound again and the separated GDL can 
be placed in a pick and place step. This step must be performed twice.  
With the process flow described, MEAs can be produced using two machinery. The first 
machine coats and dries the membrane (CCM production). The second machine consists 
of a vacuum belt with two Gantrys, which position the various products on the web. Thus, 
with appropriate sensor technology, the described processes "CCM on subgasket" and 
"MEA on GDL" can be mapped within one machine. Due to the small number of machines, 
matrix production of various products such as PEMEL and PEMFC is conceivable. 
Innovations are also needed in the production of the metallic bipolar plates as the second 
central component in hydrogen systems to reduce costs and upscale production. Several 
materials can be considered as the base material for the metallic bipolar plates. In the 
state of the art, stainless steels and titanium materials are used in particular. Both mate-
rials are fundamentally formable, although titanium presents a greater challenge in this 
respect, but has a higher corrosion resistance. This factor is decisive in terms of the ser-
vice life of the BPP. Stainless steel or, prospectively, aluminum can be advantageous in 
mobile applications due to their lower density and are also more cost-effective than tita-
nium materials. There are basically two forward-looking process variants for high rate 
forming of bipolar plates. One is discrete and the other is continuous. Representatives of 
the discrete processes are the progressive die forming technology or the use of a transfer 
tool. Roll-to-roll forming can be described as continuous forming in this distinction since 
the base material moves continuously. The choice of the appropriate process depends 
strongly on the number of pieces to be produced, the design of the BPP, the base material 
and the application area or size. 
Overall, the choice of process for manufacturing BPP is highly dependent on the charac-
teristics of the specific component. Both discrete and continuous manufacturing pro-
cesses have advantages and disadvantages, and the decision of which process to use 
should be carefully weighed to find the optimal production method for the specific BPP 
design. In addition, the effective combination of multiple forming principles has been in-
sufficiently studied. Hybridization of forming may be another promising approach to de-
velop the production technology for the future of BPP forming. 
With increasing quantities of both BPPs and MEAs, the financial footprint of scrap and 
plant utilization increases, both aspects of what is known as Overall Equipment Effective-
ness (OEE). OEE must be kept as high as possible, and data is a key enabler of this. 
Thus, the production lines being set up can take advantage of corresponding data-driven 
synergies right at the start of high-rate production of PEMFC and PEMEL and avoid de-
velopment issues, the LIB production lines have faced. Data regarding PEMEL and 
PEMFC has the potential to reduce expensive raw materials such as iridium and platinum, 
lower the amount of flour-based polymers (PFAS) and enable predictive maintenance of 
the stacks.  

4.3 The data value chain in energy storage production 
The growing requirements for scalability and sustainability in energy storage system pro-
duction also necessitates the use of data-driven optimization methods. This requires the 
implementation of reliable data value chains as well as a data pipeline, pre- and prepara-
tion processes, a targeted analysis of the data, a data management concept and the final 
application.  
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The data pipeline describes the entire path of the acquired data from the source, for ex-
ample a sensor, through preprocessing steps to the data sink. Building on a database 
created in this way, various assistance and optimization systems can be developed. Dig-
ital twins offer a wide range of optimization possibilities in production. A product twin can 
support product development through simulations, facilitates the monitoring of product 
quality and enables traceability methods. Product lifecycle management (PLM), which is 
important in terms of sustainability, can also be implemented with a product twin. A plant 
twin, on the other hand, supports the optimization of the production process itself. With 
the help of predictive maintenance, wear and tear on plant components can be predicted. 
This enables early intervention, thus reducing downtime and avoiding possible damage 
to other components.  
Furthermore, the knowledge gained from historical data of existing machinery can be ap-
plied to optimize novel processes and identify synergies. One challenge in implementing 
data pipelines is the heterogeneity of the plant landscape and the data to be collected. 
However, modern IoT platforms enable the integration of different data sources via com-
mon communication protocols. Edge computing can be used to clean up and synchronize 
the heterogeneous data before persistent storage. 

5 Summary and conclusion 

The production of energy storage systems is a dynamic market, which is essentially 
driven by the battery and fuel cell products. This results in considerable demands on the 
scalability and flexibility of the production technology used. Battery production has to 
adapt to new trends, which is difficult due to existing processes. There are changes in the 
entire production chain due to new product generations and changes within the prevailing 
battery systems. Market opportunities for machine suppliers are emerging as battery pro-
duction in Europe is forecast to grow by more than 1300 GWh by 2030. LIB cell production 
consists of electrode manufacturing, cell assembly and cell finishing. Comparatively much 
energy is required for drying in electrode manufacturing. Innovations are possible in im-
proving existing technology such as convection drying or disruptive developments such 
as NIR drying. Both technologies increase the drying rate, reducing dryer length and en-
ergy requirements. After cell production, the cells can be packaged into modules, which 
are then assembled into so-called packs. These are currently irreversibly bonded, which 
makes testing and recycling difficult. Innovative solutions are available here with tapes 
and their application, which enable sealed and reopenable packs. 
In the manufacturing of LIBs, there is little synergy with the manufacturing of other cell 
formats or cell chemistries, leading to a great need for improvement in many process 
steps. However, there is great uncertainty regarding the impact of process changes on 
reliability and quality. Possible implications of improvements on subsequent production 
processes can be far-reaching. To remove this barrier to innovation, research is needed 
to rethink the complete value chain and streamline processes. Data-driven production 
optimization can be a tool for this.  
The production of PEMFC and PEMEL is not yet high-volume capable. The first PEMFC 
lines are being built worldwide, while PEMELs are still largely produced manually. The 
production technology of PEMFCs and PEMELs is similar, but for PEMELs the cell de-
signs are not very categorizable. PEMFC production involves four process steps: Fabri-
cation of the BPP, the MEA, assembly of the seals, and repeated stacking of the various 
components. The demand for the systems can currently be met with small batches, but 
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the processes currently in use are difficult to scale. There is a high demand for available 
technologies for scaling, as both individual processes and production lines are being built. 
One barrier to faster scaling is the need to transfer the catalytic layer from decals to the 
membrane. This is remedied by direct coating processes, which are additionally built into 
a flexible machine concept to enable synergetic energy storage systems production. Sup-
plemented with flexible, continuously operable pick and place solutions, a platform for 
flexible MEA production can be created. With regard to BPP, a distinction can essentially 
be made between continuous and discontinuous processes. Both processes offer indi-
vidual advantages and disadvantages, which have an implication for the subsequent use 
of the stack.  
All in all, it can be seen that there are sufficient research approaches for improving exist-
ing production lines. The manufacturing industry must take up these solutions and build 
new types of production lines. Possible risks in terms of quality and reliability can be re-
duced by evaluations on existing machines and backed up by data. Only by further de-
veloping existing, purchased plant technology and using its own machine developments 
can the European industry play to its strengths and generate global added value. 
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Abstract 
Sustainability in Production Lines 

Profound global change processes have intensified the demand for sustainable action. 
One key to successfully designing the sustainability transformation in production is to 
minimize the overall use of resources. Against this background, it will not only be neces-
sary to establish resource-efficient manufacturing of products, but also to reduce the num-
ber of product means in circulation. By optimizing the utilization of the theoretical potential 
of product means currently in use, it will be possible to meet the current demand of prod-
ucts even with a reduced number of product means. In order to harmonize this basic 
sustainable idea with entrepreneurial interests, monetary incentives in the form of new 
business models must be created. 
The formulated goals can be addressed in production lines when the following three ap-
proaches are pursued: more efficient use, extension of the use phase and circular econ-
omy of production means. A consistent and overarching availability of data and know-
how along the entire life cycle makes it possible to evaluate sustainability holistically and 
identify well-founded optimization scenarios. AWK’23 presents concrete use cases that 
contribute to sustainable and at the same time future-proof production through different 
measures within the three approaches. 
Keywords: resource minimization, efficiency increase, use phase, circulation, data avail-
ability 

Kurzfassung 
Nachhaltigkeit in Produktionslinien 

Tiefgreifende globale Veränderungsprozesse haben die Forderung nach nachhaltigem 
Handeln verstärkt. Für eine erfolgreiche Gestaltung der Nachhaltigkeitstransformation in 
der Produktion liegt ein Schlüssel in der Minimierung des gesamtheitlichen Ressourcen-
einsatzes. Vor diesem Hintergrund wird es nicht nur erforderlich sein, eine ressourcen-
schonende Herstellung von Produkten zu etablieren, sondern auch die Anzahl eingesetz-
ter Produktionsmitteln zu reduzieren. Diese Reduktion muss einhergehen mit der voll-
ständigen Ausnutzung des theoretischen technischen Potentials, da sonst der erforderli-
che Bedarf an herzustellenden Gütern nicht mit einer reduzierten Anzahl an Produktions-
mitteln gedeckt werden kann. Um diesen nachhaltigen Grundgedanken mit unternehme-
rischen Interessen zu harmonisieren, sind monetäre Anreize in Form neuer Geschäfts-
modelle zu schaffen. 
Die formulierten Zielsetzungen können in Produktionslinien adressiert werden, wenn fol-
gende drei Ansätze verfolgt werden: Effizientere Nutzung, Verlängerung der Nutzungs-
phase und Kreislaufwirtschaft von Produktionsmitteln. Eine durchgängige und übergrei-
fende Verfügbarkeit von Daten und Expertenwissen entlang des gesamten Lebenszyklus 
ermöglicht, die Nachhaltigkeit ganzheitlich zu bewerten und fundierte Optimierungssze-
narien zu identifizieren. Das AWK‘23 präsentiert konkrete Anwendungsfälle, die durch 
unterschiedliche Maßnahmen innerhalb der drei Ansätze zu einer nachhaltigen und zu-
gleich zukunftsfähigen Produktion beitragen. 
Schlagwörter: Ressourcenminimierung, Effizienzsteigerung, Nutzungsphase, Kreislauf, 
Datenverfügbarkeit 
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1 Challenges of sustainable production lines 

The economic success of manufacturing companies to date has been closely linked to 
maximum product sales and thus to a high use of resources in production. In the course 
of industrialization, this basic entrepreneurial understanding has led to overproduction 
enabling unit costs to be minimized and sales to be maximized. Due to this overproduction 
the demand for products is met, but in particular the socially reasonable demand is ex-
ceeded. Profound global change processes have intensified the demand for sustainable 
action in recent years. 
The manufacturing industry is also confronted with the accompanying sustainability trans-
formation along the FESG factors (Finance, Environmental, Social, Governance). Within 
a sustainable market economy, the manufacturing sector will have to face major chal-
lenges and develop a new basic understanding of sustainable corporate management. It 
will be necessary for companies to provide the socially reasonable demand for goods and 
services, e.g. mobility or manufacturing capacity, with a minimum use of resources and 
not to strive for the maximum possible product sales as in the past. Furthermore, a long-
term goal of the sustainable market economy is to reduce the number of products in cir-
culation. By optimizing the utilization of the theoretical potential of the products currently 
in use, the current demand can be met even with a reduced number of products. 
With regard to production facilities, this means in concrete terms that products must be 
manufactured in a resource-saving manner and that a smaller number of production 
means must meet the demand. To sustainably achieve the formulated goals, it is neces-
sary that production means are used more efficiently (1) and for longer (2). At the same 
time, production means must find a way into the circular economy at the end of a utiliza-
tion cycle (3). (cf. Figure 1) 

Figure 1: Status quo and scenarios for increasing the sustainability contribution 

1.1 Existing approaches for the realization of sustainable production lines 
AWK'23 builds on a long history of extensive research work, all of which dealt with the 
digitization of production technology in the broadest context. Many concepts and ap-
proaches have already been used in consumer goods for several years and often find 
their way into production technology with a certain delay. For example, parallels can be 
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drawn with Google's route planning in recent years (cf.  Figure 2). Starting with physical 
model knowledge, models were initially created that allow a priori predictions. In addition 
to the occurring process forces [1], [2] it is also possible to predict the service life of indi-
vidual components [3]. Based on geometric models of the machine tool, early collision 
detections of the process to be performed are also possible [4]. From the manufacturing 
point of view, all these models enable an initial prediction of the manufacturing route to 
be taken, but do not represent stochastic effects and the resulting real state. In route 
planning, this model knowledge represents the road map. While it is possible to plan the 
route to be taken and predict the theoretical arrival time, it is not possible to account for 
traffic jams or road works. This requires data-combined model approaches that use live 
data. While this data is mobile phone or GPS data from vehicles in route planning, it is 
machine and quality data in production. By combining these data with domain-specific 
model knowledge, the real occurring process forces [5], [6] and the resulting loads on the 
tool and the machine components can be calculated. In practice, this enables in connec-
tion with a stiffness model and a material removal simulation a process-parallel monitor-
ing of the part quality [7]. By attaching additional sensors, a further improvement of the 
prediction can be achieved [8]. Initially, these data-combined model approaches are only 
a direct analysis of the current state, which does not allow learning for process predictions 
[9]. For this purpose, (hybrid) learning model approaches are necessary which allow pre-
dictions based on historical events. With respect to route planning, this means incorpo-
rating history-based data, e.g. school vacations, regional sports and music events, or 
weather conditions. With regard to production planning, in addition to the prediction of 
wear of tools [10] or machine components [11], the more accurate prediction of process 
forces is also made possible [12]-[15]. Previous modeling approaches are mainly used to 
predict and optimize times, e.g. travel or process times. Future sustainable modeling ap-
proaches, on the other hand, must increasingly consider the solution path with a focus on 
environmental sustainability and minimize a use of the necessary resources. In concrete 
terms, this means minimizing CO2 emissions per product manufacture or, analogously, 
per trip in route planning. In route planning, this is already being realized by Google. 
Route optimization is based on predicted CO2 emissions. The fastest and shortest route 
is not necessarily the most environmentally friendly. Factors that influence this balance 
are the number and size of the gradients and the number of stops required, e.g. by traffic 
lights. In order to transfer this approach to production technology, machines and their 
manufacturing processes must be able to be evaluated ecologically in relation to one 
another and information for optimization must be available across the board. Only then 
the most sustainable production route can be selected. 

1.2 Target values of sustainable production lines 
A well-founded evaluation of environmental sustainability requires an analysis of the en-
tire life cycle of a production line. The life cycle includes the sections raw material extrac-
tion, production, transport, use, waste disposal and recycling. The consistent availability 
of relevant data in all sections is the only way to identify the relevant drivers of resource 
consumption and to reveal the greatest potential for optimization. In the following, the 
article will focus the machine tool as an essential part of a production line. Studies in 
recent years have shown that a large part of the environmental impact of machine tools 
is caused during the use phase (94 – 99 %). Here, electrical energy contributes the lar-
gest share (99 %). [16] Accordingly, the energy conversion in the use phase is the rele-
vant driver of resource consumption during the life cycle of a machine tool. For minimizing 
the use of resources, a more efficient use of the machine tool is of particular importance. 



206 

 Figure 2: Analogies between route and production planning 

Consequently, it makes sense to consider the power consumption of a machine tool over 
time during the use phase in order to break down the energy consumption of the machine 
tool according to its components and operating states and to derive concrete optimization 
measures.  
In Figure 3 an example of the power consumption of a machine tool in productive oper-
ation is shown. The diagram shows the percentage shares of the main and auxiliary units 
of the machine relative to the overall power consumption. The main units are components 
that are directly involved in the process execution and the value-added process. These 
include the main spindle, the feed axes and the control. Auxiliary units, on the other hand, 
are systems that have a process-supporting function. For example, cooling system, cool-
ing lubricant preparation and supply, and hydraulic system can be assigned here. [17], 
[18] In the lower part of the figure, the power consumption of the main and auxiliary units
is illustrated schematically for different time periods during the use phase of a machine.
The power consumption during the warm-up phase before starting machining, the pro-
ductive operation and the entire use phase until machine failure, here caused by a spindle
failure, can be seen. During the use phase of a machine tool, different types of energy
consumption occur. The consumption can be divided into fixed and variable portions. The
fixed energy portion is independent of the process and is defined as the base load. This
base load is due to the auxiliary units. The variable portion, on the other hand, is depend-
ent on the process. Variable consumption is mainly due to the main units.
Figure 3 shows that the auxiliary units account for a significant part of the energy con-
sumption during the use phase of a machine tool. The largest consumers are primarily 
cooling lubricant supply, cooling system and hydraulic system. Two goals can be derived 
for a holistic optimization of the auxiliary units: The use of energy-efficient systems and 
the demand-oriented use of energy-efficient systems. In order to reduce the process-
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independent base load of the auxiliary units, the use of energy-optimized systems is nec-
essary. The next step is to design these systems adaptively to enable a demand-oriented 
usage. 

Figure 3: Power consumption of a machine tool in productive operation according to [17] and 
optimization approaches along a use phase 

Taking into account further parameters for the overall optimization of the use of resources, 
the third target value is the minimization of the process time. This shortens the operating 
phase and thus the energy consumption per component of the main and auxiliary units. 
Studies in recent years have shown (cf. Table 1) that the energy consumption for the 
main units such as spindle or feed axes can increase due to a reduction in process time, 
but at the same time the energy consumption of the base load decreases to a 
significantly greater extent. [17]-[20] 
The final goal is to maximize the service life of machines and its relevant components. 
The focus here is primarily on wear components such as drive systems or the main spin-
dle, whose failure has to be avoided. At this point, expert knowledge is necessary for an 
accurate prediction of condition and service life depending on the operating parameters. 
This also makes it easier for components to find their way into the circular economy at 
the end of a use phase, since conditions of components are known more precisely and 
less damage or failure occurs. 
When analyzing and evaluating the energy consumption of a machine tool during the use 
phase, four target values can be summarized for minimizing the energy consumption 
per component and thus for increasing the sustainability of machine tools (cf. Figure 3 
below): 
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The implementation of the four target values can result in further secondary effects that 
increase sustainability. For example, with demand-oriented use of the auxiliary units, op-
timized temperature management can minimize the workshop air conditioning that was 
previously required. The reduction of thermal fluctuations during operation also increases 
machine accuracy, so that waste due to quality defects is reduced. As a result of higher 
productivity through minimization of process time, it is possible to save on production 
lines in a next step. The reduced machine park also requires less workshop air condition-
ing.  
All targets and possible resulting effects have not only an ecological but also an economic 
benefit for manufacturing companies, so that the realization of these targets leads to a 
competitive advantage for companies. The above-mentioned targets can contribute to 
sustainable and at the same time future-proof production. 

2 Reduction of the base load of auxiliary units 

By using energy-efficient auxiliary units, a reduction in the fixed, process-independent 
base load can be achieved (cf. Figure 4). The development and use of such systems to 
reduce resource consumption have been extensively researched in recent years. As early 
as 2011, AWK presented measures to optimize the energy efficiency of these systems 
and was thus a pioneer in the design of green production. Against the background of a 
shortage of raw materials and rising energy prices, the goal of increasing resource effi-
ciency was primarily economically motivated. Efficient use of the resources, such as en-
ergy, raw material or cooling lubricant, could achieve a direct increase in profitability. 
However, resource efficiency was not the final target value with regard to which produc-
tion was optimized, which is why many research results have not yet found their way into 
industry. 

Figure 4: Minimizing the base load as a target value of sustainable production lines 

As a result of the increased demands for sustainable action in recent years, ecological 
sustainability is now developing into a central evaluation point in industry. The already 
available optimization proposals and measures for reducing the base load of auxiliary 
units open up the possibility of directly exploiting energy-saving potential and significantly 
minimizing energy consumption in production lines when implemented on a broad scale. 
Results from various research studies and projects [17]-[20] prove that the realization of 
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optimization scenarios for auxiliary units on different machine tools leads to large energy 
savings (cf. Table 1). For cooling system, hydraulic system and cooling lubricant supply, 
some of these more energy-efficient solutions compared to the standard system are pre-
sented below as examples. These solutions can still be implemented on machines al-
ready in use. Additional costs associated with these solutions are amortized by the sav-
ings in energy costs. 

Table 1: Energy optimization of machine tools [18] 

Optimized 

Project Total con-
sumption 

Main 
units 

Auxiliary 
units 

Total con-
sumption 

Main 
units 

Auxiliary 
units 

EWOTeK 
[17] 

6.25 kWh 19 % 
~1.19 kWh 

81 % 
~5.06 kWh 

4.38 kWh 24 % 
~1.05 kWh 

76 % 
~3.33 kWh 

Maxiem 
[19] 

0.78 kWh 14 % 
~0.11 kWh 

86 % 
~0.67 kWh 

0.38 kWh 29 % 
~0.11 kWh 

71 % 
~0.27 kWh 

NCPlus 
[20] 

22.3 kWh 23 % 
~5.13 kWh 

77 % 
~17.17 
kWh 

15.6 kWh 37 % 
~5.77 kWh 

63 % 
~9.83 kWh 

Hydraulics 

For cost reasons, hydraulic systems with a fixed pump and fixed motor are frequently 
used today. The pump permanently provides a constant volume and the motor is perma-
nently operated at a constant speed. Consequently, the power consumption of these hy-
draulic units is constant over the entire machining process, even though a hydraulic func-
tion is often performed only briefly and sometimes with a long time lag. In order to be able 
to convey variable volume flows, the unit is extended by a bypass. Via the bypass, some 
of the supplied hydraulic fluid then flows back into the tank unused. During the pressure 
maintenance function, when there is no volume flow required, the entire volume flow is 
returned unused. More efficient hydraulic systems are systems with a variable pump and 
constantly operating motor, with rotational speed control or with accumulator charging 
circuit. These systems make it possible to reduce the required power to maintain a con-
stant operating pressure during the pressure-holding function. Optimized hydraulic units 
that operate according to the principle of the accumulator charging circuit can even re-
duce the power requirement to zero during the pressure-holding function and thus repre-
sent the most energy-efficient systems. Such hydraulic units consist of a pump, pressure 
accumulator and accumulator charging valve. During partial or no-load phases, the pres-
sure accumulator can be filled by the pump. When the accumulator is fully charged, the 
pump switches to idle mode or shuts down completely and the energy supply of the hy-
draulic system is taken over by the pressure accumulator. During the pressure-holding 
function, this allows the motor and pump to be switched off completely. 
Cooling 
The main components of a cooling unit are the compressor, pump and fan, whereby the 
dominant power consumption of the cooling system is found in the compressor. In order 
to realize the large energy saving potential, the energy efficiency of cooling units with 
different compressor designs must be evaluated. In addition to the energy efficiency of a 
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cooling unit, the accuracy of the temperature control of the cooling fluid is of central im-
portance as well in order to meet accuracy requirements for the process. A control strat-
egy could be, for example, to control the flow temperature of the cooling fluid with a certain 
hysteresis. The required precision of the machining process defines the size of the hys-
teresis. Energy-efficient units are those with an intermittent compressor (two-point con-
trol). Compressor and fan operate at the nominal operating point until the minimum hys-
teresis is reached. Then they switch off until the maximum hysteresis is reached again. 
Meanwhile, the pump runs continuously at the nominal point. In high-precision machining 
processes with low hysteresis, for example, a larger tank volume of cooling fluid must be 
used due to the limited number of permitted switching operations of the compressor. How-
ever, in order to still meet the requirements for a compact cooling unit, systems with a 
hot-gas bypass compressor are often used. This compressor consistently exhibits its 
maximum power consumption. In order to dissipate excess cooling capacity when re-
quired, the compressed, hot refrigerant is injected after the compressor via a bypass 
ahead of the evaporator. In this way, cooling capacity is dissipated and can be continu-
ously regulated. To counter the poor energy efficiency of the hot-gas bypass method and 
use a compact cooling system at the same time, cooling units with frequency-controlled 
and digital-scroll compressors are to be preferred. 

Figure 5: Different hydraulic and cooling systems and their energy efficiency according to [21] 

Cooling lubricant supply 

In addition to cooling and hydraulic systems, the cooling lubricant supply is one of the 
primary electrical consumers. In order to reduce the energy consumption of the pumps in 
use, a demand-oriented media supply can be effective. In the area of cooling lubricant 
supply, systems with bypass control are still used in some machine tools already in use. 
These systems are oversized for many operating states of the machine and are inefficient 
in terms of energy. The reason for this is that a machine is designed for the required 
volume of cooling lubricant at maximum demand. During the majority of the machining 
time, however, there are lower requirements and consequently a lower demand for cool-
ing lubricant. In this case, the majority of the cooling lubricant flows back into the tank 
unused via the bypass and heat is unnecessarily introduced into the cooling lubricant. In 
this case, the energy consumption of the pump is independent of the process and the 
operating state of the machine [22]. In order to exploit the high energy saving potential, 
pressure-controlled, variable-speed pumps can be used. The supplied volume flow is de-
termined by the pump speed, which is set by a frequency converter. Thus, only the cool-
ant volume required for the application is provided. 
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3 Demand-oriented use of auxiliary units 

The reduction of the base load based on energy optimization of auxiliary units has no 
direct impact on the production process. In a subsequent step, it is conceivable to opti-
mize the operating phase of the corresponding units. In contrast to base load minimization 
measures in this area have a direct impact on the production process. The operating 
parameters of auxiliary units are therefore not only possible manipulated variables for 
increasing efficiency, but are also among the central manipulated variables for influencing 
machine operation. Optimization of the operating behavior of auxiliary units can therefore 
only take place on the basis of a holistic balancing. This involves solving an optimization 
problem, since a reduction in electrical power consumption is generally associated with 
reduced performance and thus reduced functional performance. Since a large number of 
unpredictable boundary conditions can influence a manufacturing process, an a priori 
design is usually not possible. Instead, the ability to react flexibly and, above all, immedi-
ately to changing boundary conditions is a central building block in the context of optimi-
zation. Against this background, the design of intelligent, adaptive auxiliary units can be 
formulated as an enabler to solve the conflict between energy consumption, productivity 
and quality. 
The example of active cooling systems for machine tools is a good illustration of this 
concept. In modern plants, this auxiliary unit has two central tasks: 

1. Cooling of electric drives to maximize power density
2. Temperature control of structural components to minimize thermo-elastic defor-

mations
Today's cutting performance would be inconceivable without the use of active cooling 
systems, for example in the main spindle (1.). At the same time, selective tempering en-
sures that required part tolerances can be maintained even in high-productivity operation 
(2.). For this purpose, the cooling system of a machine tool, which consists of several 
circuits, is usually supplied by a central pump. By operating in two-point control, the tem-
perature of the cooling fluid moves between a lower and upper limit. The entire system 
becomes active when the main drives are switched on and operates independently of the 
actual machine utilization. The consequences of this operating mode, which is compara-
tively simple despite its central importance, are high electrical power consumption of the 
cooling system on the one hand and further high thermo-elastically induced part faults on 
the other hand. To address this problem, long warm-up phases are planned in the indus-
trial environment, especially in the case of critical machining operations, in order to bring 
the machine structure close to a thermally stable operating window. During these warm-
up phases, no productive operation takes place and although the aim is to heat up the 
structure, the active cooling system runs at full load due to the static operating principle 
described above. Warm-up phases in this form are thus energy-intensive and inhibit 
productivity (cf. Figure 6). 
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Figure 6: Demand-oriented use of auxiliary units as a target value for sustainable production 
lines 

From the aforementioned grievances, the following goals can be derived for active cooling 
systems to address the optimization problem of productivity, quality and energy use. 

Figure 7 shows the three goals at the temperature level and the electrical power con-
sumption of the machine. 
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Figure 7: Target values for optimizing the operating phase of active cooling systems 

The functionality required to meet these goals, i.e. to be able to react adaptively and 
intelligently to changing boundary conditions, is a basic idea from control engineering. 
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Following the multidimensional goal, the controlled variable results from several compo-
nents. For the goals 1 and 2 the structure temperature of a machine tool can be defined 
as representative. An actively controlled structure temperature can, in combination with 
the appropriate cooling unit, enable a fast warm-up by targeted heating. In addition, de-
mand-oriented cooling based on the structural temperature of the machine tool can ena-
ble stabilization of the thermal state during operation. Thermal stability then manifests 
itself in reduced thermo-elastic displacements, which has a positive effect on machining 
accuracy. For goal 3, the electrical power consumption can be defined as a controlled 
variable to be minimized, resulting in an overall multi-variable control with two controlled 
variables. As manipulated variables the cooling parameters must be mentioned, whereby 
a machine tool ideally has individually controllable cooling circuits so that, in addition to a 
temporal adaptation to the actual demand, a spatial adaptation of the cooling power can 
take place as well. 
Against the background of comparatively high thermal time constants, the system model 
forms another important component of the control strategy. The system model provides 
the ability to predict future thermal developments and electrical power consumption as a 
function of the operating parameters. As soon as the effects of thermal phenomena man-
ifest themselves in the form of an undesired displacement at the tool center point, quick 
counter-regulation is practically no longer possible due to the time constants mentioned. 
Instead, measures must already be initiated before the actual effect is felt in practice. The 
necessary "look-ahead" is achieved with the aid of this system model, which can be used 
to determine both the structure temperature and the electrical power consumption as rel-
evant control variables as a function of thermal loads and effective cooling parameters. 

Figure 8: Structure of the model predictive multivariable controller 

The resulting architecture of a model predictive control (MPC) is shown in Figure 8 and 
is implemented on a 5-axis machining center at Laboratory for Machine Tools and Pro-
duction Engineering WZL. The current thermal loads are recorded using internal machine 
data such as spindle speed or torque-forming current in electric drives. The system model 
is then able to convert this data into a predicted actual structural temperature and the 
electrical power consumption of the cooling unit. The system model is an artificial neural 
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network that has been trained a priori using simulation and experimental data. This com-
bination of data to form a training base has the advantage that large data sets can be 
generated comparatively cheaply. Especially against the background of long test times, 
a good compromise between effort and reward can be found. The control variables pre-
dicted with the aid of the system model are compared with the reference variables. The 
control deviations are used in an optimizer to define new cooling parameters in such a 
way that the sum of the control deviations is minimized with currently acting load data. 
A newly developed cooling unit is used to implement the target flow temperatures of the 
cooling circuits determined by the control system as optimum manipulated variables. The 
cooling unit enables the control of each cooling circuit with individual cooling parameters. 
From a hot and cold water tank, the required volume flow can be combined via a control-
lable mixer in such a way that the respective desired flow temperature is realized. 
Volume flow-controlled centrifugal pumps (cf. Figure 9) convey the cooling fluid through 
the cir-cuits. Since the hot water tank is designed as a stratified storage tank (not 
shown), the returning water stratifies according to the hydrostatic buoyancy. Returned 
hot water from electric drives can thus be used for heating structural components 
during warm-up phases, so that maximum energy efficiency is achieved. 

Figure 9: Representation of the external cooling unit for supplying the individual cooling circuits 

The presented approach for the MPC of the active cooling systems could already be 
suc-cessfully implemented and tested on a main spindle. Figure 10 shows in the upper 
area that a stepwise increase in speed was carried out during a test run. With the help 
of the system model embedded in the optimizer, a target flow temperature for the jacket 
cooling was determined during the operating phase, with the help of which the 
temperature of the motor and the front fixed bearing were to be kept constant as 
controlled variables. It can be seen that the cooling unit is able to implement the target 
as far as possible, although a variation occurs in the course of the actual flow 
temperature. Due to the thermal inertia, this variation is no longer included in the 
temperature curves (cf. Figure 10 below). In the lower diagram, in addition to the curves 
optimized with the aid of the control system, the curves with conventional cooling 
strategy are also included, which contain successive increases corresponding to the 
speed steps. Three main results were achieved by imple-menting the MPC: 
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1. Within the first 500 seconds of the test run, a significantly accelerated warm-up to
a higher, thermally more favorable temperature level takes place. The upper dia-
gram shows that comparatively warm water is used for this. In this range, the active
cooling system heats the structure.

2. During operation, the adaptivity of the cooling system ensures homogenization,
expressed by significantly more constant temperature profiles. In addition to a re-
duction in thermo-elastic displacements, critical components such as the spindle
bearings can thus operate permanently at an efficient and low-wear operating point.

3. In the range of the last 750 seconds, the spindle stands still and thus simulates an
interruption of production. With conventional cooling, this causes an immediate
drop in temperature. In the controlled system, this effect can be compensated for
to a significant extent, so that production can continue with consistent quality after
the end of the downtime.

conventional
MPC

Time in s

Figure 10: Example results on a motor spindle with MPC 

Using the main spindle as an example, it was possible to demonstrate that the intelligent 
design of the active cooling system not only has theoretical potential, but can also be 
implemented in practice using the presented approach of MPC. In the next step, the trans-
fer to the entire machine and the embedding of the power consumption in the control 
strategy will take place. 
Furthermore, active cooling systems are merely a representative of energy-intensive aux-
iliary units. Also in the case of the use of cooling lubricant, it is conceivable to consider 
an overall evaluation of the influence of cooling lubricant (wear, process force/displace-
ment, electrical power consumption) in the context of a MPC in order to optimize operation 
based on sustainable evaluation criteria. 
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4 Minimization of the process time 

Another way to reduce the use of resources in production is to minimize process time. 
The following consideration shows that productivity-increasing measures in several di-
mensions can contribute to a more sustainable production. 

1) Minimization of the base load share
a. Maximizing productivity in machining changes the electrical power con-

sumption per finished part. In our own investigations [16], it was shown that
minimizing the process time goes hand in hand with minimizing the power
consumption per finished part. Due to the high proportion of base load (cf.
chapter 2), process time minimization with the associated base load savings
clearly dominates the higher consumption of the electric drives as a result
of the productivity increase.

2. Resource efficent machine tool
a. The more productively a machine can be used, the fewer machines are re-

quired to produce the targeted quantity or number of workpieces.
3. Reduction of manufacturing costs

a. By analogy with electrical power consumption, higher productivity ensures
that fixed manufacturing costs are distributed over a larger number of com-
ponents, for example for personnel and other operating resources.

Figure 11: Minimization of process time as a target value of sustainable production lines 

These three examples suggest that productive manufacturing processes with short pro-
cess times should be aimed for. The metal removal rate 𝑄𝑄 can be used as a measure of 
productivity. This results from the product of the cutting width ae, the cutting depth ap, the 
rotational speed 𝑛𝑛 and the feed per revolution f. 

𝑄𝑄 = ae⋅ap⋅𝑛𝑛⋅f 
In order to achieve the highest possible productivity, the individual influencing variables 
must be optimized so that the metal removal rate is maximized. Here, different limitations 
result from the static and dynamic receptance behavior and the power of the machine 
tool. [23]. In order for a minimization of the process time to actually lead to an increase in 
sustainability against the background of the three aspects listed above, it must be ensured 
that the positive effects outweigh possible negative effects. As in the case of optimized 
usage of auxiliary units (cf. chapter 3), a multidimensional optimization task arises whose 
solution can only be effectively achieved based on models or knowledge. 

3
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3. Minimization of process time

Sustainability in Production Lines 



Production-as-a-service 

217 

In the course of CAM planning, the individual process variables for the metal removal rate 
are defined in the NC program. Here, the process planner usually follows an individual 
set of rules based on his expert knowledge and on recommendations, e.g. from the tool 
manufacturer. During the ramp-up of a process, the selected process parameters are also 
checked and optimized by a machine operator with regard to their applicability. Experi-
enced machine operators in particular are thus able to recognize unstable process areas 
acoustically and stabilize them by varying the rotational speed and feed rate. 
The initial selection of process parameters can lead to processes that fulfill the required 
quality, but do not utilize the full technical potential of the machine and tool. Increasing 
data availability and rising computing capacities, in combination with expert and model 
knowledge, offer the possibility to open up hidden potentials and increasing productivity. 
To realize this in industrial applications, the solutions must not negatively impact the com-
petitiveness of the respective company. Also, this means that manufacturing operations 
must not be disturbed. On the other hand, the investment must be as low as possible. In 
practice, therefore, there must be no changes in the machinery and no invasive changes 
on the individual machines. At the same time, only minimal adjustments should be made 
to the production process, e.g. feed rate or rotational speed changes, so that as few con-
sequential changes as possible occur. Using model and expert knowledge, the history-
based analysis of production data offers enormous potential to make all this possible and 
to optimize processes in such a way that their process time and, as a consequence, their 
resource consumption are reduced. 
In this chapter, two concrete use cases are presented in which data- and knowledge-
based process maps for ideal process parameters are generated. First, an approach for 
generating and using expert knowledge is presented. It’s explained using the example of 
tool-specific cutting data. Subsequently, an industrially applicable, online-capable early 
warning system against process instabilities due to regenerative chatter vibrations is pre-
sented. The evaluation basis is represented by process-parallel recorded data. 

4.1 Knowledge-based process optimization 
The above examples illustrate that human experts strongly influence process planning 
and development. In the course of ramp-up in particular, an expert provides a compre-
hensive evaluation of the machining process based on his experiential knowledge. 
Through direct interaction with the machine, he can directly use sensory impressions, 
such as the perception of vibrations or the detection of burning chips, for locally differen-
tiated evaluation of the manufacturing process. Experienced machine operators can then 
draw on their experience to initiate immediate optimization measures, such as adjusting 
the feed rate. These are not limited to process stability, but can also relate in particular to 
the productivity of the process or the component quality. 
At present, the information relevant to the expert's decision-making process has not been 
considerably digitally recorded, which means that production engineering contexts cannot 
yet be mapped either systemically or by learning systems purely based on data. The key 
challenges therefore lie in the digitalization of expert knowledge, objectifying it and finally 
transferring it to unknown use cases in a context-sensitive manner. This enables manu-
facturing companies to preserve the heterogeneous experiential knowledge of their em-
ployees and make it available throughout the company. This is of crucial importance in 
the face of demographic change and the associated shortage of skilled workers. 
Expert knowledge can be divided into three different levels of complexity: 

- Explicit expert knowledge
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This knowledge can be mapped on the basis of rules. The underlying relationships 
are either already recorded (e.g. formula, table book) or the expert has internalized 
them to the extent that he can justify them and, above all, formalize them inde-
pendently (e.g. technology parameters for specific material-cutting material com-
bination). 

- Formalizable implicit expert knowledge
This knowledge can only be mapped in a rule-based manner with the aid of data-
driven algorithms. The expert needs in-depth information about the process and
the current state of the production equipment in order to formalize his subjective
assessment (e.g. "process is too noisy") within the framework of an objective rule
(e.g. reduction of the feed rate when a critical acceleration value is exceeded).

- Non-formalizable implicit expert knowledge
This knowledge cannot be formalized by a human expert. Although no objective or
subjective indicators point to optimization possibilities of the process, the expert
makes changes to the process (e.g. approach strategy A "better" than B).

In particular, the use of non-formalizable implicit expert knowledge poses a challenge. At 
the same time, this expert knowledge has the highest value for manufacturing companies, 
which is why it is imperative to capture it in order to increase productivity. The opportunity 
to capture expert knowledge presents itself whenever the expert intervenes in the process. 
In the context of ramp-up, this even happens iteratively, making this phase an ideal envi-
ronment for digitizing human expert knowledge. In industrial practice, process evaluations 
and optimizations carried out by the machine operator are rarely reported back and taken 
into account without gaps. However, this feedback is essential for the mapping human 
knowledge. At the same time, the expert must be provided with meaningful data about 
the process directly at the machine in order to create comprehensive transparency and a 
resulting improved understanding of the process. 
These two aspects motivate the approach shown in Figure 12 for knowledge-based 
process optimization. Modern machine tools have numerous sensors that are used for 
control. Classic examples are current and po-sition sensors. These data can be read out 
via the control system and used to generate a digital shadow [7]. The contextualization 
of the raw data is essential here, since the expert knowledge cannot otherwise be 
assigned to the production-related boundary con-ditions. At the same time, the raw data 
are also refined during the generation of the digital shadow (e.g. calculation of the tool 
displacement from the process forces) and enriched with additional characteristic values 
(e.g. tool wear condition). On the one hand, this sup-ports the transferability of the data 
and, on the other hand, makes it possible for the expert to visualize comprehensible 
characteristic values directly on the machine. By visualizing the raw and model data at 
the machine, the expert can be provided with data-based in-sights into the process, 
which are necessary to optimize productivity (cf. Figure 12 – Path 1). 
In addition, an experienced machine operator can evaluate individual process sections. 
For this purpose, he has a programmable keyboard, with the help of which not only pre-
defined labels but also textual optimization suggestions can be stored, which are saved 
together with the raw data. If this labeled data is now fed to an artificial intelligence (AI), 
it can learn correlation between the incoming data and the labels as part of a training 
phase. In future processes with sufficiently similar process situations, the system can 
provide a more inexperienced machine operator with recommended actions and instruc-
tions based on the expert knowledge learned in a context-sensitive manner (cf. Figure 
12 – Path 2).
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The user can accept or reject the suggestions made, thus enabling continuous learning. 
Human experiential knowledge for process optimization is thus gradually digitized. 

Figure 12: Data-driven learning from human expert knowledge 

This concept can be concretized on the basis of a milling process. Multidimensional pro-
cess parameter maps can be generated for the individual factors of the metal removal 
rate. These initially make it possible to represent the currently known optimum state of 
the process for a tool with regard to its parameters such as cutting width and depth as 
well as feed per tooth or cutting speed. An initial basis for this can be data from tool 
manufacturers or internal company standards. In the context of process planning, the 
data can be an orientation aid for the initial design of a manufacturing process. At the 
same time, the optimum values can also be used according to Figure 12 and 
compared with the current actual values parallel to the process. To determine the actual 
values, the cutting data, such as the feed per tooth, is determined on the basis of the 
machine's internal data and brought into a common context with regard to the cutting 
width and depth with the aid of a material removal sim-ulation. The machine operator 
thus receives immediate feedback as to whether the tool currently being used is being 
overloaded or whether increased productivity can even be achieved by, for example, 
a higher tooth feed (cf. Figure 13 – point 1). Direct optimization of the feed 
rate is then possible, for example via the feed rate potentiometer.  
The machine operator can nevertheless deviate from the known optimum values during 
the running process. This is the case, for example, if he recognizes optimization 
potential in the use of tools or feels that the set values are inappropriately high. In 
these cases, process-parallel labels are assigned for tool use, on the basis of which 
the known opti-mum values are adjusted and the process parameter map is updated 
accordingly (cf. Figure 13 – point 2). In this way, the map selectively maps human 
expert knowledge and makes it available to other machine operators. By using the 
newly generated knowledge, 
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manufacturing processes can be continuously optimized. The procedure can be trans-
ferred to other application areas, such as the context-specific evaluation of the spindle 
condition. 

Figure 13: Process parameter maps for increasing productivity 

4.2 Model-based process optimization 
In addition to a knowledge-based approach, it is also possible to achieve sustainable 
process time optimization model based. As shown at the beginning of the chapter, the 
central conflict of goals between productivity and workpiece quality often leads to con-
servative process planning. In particular, the occurrence of self-excited and regenera-
tively self-amplifying vibrations (chatter) limits productivity. In order to exploit the full po-
tential of a machine tool, a chatter prevention system is required that ensures high 
productivity while at the same time guaranteeing workpiece quality. 
One approach to solving this problem is the targeted avoidance of process instabilities 
through a suitable choice of machining parameters for the process. So-called stability 
lobe diagramms, which show stability limits as a function of cutting depth and rotational 
speed, are an important tool for the optimum selection of process parameters. [24]. 
The efficiency of experimentally determined stability lobe diagramms has increased in 
recent years [25], but they are still too costly and uneconomical for use in small-batch 
production, since a new stability map must be determined experimentally in preliminary 
tests for each combination of tool, workpiece and machine. This is not compatible with 
the trend towards sustainable and resource-efficient production. 
Alternatively, chatter vibrations and the associated stability limits can be determined 
model based. The simulative determination of stability limits is based on an analytical 
model that describes the interaction between machine and process. Numerous simulation 
approaches and methods exist [26]-[28]. However, up to now, no procedure exists which 
makes the model-based determination of stability limits usable in a process-parallel man-
ner. This contribution presents a new concept for model-based online identification and 
early warning of process instabilities for a milling process. 
The early warning system provides a tool to solve the existing conflict of goals between 
productivity and workpiece quality, especially in small batch and single part production. 
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The process-parallel checking of the stability limit particularly supports "first-part-right" 
approaches for the production of complex and expensive individual parts or small series 
in a resource-saving approach. 

Figure 14: Methodology of the chatter early warning system 

The methodology of the chatter early warning system is shown in Figure 14 and com-
prises five central blocks: 

1. For model-based simulation, the central problem is an efficient representation of
the variable dynamics of the machine-tool-material system. This is solved by new
findings in the field of dynamic substructuring [29]. A one-time measured model of
the machine tool is coupled with analytical tool models in order to reduce the ex-
perimental measurement efforts to a minimum.

2. With a material removal simulation based on a 3-D model of the blank and the NC
code, the machining parameters can be identified a priori. The process variables
required for the stability simulation, such as the cutting depth and width, can be
extracted in relation to the different machining steps. The machining process is
segmented on the basis of different tools and programmed process parameters.
Based on this data, the most critical machining parameters can be identified for
different segments of the process.

3. In addition to the machine dynamics, knowledge of the cutting force coefficients is
required. Due to the major advance in the field of real-time acquisition of process
forces, e.g. by spindle-integrated sensor technology [25], the cutting force coeffi-
cients can be parameterized parallel to the process. This is done on the basis of a
comparison of measured and simulated process force with an ensemble Kalman
filter, which has already been established for the application of a continuous pa-
rameter identification of analytical force models in the milling process [30]. By a
process parallel identification of the cutting force coefficients, the input parameters
required for the stability simulation can be determined based on the real boundary
conditions of the running process. This offers an advantage over conventional
model-based approaches, which simulate the stability boundary a priori and whose
data basis relies on preliminary tests or tabulated values.
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4. The stability limits are determined in parallel with the process within a demand-
based simulation, which provides a statement on the machine control based on
the current process parameters as to whether the running process is stable or un-
stable. Demand-oriented means that only the currently relevant speeds and cutting
depths of the current machining step are evaluated for the stability simulation. Un-
like conventional model-based approaches to stability simulation, therefore, the
entire stability map is not calculated, but only a region around the currently relevant
operating point. With this approach, the fast computing times required for the pro-
cess-parallel approach can be guaranteed.

5. Based on the calculated stability limit, future machining steps can be checked in a
kind of "look-ahead function" for exceeding the limit. The early warning system
provides an online functionality that warns of potential process instabilities during
a machining operation. Based on the warning, the occurrence of process instabil-
ities can be prevented by operator intervention.

By using a database system, identified stability limits of specific pairings of machine tool, 
tool and material can be stored and used for downstream process optimization or future 
process designs. 

5 Extension of use phase 

Extending the service life of a machine and its individual components represents 
another approach to designing sustainability in production lines (cf. Figure 15). This first 
requires knowledge of the planned process, the associated and expected loads, and 
the wear behavior of the corresponding component. In the machine tool industry, there 
is currently a significant amount of data- and model-based knowledge that has been 
built up over many years. Simulated data can be used here to determine a more 
precise digital image of the wear condition. In this context, these simulated data can 
both supplement an ex-isting real data basis and form a previously non-existent data 
basis in order to predict condition development more precisely for different load 
collectives. On this basis, pro-cesses and the loads associated with the planned 
processes can be designed in advance in such a way that, for example, comparable 
productivity is achieved with a significantly extended service life of components such as 
ball screws or spindle bearings, thus con-tributing to increased sustainability in industrial 
production. Furthermore, a more reliable prediction of the technical service life provides 
plannable maintenance or refurbishing of systems and components entirely in the sense 
of the recycling economy. 

Figure 15: Extension of use phase as a target value of sustainable production lines 
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5.1 Identification of service life-reducing operating conditions 
With regard to the machine tool, the main spindle represents an essential system com-
ponent. In most cases, high-precision angular contact ball bearings are used to support 
the spindle shaft. These are subjected to high speeds and loads in the application, which 
make an all-embracing design of the component necessary. In addition to the theoretical 
service life and the maximum contact stresses, kinematic design parameters such as the 
spin-to-roll ratio or the circumferential ball advance are also considered. The latter de-
scribes a leading or trailing of the individual balls within the cage pockets in the direction 
of rotation. The reason for the formation of a certain ball advance lies in the type of bear-
ing load. If, in addition to the axial preload, radial forces or moment loads occur due to 
the process loads, a contact angle change occurs at the inner and outer contact along 
the bearing circumference [31]. This results in the modulation of an orbital velocity about 
the bearing axis, which ultimately leads to the said ball forward and backward motion. If 
the geometrically possible free space of movement of the balls is exceeded, significant 
contact forces between the cage and the balls can occur and lead to bearing failure due 
to increased friction and wear. Accordingly, this value, together with the maximum contact 
stress and the spin-to-roll ratio, represents a central design parameter of spindle bear-
ings [23]. 
Since the ball motion is influenced by the load-dependent friction state in the rolling con-
tacts, an exact description with kinematic formulas is very difficult. As a result, deviations 
between the calculated and the actual ball kinematics occur when the influence of pro-
cess-like loads is considered with common calculation approaches [32]. This leads to the 
motivation to measure the ball motion in operation under static and dynamic loads in order 
to optimize existing calculation approaches and thus make them more reliable, and to 
identify unfavorable load conditions for the bearing kinematics during machining in order 
to extend the service life of spindle bearings. Current research work at the Laboratory for 
Machine Tools and Production Engineering (WZL) at RWTH Aachen University is dedi-
cated to this project, in the context of which a spindle bearing test rig (Figure 16) was 
developed, which makes it possible to generate defined static and dynamic bearing loads, 
to determine these by means of the resulting shaft displacement and to measure the ball 
motion that occurs. 

Figure 16: High-speed bearing test rig for measuring ball motion 

For this purpose, as shown in Figure 17 an optical measuring system for detecting the 
ball position was first developed. The system uses light sources that shine through the 
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spindle bearing between the inner ring and the cage. Opposing photodetectors capture 
the light signal, which is intermittently shadowed by the balls. To determine the movement 
of each individual ball, several of these photoelectric sensors are distributed around the 
circumference of the bearing. After evaluation of the sensor data, a sampling rate of 
40 MHz enables a resolution for ball detection at the sensor positions of less than 
2 µm. [32] 

Figure 17: Optical measuring system for detecting the ball position in a spindle bearing 

In addition, the shaft displacement in front of the test bearing is recorded synchronously 
by means of three eddy current sensors arranged radially and axially. From this, the act-
ing loads can be determined both in magnitude and direction in real time. For load appli-
cation, two preloaded piezoelectric actuators, which are positioned at 90° to each other, 
are used to generate the dynamic radial forces. The forces are applied to the shaft via a 
load unit, which decouples the rotation of the spindle shaft with another bearing assembly. 
The design of the load unit allows both tensile and compressive forces with high ampli-
tudes of up to 1,000 N to be applied without clearance. This allows the test bearing to be 
loaded with stationary dynamic forces and varying frequencies. In addition, the influence 
of rotating loads as well as an unbalance, which corresponds to a force rotating with the 
shaft rotational frequency, is investigated [32]. Thus, the influence of typical load condi-
tions on the circumferential ball advance can be recorded and evaluated. The successful 
prototypical implementation of the measuring systems for detecting the shaft displace-
ment and the ball positions in a milling spindle now makes it possible to identify service 
life-reducing operating states during machining on the basis of real dynamic process 
loads. 
In order to make the developed measurement system usable for industrial production in 
the next step and to contribute to sustainability, the necessary data basis for generating 
a detailed and reliable load map for this machine component must first be generated 
(see Figure 18). Based on this information and the process-parallel recording of 
transferable load conditions, optimal operating conditions for the main spindle bearings 
can then be observed or critical conditions avoided in order to extend the actual 
service life of this relevant machine component. In combination with machine learning 
approaches, learning models can also be developed on the basis of the historical 
data, which can make a reliable prediction of the remaining technical availability of the 
individual component. 
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Figure 18: Load map of a spindle bearing for extension of service life 

5.2 Extended service life calculation of ball screws 
Another application example for the extension of the service life of machine components 
in the context of current research work at the WZL is the extension of current service life 
calculations of ball screws on the basis of continuously parameterizing models. A ball 
screw is used in particular in feed drives of machine tools, where it is used to convert a 
rotary motion into a linear motion. Compared to other feed drive systems, the component 
offers a number of advantages, such as high efficiency due to rolling friction, high preci-
sion and sufficiently high stiffness [32]. 
As part of the feed axis, the ball screw is responsible for precise positioning and thus 
plays a central role in the machine tool. The resulting load and the associated service life 
depend on the productivity of the overall machine due to the position of the component in 
the force flux. In terms of resource-saving production, the best possible utilization and the 
extension of the service life of this component are therefore obvious. 
Ball screws exhibit clearly variable internal load distributions depending on their geometry 
and the prevailing load. Although finite element models allow the determination of these 
distributions, they are insufficiently taken into account, especially in the service life calcu-
lation. In the following, a method for the consideration of discrete location load distribu-
tions in the service life calculation of ball screws is presented. 
When calculating the service life of ball screws, an equivalent load and speed is generally 
calculated, which combines various load situations as well as any preload that may be 
present. The service life resulting from the assumed load spectrum 𝐿𝐿 in revolutions is then 
calculated by the quotient of the load 𝐹𝐹𝑚𝑚 and the load capacity, which is expressed in the 
form of the basic dynamic load rating 𝐶𝐶𝑎𝑎 [33]: 

𝐿𝐿 =  �
𝐶𝐶𝑎𝑎
𝐹𝐹𝑚𝑚
�
3

⋅ 106 

However, it should be noted that the service life calculation according to DIN ISO 3408-5 
does not take into account some influences such as the motion profile or existing assem-

3 

6 

9 

12

Drehzahl [1/min*1000]

15
0

3
182,5

Radialkraft [kN]

2
211,5

400

1
0,5 24

0

800

Kv
Kn

 [µ
m

]

1200

1600

Load map of machine components

Fr [kN]

n [1/min*1000]

K
vK

n
[µ

m
]

?Load
FuturePast

Prediction

2

Data
silo

1

Use of digital
expert knowledge 1

Increase in 
technical availability 2



226 

bly deviations due to the underlying simplified service life model. According to the manu-
facturers, ball screws should only be loaded in the axial direction. Current calculation 
methods assume that moments or radial loads are absorbed by rigid linear guides as-
sembled parallel to the ball screw. Multi-axial loads are thus not taken into account when 
calculating the remaining service life. In the case of machine tools, however, assembling 
deviations between linear guides and ball screws can lead to additional loads. Due to the 
high rigidity of the guideway system, even small deviations can lead to high constraining 
forces, resulting in a considerable variation in the internal load distribution. In addition, 
depending on the motion profile, different areas of the spindle are subjected to different 
levels of stress, resulting in uneven use of the wear reserve along the length of the spin-
dle. [34] 
For these reasons, the existing service life theory was extended at the WZL to include 
the calculation of a spatially resolved fatigue service life. Based on a life model reduced 
to the ball contact, spatially discrete component loads and the associated cumulative load 
changes are calculated. To determine the occurring contact stresses, the simulation pro-
gram "MTPlus" developed at the WZL (cf. [35]) is used. The calculation of the fatigue life, 
which is dependent on the driving cycle, requires the accumulation of the location-related 
load cycles, taking into account the acting ball load. For this purpose, the raceways of the 
spindle and nut are divided into segments at ball spacing and the driving profile is exam-
ined for the frequency and intensity of the load changes [34]. This results in the load 
profile shown in Figure 19, which shows the transfer of a motion and load profile from a 
time series to a matrix notation, significantly reducing access time and data volume. The 
load on each contact point is determined from look-up tables calculated in previous sim-
ulations, depending on the load direction and magnitude [34].  

Figure 19: Hybrid model for the extended service life calculation of a ball screw according to 
[34] 
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The prediction of the resulting total service life is subsequently obtained by analyzing the 
determined segment service lives by applying Miner's linear damage accumulation, which 
takes into account the total damage of each raceway segment [34]. 
Combining the fatigue model with live information on the actual load collectives occurring 
in production increases its predictive quality. This further increases the reliability of the 
maintenance planning for the component and can thus contribute to increasing sustaina-
bility. 
For this purpose, the extended life model, as described in [15] was adapted by means of 
feedback from load and condition information from the production process, such as spin-
dle drive current or displacements. The result is a learning model that can perspectively 
be used in terms of data sharing in the context of the machine tool, as already described 
in chapter 5.1, beyond the boundaries of the company. On the basis of this approach, 
components can be designed more efficiently and thus demonstrably better utilized, 
which saves resources in industrial production. 

5.3 Enabling optimized recycling economy 
The two use cases described allow a precise prediction of the technical service life of the 
components, taking into account different load collectives. On the one hand, this can be 
used to design processes and associated loads in such a way that comparable produc-
tivity is achieved with a significantly extended service life. On the other hand, it also ena-
bles optimized recycling economy, since the end of the service life and thus component 
replacement or refurbishing can be planned more easily. In the context of machine tools, 
reliable condition-based prediction of remaining service life plays an important role in ex-
tending service life, especially for high-priced and essential subsystems such as the main 
spindle. With reference to the first use case presented, the load condition of the spindle 
bearings can be determined more accurately, less damage or failure occurs, and the main 
spindle can find its way into another usage cycle after a due reconditioning. A targeted 
reconditioning or renewal of such systems subject to wear and tear extends the life cycle 
of a machine and thus contributes directly to minimizing the holistic use of resources. 
In addition to condition-based maintenance and reuse of high-priced components, a mod-
ular design of the machine on the hardware and software side represents a complemen-
tary approach to optimizing the recycling management. For example, if a modular design, 
which also takes into account the replacement of individual components, is already pro-
vided for during the design process of a machine and its subsystems, this enables fast 
and flexible installation and removal of machine components during maintenance. The 
result is an immediate reduction in downtime. If the machine also has an update capability, 
its life cycle can be additionally extended, for example by replacing an outdated software 
module from the control system. 

6 Vision of data sharing 

In addition to manufacturing optimization, the digitalization of expert knowledge enables 
companies to exchange knowledge between experienced on inexperienced personnel. 
The extraction of knowledge and its persistence is initially protected corporate know-how 
that offers cross-departmental utilization opportunities. Furthermore, the storage of expert 
knowledge helps companies to counter demographic change, as this knowledge is now 
permanently available. 
However, the overriding goal must be to make data and know-how available across com-
panies. Only in this way is it possible to increase sustainability on a broad scale in the 
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sense of the FESG factors. In order to create global competition between companies to 
share sustainability-enhancing data or sustainability-enhancing know-how on a broad 
scale, monetary incentives must be created through new frameworks in the form of new 
business models. The prerequisite for this is always data security and anonymity. The 
stored process parameter values do not allow any conclusions to be drawn about the 
manufactured product or its production strategy. Through the targeted sale of these pro-
cess parameters, processes can be optimized across companies without jeopardizing 
their own competitiveness. The pricing of this data must be data-based on the basis of 
the individual increase in efficiency. Cross-company knowledge trading not only in-
creases the sustainability of manufacturing companies, but also opens up a new market 
for data and knowledge trading. 

Figure 20: Data sharing as a contribution to increase sustainability 

7 Summary and outlook 

Due to profound global change processes, the production industry is confronted more 
than ever with the transformation of sustainability. In this context, the article is dedicated 
to the goal of providing concrete approaches for increasing sustainability by minimizing 
the overall use of resources in industrial production. In the context of the use case of a 
machine tool, the following four target values for designing sustainability in production 
lines are named: Reduction of the process-independent base load of auxiliary units, de-
mand-oriented operation of energy-efficient auxiliary units, minimization of process time, 
and maximization of use phase. 
Based on the latest research activities of the WZL, concrete application cases are pre-
sented for the individual target values. While the use of energy-efficient auxiliary units is 
discussed for achieving a base load reduction, the chapter on the demand-oriented use 
of these energy-efficient auxiliary units deals specifically with an intelligent model-predic-
tive control for active cooling systems of machine tools. Model-predictive cooling makes 
it possible to shorten long warm-up phases of a machine and thus to manufacture imme-
diately in line with quality requirements while at the same time reducing energy consump-
tion. Energy consumption per component can also be reduced by minimizing process 
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times through productivity-enhancing measures. For this purpose, expert knowledge re-
garding optimal operating parameters, e.g. from process planners or machine operators, 
must be digitized and objectified and finally be available in transferable form through char-
acteristic values. The comprehensive availability of expert knowledge is then the basis 
for increasing productivity and quality. This paper presents an approach for using and 
generating digital expert knowledge using the example of process parameter maps. 
Analogously, this procedure can be applied to extend the service life of machines and 
relevant components such as the main spindle. Along the service life, load states are 
recorded parallel to the process. The transferability of the parameters enables the use of 
machine learning approaches to predict the condition and service life as a function of the 
operating parameters. The expert knowledge generated, e.g. in the form of information 
on optimum operating conditions for a main spindle, must subsequently be digitized in 
turn. In this move, the circular economy is also optimized, since component states are 
known more precisely, less damage or failure occurs, and the components can thus find 
their way into a further utilization cycle. With regard to the extension of the service life, 
the focus of the article is on the presentation of a measuring system for the process-
parallel determination of service life-reducing operating states of the main spindle bearing. 
The use cases for increasing productivity and useful life are based on the extraction and 
digitization of expert knowledge. Finally, a vision is presented for the use of this 
knowledge within the company and across-. The extraction and digitization of expert 
knowledge supports companies in the long-term preservation of in-house know-how. The 
transfer of expert knowledge to new, inexperienced personnel is facilitated and the short-
age of skilled workers resulting from demographic change is counteracted. Furthermore, 
cross-departmental utilization opportunities are offered, for example by using the 
knowledge of the machine operator in the context of CAM programming. In order to create 
global competition between companies to share sustainability-enhancing know-how on a 
broad scale, monetary incentives must be created through new frameworks in the form 
of new business models. The -focus here is on data-based pricing in accordance with the 
individual sustainability enhancement achieved, as well as observance of data security 
and data anonymity. 
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Abstract 

Sustainable Production-as-a-Service 
Production contributes significantly to global CO2 emissions. Increasing efficiency, con-
serving resources and avoiding overproduction are economic goals that are increasingly 
coming into focus in the context of sustainability. The use of digital technologies can ad-
dress these goals and enable the exploitation of previously underutilized sustainability 
potentials. Digitization is an overarching solution module that enables data to be collected 
and evaluated, and based on which optimized production processes can be developed. 
Holistic data collection across the entire lifecycle of a product is achieved, for example, 
with the help of digital twins. Building on this, virtualization offers the potential to signifi-
cantly extend the life cycle of production systems. Other promising technologies are vir-
tual environments such as the Metaverse or artificial intelligence. The often high invest-
ment requirements or the lack of transparency about the return on investment and the 
lack of the necessary expertise regarding the implementation and maintenance of digital 
technologies inhibit many small and medium sized enterprises in their implementation. 
This circumstance can be countered with the encapsulated offering of digital solutions 
"as-a-Service" (aaS). This article therefore explains the opportunities for increasing sus-
tainability through digital technologies and the prerequisites for their implementation. 
Practical examples will then be used to illustrate the possibilities for using these technol-
ogies within the framework of "as-a-service" models. 
Keywords: digitization, control virtualization, Metaverse, AI, as-a-service 

Kurzfassung 
Nachhaltige Produktion-as-a-Service 
Die Produktion trägt signifikant zu den weltweiten CO2-Emissionen bei. Effizienzsteige-
rungen, Ressourcenschonung und Vermeidung von Überproduktion sind wirtschaftliche 
Ziele, die nun auch im Kontext der Nachhaltigkeit verstärkt in den Fokus rücken. Der 
Einsatz digitaler Technologien kann diese Ziele adressieren und die Ausschöpfung von 
bisher wenig genutzten Nachhaltigkeitspotenzialen ermöglichen. Die Digitalisierung ist 
ein übergreifender Lösungsbaustein, der das Erheben und Auswerten von Daten ermög-
licht und auf dessen Grundlage optimierte Produktionsabläufe entwickelt werden können. 
Eine ganzheitliche Datenerfassung über den vollständigen Lebenszyklus eines Produk-
tes hinweg erfolgt beispielsweise mit Hilfe von digitalen Zwillingen. Darauf aufbauend 
bietet die Virtualisierung das Potenzial, den Lebenszyklus von Produktionssystemen sig-
nifikant zu verlängern. Weitere erfolgsversprechende Technologien sind virtuelle Umge-
bungen wie das Metaverse oder die künstliche Intelligenz. Der zum Teil hohe Investiti-
onsbedarf bzw. die mangelnde Transparenz bezüglich des Return of Investment und das 
Fehlen der notwendigen Expertise hinsichtlich der Implementierung und Pflege der digi-
talen Technologien hemmt viele Mittelständler bei der Umsetzung. Diesem Umstand 
kann mit dem gekapselten Anbieten der digitalen Lösungen „as-a-Service“ (aaS) begeg-
net werden. Daher werden in diesem Beitrag die Chancen zur Steigerung der Nachhal-
tigkeit durch digitale Technologien sowie die Voraussetzungen für deren Umsetzung er-
läutert. Anschließend werden anhand praktischer Beispiele die Möglichkeiten der Nut-
zung dieser Technologien im Rahmen von "as-a-Service"-Modellen aufgezeigt. 
Schlagwörter: Digitalisierung, Steuerungsvirtualisierung, Metaverse, KI, as-a-Service 
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1 Introduction 

In 2015, the environmental, economic and social goals of the United Nations were spec-
ified by the adoption of the 2030 Agenda with the definition of 17 goals (Sustainable De-
velopment Goals, SDGs) [1]. The term "sustainability" thus encompasses several aspects 
and goes beyond the widespread understanding of climate and environmental protection 
through resource conservation and emissions reduction.  The 12th goal of the SDGs spe-
cifically addresses more sustainable consumption as well as the more sustainable pro-
duction of goods and thus calls on companies to take direct action with regard to their 
products and processes. Accordingly, this goal is pursued by most manufacturing com-
panies through their strategies to promote sustainability [2]. 
Production causes 42% of global CO2 emissions (from fuel combustion) and thus ac-
counts for a significant share. In combination with logistics, it even accounts for 53%. In 
order to limit the global temperature increase to 1.5°C, a significant reduction of emissions 
in production is therefore required (see Figure 1). The aim must be to reduce resource 
consumption and avoid overproduction, while at the same time focusing on the efficiency 
and longevity of production lines and the reuse of components in the sense of a circular 
economy.  

Figure 1: Reduction of emissions in production necessary. Sources: IPCC; IEA; Climatewatch; 
BCG1 

The use of digital technologies can address these goals and offers the opportunity to 
exploit previously underutilized potential with regard to sustainable and circular produc-
tion. Digitization is an overarching solution module that enables the collection and evalu-

1 1. Non-energy-related emissions from agriculture, waste, industrial processes and products 2. CO2e emissions from 
fuel combustion only 3. Assumes that energy-related emissions continue to grow at 1.1% per annum after 2018 4. 
Assumes that countries decarbonize in accordance with their intended nationally determined contributions (INDCs) by 
2030 and then continue on the same emissions trajectory until 2050 5. Assumes 45% reduction by 2030 and net zero 
by 2050. 
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ation of data, for example, on the energy consumption of individual processes or ma-
chines, and thus enables the identification of critical processes. Building on this, the vir-
tualization of functionalities, the use of the industrial Metaverse and of artificial intelligence 
(AI) in production, among other things, offers promising opportunities for increasing sus-
tainability.  
However, the sometimes high investment requirements and the lack of transparency with 
regard to the return on investment (ROI) and the lack of the necessary expertise regarding 
the implementation and maintenance of these digital technologies are currently still ham-
pering many SMEs in their implementation. At the same time, fluctuating customer de-
mand, unstable supply chains and the associated production downtimes require a certain 
degree of flexibility and agility, which are countered by long-term investments. 
This can be addressed by offering encapsulated digital solutions "as-a-Service" (aaS): 
On the economic side, the associated payment models offer companies entry opportuni-
ties with significantly reduced financial risk, while the demand-driven utilization of re-
sources promoted by aaS supports sustainability. The customer is given the opportunity 
to try out a wide range of digital technologies, physical assets and associated services to 
find an optimal solution. 
This article therefore explains the opportunities for increasing sustainability through digital 
technologies and the prerequisites for their implementation. Practical examples are used 
to illustrate the possibilities of applying these technologies in the context of aaS ap-
proaches. 

2 Sustainability in Production 

2.1 Sustainability Balance in Production 
The environmental impact is influenced by diverse factors, with about half of the ecologi-
cal footprint being attributable to CO2 emissions. In terms of sustainability, reducing the 
ecological footprint is one of the primary goals of manufacturing companies [3].  
Many strategic decisions, such as reducing the use of resources, show an overlap be-
tween the goals of sustainability and economic efficiency. In the meantime, however, de-
cisions are no longer made on the basis of purely economic evaluation criteria, but eco-
logical factors are increasingly being incorporated into the decision-making process. An 
ecological balance sheet not only provides information for business partners and custom-
ers, but also insights into critical processes that have a negative impact on sustainable 
manufacturing of a product. [4], [5]. 
In order to evaluate the sustainability of products, realistic, meaningful and comparable 
values are necessary, which is why manufacturing companies have developed account-
ing approaches for quantification. The setting of suitable balance limits is a great chal-
lenge, since not every influence can be directly measured and assigned to a specific 
product. A considerable part of the energy consumption and emissions is caused by aux-
iliary processes, infrastructure, transport or peripherals such as lighting, heating or air 
conditioning and must therefore be included in the overall assessment.  
Life Cycle Assessment (LCA) provides a comprehensive metric for accounting for prod-
ucts throughout their life cycle. In an LCA analysis, the entire life cycle of a product or 
service can be accounted for, from manufacturing to end of life (EOL). An LCA analysis 
goes beyond greenhouse gas (GHG) accounting and considers other factors that have 
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an impact on the environment, such as groundwater pollution. Quantification always re-
fers to the status of the product in its life cycle. For example, it can be balanced from 
production to leaving the factory (cradle-to-gate) or from production to EOL (cradle-to-
grave) [6].  
ISO 14060 is a widely used guideline for the preparation of financial statements. [7]. The 
series of standards provides a framework for quantifying, monitoring, reporting, and vali-
dating or verifying greenhouse gas emissions [8]. CO2 equivalents are introduced to sim-
plify comparability. The emissions of the individual greenhouse gases (CO2, CH4, N2O, 
etc.) are calculated separately and then converted into CO2 equivalents on the basis of 
their potential for global warming [7]–[9]. The standard can be seen as a generic standard 
for quantifying the CO2 footprint of products (PCF - product CO2 footprint) [8]. In addition 
to the PCF, accounting can be carried out on the company side and quantified in a Coper-
ate Carbon Footprint (CCF - corporate CO2 footprint) [10].  

2.2 How to make production more sustainable? 
Various solution concepts exist for implementing a more sustainable production. In this 
paragraph, approaches of the circular economy, the increase of efficiency and the exten-
sion of the service life of products are explained in more detail (see Figure 2). 

Figure 2: Sustainability potential along the value chain 

Circular Economy 
The status quo of production today is typically based on linear processes of "take, make 
and dispose", resulting in high consumption and low reuse of raw materials. When con-
sidering the entire life cycle of a product, the circular economy can make a promising 
contribution to the conservation of resources. Viewed globally and across all sectors, 70% 
of the materials already available can be used to meet the needs of humankind. For this 
reason, the Japanese government, for example, has decided to establish a complete 
closed-loop system by 2050 and is promoting corresponding measures [11]. 
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Various approaches can be taken to implement a circular economy. So-called "R-strate-
gies" have become established in the literature, which identify fields of action (e.g. recy-
cling, remanufacturing or reuse) in order to minimize the consumption of materials and 
resources. All lists of R-strategies are similar to each other and differ mainly in the number 
of economic strategies they propose and relate to circularity. In the production environ-
ment, the following examples of R-strategies are common (see Table 1) [12], [13]. 
Table 1: Selection of R-strategies of circular economy. 

Reuse 

Reuse of products: Reuse of a discarded product that is still in good condition and fulfills its 
original function by another user 

Remanufacture 

Remanufacturing: parts of a discarded product are used in a new product with the same func-
tion 

Recycle 

Recycling: Materials that have already been processed are reprocessed to achieve the same 
or lower quality 

Reduce 

Reduction: The resources required are kept as low as possible. The greatest influence can be 
exerted in the product design process, e.g. by minimizing the initial material requirements with 
the aid of topology optimization 

Such R-strategies can be supplemented by further points. In the literature, everything 
related to the pursuit of material and resource conservation is often assigned to the cir-
cular economy. Increasing efficiency, for example, can be assigned to the Reduce strat-
egy, or extending the service life to the Rethink strategy. [12], [13].  In the following par-
agraphs, increasing efficiency and extending service life are not thematically assigned to 
the circular economy, but are treated as independent measures. 
In terms of production, the feasibility of a circular economy depends on the following main 
factors:  Increasing information availability, Design for Re-X and implementing digital so-
lutions along the value chain. One information provider, digital solution and thus enabler 
for the circular economy is the Digital Twin, which is described in more detail in this con-
text in chapter 3.1 [14], [15]. From a technical point of view, Design for Re-X is a funda-
mental building block for establishing closed-loop capability as early as the product de-
sign stage. The goal of the product design process is to achieve the best possible perfor-
mance of the product while minimizing negative impacts on the environment throughout 
the product life cycle. This implies design fundamentals such as durability, modularization 
or standardization, ease of maintenance and repair, upgradeability, and opportunities for 
full disassembly and reassembly, e.g., to enable a second use of the product through 
updates or retrofits [14].  
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Extension of Service Life 
A longer service life of a product can be achieved by increasing its lifetime or by using it 
more intensively during that time. Extending the service life can help to spread the emis-
sions caused by the product over a longer period of time. However, this may conflict with 
product improvements during the use phase, which may result in a lower environmental 
impact during use. It is important to consider that the reduction in emissions from an op-
timized new product must be proportionate to the environmental impact of a new pur-
chase. Designing a product for a certain level of performance may be worthwhile to en-
sure the best possible utilization. While more intensive utilization may result in a short-
ened service life, it may also mean earlier procurement of an improved product. Intensive 
utilization of aircrafts during their service life or sharing of vehicles are examples of opti-
mized strategies with regard to service life. [16]. Crucial to such an approach is the avail-
ability of detailed information on the manufactured products, which must already be rec-
orded during product development and production. Only with the help of a solid data basis 
can an emissions-optimized service life be determined. 
There are various approaches to extending the service life of a product. On the one hand, 
the product can be designed to be more robust. In this case, the optimal compromise 
must be found between higher emissions during production and savings through longer 
or more intensive use. Alternatively, with the help of modularization and standardization, 
a repair or retrofit can contribute to an extension of the service life. [16], [17]. Predictive 
maintenance allows optimal maintenance intervals to be predicted and the service life of 
a tool, for instance, to be extended [18]. Moving hardware components such as machine 
controllers to virtuality can also lead to a longer service life due to better updateability, as 
described in chapter 3.2.  
Increase of Efficiency 

Increasing efficiency through lean production and efficient processes is not only a goal of 
manufacturing companies from an economic point of view, but also contributes to increas-
ing sustainability [19]. The efficiency of a production system has a direct impact on the 
emissions emitted during manufacturing of products. Reducing energy consumption, sav-
ing production steps, designing the machine tool to meet customer demands, or avoiding 
scrap during the start-up phase or production ultimately leads to a reduction in PCF. The 
emissions saved in this way improve the balance during the manufacturing phase of the 
product life cycle. Digital technologies, such as the use of data, virtualization, the use of 
the industrial Metaverse or AI, which are presented in chapter 3, can also lead to great 
efficiency potentials. 

3 Enabler for a sustainable Production 

The previous chapter described how sustainability can be defined from the perspective 
of production technology and what approaches exist for its implementation. Individual 
stations in the life cycle of production systems can be optimized or even new ones created 
in order to avoid rejects, expand functions and thus extend the life cycle or transfer it into 
a circular one. In the following, four promising digital technologies are presented and their 
possible influence on sustainability is outlined.  

3.1 Digital Twin 
Digitization and sustainability are not contradictory; on the contrary, it is only through dig-
ital solutions that sustainability goals can be implemented. Collected data along the value 
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chain and the product life cycle offers previously untapped potential with regard to sus-
tainable and circular production. The levers for sustainable production are equivalent to 
the core objectives of digitization in the context of Industry 4.0, such as improving produc-
tivity (e.g., rapid reconfiguration of systems) and the efficient use of resources (e.g., 
avoiding rejects). [20]. Digitization is thus an overarching solution component for compa-
nies to develop measures to reduce their environmental impact. Digital technologies es-
sentially fulfill two core tasks: Capture and enable.  With the help of the Digital Twin, for 
example, a PCF can be recorded based on data. This is used to compare and identify 
critical processes within the company. In order to optimize production with regard to sus-
tainability, the data obtained and processed provides important insights and can be used 
at various levels along the value chain (see Figure 3). 
Digital Twin in Production 

Already during production planning, a detailed digital twin of the production plant allows 
a realistic simulation of the processes and can provide information on optimized plant 
configurations or production line design in the concept phase of new plants [21].  
In production control, digitization and networking and the associated permanent and di-
rect communication between machines and control systems offer the opportunity to es-
tablish smart and demand-oriented production systems, which will play a central role in 
future production strategies. Only continuous, cross-supply-chain networking enables the 
implementation of demand-oriented pull production, in which the production quantity is 
determined by demand and overproduction is avoided [22], [23].  
The generated data basis enables different optimization strategies at the shopfloor level. 
With the help of the Digital Twin and a processing algorithm, anomalies in production can 
be detected more quickly and the production of faulty parts can be stopped earlier. The 
Digital Twin of a production plant enables virtual commissioning and shortens the start-
up phase for the start of production or the adaptation of optimized program sequences, 
whereby the optimum operating point is reached earlier and the efficiency of the plant is 
increased [21].  
Digital Twin until EOL 

The full potential of end-to-end data acquisition can only be exploited if it takes place over 
the entire life cycle of a product. During each phase of the life cycle, critical information is 
generated that can be fed back into the development of new variants or production con-
cepts. For example, a Digital Twin containing information from the use phase can extend 
the service life of products by adaptively adjusting maintenance intervals using prediction 
models. With detailed product information, from raw material extraction to EOL, the fea-
sibility of circular economy increases, as downstream remanufacturing, recycling or re-
think processes can be carried out more easily. Automated disassembly can be carried 
out much more efficiently if, on the one hand, the data from assembly is available and 
can be used and, on the other hand, it is known what events the product has gone through 
in the use phase and what changes it may have undergone in the process. In addition, 
information about the materials used in manufacturing of the product up to the EOL can 
enable improved evaluability with regard to recycling [20].  
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Figure 3: Possible applications of digital twins 

3.2 Virtualization 
At first glance, the direct connection between virtualization and sustainability may not be 
obvious, partly because the term is used in many different ways in different domains. 
Nevertheless, this technology enables companies to react flexibly to demand and to scale 
resources according to need or to utilize them optimally. In production technology, virtu-
alization often describes the abstraction of production resources, processes and products 
in order to use digital models for development and optimization [24]. This application can, 
for example, significantly reduce waste that would normally occur during the start-up and 
testing of real processes, or optimally utilize machines. In information technology, the 
focus lies on the abstraction of resources such as hardware, software or the network. 
Depending on the type of resource to be virtualized, different methods have become es-
tablished that correlate closely with the respective goals and requirements. 
Traditional IT Business Models 

The consolidation of several virtual servers on one physical hardware has been a stand-
ard procedure in IT for many years in order to make optimum use of the available hard-
ware. In the meantime, many of these applications run in cloud environments, which make 
it possible to temporarily increase resources such as CPU or RAM as required (e.g. during 
peak loads).  This makes it possible to use the available resources efficiently and in line 
with demand. For this reason, more and more companies are also striving to virtualize 
workstation computers. This involves replacing the physical hardware with an energy-
saving thin-client that establishes a connection to a server on which the previously locally 
available computer runs in a virtualized environment. In addition to simplified, central ad-
ministration and maintenance of the system, the required resources can now be adapted 
without physically replacing the hardware at the workstation. A practical example shows 
the savings potential in terms of energy consumption: By consolidating 8 servers and 
installing 40 thin-clients, the annual energy costs of a company could be reduced by 
35,000 KWh [25]. 
Virtualization in Production 

Many of the approaches and methods from the IT sector presented in the previous para-
graph can also be transferred to production. However, production-specific requirements, 
such as the real-time capability of controls and communication channels, must be taken 
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into account. The control panels and screens on the production lines can often be re-
placed by energy-saving thin-clients, while a full-fledged workstation computer runs in the 
background. Virtualization of programmable logic controllers (PLCs) is also no longer a 
pure research subject, but is offered by companies such as Bosch Rexroth, Codesys and 
Siemens. By consolidating multiple PLCs on one hardware, performance can be scaled 
flexibly based on requirements. For example, performance can be doubled at the push of 
a button without swapping hardware if, for example, a "power-hungry" AI model is to run 
on the controller. In addition, virtualization offers advantages in terms of maintenance, 
updates and the security of the controller. Due to the fact that no physical hardware exists 
that is outdated and must be replaced accordingly, the service life of machines can be 
extended considerably. However, the focus does not always lie on the hardware alone. 
Frequently, this must also be considered in combination with the network. Companies 
such as Cisco and Audi are working on virtualizing real-time capable networks, for exam-
ple on the basis of Profinet [26]. Due to increasing digitization and the use of IT systems 
in production, virtualization can have a positive impact in all lifecycle phases, as summa-
rized in Figure 4. 

Figure 4: Application possibilities and potentials of virtualization 
3.3 Industrial Metaverse 
At its core, the broad term "Metaverse" describes an environment where the physical and 
digital worlds merge [27].  The convergent use of mixed reality technologies in the 
Metaverse enables multisensory, dynamic interaction with virtual 3D environments, digital 
objects and people in real time [28]. The Metaverse is generally divided into two areas 
that offer different potentials for use: While the Consumer Metaverse focuses primarily on 
the further development of social interaction, events and games, the Industrial Metaverse 
offers a wide range of possibilities for the innovative design of domains such as 
healthcare, education and industry [29]. From a production engineering perspective, there 
are currently three main areas of application. 
Create new Opportunities for Employee Qualification 

The Metaverse offers employees more opportunities to learn about new environments, 
processes and machines [30]. The virtual environment makes it possible to place people 
in dangerous situations in a controlled and repeatable manner so that they can learn how 
to deal with them. For example, it is possible to show what happens when a machine tool 
is operated incorrectly and a crash occurs - without any material or personal damage. In 
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addition, this type of learning offers a certain scalability: Although only one machine can 
be present in reality, any number of employees can learn how to operate it in the virtual 
environment. However, in order to approximate the experience in the Metaverse and the 
experience in reality, further research is needed regarding the enhancement of immersion. 
Haptic feedback in particular will play a major role in the future.  
Improvement of the Engineering Process 

CAx tools have been used in the engineering process for years to support the design of 
3D visualization to support the design of assets. In the vision of the Metaverse, this sup-
port is to reach completely new dimensions: Developers can now not only design prod-
ucts, but also, by means of mixed reality technologies, view them from new angles in the 
associated environment and, with appropriate kinematicization and simulation, test their 
functionality. For example, individual workstations and even entire factories can be de-
signed and validated in virtual space before they are built. The first steps towards realizing 
this vision have already been taken by a number of automotive companies, among others. 
[31], [32].
In addition to 3D visualization, an exchange between different actors in real time is also 
a target that can significantly increase productivity: In established workflows, data from 
different tools usually has to be manually merged and adjusted. Currently available plat-
forms for the implementation of the Industrial Metaverse promise to break down these 
limits in order to realize a more transparent use without interface losses and compatibility 
problems. [31], [33].  
Generation of synthetic Data 

The use of computer vision is becoming more and more ubiquitous in the manufacturing 
industry. In addition to its use for quality control of components [34], it can significantly 
improve the automated handling of objects in combination with robotics [35]. Regardless 
of the use case, however, the training of the required machine learning algorithms re-
quires large, labeled data sets, which are often unavailable or difficult and time-consum-
ing to obtain [34]. The Industrial Metaverse offers a solution for this: By means of photo-
realistic renderings of 3D environments and objects and the possibility to flexibly adjust 
lighting, object poses and environment, synthetic images or data for training can be cre-
ated and labeled quickly, easily and even automatically [33]. In this way, production sys-
tems can be enabled to function error-free and thus become more sustainable from the 
very first start-up.  
The potential influences of the Metaverse on the various stages in the life cycle of a prod-
uct are summarized in Figure 5.  
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Figure 5: Possible applications of the Metaverse 

3.4 Artificial Intelligence for Production Engineering 
The application of AI along the entire product life cycle offers companies numerous start-
ing points for increasing efficiency and can contribute to optimizing the sustainability and 
service life of products. By using AI systems, products can be developed in such a way 
that their useful life is extended and resource consumption is reduced at the same time. 
In production, AI systems can help reduce energy consumption and minimize the produc-
tion of waste. In this way, companies can not only increase their competitiveness, but 
also contribute to the conservation of resources and the reduction of the ecological foot-
print. 
Quality and Productivity Improvements 

AI offers great potential in production to increase productivity and quality while reducing 
costs. An important aspect of this is the analysis of large volumes of real-time data in 
order to identify anomalies and patterns, gain targeted insights and derive measures [36]. 
Predictive maintenance is an exemplary application of AI in production, in which the con-
dition of machines and systems is monitored by means of data analyses in order to detect 
anomalies and deviations at an early stage and to initiate maintenance and servicing 
measures. This can minimize unplanned downtime, extend the service life of machines, 
and reduce the production of defective parts. For example, AI-based tool wear determi-
nation can help increase the degree of utilization. Another application is predictive quality, 
where the quality of products is monitored during the manufacturing process through real-
time data analysis in order to react quickly to defects or problems. In addition, AI-based 
optimization of a machine's operating point can be performed continuously, parallel to the 
process and according to the context at hand, by determining the optimal machine pa-
rameters through data analysis and process optimization models. 
Generative Artificial Intelligence 

Generative Artificial Intelligence is a subfield of AI in which models previously trained on 
large amounts of data can independently generate new content, for example for use in 
use cases for which no real data is yet available. The technology has applications in many 
areas, such as synthetic image generation, text generation, and automatic modeling of 
3D objects. In product development, generative algorithms can be used to optimize the 
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design and its topology with respect to selected target variables. These can be, for ex-
ample, the lowest possible weight while guaranteeing functionality or the reduction of the 
required input of raw materials and energy in production [37]. As part of the subsequent 
commissioning of production processes, synthetic image data can be used to train com-
puter vision models, as described in chapter 3.3. In addition, machines, such as robots, 
can be programmed and parameterized autonomously through the generative creation of 
simulation scenarios [38]. Here in particular, the synergies between the approaches of 
the Industrial Metaverse and the use of generative AI become clear. By using synthetic 
data, the economic usability of AI shifts towards smaller batch sizes, since no real data is 
required. In addition, generative algorithms whose training is based on engineering and 
production information can be used to generate content for information and worker assis-
tance systems. This can provide great added value, especially for untrained personnel in 
view of structural and demographic change. Despite the numerous potentials of genera-
tive AI, the major challenge is to overcome the domain gap and ensure that generated 
content also leads to robust solutions that can withstand real-world use [39]. Here, re-
search is being conducted on numerous approaches to solving the problem, such as do-
main randomization. 
Human and Artificial Intelligence in Interaction 

Figure 6: Possible applications of artificial intelligence for production engineering 

There are numerous use cases and scenarios in which AI systems offer added value in 
the sense of gaining insights from data, but in which an autonomous application of these 
insights, for example in the form of an automated adjustment of machine parameters, is 
not meaningful. Examples of this are the period in which AI is being trained and is there-
fore not yet performant, or when process steps are considered in which the use of AI 
models is not sufficiently robust and comprehensible. In the case of products with a low 
number of units and a high number of variants, this situation could possibly never be 
overcome. In order to nevertheless exploit the potential of AI, a system with hybrid intel-
ligence can be used in such cases, in which human and artificial intelligence interact bi-
directionally [40]. AI can be trained more efficiently through targeted input from experts, 
which in turn allows it to be used in human-centric applications [41] can feed back anal-
yses and recommendations for action via assistance systems. Figure 6 summarizes the 
described sustainability potentials of the aforementioned AI approaches along the life cy-
cle of a product. 
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4 Sustainable Production-as-a-Service  

In the previous chapter, digital technologies such as digital twins, virtualization, the 
Metaverse and AI were mentioned as enablers for sustainable production. Although these 
technologies are already widely available, albeit in varying degrees of maturity, there are 
still numerous challenges, especially for small and medium-sized enterprises, which pre-
vent them from using these seemingly tangible solutions. The entry barrier seems too 
high from the customer's point of view, despite the high supply, due to a lack of expertise 
in the technologies and high initial investment costs. This reluctance is understandable, 
as the profitability of the technology is often uncertain. At the same time, the sometimes 
fluctuating customer demand as well as unstable supply chains and the associated pro-
duction downtimes cause great uncertainties, which stand in the way of long-term invest-
ments. As-a-service-based business models can lower this financial and knowledge bar-
rier and potentially give customers broader access to digital technologies. This does not 
compromise customer expectations as they are more concerned with outcomes, person-
alization and continuous improvement than ownership and generalization [42].  

4.1 As-a-Service in the digital Age 
As-a-Service offers two types of contracts: flexible and performance-based [43]. The flex-
ible contract type is about synchronizing revenue and expense streams associated with 
the variable use of the product. In the performance-based contract type, on the other 
hand, the value proposition is measured by the impact of the product, e.g., an increase 
in productivity or a reduction in the total cost of ownership (TCO). In contrast, with a pure 
product offering, the value proposition lies in the delivery of the physical product and the 
promised features, without any responsibility over the fulfillment of customer expectations. 
With aaS, there is a shift from an abstract marketing promise to a value proposition. The 
ownership structure also differs, as the customer only receives temporary rights to use 
the product and is thus considered a tenant.  
Subscription Models 

Subscription and "Pay-per-X" are common revenue models for monetizing aaS [43]. Sub-
scription models generate recurring and stable revenues (e.g., monthly or annually) that 
can be flexibly expanded through upgrades. However, the resulting customer loyalty can 
be terminated at any time. With pay-per-X, the customer only pays for the service that is 
actually used or produced (e.g. pay-per-hour or pay-per-part). Pay-per-X models are of-
ten combined with subscription models in order to cushion possible risks such as the loss 
in value of older machines. In this case, the provider sells the function of the product for 
a defined period of use via modified sales and payment systems such as subscription, 
sharing, pooling or leasing [44]. 
Everything-as-a-Service 

The variety of possible services is unlimited: from software (Software-as-a-Service), to 
computer infrastructure (Infrastructure-as-a-Service), to plant and machinery (Equipment-
as-a-Service), all types of assets and services can be offered as services [45]. The term 
for this approach is Everything-as-a-Service (XaaS). With Software-as-a-Service (SaaS), 
the use of a software is leased as a service instead of selling the software as a license 
[46]. This offers the customer advantages in terms of product support and updates, which 
can be provided automatically. Infrastructure-as-a-Service (IaaS) enables computing in-
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frastructure to be rented on demand, allowing companies to implement one-time applica-
tions and absorb peak loads. Continuous monitoring, maintenance and repair is also part 
of the service to keep the systems and machines in optimal operating condition. 
From Data Integration to Smart Services 

A key factor in maximizing the success of aaS models is the use of data. With Equipment-
as-a-Service (EaaS), important production data can be collected and evaluated through 
data integration and communication between the plant user and the aaS provider, im-
portant production data can be collected and evaluated. As a result, resource and energy 
consumption can be optimized, plant risks minimized, and plant life maximized in terms 
of sustainability. End-to-end IT systems are necessary to enable continuous data feed-
back and analysis. In addition, appropriate skills and methods are needed to analyze the 
collected data to better understand customer needs. Close involvement of the customer 
through a participatory approach is thus essential. Data collection also opens up oppor-
tunities for data-based digital service offerings, such as the use of artificial intelligence or 
the creation and use of digital twins. These services are also called smart services. In 
combination with the appropriate sensor technology on the product, data can be recorded 
and shared via private as well as public communication channels. Ideally, this makes the 
company not only a service provider, but also a provider of a digital solution [42]. New 
business areas can be opened up, whereby the analysis of market trends points the way. 

4.2 As-a-Service as an Enabler for sustainable Production 
AaS not only offers an opportunity to counter the growing dynamics and complexity of the 
markets, but also holds considerable potential for achieving the sustainability goals. In 
particular, SDG 12 (Responsible Consumption and Production) and SDG 13 (Climate 
Change Mitigation Measures) benefit from aaS models, as these are primarily aimed at 
conserving resources and ensuring that products last as long as possible in the economic 
cycle [47]. Furthermore, alternative distribution systems such as sharing lead to a higher 
utilization of products and production facilities, resulting in positive effects in both produc-
tion and consumption. In addition, XaaS promotes factors such as innovation and infra-
structure, which can have positive effects on society. 
Equipment-as-a-Service 

SYSTEMIQ is a system change company that works for the change to a sustainable eco-
nomic system [43], [47]. Together with the machine manufacturer Trumpf, the company 
carried out a quantitative analysis of the sustainability potential of an aaS-based laser 
cutting machine. The decarbonization potential and the reduction of the TCO were ana-
lyzed with the help of two EaaS scenarios: EaaS 1.0 considered a pay-per-part business 
model that is already available. By using AI-based process optimization or over-the-air 
updates, further potentials can be raised. In EaaS 2.0, this model was extended by a 
digital marketplace to bundle customer demand and optimize machine and material flow. 
These two approaches have the potential to decarbonize metal sheet manufacturing by 
37% and 65%, respectively, and also enable customers to reduce TCO by 16% and 24%, 
respectively (see Figure 7). The main influence was the optimization of material waste, 
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which calls for new ways of digital procurement processes with higher freedom of order 
placement and disassembly. 

Figure 7: Sustainability potential through Equipment-as-a-Service. Source: SYS-
TEMIQ/Trumpf 

In aaS models, companies retain ownership of their product and responsibility for its life 
cycle. This motivates them to strive for circular business models. The transformation to 
an aaS business model requires a circular product design and operating model. This 
means that a product must be designed and developed for long life and quality. By com-
bining the presented digital technologies and the aaS models, the concept of Sustainable 
Production-as-a-Service can be realized. Figure 8 summarizes the components of this 
approach.  

Figure 8: Sustainable Production-as-a-Service 
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5 Examples from Industry and Research 

The previous chapters have shown that the use of digital technologies and as-a-service 
models can be enablers for sustainable production. In this chapter, several examples will 
be used to compare the previously explained, partly conceptual approaches with specific 
success stories from industry and research. For example, the Autopilot research project 
(BMBF, FKZ: 02J21E000) is investigating how (vehicle) production can be made more 
sustainable through the use of adaptable manufacturing cells and recyclable resources. 
In particular, the design of the Equipment-as-a-Service business model is being exam-
ined using the example of wooden landing gear (Chapter 5.1) and modular clamping de-
vices (Chapter 5.2). The ViRTNC research project (BMWK, IGF project: 22716 N/2) 
shows the potential of virtualization using the example of NC controls (chapter 5.3). Fur-
thermore, the potentials of the Industrial Metaverse are presented by means of an exam-
ple from industry (chapter 5.4). Finally, an application example from the research project 
GeMeKI (BMBF, FKZ: 02P20A121) shows the opportunities of hybrid intelligence in final 
assembly (chapter 5.5). 

5.1 Charge Carrier-as-a-Service 
The start-up Ligenium from Chemnitz is a spin-off of the TU Chemnitz and offers digital 
and climate-neutral logistics solutions based on wood-based materials. Particularly note-
worthy is the charge carrier, which enables a 50% tare saving compared to steel con-
structions while maintaining the same load capacity and larger load volume. Thanks to 
the modular plug-in connection design, a low dead weight and intermediate storage vol-
ume and a high degree of reusability are guaranteed. The wooden charge carriers are 
characterized by climate-neutral recycling, since wood binds CO2 and demonstrably im-
proves the CO2 balance. The higher resistance of wood under chemical and aggressive 
environmental conditions compared to metal constructions enables an extension of the 
life cycle. Due to the special low maintenance and intralogistic load capacity, the charge 
carriers made of wood materials are an environmentally friendly and long-lasting alterna-
tive.   
This example already shows that the issue of sustainability plays a decisive role in engi-
neering. The choice of alternative materials can have a direct positive impact on the CO2 
footprint, and the modular design facilitates repairability and thus leads to extended use. 
This provides an optimal starting point for new business models, such as equipment-as-
a-device or, in this case, load carrier-as-a-service. The customer only pays for the equip-
ment as long as it is actively used in production. When the equipment is no longer needed, 
it is returned to the manufacturer. The manufacturer must then decide, based on the pre-
vious use of the resource, which R-strategy (see section 2.2) is best for continuing to use 
the resource optimally in terms of the circular economy. From the supplier's point of view, 
it is desirable to continue renting out resources with as little effort and adjustments as 
possible. To this end, all relevant data must be recorded throughout the various life cycles 
and made available as a basis for decision-making. For this purpose, the load carrier 
requires sensor technology that continuously records environmental conditions such as 
temperature and humidity as well as loads. Reliable connectivity is of great importance, 
especially for mobile equipment, in order to ensure the required data continuity. 
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5.2 Clamping Device-as-a-Service 
The EDAG Group is the world's largest independent engineering partner to the mobility 
industry. It handles strategy development through the concept phase and series produc-
tion to production planning and optimization for vehicles and production facilities. Within 
the EDAG Group, EDAG Production Solutions GmbH & Co. KG supports the implemen-
tation of smart factories and has developed, among other things, the UniSerienStan-
dard®.  
This operating equipment standard includes flexible fixtures that enable fast and repeat-
able joining of workpieces. Particularly noteworthy is the modular structure of the equip-
ment standard and the drawing-free production according to 3D CAD data. The modular 
design allows high flexibility, short delivery times (approx. 35% faster than OEM series) 
and low costs (approx. 32% cheaper than OEM series). At the same time, a reduction in 
mass of approx. 40% with improved strength can be achieved, which results in a signifi-
cant reduction of the CO2 footprint. The fixture components consist largely of standard 
parts, which ensures a high degree of reusability in subsequent projects. The design of 
the UniSerienStandard® reduces the number of individual parts required and the modular 
structure favors the repair and recycling of the fixture. This high modularity is particularly 
advantageous for prototype construction. The further development of an electro-pneu-
matic setup reduces the number of wiring schemes and thus additionally reduces the 
carbon footprint. This also makes it possible to record usage data to track the usage 
history of the fixture. This is advantageous for reusability, as a prediction can be made 
about the service life. 
Again, this shows that the modular design of the fixture is a key enabler. Many companies 
have so far avoided this approach in engineering due to the increased effort and resulting 
costs. However, since the equipment remains the property of the supplier and changes 
several times over its lifetime, the initial effort is worthwhile when considered over the 
entire lifetime. In addition, modularization offers the advantage that the engineering pro-
cess can be partially automated, which has a positive effect on delivery times and thus 
on customer satisfaction. By feeding data back into engineering, improvements can also 
be made to the equipment itself. 
In the previous sections, the technical challenges in designing the business model were 
discussed in particular. These challenges are also partly due to organizational factors. 
Internal company policies and standards, for example, can be a significant obstacle be-
cause they are not recognized across the industry and thus may not match the standards 
of other users. This can limit reuse despite the same function. Therefore, it remains to be 
determined whether users are willing to deviate from their own standards in order to reap 
the benefits of reduced fixture costs and more sustainable use, or how fixtures can be 
designed flexibly without compromising existing standards. Currently, fixtures can only be 
leased. However, this model can be extended to an EaaS model to capture the benefits 
mentioned in the previous chapter.  Figure 9 summarizes the advantages of EaaS once 
again using the example of ligenium and EDAG PS. 
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Figure 9: Equipment-as-a-Service using the example of ligenium and EDAG PS 

5.3 Real-time Virtualization of an NC Controller 
In the ViRTNC project (real-time virtualization of an NC control for dynamic provision of 
hardware resources for computationally intensive control algorithms), the aim is to inves-
tigate systematically how the virtualization of NC controls for machine tools can succeed 
(see Figure 10). For this purpose, first an analysis of the real-time requirements of NC 
controls is performed, then a virtualization environment is conceptualized and set up be-
fore the virtualized position control of a single drive is implemented. On the basis of this, 
compensation mechanisms in the position control can then be researched, which make 
robust control possible despite disturbances due to occurring latency and jitter. In addition, 
concepts for the orchestration and information-technical protection of the virtualized con-
trollers will be developed with the help of the participants of the project committee. The 
project is accompanied by the construction of a demonstrator in the form of an exemplary 
machine tool, which is used for the final evaluation and validation of the developed con-
cepts. 
The realization of a real-time capable control system is a challenge that should not be 
underestimated in the virtualization and consolidation of industrial control systems. In 
general, the so-called hypervisor, which forms the abstracting software component be-
tween the server hardware and the operating systems of the controllers, causes additional 
latency that does not occur with conventional PC-based control systems. To counter this 
problem, the ViRTNC project uses a hypervisor that has been optimized for real-time 
capability and configured accordingly. This hypervisor can already guarantee scheduling 
latencies of a few microseconds in virtualized controllers. In addition, however, commu-
nication with field devices in real time is also necessary for the intended overall system 
to function. Analogous to the use of commercial hardware from the IT sector on the server 
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side, commodity hardware should also be used as far as possible with regard to the net-
work components. Therefore, it will be evaluated to what extent prioritization mechanisms 
and standard Ethernet can enable sufficiently low-latency communication between edge 
servers with virtualized controllers and field devices. In addition to the realization of the 
physical network based on commodity switches, different concepts are analyzed to real-
ize the virtualized network within the edge server in software or hardware. For a realistic 
evaluation of the real-time capability of the overall system, measurements of the response 
time at digital input and output terminals are performed. Concepts and implementations 
developed in the project so far have reached a response time in the range of one milli-
second. In the further course of the project, an NC controller will be virtualized and used 
to control a real machine. 

Extension through Pay-per-Function 

Extending this approach with switchable functions offers the customer increased flexibility 
and the use of current solutions, such as in the area of artificial intelligence. This could 
be realized through a pay-per-function model, which is possible on the basis of virtualized 
hardware. 

Figure 10: Potentials through real-time capable control virtualization 

5.4 Application of the Industrial Metaverse 
In cooperation with the Boston Consulting Group (BCG), Amazon Web Services (AWS) 
and Nvidia, the Automation and Control Technology department of the WZL has already 
gained initial experience in the use of the Industrial Metaverse for addressing production 
engineering issues. The following use case was considered: In the production of vehicles, 
the cockpit is usually mounted as a coherent assembly in the car body. The surfaces of 
the cockpit (e.g. the leather covering of the dashboard) must not show any scratches or 
other damage. Computer vision systems based on machine learning methods are used 
to detect possible optical defects. To train these methods, large, labeled data sets are 
required, which can be generated in the described scenario by creating numerous images 
of intact and defective cockpit surfaces. In practice, this means that when a new produc-
tion line is commissioned or a new cockpit optic is introduced, there is not yet a sufficient 
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database to reliably identify defective areas. As already described in chapter 3.3, the 
Industrial Metaverse offers possibilities to solve this problem: By creating a 
photorealistic 3D model of the production environment and the cockpit, the required 
images for training the computer vision system can be generated synthetically. The 
Omniverse platform de-veloped by Nvidia was used in this project to realize the 3D 
model. The system architec-ture built up in the process is shown in Figure 11. By using 
the uniform file format Univer-sal Scene Description (USD), Omniverse enables a 
bidirectional, manufacturer-inde-pendent collaboration of different programs necessary 
for the design of the 3D model. Thus, the current states of the engineering process of 
the cockpit can be visualized to-gether with the simulation of the production line in a 
factory environment. Changes in the design of the cockpit or in the processes of the 
production line can be seen in real time in the combined scene. The 3D model created 
in this way can now be used to create the necessary image files. State-of-the-art ray 
tracing technologies support this process with a realistic representation of light and 
reflections on surfaces.  As part of its Omniverse platform, Nvidia already offers 
programming tools to accelerate and partially automate the process of synthetic data 
generation.  
This example shows how the Industrial Metaverse can contribute to the optimization of 
production lines and thus also to increasing sustainability. In addition, the potential for 
using the as-a-service idea is also found here: The provision of platforms for implementing

Figure 11: System architecture for the implementation of the Industrial Metaverse  

the Industrial Metaverse as well as the completely external creation of synthetic data can 
be derived as a possible business model. Companies that do not have their own employ-
ees with knowledge of the necessary programs can purchase the required expertise and 
the resulting results flexibly and in line with their needs. 

5.5 Hybrid Intelligence in electric Motor Assembly 
Industrial assembly usually has a low degree of automation in the case of high process 
complexity and low or still unclear unit number potential. As part of the BMBF-funded 
research project GeMeKI (Generalization of Human-Centered AI Applications for Produc-
tion Optimization), an AI application is being examined in the manual small-series assem-
bly of electric motors at Miele, in which the bearing points of the rotors are glued into the 
stator housing by hand. This is a quality-critical process in which the automatically applied 
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adhesive bead is subjected to a visual inspection by specialist personnel after dispensing. 
This inspection is necessary because the quality of the adhesive bead and the joining 
process varies depending on numerous influencing variables such as environmental pa-
rameters (e.g. temperature, humidity, solar radiation), time influences (e.g. wear, flow 
time, storage time) and machine parameters at the metering and pressing station. 
In order to support the workers in this multifactorial process and to accelerate the training 
process of unqualified employees, a system with hybrid intelligence is set up as shown in 
Figure 12. For this purpose, relevant parameters are recorded by sensors and stored in 
a workpiece-specific manner with camera data of the gluing bead. In order to generate 
suitable data for teaching a reliable assistance AI, the workers label all data sets recorded 
during normal operation with an OK or not OK statement after visual inspection of the 
gluing bead. In the case of a not OK glue bead, a defect category and the measure taken 
to rectify the defect are also specified and stored. On the basis of this data, an AI-based 
assistance system is created which is trained by the specialist personnel and which pro-
vides the employees with process-parallel predicted quality statements on the recorded 
glue bead, a classification in the case of not OK defects and recommendations for im-
provement measures. forecasts as well as recommendations for improvement measures 
via a dedicated user interface. Through continuous interaction with the intelligence sys-
tem, the AI is optimized beyond the initial training phase so that a continuously growing 
reduction of rejects and an improvement of product quality can be achieved. This reduces 
the waste of resources and extends the product life. 
In addition to the human-centered development, implementation and introduction of all AI 
components and interaction interfaces, the main focus of the project is to achieve the 
highest possible transferability of all developed solution modules, whether hardware or 
software. This should enable economic reuse in other assembly lines, at other locations 
and for other products. Modular solution modules developed by the project partners 
should be easy to adapt for a wide range of applications and be combinable for down-
stream use in digital composite products of several partners. 
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Figure 12: Hybrid intelligence in Miele's electric motor assembly line 

Digital Composite Products with as-a-Service Components 

Digital composite products are made up of several modules of different types, sizes and 
tasks, each of which is contributed by different partners specializing in a particular area. 
As a rule, there is a hardware system, e.g., a machine or plant, and one or more software 
modules (microservices) that digitally extend the functional spectrum of the hardware. In 
the case of the AI-based assembly assistance system, the hardware system is an auto-
mation cell from automation specialist Xenon equipped with camera technology, which is 
supplemented by a quality prediction AI developed by industrial AI supplier aiXbrain.  
For joint exploitation beyond the scope of the project, a joint business model is needed 
that offers all partners an economic incentive and at the same time secures their sover-
eignty over the respective contributed components. Contributing modular components in 
a commercial and technical as-a-service model is ideally suited for this case, especially 
for those partners who contribute digital modules to extend functionality. Consistently, an 
AI supplier like aiXbrain therefore also offers its products as software-as-a-service, using 
the subscription + pay-per-X model described in Section 4.1. The as-a-service model thus 
becomes the glue for novel digital composite products that can solve the major challenges 
around sustainable production differently and, presumably, better. 

6 Summary and Outlook 

This paper presents approaches to implement a circular economy, to extend the life cycle 
and to increase efficiency with regard to sustainable production. Digital technologies such 
as digital twins, virtualization, the Metaverse and artificial intelligence are identified as 
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enablers to leverage these potentials. For small and medium-sized enterprises in partic-
ular, however, the application of these technologies still represents a major challenge. 
The sometimes high investment requirements and the frequent lack of the necessary ex-
pertise inhibit companies in their implementation. At the same time, fluctuating customer 
demand, unstable supply chains and the associated production downtimes require a cer-
tain degree of flexibility and agility.   
Sustainable Production-as-a-Service offers the digital solutions "as-a-Service" to provide 
customers with a wide range of digital technologies, physical assets and related services 
to find an optimal solution. By returning the product after its life cycle or use cycle, the 
provider can refurbish the product or individual components in line with the circular econ-
omy and feed it into the next use cycle. Alternative distribution systems such as machine 
sharing also enable higher utilization of products or production systems. While aaS-based 
solutions enable customers to bridge short-term interruptions in business operations, they 
also open up opportunities for suppliers to tap into new customer groups.  
The concept of Sustainable Production-as-a-Service was presented using two examples, 
which offer the charge carriers and clamping systems as an as-a-service model. In addi-
tion, three projects from WZL research are used to illustrate how the digital technologies 
mentioned can leverage sustainability potentials in production in combination with the as-
a-service model.   

Approaches for the Future 

The solutions presented here require holistic data collection over the entire life cycle of a 
product in order to exploit the potential of the circular economy. This requires uninter-
rupted data collection along the value chain and, above all, networking between compa-
nies and cooperation between users. In particular, competitive thoughts between compa-
nies and security concerns of users are opposed to this required networking and trans-
parency. The former requires companies to develop a sustainability mindset and to rec-
ognize that opening up can also benefit their own business. The willingness to embrace 
innovation and change are prerequisites for sustainable production.  



7 Literature 

[1] UNRIC - Regionales Informationszentrum der Vereinten Nationen. "Ziele für nach-
haltige Entwicklung." unric.org. https://unric.org/de/17ziele/ (accessed Jan. 26, 2023).

[2] A. Bonfanti, G. Mion, F. Brunetti, and A. Vargas‐Sánchez,"The contribution of man-
ufacturing companies to the achievement of sustainable development goals: An em-
pirical analysis of the operationalization of sustainable business models," Business
Strategy and the Environment, 2022, Early View, doi: 10.1002/bse.3260.

[3] A. Kampker, P. Burggräf, T. Welter, S. Kamp, and J. Thul, "Factory Carbon Footprint
Design," Advanced Materials Research, vol. 907, pp. 455-462, 2014, doi:
10.4028/www.scientific.net/AMR.907.455.

[4] D. Schiermeier et al. "Green Skills: In jedem und jeder von uns steckt ein Green
Collar." plattform-i40.de. https://www.plattform-i40.de/IP/Redaktion/DE/Downloads/
Publikation/AG5_Impuls-GreenSkills.pdf?__blob=publicationFile&v=3 (accessed
Jan. 18, 2023).

[5] Umweltbundesamt. "Der Europäische Emissionshandel." umweltbundesamt.de.
https://www.umweltbundesamt.de/daten/klima/der-europaeische-emissionshandel
#teilnehmer-prinzip-und-umsetzung-des-europaischen-emissionshandels (accessed
Jan. 18, 2023).

[6] I. V. Muralikrishna and V. Manickam, "Life Cycle Assessment," in Environmental
Management: Science and Engineering for Industry, Amsterdam: Elsevier, 2017, pp.
57–75.

[7] The Climate Choice. "Product-Carbon-Footprint: 3 Normen, 3 Anwendungs-
bereiche." theclimatechoice.com. https://theclimatechoice.com/de/product-carbon-
footprint-3-normen-3-anwendungsbereiche/ (accessed Feb. 20, 2023).

[8] DIN EN ISO 14067:2019-02, Treibhausgase – Carbon Footprint von Produkten: An-
forderungen an und Leitlinien für Quantifizierung, 14067:2019-02, DIN Deutsches
Institut für Normung e. V., Berlin, 2019.

[9] J. Ranganathan et al. "The Greenhouse Gas Protocol: A Corporate Accounting and
Reporting Standard: Revised Edition." ghgprotocol.org. https://ghgproto-
col.org/sites/default/files/standards/ghg-protocol-revised.pdf (accessed Apr. 11,
2023).

[10] L. Klaaßen and C. Stoll, "Harmonizing Corporate Carbon Footprints," Nature Com-
munications, vol. 12, Art. no. 6149, 2020, doi: 10.1038/s41467-021-26349-x.

[11] M. Fraser et al. "The Circularity Gap Report 2023." circularity-gap.world. https://
www.circularity-gap.world/2023#download (accessed Apr. 11, 2023).

[12] J. Kirchherr, D. Reike, and M. Hekkert, "Conceptualizing the Circular Economy: An
Analysis of 114 Definitions," SSRN, 2017, doi: 10.2139/ssrn.3037579.

[13] J. Potting, M. Hekkert, E. Worrell, and A. Hanemaaijer. "Circular Economy: Measur-
ing Innovation in the Product Chain. Policy Report." pbl.nl. https://www.pbl.nl/sites/
default/files/downloads/pbl-2016-circular-economy-measuring-innovation-in-prod-
uct-chains-2544.pdf (accessed Apr. 11, 2023).

[14] M. Riesner, C. Dölle, C. Mattern, and J. Kreß, "Circular Economy: Challenges and
Potentials for the Manufacturing Industry by Digital Transformation," in 2019 IEEE
International Symposium on Innovation and Entrepreneurship (TEMS-ISIE), Pisca-
taway: IEEE, 2019, doi: 10.1109/TEMS-ISIE46312.2019.9074421.

257 

Production-as-a-service 



Sustainable Production-as-a-Service 

258 

[15] H. Wilts and H. Berg. "Digitale Kreislaufwirtschaft: Die Digitale Transformation als 
Wegbereiter ressourcenschonender Stoffkreisläufe." epub.wupperinst.org. https://
e-pub.wupperinst.org/frontdoor/deliver/index/docId/6977/file/6977_Wilts.pdf (acces-
sed Apr. 11, 2023).

[16] V. Schulze et al. "Update-Factory für ein industrielles Produkt-Update: Ein Beitrag 
zur Kreislaufwirtschaft." wgp.de. https://wgp.de/wp-content/uploads/03_Impulspa-
per_WBK_2021-09_ES_WEB.pdf (accessed Apr. 11, 2023)

[17] A. C. H. Skelton and J. M. Allwood, "Product life trade-offs: what if products fail 
early?," Environmental Science & Technology, vol. 47, no. 3, pp. 1719–1728, doi: 
10.1021/es3034022.

[18] A. Chen and J. Blue, "Recipe-Independent Indicator for Tool Health Diagnosis and 
Predictive Maintenance," IEEE Transactions on Semiconductor Manufacturing, vol. 
22, no. 4, pp. 522–535, 2009, doi: 10.1109/TSM.2009.2028215.

[19] M. Roesch, J. Köberlein, M. Goldmanns, and A. Hohmann, "Green-Lean-Digital als 
Leitbild für die nachhaltige Fabrik der Zukunft," Zeitschrift für wirtschaftlichen Fab-
rikbetrieb, vol. 116, no. 1-2, pp. 29–33, 2021, doi: 10.1515/zwf-2021-0006.

[20] C. G. Machado, M. P. Winroth, and E. H. D. Ribeiro da Silva, "Sustainable manu-
facturing in Industry 4.0: an emerging research agenda," International Journal of 
Production Research, vol. 58, no. 5, pp. 1462–1484, 2020, doi:
10.1080/00207543.2019.1652777.

[21] R. Baierl and M. Stiebitz, "Potenziale des Digitalen Zwillings im Produktlebenszyk-
lus," in Smart Services: Band 1: Konzepte – Methoden – Prozesse (Forum Dienst-
leistungsmanagement), M. Bruhn and K. Hadwich, Eds., Wiesbaden: Springer Gab-
ler, 2022, pp. 291-307.

[22] M. W. Waibel, L. P. Steenkamp, N. Moloko, and G. A. Oosthuizen, "Investigating 
the Effects of Smart Production Systems on Sustainability Elements," Procedia 
Manufacturing, vol. 8, pp. 731–737, 2017, doi: 10.1016/j.promfg.2017.02.094.

[23] C. Brecher et al., "Data Science in Production," in Internet of Production - Turning 
Data into Sustainability: AWK’21, T. Bergs, C. Brecher, R. Schmitt, and G. Schuh, 
Eds., 2021, pp. 202-230.

[24] C. Brecher et al., "Virtualisierung und Vernetzung in Produktionssystemen" in Integ-
rative Produktion: Industrie 4.0: Aachener Perspektiven, C. Brecher, F. Klocke, R. 
Schmitt, and G. Schuh, Eds., 2014, pp. 35-63.

[25] T. Heinrich. "Green IT – Server- und Desktopvirtualisierung betrachtet unter dem 
Green IT – Server- und Desktopvirtualisierung betrachtet unter dem Gesichtspunkt 
der Nachhaltigkeit." mediamundo.biz. https://www.mediamundo.biz/res/downloads/
Whitepaper+Green+IT.pdf (accessed Apr. 11, 2023).

[26] T. Kampa, C. K. Muller, and D. Großmann, "IP-based Architecture for an Edge 
Cloud enabled Factory: Concept and Requirements," in 18th IEEE International 
Workshop on Factory Communication Systems 2022: WFCS 2022 Communication 
in Automation: 27 – 29 April 2022, Pavia, Italy, 2022, doi:
10.1109/WFCS53837.2022.9779162.

[27] L.-H. Lee et al., "All One Needs to Know about Metaverse: A Complete Survey on 
Technological Singularity, Virtual Ecosystem, and Research Agenda," 2021, doi: 
10.48550/arXiv.2110.05352.

[28] S. Mystakidis, "Metaverse," Encyclopedia, vol. 2, no. 1, pp. 486–497, 2022, doi: 
10.3390/encyclopedia2010031.

https://epub.wupperinst.org/frontdoor/deliver/index/docId/6977/file/6977_Wilts.pdf
https://epub.wupperinst.org/frontdoor/deliver/index/docId/6977/file/6977_Wilts.pdf
https://wgp.de/%E2%80%8Bwp-%E2%80%8Bcontent/%E2%80%8Buploads/%E2%80%8B03_%E2%80%8BImpulspaper_%E2%80%8BWBK_%E2%80%8B2021-%E2%80%8B09_%E2%80%8BES_%E2%80%8BWEB.pdf
https://wgp.de/wp-content/uploads/03_Impulspaper_WBK_2021-09_ES_WEB.pdf
https://www.mediamundo.biz/res/downloads/Whitepaper+Green+IT.pdf


Production-as-a-service 

259 

[29] A. Grasso. "Industrial Metaverse: the autonomous business ecosystem paving the
way toward Industry 5.0." antgrasso.medium.com. https://antgrasso.medium.com/
industrial-metaverse-the-autonomous-business-ecosystem-paving-the-way-toward-
industry-5-0-618033fabfc7 (accessed Mar. 1, 2023).

[30] G.-J. Hwang and S.-Y. Chien, "Definition, roles, and potential research issues of the
metaverse in education: An artificial intelligence perspective," Computers and Edu-
cation: Artificial Intelligence, vol. 3, Art. no. 100082, 2022, doi:
10.1016/j.caeai.2022.100082.

[31] BMW Group. "BMW Group und NVIDIA heben virtuelle Fabrikplanung auf die
nächste Ebene." press.bmwgroup.com. https://www.press.bmwgroup.com/deutsch-
land/article/detail/T0329569DE/bmw-group-und-nvidia-heben-virtuelle-fabrikpla-
nung-auf-die-naechste-ebene?language=de (accessed Mar. 1, 2023).

[32] D. Shapiro. "Manufactured in the Metaverse: Mercedes-Benz Assembles Next-Gen
Factories With NVIDIA Omniverse: Premium automaker implements digital-first ap-
proach to production." blogs.nvidia.com.  https://blogs.nvidia.com/blog/2023/01/03/
mercedes-benz-next-gen-factories-omniverse/ (accessed Mar. 1, 2023).

[33] Nvidia. "Verbinden Sie 3D-Welten mit Workflows: Erstellen Sie individuelle 3D-
Workflows und verbinden Sie vorhandene Workflows mit Universal Scene Descrip-
tion und NVIDIA Omniverse™." nvidia.com. https://www.nvidia.com/de-de/omni-
verse/solutions/3d-design-collaboration/ (accessed Mar. 1, 2023).

[34] S. Moonen, B. Vanherle, J. de Hoog, T. Bourgana, A. Bey-Temsamani, and N.
Michiels, "CAD2Render: A Modular Toolkit for GPU-accelerated Photorealistic Syn-
thetic Data Generation for the Manufacturing Industry," in WACVW 2023: 2023 IEEE
Winter Conference on Applications of Computer Vision Workshops: Proceed-ings,
Piscataway: IEEE, 2023, pp. 583–592, doi:
10.1109/WACVW58289.2023.00065.

[35] M. Belke, P. Blanke, S. Storms, and W. Herfs, "Object pose estimation in industrial
environments using a synthetic data generation pipeline," in 2022 Sixth IEEE Inter-
national Conference on Robotic Computing: IRC 2022: Proceedings, Piscataway:
IEEE, 2022, pp. 435–438, doi: 10.1109/IRC55401.2022.00084.

[36] I. Seifert et al. "Potenziale der künstlichen Intelligenz im produzierenden Gewerbe in
Deutschland: Studie im Auftrag des Bundesministeriums für Wirtschaft und Ener-gie
(BMWi) im Rahmen der Begleitforschung zum Technologieprogramm PAiCE –
Platforms | Additive Manufacturing | Imaging | Communication | Engineering."
bmwk.de. https://www.bmwk.de/Redaktion/DE/Publikationen/Studien/potenziale-
kuenstlichen-intelligenz-im-produzierenden-gewerbe-in-deutsch-
land.pdf?__blob=publicationFile&v=1 (accessed Mar. 1, 2023).

[37] A. Kharatyan et al., "Künstliche Intelligenz im Engineering: Menschorientiere Ana-
lyse von Potenzialen am Beispiel vom Sondermaschinenbau," Zeitschrift für wirt-
schaftlichen Fabrikbetrieb, vol. 117, no. 6, pp. 427–431, 2022, doi: 10.1515/
zwf-2022-1074.

[38] O. Petrovic, L. Schaper, S. Roggendorf, S. Storms, and C. Brecher, "Sim2Real Deep
Reinforcement Learning of Compliance-based Robotic Assembly Opera-tions," in
MMAR: 26th International Conference on Methods and Models in Automa-tion and
Robotics: 22-25 August 2022, Amber Baltic Hotel, Miedzyzdroje, Poland: technical
papers, Piscataway: IEEE, 2022, pp. 300–305, doi:
10.1109/MMAR55195.2022.9874304.

https://www.bmwk.de/Redaktion/DE/Publikationen/Studien/potenziale-kuenstlichen-intelligenz-im-produzierenden-gewerbe-in-deutschland.pdf?__blob=publicationFile&v=1
https://www.bmwk.de/Redaktion/DE/Publikationen/Studien/potenziale-kuenstlichen-intelligenz-im-produzierenden-gewerbe-in-deutschland.pdf?__blob=publicationFile&v=1
https://www.bmwk.de/Redaktion/DE/Publikationen/Studien/potenziale-kuenstlichen-intelligenz-im-produzierenden-gewerbe-in-deutschland.pdf?__blob=publicationFile&v=1
https://www.press.bmwgroup.com/deutschland/article/detail/T0329569DE/bmw-group-und-nvidia-heben-virtuelle-fabrikplanung-auf-die-naechste-ebene?language=de
https://www.nvidia.com/de-de/omniverse/solutions/3d-design-collaboration/


Sustainable Production-as-a-Service 

260 

[39] L. Eversberg and J. Lambrecht, "Generating Images with Physics-Based Rendering 
for an Industrial Object Detection Task: Realism versus Domain Randomization," 
Sensors, vol. 21, no. 23, Art. no. 7901, doi: 10.3390/s21237901.

[40] O. Petrovic et al., "Hybride Intelligenz – Mensch und KI im Zusammenspiel: Ent-
wicklung und Einführung von Produktionsprozessen mit KI-Assistenzsystem," wt 
werkstattstechnik online, vol. 112, no. 5, pp. 330–335, 2022, doi: 
10.37544/1436-4980-2022-05-60.

[41] B. Pokorni, M. Braun, and C. Knecht, "Menschzentrierte KI-Anwendungen in der 
Produktion: Praxiserfahrungen und Leitfaden zu betrieblichen Einführungsstrate-
gien," W. Bauer, O. Riedel, T. Renner, and M. Peissner, Eds., 2021. [Online]. Avail-
able: https://doi.org/10.24406/publica-fhg-300817.

[42] G. Schuh, L. Wenger, V. Stich, J. Hicking, and J. Gailus, "Outcome Economy: Sub-
scription Business Models in Machinery and Plant Engineering," Procedia CIRP, 
vol. 93, pp. 599–604, 2020, doi: 10.1016/j.procir.2020.04.146.

[43] M. Braun et al. "Everything-as-a-Service: XAAS: How Business can Thrive in the 
Age of Climate Change and Digitalization." systemiq.earth. https://www.sys-
temiq.earth/wp-content/uploads/2021/11/XaaS-MainReport.pdf (accessed Mar. 14, 
2023).

[44] M. Cook, "Understanding the potential opportunities provided by service orientated 
concepts to improve resource productivity," in Design and Manufacture for Sustain-
able Development 2004, T. Bhamra and B. Hon, Eds., Hoboken: Wiley, 2004, pp.
123-134.

[45] T. Shan, P. Hofmann, E. Feig, and J. Zhang. From SaaS to XaaS: Evolution and 
Outlook of Software Cloud [Online]. Available: https://web.ar-
chive.org/web/20110728093045/http://www.thecloudcomputing.org/2009/1/pan-
els.html#Panel2

[46] U. Seebacher, Assets-as-service: Service statt Produkte - so gelingt der Einstieg in 
die Service-Economy (Essentials). Wiesbaden: Springer Gabler, 2021.

[47] S. Bund, L. Franke, and J. Krapf. ""As-a-service" business models as a catalyst of 
the Sustainable Development Goals." sgd-investments.com. https://sdg-invest-
ments.com/fileadmin/user_upload/White_Paper_How_the_Sustaina-
ble_Goals_are_promoted_through_as-a-service_business_models.pdf (accessed 
Mar. 14, 2023).

https://www.systemiq.earth/wp-content/uploads/2021/11/XaaS-MainReport.pdf
https://web.archive.org/web/20110728093045/http://www.thecloudcomputing.org/2009/1/panels.html#Panel2
https://sdg-investments.com/fileadmin/user_upload/White_Paper_How_the_Sustainable_Goals_are_promoted_through_as-a-service_business_models.pdf


Production-as-a-service 

261 

Aachen 
Dr.-Ing. Frank Breitenbach, EDAG PS, Fulda 
Dr.-Ing. Tilman Buchner, BCG, München 
Yannick Dassen, WZL | RWTH Aachen University, Aachen 
Dr.-Ing. Alexander Engels, aiXbrain, Aachen 
Mathias Kaldenhoff, SAP, Walldorf 
Oliver Petrovic, WZL | RWTH Aachen University, Aachen 
Dr.-Ing. Simon Rekers, DX FACTURE, Aachen 
Dr.-Ing. Richard Schares, Makino, Aachen 
Simon Storms, WZL | RWTH Aachen University, Aachen 
Tilman Taubert, Cisco, Eschborn 
Minh Trinh, WZL | RWTH Aachen University, Aachen 
Markus Will, Cisco, Eschborn 
Steffen Wurm, WZL | RWTH Aachen University, Aachen 

The content of presentation 3.2 was elaborated by the authors together with other experts 
in this working group: 

Christoph Alt, ligenium, Chemnitz 
Philipp Blanke, WZL | RWTH Aachen University, Aachen 
Prof. Dr.-Ing. Christian Brecher, WZL | RWTH Aachen University and Fraunhofer IPT, 



3.3 Quantification of Sustainability Impact

T. Bergs, P. Niemietz, T. Kaufmann, D. Gelbich, J. Mayer, J. Moon, J. Gerhard,
A. Peters, F. Seiferth

Table of Contents 

1 Introduction .........................................................................................................264

2 Sustainability Measures that Impact Sheet Metal Supply Chains........................265
2.1 A Sustainable-Driven Perspective on the Steel Industry .....................................265
2.2 Using Technology Innovation to Reduce the Footprint in Steel Production .........266
2.3 Increased Usage of Scrap Metal .........................................................................267
2.4 Challenges of Current Steel Manufacturing and Processing ...............................268

3 Deficits of Material Data Usage in Sheet Metal Processing ................................268
3.1 Methodological Deficit ......................................................................................... 269
3.2 Knowledge Deficit ............................................................................................... 270
3.3 Digital Integration Deficit .....................................................................................271

4 Vision of Data-Driven Parameterization Based on Material Data ........................272
4.1 Upstream Process Data Driven Parametrization of Processes ...........................272
4.2 Digital Collaboration ............................................................................................274
4.3 Digital Integration of Supply Chains .................................................................... 276

5 Quantification of Sustainability Impact? ..............................................................277

6 Literature .............................................................................................................279

262 doi: 10.24406/publica-950



Production-as-a-service 

263 

Abstract 
Quantification of Sustainability Impact 
The global economy's sustainability has become a critical aspect for politics and eco-
nomic investments, with the UN 2030 Agenda for Sustainable Development outlining spe-
cific targets and indicators for sustainable development. While CO2 reduction is a primary 
focus, other goals such as water management or social goals must be considered. How-
ever, understanding the interaction between sustainability targets and indicators is com-
plex. The complexity of sustainability impact of technology or measure can be illustrated 
by recent example in the automotive steel supply chain. Here, the current impact on en-
ergy consumption and carbon emissions are high, and therefore, innovative technologies 
are needed to support the transition into a sustainability focused supply chain. Simulta-
neously, the industry is undergoing tremendous changes that impact traditional business 
models due to the shift to either production of sustainable products, or implementation of 
sustainable operations. The consideration of an example in material data acquisition, uti-
lization and sharing to enhance collaboration throughout supply chain and reduce waste 
shows the current of complexity of assessing the introduction of such approaches on a 
broader scale. Yet, due to the difficulties to quantify the actual impact of a measure or 
technology, decisions on transitioning to sustainable operations must be based on intui-
tion rather than a concretely quantified sustainability impact, as assessing these impacts 
is currently beyond available capacity. Innovation decisions must consider personal re-
sponsibility for the sustainability of production and the economy. 

Kurzfassung 
Quantifizierung der Auswirkungen auf die Nachhaltigkeit 
Die Nachhaltigkeit der globalen Wirtschaft ist zu einem kritischen Aspekt für Politik und 
Wirtschaftsinvestitionen geworden, wobei die UN-Agenda 2030 für nachhaltige Entwick-
lung spezifische Ziele und Indikatoren für nachhaltige Entwicklung festlegt. Während die 
CO2-Reduktion aktuell ein primärer Fokus ist, müssen auch andere Ziele wie Wasserma-
nagement oder soziale Ziele berücksichtigt werden. Die Wechselwirkung zwischen Nach-
haltigkeitszielen und Indikatoren zu verstehen, ist jedoch komplex. Die Komplexität der 
Auswirkungen von Technologien auf die Nachhaltigkeitsziele kann anhand eines aktuel-
len Beispiels in der Automobil-Stahl-Lieferkette veranschaulicht werden. In dieser Bran-
che sind der Energieverbrauch und die Kohlenstoffemissionen hoch, und daher sind in-
novative Technologien erforderlich, um den Übergang zu einer auf Nachhaltigkeit ausge-
richteten Lieferkette zu unterstützen. Gleichzeitig durchläuft die Branche enorme Verän-
derungen, die traditionelle Geschäftsmodelle aufgrund des Übergangs zur Produktion 
nachhaltiger Produkte oder der Umsetzung nachhaltiger Betriebsabläufe beeinflussen. 
Die Betrachtung eines Beispiels für die Erfassung, Nutzung und gemeinsame Nutzung 
von Materialdaten zur Verbesserung der Zusammenarbeit entlang der Lieferkette und zur 
Reduzierung von Ausschuss zeigt die derzeitige Komplexität bei der Bewertung der Ein-
führung solcher Ansätze im größeren Maßstab. Aufgrund der Schwierigkeiten, den tat-
sächlichen Einfluss einer Maßnahme oder Technologie zu quantifizieren, müssen Ent-
scheidungen über den Übergang zu nachhaltigen wirtschaften auf Intuition anstatt auf 
konkret quantifizierte Auswirkungen basieren. Innovationsentscheidungen müssen die 
persönliche Verantwortung für die Nachhaltigkeit von der Produktionsunternehmen be-
rücksichtigen. 
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1 Introduction 

In recent years, the sustainability of the global economy has become a critical aspect for 
future decisions in politics and increasingly for economic investments. The goals for a 
sustainable development have been defined in the UN 2030 Agenda for Sustainable 
Development which builds on 169 individual sustainability targets and 231 indicators to 
measure them [1]. If countries in a larger and companies in smaller scale want to contrib-
ute to these goals, it is important to know which measures that can be taken now will 
affect future sustainability. This is important not only focused on CO2 emissions but should 
also take targets and goals such as water management or social aspects into account. 
However, the understanding of the interaction between all sustainability targets and indi-
cators itself is a complex and ongoing field of research with open questions [2], which 
makes the reference to concrete measures even more difficult.  
For companies worldwide, the sustainability efforts are driving a change towards more 
sustainable technologies, which raises the question on how to assess the contribution of 
a given technology to the sustainability targets in the long run and a broader scale. This 
is especially true for technologies that potentially impact not only local operations of one 
company but might transform whole value streams. The goal of this article is to raise 
awareness for the complexity of the quantification of sustainability impact and the impli-
cations for companies today based a concrete example in the automotive sheet metal 
processing industry which is presented in the following. 
The automotive steel industry is one of the largest metal processing industries with a 
strong focus on quality and reliability while being intensely cost sensitive [3]. Here, the 
need to transition into sustainability driven value chains leads to shifts to sustainable 
products, e.g., powertrains based on fuel-cells or purely electric, as well as the shift to 
sustainable operations. Today, this shift together with additional disruptive movements 
listed below requires the whole supply chain to transform and invest in new technology 
under increasing uncertainty (see Figure 1): 

1. The transition to a green economy. As steel production is one of the largest
emitting industries in Germany, the transition to an environmentally friendly steel
production process has been pushed by politics. Additionally, the increased use of
scrap metal to reduce the carbon footprint is advocated by industry associations.
While both measures have a positive impact on emissions, they potentially impact
steel supply chains by impaired material quality.

2. The demographic change. The changes resulting from the retirement of the baby
boomer generation pose a major challenge to the manufacturing industry. The loss
of workers and their important experience-based knowledge as well as the change
in skill requirements for employees through the introduction of digital technologies
are leading to a shortage of skilled workers and impair the flexibility of production
companies.

3. The diversification of powertrains in the automotive industry. The shift in the
automotive industry toward electrification and alternative drive systems is leading
to a change in the product groups in demand. Sheet metal processing companies
are under pressure to develop new product groups within the production of new
powertrains. This may require existing processes to be adapted and new technol-
ogies to invest in to meet the changed requirements [4].
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Figure 1: Current situation in the supply chain 

All three require the industry to be more resilient and adaptive when it comes to products 
or the processing of semi-finished products such as metal flat products. The technology 
considered by this paper is focusing the information gap for the processed materials in 
the sheet metal supply chain. Currently, the data specifications for flat products are 
sparse while faults caused by material problems occur regularly and unexpectedly. How-
ever, the sparse information renders a preventive adaption of process parametrization or 
detection of issues difficult. Measuring mechanical properties continuously in production 
and sharing this information across companies can enable a data-driven alternative to 
current trial-and-error, experience-based approaches. This eventually enables the shift to 
explicit knowledge that can be transferred and shared through the workforce more easily 
than experience-based tacit knowledge.  
To understand the difficulties the industry is currently facing, Chapter 2 outlines important 
shifts in the production of raw steel impacting downstream processes such as sheet metal 
processing and their influence on the supply chain. Next, three current deficits in the in-
dustry are outlined in Chapter 3, followed by the description of the technical solution, 
intermediate results and a vision of how it could transform the industry in Chapter 4. The 
final Chapter 5 concludes with an overview of concrete barriers to the integration of new 
available technologies in Germany. 

2 Sustainability Measures that Impact Sheet Metal Supply Chains 

This chapter presents some of the most important changes in the manufacture of steel 
flat products and discusses their impact on subsequent process steps in the supply chain. 

2.1 A Sustainable-Driven Perspective on the Steel Industry 
The beginnings of the German steel industry date back to the 19th century when the 
country rose to become one of the world's leading steel producers [5]. In 2020, Germany 
recorded the highest number of employees in the European steel industry, with around 
83,200 workers, which contributed significantly to the gross domestic product of the Fed-
eral Republic [6]. The production of steel products is a complex process and involves 
several process stages from pig iron extraction, shaping and finishing to fine-tuning the 
mechanical properties of the resulting semi-finished product [5]. The steel industry is at 
the same time associated with high CO2 emissions, as it currently requires the use of large 
quantities of fossil fuels. In 2020, according to the EU statistics office [7], the German 
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steel industry caused around 48 Mt CO2 equivalent and holds the largest share of indus-
trial emissions in Germany at around 28% [8]. Although emissions in general have been 
reduced significantly and by almost 40% since 1990 [9], the further processing of steel as 
well as the production and assembly of steel components, particularly in the automotive 
industry, continue to make a significant contribution to the sector's CO2 emissions. Be-
tween 2017 and 2020, an average of 40 Mt of steel was produced, of which 26% was for 
the automotive industry, 11% for mechanical engineering, 9% for pipes, and 12% for 
smaller steel products [10]. The German steel industry is currently caught between its 
economic relevance and its negative environmental impact and is under pressure from 
the new focus on sustainability. 

2.2 Using Technology Innovation to Reduce the Footprint in Steel Production 
The blast furnace-converter route, also known as the integrated route, is the most com-
mon method of steelmaking in the world. It begins with the fact that only the coarser lump 
ores can be used directly from the ores mined in the mines (lump ore, fine ore). Fine ores 
must first be agglomerated into either pellets or sinter before they can be further pro-
cessed. [11]. Afterwards they are transported to and fed in the blast furnace plant. Inside 
the furnace they are heated to more than 1,500 °C. As a result of the high temperatures, 
reactions occur and pig iron is produced as well as a waste gas, the blast furnace gas. 
The pig iron produced in the blast furnace is then processed into crude steel in a converter. 
In the converter, the pig iron is heated to a temperature of at least 1,500 °C and oxygen 
is blown into the vessel through a lance. The melt produced by the oxygen smelting pro-
cess undergoes further secondary metallurgical treatment, which adjusts the temperature 
as well as composition of the melt, by adding alloying elements and removing by-ele-
ments such as sulfur. The melt is then processed in a continuous casting machine, where 
it is poured into a mold and cooled to solidify into a semi-finished product.  
Direct reduction with hydrogen gas (HDR), on the other hand, is a steelmaking method 
that uses hydrogen gas instead of coal to reduce iron, known as direct reduced iron (DRI). 
This process is not new but is not currently used extensively in the industry. In the HDR 
process, iron ore is fed into a reactor where it is heated and exposed to hydrogen gas. 
Hydrogen reacts with the iron ore and reduces it to high-purity iron. The direct-reduced 
iron is then further processed to produce crude steel. Steelmaking via the HDR process 
is considered a more sustainable and environmentally friendly alternative to the traditional 
blast furnace process (see Figure 2). This process is carried out at temperatures below 
the melting point of iron (< 1000 °C), which also saves significant energy costs [12]. In 
addition, significantly lower emissions of CO2 and other pollutants are emitted during the 
process. Unlike other methods, electrolysis involves the splitting of water (H2O) into oxy-
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gen and hydrogen [12]. Currently, after direct reduction, the product together with an in-
creased scrap content is added to an electric arc, which produces crude steel using elec-
trical energy. 

Figure 2: Comparison of the process routes for steel production [13] 

However, the implementation of hydrogen-based steel production is also challenging due 
to factors such as the high cost of hydrogen production through water electrolysis. A 
change in the process chain for crude steel production can have significant impacts for 
companies in the supply chain, as the change in process can entail costly requalification 
measures at OEMs and processing companies. Therefore, steelmakers must not only 
invest in new equipment and infrastructure, but also in new approaches [14] to scale the 
process and adjust it so that the quality of the final product competes with current stand-
ards [15]. 

2.3 Increased Usage of Scrap Metal 
While the introduction of hydrogen-based steel production is already a challenge, devel-
oped countries are discussing to increase their use of scrap metal to reduce their depend-
ence on imported raw materials. Based on the latest available data from 2019, the EU-
28 was the world's largest exporting economic bloc of steel scrap with an export volume 
of 21.79 Mt, according to the S&P Global Commodity Insights [16]. Germany itself is one 
of the largest exporting nations of scrap metals, mainly to the EU, the United States and 
China [17]. The European steel association EUROFER believes that the scrap currently 
exported could be processed within the EU to meet the EU's high environmental stand-
ards [18]. Recycling of steel scrap potentially reduces dependence on fresh iron ore, min-
imize overall production costs, and significantly reduce CO2emissions through numerous 
recycling cycles [19]. However, despite these benefits, the use of scrap metal was limited 
according to the Steel Industry Facts 2020 publication, with only about 30% of raw steel 
comes from scrap metal, while 70% of raw steel originates from pure ore [10]. Yet, for 
manufacturing processes such as deep drawing, a high degree of flat product purity is 
required, which cannot always be guaranteed when using high scrap rates [20]. In addi-
tion, there is currently no efficient solution for how to remove alloying elements such as 
cobalt, copper, and chromium. However, contamination by these elements has a drastic 
impact on the quality of the resulting flat product. 
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2.4 Challenges of Current Steel Manufacturing and Processing 
The increased use of scrap and the introduction of a hydrogen-based manufacturing 
method are necessary for the transition to a more resource-independent and sustainable 
steel industry. Both trends affect the production of high-value steel flat products, which 
are currently produced in high volumes using traditional carbon-intensive blast furnace 
processes. For the sheet metal processing industry, the transition to a green steel econ-
omy means that a change in the composition and setting of mechanical properties of steel 
flat products for the sheet metal processing supply chain must be expected.  

3 Deficits of Material Data Usage in Sheet Metal Processing 

A fundamental requirement to define knowledge-based workflows is the availability of 
explicit and accurate information, in the case discussed, the accessibility of quality varia-
tion of sheet metal materials. Accurate recording of properties along the length of the 
entire flat product, especially for coils, and open collaboration within the supply chain with 
this data has the potential to move from an experience-based to a knowledge-based ap-
proach and can unleash far-reaching optimization potential. Currently, there are numer-
ous deficiencies that prevent the industry from tapping into this optimization potential. 

Lack of methodology There are strict quality assess-
ments for each coil supplied. Currently, mechanical 
properties are measured at the beginning and end of 
the coil. This does not capture the spatial distribution of 
the coil's mechanical properties. The use of non-de-
structive measurement techniques is not common, and 
if they are used, they are often only used for quality as-
sessment rather than downstream process optimiza-
tion. 

Lack of knowledge The lack of information about the 
coil’s properties’ spatial distribution makes it difficult to 
react to occurring changes. As a result, companies rely 
on skilled workers and trial-and-error approaches to fix 
material related faults. Consequently, companies con-
tinue to rely on the experience of employees to param-
eterize processes when errors occur. This increases 
the risk of knowledge loss. 
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Lack of integration If only limited material data is ex-
changed within the supply chains, optimization potential 
along the supply chain can only be leveraged to a lim-
ited extent. Deeper digital integration for the sharing of 
data can enable the demand-specific production of 
steel products and establish feedback loops that lead to 
an overall optimization of steel products. 

3.1 Methodological Deficit 
Currently established material testing methods cannot provide the required information 
for the design of specific forming processes. For example, the tensile test is a common 
method for evaluating material quality, but its informative capability reaches its limits when 
complex stress conditions are considered. Due to the limited informative value of the test, 
material behavior under more complicated stress loads cannot be fully described and is 
therefore insufficient for the design of many steel processing operations. Even a multiaxial 
tensile test may be inadequate for complex processes because it covers only one prop-
erty of the material out of many. In addition, such destructive material testing methods 
are inefficient in terms of material consumption [21], while the process of sampling can 
lead to uncertainties as material properties may vary depending on the sample tested 
[22]. 
At the same time, the steel flat product is not fully homogeneous and therefore, its prop-
erties may vary from start to end. Despite the strict tolerances used to ensure process 
stability and quality of sheet metal parts, fluctuations in material properties occur both 
within one and between multiple coils of the same batch [23]. These fluctuations can 
cause defects, such as burrs or sags in blanking processes, and springbacks in bending 
or forming operations [21]. Due to these variations in material properties, the sheet metal 
forming process experiences rejected components and operational challenges, such as 
downtime [24]. For an efficient use of resources, it is therefore necessary to enable a 
more comprehensive evaluation and quantification of mechanical material properties. 
Sensor data recorded to determine material properties are currently already being used 
in initial approaches to optimize forming processes. In deep drawing, a flat metal plate is 
formed into a hollow cylindrical or conical body using a rigid tool and applying tensile and 
compressive forces. For this process, the tensile test represents realistic behavior of the 
material during the deep drawing process [25]. Heingärtner et al. used a multidimensional 
regression based on eddy current data to calculate material parameters such as tensile 
strength, yield strength, uniform elongation, and elongation at break during in-line pro-
duction [26], the very parameters that can be determined from the tensile test. Fischer et 
al. presented a knowledge-based control approach for deep drawing that uses a so-called 
feedforward control based on material measurements from an eddy current sensor and a 
feedback control based on inline tensile tests to gain insight into material property varia-
tions in industrial processes [27]. Heingärtner et al. developed an intelligent control sys-
tem that uses numerical simulations, material data from eddy current, process data, and 
tensile tests to optimize sink production [28]. However, considering the complexity of the 
forming processes, the information potential of these signals is currently not fully exploited, 
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as they do not only correlate with the characteristic values obtained from the tensile test, 
but contain much more information about the structure of and stresses in the material [26]. 
Use case: Fine blanking is a sheet metal cutting process, which by its mode of operation 
is often classified as a forming process. Here, a punch and die are used to shear a metal 
strip or sheet, resulting in a blank with a flat edge and minimal flash. Fine blanking is a 
complex process that allows, but also requires, tighter tolerances and high precision (see 
Figure 3). This is because in fine blanking, the material is subjected to three-dimensional 
compressive stress in the deformation region near the blanking edge [29]. Due to the 
complex interactions, it is difficult to predict and control the result with the information 
given in current data sheets of coils. The industrial standard for evaluating the mechanical 
and technological properties of the coil is the uniaxial tensile test and the resulting quan-
tities of yield strength and tensile strength [30]. However, the uniaxial tensile test does 
not represent the complex stress state during fine blanking. Since this information is crit-
ical, this fact prolongs ramp-up times for new incoming material and slows down the re-
sponse to material-induced problems in production. 

Figure 3: Effective surfaces of fine blanking process [31] 

3.2 Knowledge Deficit 
In contrast to tacit knowledge gained through experience, explicit knowledge enables 
easy transferability because the knowledge can be represented explicitly in the form of 
formulas, rules, and tables [32]. The reliance on tacit experiential knowledge in process 
optimization thus leaves companies vulnerable to 1. uncertainties caused by technologi-
cal innovations in the supply chain, and 2. the loss of knowledge when key employees 
are no longer available, as the transferability of important know-how becomes more diffi-
cult, and the currently available explicit knowledge is often insufficient [33]. 

1. Tacit knowledge must be rebuilt when significant innovations lead to changes and,
for example, new products and new materials differ too much in their properties
from previous ones. This slows down ramp-up phases for the parameterization of
processes. Since the changes presented in Chapter 2 can lead to a potentially
large change in input materials, the ability of manufacturers to adapt effectively is
even more important.

2. An overreliance on tacit knowledge in areas that affect the company's core busi-
ness model increases the risk for companies to (temporarily) lose expertise due to
employee failure, poaching, or retirement [34], resulting in a knowledge gap for the
company.
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The currently available data sheets do not provide explicit information of the material 
properties that are important for complex processes. Without the explicit information, 
building explicit knowledge is difficult, leading to reduced competitiveness [35]. Further-
more, the lack of availability of a holistic description of material data also hinders ad-
vanced collaboration between suppliers and processing companies, although intensive 
collaboration across company boundaries is a key factor for knowledge creation in man-
ufacturing [36]. Due to the lack of explicit information about relevant material properties, 
communication about what is needed and which properties lead to problems in manufac-
turing is not possible, preventing specific requirements from being communicated to the 
supplier. 
Use case: In fine blanking, the material undergoes a straightening process before being 
processed by the fine blanking tool. The parameterization of the straightening and fine 
blanking process is complex and currently based on implicit knowledge acquired through 
experience. Industrial practice shows that often and unpredictably, the processing of a 
new coil requires changes in parametrization to stabilize the process. To do so, prede-
fined parameter sets for the straightening machine are used in a trial-and-error approach 
based on implicit knowledge. However, this often does not correspond to optimized set-
tings in terms of productivity and sustainability. In cases where coils with the same mate-
rial specifications and identical properties according to the data sheet behave differently 
in production, the need for higher data resolution and explicit information availability be-
comes apparent. 

3.3 Digital Integration Deficit 
Even if high resolution data of coils were currently already being collected, non-existent 
essential prerequisites for the successful digital integration of companies along the supply 
chains in sheet metal processing prevent their full utilization. In Germany, only 49% of 
companies are digitized and networked across companies, of which only 16% are net-
worked with at least two cooperating companies [37]. The potential benefits of increased 
data sharing and data-based collaboration are often offset by inhibiting risks. While com-
panies are generally interested in obtaining external data, the willingness of companies 
to share their own internal data with others is still low [38]. In a study by the Federation of 
German Industries (BDI), which surveyed 500 German-based companies about their cur-
rent data usage and the biggest barriers to data sharing, only slightly more than 25% of 
companies were willing to share their product data and data from supplying companies 
[39]. However, current industrial examples of the digital integration deficit in the context 
of the metal processing industry are presented below.  
The change in the automotive powertrain towards electric or hydrogen mobility requires 
adjustments and changes in the product portfolio as well as in the underlying require-
ments/tolerances [40]. This makes coordination with the supply chain important, since 
changes in quality tolerances, for example, have economic consequences and must be 
communicated or explored. Stricter tolerances at the supplier end, however, mean 
changes both in product and process design and in the selection of machines and raw 
materials. In addition, tighter tolerances result in higher costs due to inspections, special 
equipment, higher scrap or lower yields. Tooling costs can be significantly higher and 
machining times longer with stricter tolerances than with wider tolerances [41].  
Not only do shape and position tolerances play a crucial role, but also sustainability re-
quirements of contracting companies and governments require the exchange of infor-
mation between companies within a supply chain. Due to the numerous possible influ-
encing factors on the product to be balanced, e.g., material properties, waste, energy and 
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water consumption, etc., large amounts of data are required from all parties involved in a 
supply chain. Only by digitally integrating the primary data it is possible to create a life 
cycle assessment of the highest quality. At this point, however, data sharing fails, among 
other things, due to the trust of the parties involved. Material data are often trade secrets 
and must be aggregated in a suitable form so that no conclusions can be drawn. But 
energy data must also be treated sensitively, as it can provide information about a com-
pany's utilization and efficiency. 
However, there is a lack of infrastructure and the necessary framework conditions [42] 
that create trust [43] in data security and data sovereignty so that companies are willing 
to participate in data exchange and necessary requirements of today can be met. 

4 Vision of Data-Driven Parameterization Based on Material Data 

Approaches for cross-company use of materials data already exist, for example with the 
Material Digital platform [44], but the approach presented is more oriented towards ben-
efit-oriented data exchange. In the following, approaches to the digital characterization of 
materials and intermediate results achieved so far are presented. Eventually, current ini-
tiatives for the digital integration of the supply chain to enable the vision presented in 
Figure 4 are discussed. 

Figure 4: Optimizing supply chains through material data sharing 

4.1 Upstream Process Data Driven Parametrization of Processes 

As mentioned in Chapter 3.1, signals, for example from eddy current testing equipment, 
contain extensive information to describe material behavior, but interpretation and use of 
the data remains a challenge in obtaining relevant information. 
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Current limitations in understanding material data from complex sensing devices. 

As an alternative to destructive testing methods such as tensile testing, non-destructive 
testing (NDT) is used to measure or monitor material properties along the coil without 
damaging the material. Engel et al. demonstrated the potential of NDT in sheet metal 
processing in 1994 [45]. Today, NDT allows direct determination of mechanical properties 
of materials, such as tensile strength or elongation at break, and can be performed regu-
larly while the coil is being machined [26]. In addition to NDT, monitoring the process 
conditions of upstream processes such as hot and cold rolling can also provide indirect 
information on material properties during sheet forming [46]. However, research on the 
use of these data is still at the experimental stage and understanding of this complex and 
high-dimensional data is subject to significant limitations. For example, a single measure-
ment with an eddy current testing system in the automotive industry provides a set of 48 
data points in total [47]. Due to the possible nonlinear interactions between the individual 
data points and specific mechanical properties, direct correlation with the relevant physi-
cal quantities can be challenging. Another example of NDT is the magnetic Barkhausen 
noise measurement system, which is measured within a range of several MHz frequency 
sampling rates [48] and can detect residual stresses relevant to a variety of manufacturing 
processes in metalworking [49]. This signal has already been used in science to predict 
properties such as hardness over the entire length of the coil, using deep learning meth-
ods [50]. 
Reducing the complexity 

The two examples above show that information is present in signals, but the complexity 
of the signals has so far aggravated direct inferences about mechanical properties in 
relevant application scenarios. One approach is to use pattern analysis to reveal the in-
formation in the data without directly relating it to mechanical properties. Methods that 
combine the information in an input data set into a lower dimensional set variables can 
provide an abstract perspective on the changing properties of the material. The hypothe-
sis is that an abstract representation of the change in properties of the sheet will be good 
enough to provide subsequent process steps with sufficient reference values to tune their 
processes. Dimensionality reduction techniques vary in complexity from transparent and 
simple linear models to comprehensive nonlinear deep learning approaches. An example 
of a linear model is principal component analysis (PCA). It is considered a well-estab-
lished statistical tool that reduces the dimensionality of large and complex data sets while 
preserving the most important information as measured by the variance of the entire data 
set. Thus, principal components capture the most significant variations in the data and 
can be used for visualization, clustering, and classification tasks [51]. That is, a low-di-
mensional representation of material properties such as residual stresses, microstructure, 
or tensile strength computed in this way provides a simple representation but is limited 
by the unspecified reference to physical quantities. Figure 5 visualizes the steps in a data-
driven collaboration between sheet metal suppliers and processors to achieve effective 
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process parameterization. Currently, only a small number of works exist that represent 
and visualize the varying material properties using the presented sensor technologies.  

a data-driven process parametrization 

Use case: Eddy current measurements and principal component analysis for mon-
itoring the quality of cold-rolled carbon steel. 

Cold rolling is a widely used process for producing steel sheets with high quality require-
ments, often used as an upstream process for fine blanking applications. The quality of 
cold rolled steel depends on several parameters, such as steel composition, temperature, 
thickness and rolling speed. Traditionally, the quality of cold-rolled steel is assessed by 
destructive testing of the final product. In experiments using an eddy current measure-
ment system, measurements were taken after the cold rolling process at predefined in-
tervals. Subsequently, the complex signal was transformed into a two-dimensional repre-
sentation using PCA. It was shown that one of the resulting variables changes systemat-
ically in its distribution as a function of position in the length of the coil, indicating a strong 
correlation between the variables and the coil position. This distribution shows a nonlinear 
drift of the properties contained in the signals from the beginning to the end of the cold 
rolled sheet material. The result of the study was that, for the first time, the information 
visible in the PCA allowed the cold rolling company to gain detailed insight into its process 
results without destroying the final product for testing purposes. So far, however, it is not 
yet known how the information visible in the abstract representation can be directly linked 
to the mechanical properties. 

4.2 Digital Collaboration 
When developing a strategy for corporate data exchange, it is important to distinguish 
between (raw) data and information. Raw data has little value; it only acquires meaning 
when it is processed by a data analysis system and converted into information [52]. Using 
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the information provided by material properties in Chapter 4.1, companies can adapt their 
manufacturing processes to increase efficiency [53]. Digital collaboration, e.g., by ex-
changing sufficiently precise material data between companies, can be summarized to 
two basic advantages: 
From experience to knowledge 

The use of process signals for the optimization and control of manufacturing processes 
is an established approach [54], whereby the (input) material or knowledge about the 
material can be attributed a special potential since its nature has a significant influence 
on the process and the resulting quality [55]. However, a metal processing company is 
not interested in the complex original output signals, nor necessarily in the actual spatially 
resolved mechanical property data of the material being processed. Rather, what is deci-
sive is a set of information which can be used as a reference value together with the 
knowledge within the company to adjust the process parameterization. By exchanging 
and using such anonymized information, which only contains an abstracted value, a lim-
ited transparency is maintained in favor of the material supplier and at the same time the 
possibility is created to use this orientation variable as a reference for feedback on the 
material behavior in use. This can be described as a benefit-oriented exchange and col-
laboration based on data. 
Added value through collaboration 

By using abstract values that enable selective information sharing, supplying companies 
can ensure that their customers receive only the information they need to adjust their 
manufacturing processes without completely compromising the confidentiality of their 
own production quality. Within an iterative collaboration process, material suppliers and 
processors can now work together to understand how materials behave in often long-
running product groups, so that over time the sweet spot in the adjustment of material 
properties with optimal usage behaviour in manufacturing, in relation to the target variable, 
can be determined.  In cases where there is a high degree of trust between the parties, 
this collaborative approach can thus enable suppliers to both provide their customers with 
the information most relevant to the use case and better tailor their products to the cus-
tomer's specific needs. 
The following use case presents initial findings that could serve as a basis for data-driven 
optimization in industry. 
Use case: Process chain cold rolling – fine blanking 

The study discussed below is a continuation of the use case presented in Chapter 4.1 as 
part of the SPAICER research project (FKZ 01MK20015A). The objective of the study 
was to identify the dependencies between the parameterization of the straightening 
equipment, the provided data of the cold rolled material and a quality measure of the 
resulting components. A non-destructive testing system based on eddy current was used 
to measure the cold-rolled steel. The results showed that linear models can be used to 
reveal a significant relationship between the parameterization of the leveller, the material 
data provided, and a quality measure of the resulting components. This finding suggests 
that a targeted parameterization of the straightening process based on available material 
data is possible. However, further experimentation is needed to quantify the potential 
more accurately and substantiate the results. The results of this study justify the signifi-
cance of collaboration between the cold rolled steel supplying company and the fine 
blanking company to gain understanding of the relationship between cold rolling and fine 
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blanking. However, to reap the full benefits of this collaboration, it must be accompanied 
by digital integration throughout the supply chain. 

4.3 Digital Integration of Supply Chains 

The use case presented in chapter 4.2 shows that direct collaboration through increased 
data exchange between supplying and processing companies of sheet metal can bring 
deeper understanding. However, applying the concept to data sharing across the supply 
chain presents greater challenges in organizing, sharing, and protecting data. In a local 
collaboration, for example between material suppliers and processors, data is shared be-
tween two direct parties with an agreement and already established trust. The (automatic) 
sharing of data in a group of companies complicates the situation considerably. Data 
sharing initiatives already exist that define the framework for expanding the digital inte-
gration of companies in a supply chain. The basis of any initiatives and standards for data 
exchange in collaborative networks such as a supply chain are the International Data 
Spaces Association e.V. (IDSA) and Gaia-X (see Figure 6), which are therefore consid-
ered fundamental and are briefly described below: 
The IDSA is an industry-driven foundation founded in 2016 to create a secure data space 
for the sovereign management of data assets in companies across various industries [56]. 
The IDSA currently has more than 130 participants from 20 countries. The Gaia-X Asso-
ciation is also working on a concept for data-driven ecosystems. It was founded in 2021 
and currently has 355 participants [57]. The connection between Gaia-X and IDSA is 
based on a common desire for data sovereignty and a trust-based ecosystem for data 
sharing. In this regard, Gaia-X's infrastructure is predominantly based on IDSA's infra-
structure. In contrast to IDSA, Gaia-X introduces concepts that address data storage and 
related elements of the cloud. Gaia-X focuses on sovereign cloud services and cloud 
infrastructure, while IDSA focuses on data and its sovereignty. The underlying trust mod-
els are also different. IDSA focuses on gateways for edge and cloud applications. Gaia-
X, on the other hand, on identity and trust methods that support security levels, state 
tracking and certification applications. 
Based on the two initiatives presented, the so-called Collaboration Spaces, Manufactur-
ing-X, Catena-X, and Mobility-Data-Space initiatives were created [58]. While Catena-X 
specifically looks at the automotive supply chain, Manufacturing-X tries to achieve similar 
results for different industrial sectors. Both initiatives are Gaia-X compliant IDSA systems 
and operate as open collaborative ecosystems providing standards, applications, ser-
vices, and transfer. The Mobility Data Space is an applied ecosystem based on a Gaia-X 
compliant IDSA system for the German mobility sector. 

Figure 6: Initiatives for data spaces 

In the initiatives, the specific concerns and risk factors of data sharing are addressed and 
worked on within the consortia. These risks include defining technical factors such as 
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structure, format, types, and content of data, as well as selecting appropriate communi-
cation protocols. Currently, data sharing is hindered by the lack of a legal framework [59], 
interoperability, and the many individual stand-alone solutions rather than the use of uni-
versal standards [60], resulting in higher costs when implementing a data exchange [61]. 
If no standards exist for the storage and structuring of data, there is also the uncertainty 
of incompatible data sets [42].  

5 Quantification of Sustainability Impact? 

The vision of the comprehensive use of material data along the sheet metal supply chain 
sheds light on the potential that lies behind an implementation of NDT technology. The 
current results of the described use cases in chapters 4.1 and 4.2 show the potential of 
using NDT measurements for transparency of material properties and process optimiza-
tion. This illustrates that with the adoption of this technology and an increased focus on 
collaboration, sustainability and cost efficiency can be improved. However, why are stake-
holders hesitant to implement this technology, even if they are convinced of the vision? 
The following reasons can be given:  

1. Trust Direct partnerships with long-term relationships foster high levels of trust,
making data sharing a feasible and realistic practice. Data sharing along the supply
chain can have a high impact, but often seems impossible for SMEs in the auto-
motive supply chain. Many companies have reservations, based on experience,
that increased transparency at any scale will enable customers to negotiate better
prices. However, for large-scale data sharing to deliver benefits, companies must
be willing to share their data, even if they do not directly derive benefits.

2. Resources The introduction and development of innovative solutions to increase
sustainability and cost efficiency increasingly require collaboration across tradi-
tional fields of expertise. The specialization of SMEs is thus faced with an in-
creased need for interdisciplinary expertise, making collaboration with external
knowledge providers, such as universities, a key task. For example, the introduc-
tion of digital technologies requires innovative hardware, digital infrastructure, and
data expertise to develop digital services. A sheet metal processing company that
specializes in manufacturing components for automotive applications with complex
geometries often lacks the necessary skills to develop digital solutions, manage
technical IT cloud infrastructure, and analyze material and process data. In addi-
tion, SMEs avoid working with IT companies to develop such services because the
services are tangential to the core of their business model or involve high costs as
well as major risks.

3. Costs The risk associated with the introduction of such a technology is high, while
the current situation of the industry is in many respects anything, but secure and
free capital is not available. Measures to reduce financial risk and encourage col-
laboration are publicly funded research projects in which large consortia allow
companies to leverage the expertise of universities and companies in other fields.
Large projects with sufficient funding to develop such solutions often involve a sig-
nificant number of non-value adding overhead. These consist of numerous meet-
ings for communication and coordination, accounting details, and additional work-
load. While this overhead is manageable and may be justified in terms of funding
guidelines, for a mid-sized manufacturing company, the additional capacity often
cannot be readily compensated for by existing personnel with project management
experience. From an SME's perspective, participation in a publicly funded project
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can provide a competitive advantage, but it always involves a trade-off that must 
be considered when planning new projects and maintaining day-to-day operations. 
And while the amount of money that companies can provide as part of such pro-
jects is reasonable, it is small compared to the substantial funding provided for 
projects such as Catena-X [62] or the government-supported shift to hydrogen-
based steel production [63]. 

The quantification dogma in sustainability 

Currently, the question of quantifying sustainability impact of technologies is increasingly 
important when evaluating measures that contribute to a green economy. As this article 
shows, the introduction of NDT-based continuous material measurement for all cold-
rolled coils as a single measure enables far-reaching optimization potentials in terms of 
energy use and scrap avoidance. However, the real potential of hitherto unknown mag-
nitude lies in improved cooperation between direct partners and the entire supply chain. 
This potential is offered by the improvement of coil quality as well as the parameterization 
of coil processing, which in turn can reduce scrap to a minimum during parameterization. 
In addition, the transition from 100 years of tacit or silent experiential knowledge to explicit 
knowledge that can be easily communicated through language or implemented in digital 
services is potentially enabled by the introduction of the discussed system. Since the 
actual potential does not result directly from the one measure, but from a series of 
measures and paradigm shifts to be implemented simultaneously, quantifying the impact 
to a single SDG, such as CO2  impact using sophisticated Life Cycle Sustainability As-
sessment methods, is extremely complex and difficult to assess for SMEs. Currently, the 
emphasis is primarily on contemplating the reduction of carbon emissions, while other 
goals and targets for a sustainable world are even more challenging to consider and as-
sess.  
At the same time, companies cannot be expected to act exclusively in the interests of 
sustainability when a significant part of the status quo in the industry is currently under-
going disruptive change in the short or medium term. This development is impacting ex-
isting business models as, for example, the components required for the various future 
powertrains are changing, with parallel changes in supply chain inputs due to innovations 
in steel production. While this paper describes necessary actions with their impacts, the 
business decision to "just do it" cannot be based on quantifying sustainability impact, nor 
can it be based on estimated monetary impact, as the work required to assess these 
impacts exceeds the capacity available to make this decision. Instead, innovation deci-
sions must and will be made by the intuition of smaller and larger companies in situations 
of high uncertainty and risk, taking into account their personal responsibility for the sus-
tainability of production and the economy as a whole. This key factor or skill has been 
crucial in the history of German industry and will also be required to meet the challenges 
of green change. 
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Abstract 
Framework for Circular Production Economy 

The value-enhancing circular economy is a concept for the sustainable production of 
Goods. A central aspect of the value-enhancing circular economy is the reduction of the 
ecological footprint. At the same time, successful implementation of the concept supports 
accomplishing of targets in the dimensions of economic efficiency and innovation. A con-
sistently aligned value-enhancing circular economy eliminates the ecologically negative 
consequences of production and increases the long-term value creation and profitability 
of the companies involved. This paper motivates and explains the concept of the value-
enhancing circular economy. In addition, a framework is presented that supports compa-
nies in the transformation process towards it. For this purpose, the product architecture, 
the business model as well as the innovation and value creation strategy are detached 
from the paradigms of the established linear economy and oriented towards value en-
hancement and longevity. In order to ensure that all stakeholders have access to the 
information required for their participation, the digital shadow in the Internet of Sustaina-
ble Production is necessary. For the extended product life cycle, a digital product file acts 
as a digital shadow, bundling and aggregating all relevant information. 
Keywords: Value-enhancing Circular Economy, Production, Upgrade, Framework 

Kurzfassung 
Ordnungsrahmen für eine zirkuläre Produktionswirtschaft

Die wertsteigernde Kreislaufwirtschaft ist ein nachhaltiges Konzept für die Produktion von 
Waren. Ein zentraler Aspekt der wertsteigernden Kreislaufwirtschaft ist die Reduzierung 
des ökologischen Fußabdrucks. Gleichzeitig ermöglicht die erfolgreiche Umsetzung des 
Konzepts auch eine Zielerfüllung in den Dimensionen der Wirtschaftlichkeit und Innova-
tion. Eine konsequent ausgerichtete wertsteigernde Kreislaufwirtschaft eliminiert die öko-
logisch negativen Konsequenzen der Produktion und erhöht die Wertschöpfung und Pro-
fitabilität der beteiligten Unternehmen langfristig. Der vorliegende Beitrag motiviert und 
erklärt das Konzept der wertsteigernden Kreislaufwirtschaft. Zudem wird ein Framework 
präsentiert, welches Unternehmen bei der Transformation unterstützt. Dafür werden so-
wohl die Produktarchitektur, das Geschäftsmodell sowie die Innovations- und Wertschöp-
fungsstrategie von den Paradigmen der etablierten, linearen Wirtschaft gelöst und auf 
eine Wertsteigerung und Langlebigkeit ausgerichtet. Damit alle Stakeholder die zur Par-
tizipation notwendigen Informationen abrufen können, wird der digitale Schatten im Inter-
net of Sustainable Production als Basis für die Realisierung miteingebunden. Für den 
verlängerten Produktlebenszyklus fungiert zudem eine digitale Produktakte als digitaler 
Schatten, in dem alle relevanten Informationen gebündelt und aggregiert werden.   
Schlagwörter: Wertsteigernde Kreislaufwirtschaft, Produktion, Upgrade, Framework 
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1 Introduction 

Climate change, biodiversity loss and increased global pollution pose significant chal-
lenges to society. They affect the ecological balance of the Earth, risking the livelihoods 
of current and future inhabitants [1]. These challenges jeopardize the opportunities of 
future generations; therefore, it is imperative that durable solutions to these threats be 
found quickly. 
Production plays a central role in addressing climate change due to the effects associated 
with production such as resource consumption, waste volumes, environmental pollution 
and greenhouse gas emissions. Gases such as carbon dioxide, methane and chloro-
fluorocarbons have a direct impact on the global greenhouse effect. Greenhouse gas 
emissions are a political focus, as they directly contribute to the Earth's temperature rise. 
To meet the 1.5°C target of the Paris Climate Agreement, global CO2 emissions must be 
reduced as a contributor to climate change [2]. The energy requirements of manufacturing 
and logistics alone account for over 40% of worldwide CO2 emissions [3]. A reduction of 
greenhouse gases in production processes and transportation is thus not only desirable, 
but also indispensable. Greenhouse gas emissions are not the only negative impacts 
generated in the manufacturing sector. Increasing consumption of limited resources in-
evitably leads to scarcity. Therefore, manufacturing companies face the question of how 
to deal with the increasing scarcity of resources.  
One of the challenges for companies manufacturing and marketing sustainable products 
is that many customers are interested in environmentally friendly or ethically produced 
products but are not willing to pay a higher price for them. Although many consumers 
have increased awareness of environmental issues and have an interest in sustainable 
products, for many, price is a key criterion in the purchasing decision, [4] to overcome 
this challenge, companies need to find ways to reduce production costs for sustainable 
products and change customer perceptions about the importance of sustainability. As a 
result, cost savings are often a primary motivation for taking action to improve sustaina-
bility rather than an actual desire to be more environmentally friendly [5]. In the meantime, 
however, the question arises as to what extent a traditional production model is still prof-
itable in the long term. Energy and input material prices have risen due to global political 
and security events but cannot be passed on directly to customers due to contractual 
obligations, competitive pressures and/or customers’ low willingness to pay these price 
deltas. In 2022, manufacturing industries passed on only 50% of their increased costs [6]. 
If companies lack the means to cover the costs they have incurred, this jeopardizes their 
business basis. Price increases due to short-term turbulence are a preview of the long-
term situation for companies. Prices will continue to rise due to limited availability of raw 
materials [7]. Therefore, the manufacturing industry needs new solutions to keep existing 
resources in cycles and thus reduce the threats to the environment and society caused 
by waste generation. 
Current measures taken to achieve sustainable production have indeed helped to reduce 
the environmental footprint of production. However, measures with savings in the single-
digit percentage range are not sufficient to achieve truly sustainable production without a 
harmful impact on the environment. Much more significant savings or even completely 
new approaches are needed. For example, a company can reduce its CO2 emissions by 
using renewable energy and energy efficiency measures. Most companies look at pro-
duction processes independently instead of considering the entire life cycle of a product. 
As a result, the environmental impact of a product in individual phases is not fully captured 
and the actual impact is underestimated. 
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A comprehensively sustainable approach requires a holistic view of the entire life cycle of 
a product, from raw material extraction to production, transport, use and reuse. Compa-
nies need to focus on minimizing their environmental impacts at all stages of the life cycle, 
while taking into account the social and economic impacts of their production [8]. When 
a company tries to achieve too high economies of scale and, as a result, produces too 
much, it has significant environmental impacts. The impacts affect the climate, air and 
water quality, and biodiversity. It is important that companies make their production pro-
cesses sustainable and ensure that they only produce as much as is actually needed to 
minimize environmental impact. One approach to producing fewer new products is to ex-
tend the life of products. To ensure that consumers do not have to forego technical inno-
vations in the process, this approach requires an option for upgrades. Upgrades are used 
to introduce new functions into a product. These new functions also lead to an increase 
in the value of the updated product and offer companies the opportunity to generate sales 
independently of new production. Such an approach is also referred to as value-enhanc-
ing circular economy and is explained and motivated in more detail in the following article. 
Current approaches promise the reduction of greenhouse gases, lower energy consump-
tion, improved recycling facilities and resource-saving products. These approaches ad-
dress individual problems but do not encompass a holistic approach. It is necessary to 
identify an approach that aligns the production economy in a manner that encourages the 
cessation of climate change, the preservation or restoration of ecosystems, and the well-
being of all living beings on our planet. A value-based circular economy promises to solve 
current problems in the production context, and to balance economic growth with re-
source scarcity. As a holistic system, the value-enhancing circular economy considers 
the entire life cycle of resources and sustains them within the system. The idea of eco-
nomic development towards a holistic circular economy also manifests itself politically. In 
the European Green Deal of 2020, an action plan including concrete measures to develop 
the economy towards a circular economy is firmly established [9]. Political pressure on 
companies to change their production processes is increasing, as is social awareness of 
sustainable products [10]. This offers a significant opportunity for the development of new 
technologies and the active promotion of new business models. 
If one examines the concept of a value-enhancing circular economy, intuitively there are 
predominantly positive aspects. Therefore, the question arises why many manufacturing 
companies are still far away from a transformation and stick to existing linear economic 
systems. A closer look at the components of a value-enhancing circular economy pro-
vides insights into the current obstacles for companies. Establishing a value-enhancing 
circular economy requires the development of new products, the manufacturing of those 
products, and an acceptance for this products. Established product development leads to 
complete solutions with new features that encourage the disposal of obsolete products, 
removing them from circulation. Instead of encouraging the move towards a value-en-
hancing circular economy, this only leads to even higher volumes of waste and further 
dependence on limited resources. Existing technical consumer goods are highly inte-
grated products that are difficult to repair due to increasing complexity and require high 
recycling efforts. A shift towards modular products, characterized by easy replacement of 
components, offers increased repairability and expandability. However, this complete re-
orientation of products requires a restructuring of production processes. Currently, tran-
sition costs, such as investments in technological projects, training of employees for new 
activities, as well as production retooling, prevent companies from restructuring their pro-
duction to sustainable product capabilities [11]-[12]. Even if the financial resources were 
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potentially available to establish new production, companies often lack the in-depth ex-
pertise and technological knowledge to implement it [14], [15].  
Production processes have been optimized in many companies for a long time. The in-
dustrialization of remanufacturing and upgrade processes requires a comprehensive re-
vision of production planning, process optimization, organization and IT systems to ena-
ble efficient and scalable production of remanufactured products. To achieve this, it is 
necessary to consider functional enhancements, i.e. upgrades, in the re-production pro-
cess. Re-assembly upgrade processes save up to 90% of the material and environmental 
impact of new products and increase the value added per employee, e.g. in vehicle pro-
duction, by about 30-60%. It is important to make an accurate forecast of demand for 
remanufactured products and to ensure that enough used products are available to meet 
production needs. The organization must be adapted to enable smooth and efficient pro-
duction of remanufactured products. This includes training employees on the specific re-
quirements of the upgrade process. Quality assurance is also critical to industrialized re-
manufacturing. It is important to ensure that remanufactured products meet the same 
standards as newly produced products. If both new product development and production 
process restructuring are possible, customer requirements are the next barrier to estab-
lishing a value-enhancing circular economy. Customer demands for products to be as 
affordable as possible, to meet new design requirements, and to reflect current trends do 
not always align with the use of remanufactured and durable products utilizing recycled 
materials.  
If the aforementioned challenges of a value-enhancing circular economy are mastered, 
the system offers diverse potentials for the participating companies. For example, with 
fewer factories, a double-digit percentage increase in sales is achieved, with a simulta-
neous reduction in greenhouse gas emissions. In addition, the margins of manufacturing 
companies in particular are doubled. The reason for this is the aforementioned expansion 
of functions and increase in value, which enables a constant consumer demand with 
lower production and resource expenditures. 

2 Value-Enhancing Circular Economy 

Efforts for sustainable production and environmentally friendly processes have existed 
for as long as the associated understanding of the problem. For this reason, diverse ap-
proaches are already associated with the terms sustainable production. However, since 
these approaches have not achieved the desired effects of an environmentally neutral or 
even positive balance, the understanding of sustainable production must be expanded. 
Sustainable production is achieved through new approaches, such as value-enhancing 
circular economy, which do not exclude but complement existing measures (see Figure 
1). By rethinking and introducing a value-enhancing circular economy, the opportunity 
arises to establish sustainable production not only for reasons of the previously lacking 
sustainability, but also because of its profitability. This is because, in the long term, con-
sistently implemented sustainable production offers the greatest potential not only for the 
environment, but also for profitability and innovation, especially if the principles of the 
value-enhancing circular economy are taken into account. 



Circular production economy 

291 

Figure 1: Contribution of value-enhancing circular economy to sustainable production 

The existing approaches within the linear production understanding with regard to sus-
tainable production are characterized by energy saving measures, scrap reduction and 
efficiency increase. These approaches initially appear ecologically motivated, but also 
have a financial drive. In particular, rising costs for energy represent a motivation for sav-
ing measures. Increasing efficiency and reducing scrap within production provide both 
less impact on the environment and cost savings for the company [16]. However, simply 
increasing efficiency and optimizing energy consumption are not enough to transform 
production into neutral or environmentally positive processes. Production that is opti-
mized in its efficiency still requires new resources to produce products. To eliminate re-
source consumption, a system is needed that not only increases efficiency, but also builds 
a circular economy by reusing existing products. This requires a shift in thinking by com-
panies and differs from the traditional understanding of production, where new resources 
are used to make products, which are later disposed of after their useful life. With con-
sistent cycles, it will be possible to implement environmentally neutral processes and 
achieve long-term environmentally positive effects. 
In the long term, the entire production economy must be rethought and a circular produc-
tion system established. The current understanding of a circular economy consists mainly 
of concepts such as recycling, waste separation, and securing raw materials. Products 
are not disposed of properly or, with regard to unused cell phones, remain in drawers. 
End customers thus represent a significant hurdle in the implementation of recycling pro-
cesses. Recycling the individual components of a product also requires significantly more 
energy than continuing to use a product. While companies intuitively develop products 
that will need to be replaced in the near future, in the end, it is more sustainable for both 
the company and the environment to produce products with a longer lifespan.  Extending 
the life of a product generates less resource use and waste, which helps reduce environ-
mental impact. At the same time, companies gain economic benefits by implementing life 
extension measures. Developing products with a long life span not only reduces the need 
for recycling, but also reduces the need for new products. Which would in turn reduce the 
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production of new goods, lowering the energy and raw materials requirements. Custom-
ers appreciate it when a company offers life-extending measures. A longer product life 
leads to higher customer satisfaction and customer loyalty. In addition, companies that 
engage in life-extending measures strengthen their image as a sustainable company. In 
the end, this helps to gain customer trust and create a positive perception among other 
stakeholders [17]. 
A durable product that is resold after its use instead of being disposed often reduces the 
consumption of limited and environmentally harmful raw materials. The number of suppli-
ers who buy back old equipment, refurbish it, and sell it for a lower price has increased 
due to the change in demand [18]. Other companies specialize in the remanufacturing of 
end-of-life devices. For this purpose, various end-of-life devices are purchased from end 
users, refurbished and resold. One example is the market for mobile devices. Changing 
a smartphone battery is often enough to maintain the original function or even extend the 
original battery life, thereby allowing the device to be resold and used again. One chal-
lenge for companies is that the return of products is not be precisely predicted. In addition, 
the rate of development of new devices is so high that remanufacturing must be done 
more quickly to bring remanufactured devices to market quickly and offer attractive deals 
[19]. In addition, this type of remanufacturing is not fully competitive due to the lack of 
function enhancement and therefore some customer groups prefer new products. Life-
extending measures are also used in manufacturing to keep machines and equipment 
running with as little downtime as possible. For this purpose, usage data are analyzed so 
that the behavior of the machines is predictable [20]. While this predicts failures in pro-
duction better and extend the life of machines, it cannot achieve completely sustainable 
production because this measure focuses only on the life of machines. By extending the 
life of machines, resource consumption and waste production are reduced. Thus, these 
are essential measures for the sustainable development of the industry. However, if the 
products become more durable, there is a lack of market demand and thus a demand for 
new technologies. The continuously increasing scientific and technical development 
could thus slow down or stagnate. This is a challenge for society because new technolo-
gies offer a variety of benefits. Technological development helps to make processes more 
efficient and to create solutions for our current climate impacts. A society changes over 
time, but stagnant economic development does not offer companies a chance to respond 
to new needs with appropriate solutions. Therefore, companies need ways to increase 
the lifetime of products without hindering technical development. To ensure continued 
usage of old products, one possibility is to upgrade and extend functionality though up-
dates and upgrades rather than purely relying on increased maintenance [21].  Although 
intuitively life-extending measures are not associated with either technological progress 
or product upgrading, function enhancement creates a competitiveness of remanufac-
tured products relative to new products. Upgrading products in the context of the value-
enhancing circular economy is therefore referred to as upgrading circular economy. Such 
upgrades are made possible by new product modularity. This enables companies to im-
prove the performance of their products and thus increase their value [22]. The updata-
bility of a product has a positive long-term impact on the environment without inhibiting 
the innovative power of companies [23]. The new product modularity and the possibility 
to continuously improve the technological value promotes the social development and the 
long-term maintenance of a value-enhancing circular economy [24]. From the already 
established concepts of modularity, new product modularity differs in its orientation. In 
contrast to traditional product modularity, where each module is usually responsible for a 
specific function or feature of the product, new product modularity refers to a modular 
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structure that allows for greater flexibility and adaptability. This makes it easier to replace 
wear parts, integrate new functionalities more quickly, and maintain standard features. 
New product modularity enables companies to respond quickly to changing market con-
ditions or customer needs by using modular designs that allow them to easily change or 
customize the product by adding, removing or replacing specific modules. This allows 
companies to bring their products to market faster and more cost-effectively while meet-
ing a wider range of customer needs. 
The possibility of keeping products on the market for a long time based on function ex-
tensions and value increases is ecologically sensible due to the resource-saving nature 
[25]. Life-extending measures are therefore also demanded at the political level. In early 
2022, as part of the goal to make Europe the first climate-neutral continent by 2050, a 
proposal was presented by the European Commission to revise consumer protection reg-
ulations. This stipulates that companies must provide information on the lifespan of their 
products and provide details on the reparability of their products. Furthermore, lack of 
information about features that specifically limit the lifespan would be considered an unfair 
business practice [26]. Consumers benefit from the resulting low-cost opportunities to 
integrate new technologies into their existing devices. By adhering to the principle of new 
product modularity, emphasizing the technical core functions of the product, and incorpo-
rating interchangeable function extensions, it is possible to reduce the production effort 
required. This enables companies to make the improved product available to consumers 
at a lower cost compared to a completely new product. Broader coverage of different 
market segments through a low-cost basic variation or variations with the latest technol-
ogy and full range of functions meet more customer requirements. A modular product 
policy makes sense for both the environment and society in terms of policy requirements 
and customer satisfaction, but is associated with reduced competitiveness. Yet new prod-
uct modularity make financial sense for companies. By covering a wider range of market 
segments, greater market coverage is achieved and more revenue generated for the 
company. For the company, the new product modularity additionally offers high customer 
loyalty, as customers want to upgrade their products in the long term. Switching to another 
manufacturer involves a higher financial hurdle, as the basic framework of the product 
would have to be purchased anew instead of merely acquiring the functional expansion. 
Long-term customer loyalty thus offers the opportunity for predictable and constant reve-
nue, which achieves higher profit margins. This is possible if the new purchase by cus-
tomers is substituted by an upgrade. An upgrade offers the customer a similar added 
value as a new product, which is why there is a similar willingness to pay. At the same 
time, however, an upgrade means significantly lower expenses for a company and thus 
a greater difference between costs and market price. These savings thus lead to in-
creased profitability while simultaneously reducing the burden on the environment and 
resources. 
Overall, in terms of sustainable production, it is necessary to challenge intuitive thinking 
and consider innovative approaches such as the value-enhancing circular economy and 
new product modularity. Production that is circular in nature, implements life-extending 
measures at all levels, and enables value retention by taking products back for repair or 
functional extension makes sense in all dimensions of sustainability. Moving from tradi-
tional linear production to sustainable, closed-loop, circular production requires structural 
changes in a company. The way production processes are run, products are developed 
and how stakeholders are dealt with changes. A framework for implementing such an 
Upgrade Circular Production Economy will enable companies to implement a value-en-
hancing circular economy. 
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3 Framework for Circular Production Economy 

To achieve a Circular Production Economy, a manufacturing company must break down 
dichotomies that affect all areas of corporate strategy. The diagram in Figure 2 shows the 
resulting fields of action in the framework for Circular Production Economy and offers the 
possibility of positioning a company. For this purpose, the company's competitive strategy 
is marked in the four quadrants on the respective axes.  For a consistent strategy fit of 
the competitive strategy, manufacturing companies have to make their strategy positions 
similar in all four quadrants, i.e. place all positions either in the center or at the edge of 
the framework. A deviation results in a mis-fit, which inevitably creates competitive dis-
advantages [27]. 

Figure 2: Framework for Circular Production Economy 

A positioning in the middle of the diagram shows that the corporate strategy is in line with 
the principles of Upgrade Circular Production. A company positioned in this way can es-
tablish a value-enhancing circular economy with comparatively little effort. The outer ring 
of the framework represents the characteristics of the classical, linear economy. Compa-
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nies that occupy the edge in all aspects of the strategy also have a consistent and con-
sequential strategy. However, this strategy is not in line with the strategies mentioned in 
chapter 1. A critical examination is therefore recommended, particularly with regard to 
future regulations and customer requirements. For companies that do not create a con-
sistent image in their positioning, the framework offers assistance. It recognizes in which 
areas the company is already well positioned and in which areas there is a need for action. 
In addition, the exact positioning on the axes reveals how urgent the respective need for 
action is. As soon as a company decides to focus its activities more strongly on the cir-
cular economy upgrade, the framework can also be used to monitor the status of the 
transformation. 
Product architecture is the first quadrant of the Circular Production Economy framework. 
A product architecture describes the structure of a product, including the arrangement 
and functions of its components. It is used to facilitate the development, production and 
maintenance of the product and to ensure that it meets customer requirements. Therefore, 
the product architecture is divided into the Product Structure and the Function Model of 
the product. For the product structure, a distinction exists between differential and integral 
design. Differential construction refers to a design in which different components or sys-
tems are developed separately and then assembled. Integral construction, on the other 
hand, refers to a design in which different components are so closely linked that they form 
a single unit and are developed together. The difference is that integral design seeks 
greater integration and collaboration among the various components or systems, 
whereas differential design focuses on the separation and specialization of components. 
Thus, differential design facilitates the new modularization, i.e., the separation of func-
tions in individual modules [28]. The functional model considers the individual functions 
that a product should realize with respect to customer requirements. For the framework, 
a distinction exists between free features and model-based platforms. Free features are 
specifically adapted to customer requirements independently of standards. Model-based 
platforms, on the other hand, create a framework including specifications for the use of 
features in a product. In conjunction with a differential design, functions are thus added 
via modules, for example, in order to achieve a functional extension. 
The innovation strategy is mapped via the Innovation Cycle and Systems Innovation axes. 
The Innovation Cycle describes the speed of innovation, which is determined by market 
requirements and technology maturity. Products with a high level of technological maturity 
and constant market requirements are generally improved incrementally. In other words, 
innovations are introduced to the market at short intervals, step by step and building on 
each other. These innovations correspond to a continuous improvement in the product. 
The opposite of this is substantial innovation. This type of innovation cycle involves the 
release of completely new functionalities and product features that aim to have a disrup-
tive effect on the market. Due to the basic research and development efforts involved, 
such innovations tend to occur in longer innovation cycles. System innovations relate both 
to subsystems and to the overall system. The aim here is to change and improve existing, 
complex products in a systematic way. Different aspects of a system, such as technology, 
processes, regulations, behaviors and environmental factors, are taken into account and 
specifically changed or integrated. Systems innovation is thus a multidisciplinary and ho-
listic approach to innovation that aims to bring about long-term and profound changes 
[29]. In particular, when the whole system is considered, substantial innovation in terms 
of the innovation cycle is also possible. 
The quadrant of the business model consists of the axes usability and benefit sharing. 
Usability in this context describes how often a product is used and by how many people. 
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A single use stands for the one-time use of a product by only one person. Contrary to this 
is the characterization of Shared Use. In this case, a large number of people uses a prod-
uct several times. These products are, for example, means of transport such as bicycles, 
cars or public transport, but also complex products such as manufacturing machines or 
production facilities. The idea behind shared use is to make the use of products more 
efficient while reducing environmental impact and costs. Shared use allows products and 
equipment to be better utilized, which in turn reduces the need for new resources. Shared 
use promotes social exchange and collaboration by allowing people to meet and work 
together who might not otherwise have access to such products. For companies, shared 
use makes good business sense by increasing product utilization and generating recur-
ring revenue through new business models. Benefit sharing describes the nature of pay-
ment terms between provider and user. On this axis, a distinction is made between trans-
actional and subscription-based relationships. Transactional relationships are based on 
individual transactions, i.e., sales of products or services, where the customer pays for 
each individual transaction. Subscription-based relationships, on the other hand, are 
based on a regular income from recurring payments from customers who pay for access 
to a particular product or service [30]. The main difference between these business mod-
els is that the transactional model is based on one-time sales of products or services, 
while the subscription model is based on recurring income from subscriptions. 
The fourth quadrant of the framework is the value creation strategy, which considers both 
value creation and the life cycle. Value creation is divided into Produce and Operate. 
These are two distinct phases in a company's value creation process. In Produce, a prod-
uct is made from raw materials, components, or intellectual property. Value is created by 
transforming inputs into outputs that have greater value to the customer. Operations, on 
the other hand, involves delivering the product or a service to the customer and support-
ing it throughout its life cycle. Value is created by meeting the customer's needs and 
expectations, installing upgrades and updates, creating a positive customer experience, 
and building customer loyalty. Life Cycle distinguishes between the contrasting ap-
proaches of Replace and Reuse. Replace means that a product is replaced and disposed. 
Either replacement happens with a new product that performs the similar functions or with 
a product that offers improved performance or functionality. Reuse, on the other hand, 
means that the product is reused rather than replaced. To do this, the product is equipped 
with new functions via updates and upgrades so that the value increases and resale is 
possible. This approach is representative of the value-enhancing circular economy. The 
aim of the value-enhancing Circular Production Economy is to extend the life of products 
and reduce the need to produce new products. 
The individual action areas of the framework's quadrants and the enablers necessary to 
achieve the dimensions are presented in detail below. 

4 Field of Action: Product Architecture 

The field of action of product architecture aims at a new product modularity. This is a 
concept in which products are assembled from standardized parts and components. 
These parts and components are characterized by the fact that they are easy to replace 
and repair [31]. This enables companies to see a product no longer as an integral product 
structure, but as a differential structure that is a sum of its parts and components. Thus, 
at the end of life, the entire product no longer needs to be replaced; instead, damaged 
components are repaired or replaced. This is intended to reduce waste, increase resource 
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efficiency, and achieve a higher degree of reusability and repair ability in the spirit of the 
circular economy [32]. 
In today's world, many companies are affected by the economic challenge of customer 
demand for increasing product diversity. This forces companies to continuously expand 
their product range with new product variants. On the one hand, this means that the in-
ternal technological diversity has to be extended, but also that the complexity of such 
products increases. In order to successfully meet this challenge, the concept of new prod-
uct modularization comes into play. This is seen in the product structure, which has to 
change back from an integral to a differential product structure. In this way, the modular-
ization of products makes it easy to upgrade. When a defective module needs to be re-
placed, only that module needs to be replaced. Instead of ending the life of the entire 
product, this upgrade starts a new life cycle of the product. In addition, the modularization 
of products also makes it easy to update. When a new module is developed, it is simply 
integrated into the existing product without having to replace the entire product. The shift 
towards designing products with increasingly unique features, where each component 
serves a single function, is illustrated in Figure 3.  

Figure 3: Change in the relationship between the functional model and the product structure 

Also in the function model, there is a shift from free features to product functions that are 
based on a model-based platform. Here, different product variants are produced based 
on standardized parts. This enables sustainability potentials and cost potentials to be 
tapped as well as improving the control of complexity [33]. To take advantage of the new 
product modularity, companies must adapt their product development and product design. 

The concrete development and optimization of a model-based platform design is based 
on the 6R concept (recover, reuse, recycle, redesign, reduce and remanufacture). The 
6R concept includes the six stages of the life cycle of materials, which aim to make the 
product and its design sustainable throughout the life cycle. The new product architecture 
must be designed in such a way that there are core modules. As Living Standards, these 
form the basis for modularity over several life cycles. Building on the Living Standards, 
modules for function upgrades, performance and value upgrades, and product updates 
are arranged according to their lifecycle. The concept aims to ensure that modules and 
raw materials are recovered and reused after the first life cycle. Here, it is important to 
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note that the product design must be designed to be functional and resource efficient. In 
addition, due to the differential product structure and the model-based product platform, 
the product design must ensure easy assembly and remanufacturing. The reduce step 
focuses on minimizing resource and energy use and waste in a product life cycle. In the 
recover step, products that have reached the end of their life cycle are recovered. Sub-
sequently, such a product is used in the step reuse to recover modules or parts so that 
they are reused in the same type of product. The recycle step supports reuse by recov-
ering raw materials that can be reused in other products. Redesign aims to rework the 
old product in such a way that a new product is obtained. In the recover step, a defective 
product or a product that is at the end of its life cycle is remanufactured. In this way, the 
product is restored to a new condition and its life cycle is extended. This is a preferable 
alternative to the reuse and recycle steps [34]. 
MTA Gerüstbau places great emphasis on product innovation in its corporate strategy. 
Hereby, the company aims to make the products sustainable and climate neutral. Against 
this background, the principle of new product modularity has been successfully adopted 
in the product portfolio and are placed in the sustainability core of the product architecture 
quadrant. A concrete example of such a product is the Meta Multifloor shelving system. 
This is a shelving system consisting only of the two modules frame and shelf. The modular 
product structure of the rack allows any extension of the rack. In addition, by using ac-
cessories, countless variants as well as special solutions are realized, such as inclined 
shelving, rim shelving or shelving with open fronted storage bins [35]. Another example 
of the successful implementation of product modularity is provided by a modular laptop 
from Framework. This laptop has been explicitly designed so that individual parts of the 
laptop can be exchanged and replaced. The user makes his laptop more powerful or 
easily exchanges defective parts. Because of this characteristic, this type of laptop has a 
longer service life than the integrative laptop design [36]. 
On the one hand, the new product modularity is advantageous for companies and, on the 
other hand, it makes a major contribution to the circular economy. The use of a modular 
structure in different product variants is advantageous for a company in that it allows a 
company to produce more flexibly, faster and more resource-efficiently. An increase in 
the production of different product variants usually leads to a trade-off between the num-
ber of product variants and the operating performance. Product modularity minimizes this 
trade-off with its positive features [37]. This is realized by using the same modules in 
different product variants, which allows the company to achieve economies of scale.  This 
enables more efficient production. Furthermore, such modules are usually standardized 
parts that are produced in large quantities, which also reduces production costs. In addi-
tion, the standardization of such modules has a positive influence on the flexibility of the 
company, since this offers the possibility of component substitution [38]. 
The differential and "model-based" product architecture enables lower energy and re-
source requirements in production, making it conducive to the aspect of sustainability. In 
the case of defective products, individual modules are replaced to restore functionality 
and thus increase the product's lifetime. Extending product life also leads to a reduction 
of waste. This realizes additional potential benefits by preventing the need to manufacture 
a new product in an energy- and resource-intensive manner. The integration of processes 
for remanufacturing and repairing products further promotes the sustainability of product 
modularity. Recycling products that have reached the end of their life cycle leads to 
achieving a closed loop economy. This reduces the use of primary resources and avoids 
the generation of waste. In addition, the use of recycled materials or modules produces 
fewer emissions compared to the production of new products, as less energy is required. 
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In addition, by focusing on individual modules, learning effects are achieved, which save 
energy and resources in production. By making production more efficient due to the learn-
ing and scale effect, greenhouse gas emissions are reduced [33]. 
Product architecture in the dimensions "Product Structure" and "Function Model" is a sig-
nificant concept for future sustainable development. The numerous advantages of a new 
modular product structure in combination with a circular economy are conducive to the 
development towards more sustainable production. 

5 Field of Action: Innovation Strategy 

Functional expansion provides an approach for durable products that nevertheless do not 
hinder technological progress and innovation. In the second product generation, function 
extension helps to maximize the value retention of the product. A second product gener-
ation refers to an improved or extended product from the first generation and thus repre-
sents an incremental innovation cycle. Normally, a product experiences wear and tear 
over the course of its life, which is accompanied by a loss of value. However, not only is 
the wear and tear negated by extending the functions, but the product can is equipped 
with current, innovative properties. This not only allows the product to have the same 
value as at the time of purchase, but also the same value as a newer product has at the 
time of the functional upgrade. Thus, the value of an upgraded product is not the same 
as a new product from the same generation, but even the same as a new product from 
the newer generation. This ensures that the product is not limited to the functions at the 
time of sale, but is also improved in the future. This is expressed in Systems Innovation, 
which structures innovations from subsystems to the entire system. In this context, the 
modular product design is of high importance, as this offers the possibility, with little effort, 
to implement these changes in the product in subsystems and thereby achieve improve-
ments. This means that the concept of a product having only a fixed set of functions will 
be abandoned [39]. 
The companies Fairphone and Shift already use the concept of modular product con-
struction, thereby ensuring function expansion and value retention in their product. Both 
companies offer smartphones that have not been glued together. This ensures modular 
product construction and individual modules such as the battery, camera and screen are 
replaceable with little effort. Replacing individual modules enables the user to expand 
functions of the smartphone incrementally and in subsystems, thereby maintaining its 
value with innovations. On the one hand, this allows the user to save costs, since the 
modules are cheaper than the price of a completely new smartphone. On the other hand, 
resources are saved, which is beneficial to the aspect of sustainability [40]. 
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Furthermore, the modular vehicle structure of the Shuttle META from e.Volution GmbH 
represents a good example of this topic (see Figure 4). The modular design of the vehicle 
offers the advantages that it is particularly durable and also renewable. In addition to the 
vehicle concept and the low-capital and energy-efficient production in the MicroFactories, 
the vehicle is remanufactured in an innovative process in the Re-Assembly Upgrade Fac-
tory. After each reassembly operation, the vehicle quality corresponds to that of a new 
vehicle at the current time, thus extending the service life of the individual vehicle. Used 
components are inspected and remanufactured as needed. If new part quality is not 
achieved or the energy and resource requirements are higher than for new part produc-
tion, new parts are processed. This helps to significantly slow down the usual cycle of 
product utilization. By implementing this concept, e.Volution GmbH enables a service life 
of up to 50 years and achieve resource conservation within the cycle system [41]. 

Figure 4:  Modular vehicle structure of the Shuttle METAs from e.Volution GmbH (Source:
                e.Volution GmbH)

The principle of extending functions and maintaining value through incremental innova-
tions of subsystems has many advantages in terms of sustainability. This principle is 
cou-pled with a modular product design to enable or simplify the process of incremental 
inno-vation (see Figure 5). By offering the possibility of further developing individual 
modules in a product, this principle minimizes resource requirements and maximizes 
service life compared to conventional products. In the case of a conventional product, 
the customer benefit decreases over the product life until the end of life. Through 
incremental innova-tion over the entire product life, the customer benefit is increased 
repeatedly. In this way, product life is extended without sacrificing innovation. For the 
user, there is no need to buy an expensive new product in order to obtain innovative 
functions. This also saves resources and energy that would otherwise be associated 
with new production, since approximately 80% of a product's environmental impact is 
attributable to the design phase [42]. 
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Figure 5: Incremental innovation and value enhancement through upgrades 

The associated emission of pollutants are avoided or reduced. The extension of the ser-
vice life is ensured by the fact that function-critical modules can be replaced. The replace-
ment of modules is additionally advantageous in that it also reduces the generation of 
waste. This advantage is extended, if this principle is integrated into a circular economy. 
Modules or subsystems that have been exchanged for innovations are used to recover 
raw materials and materials. These are reused in other products. The process of reuse is 
conducive to production efficiency. 

6 Field of Action: Business Model 

Suitable business models are indispensable for the introduction of a value-enhancing cir-
cular economy. Based on business models, long-term strategies are defined and pursued, 
and the company's resources are deployed in a targeted manner. Each business model 
must be individually adapted to the company's circumstances and must reflect the com-
pany's sustainable goal. In addition, the strategy it contains must be clearly defined in 
order to ensure goal-oriented action. Thus, a suitable business model must also have 
long-term sustainability as its goal. In this context, aspects of climate friendliness are 
given priority over short-term profits.  
A value-enhancing circular economy is based on the three principles of waste and waste 
gas reduction, circular flow of materials and products, and restoration of nature [32]. This 
is implemented by using resources as efficiently as possible so that they are reused in a 
closed cycle. Instead of materials and products being discarded or underutilized after a 
single use, they are shared, leased, reused, repaired, and recycled for as long as possible. 
Through these types of shared use, the life cycle of a product is increased and resource 
use is made as efficient as possible. As a result, waste is minimized and resources as 
well as materials remain in the circular economy as long as possible [42]. Such a reduced 
use of primary raw materials reduces the emission of exhaust gases in Germany by up 
to 5.5 million tons, which in turn has a positive effect on the environment [43]. For suc-
cessful implementation, the right business models must be selected based on the ele-
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ments of "subscription" and "shared use". In the Framework for Circular Production Econ-
omy, the business models are therefore divided into the two dimensions "Benefit Sharing" 
and "Usability".  
Particularly sustainable business models of "benefit sharing", in which products are used 
particularly efficiently in shared use, are the sharing economy model and the leasing 
model. The sharing economy model represents a possible business model for implement-
ing a value-enhancing circular economy. This model describes a socio-economic platform 
that enables users to share goods, services and information with each other (shared use). 
Instead of a product having to be purchased at high cost (single use), for example, it is 
shared among the platform users at a lower price. In this case, a product or service is 
shared between several users. Car sharing is a popular representative of this model. The 
sharing economy model offers great sustainability potential, as companies or even private 
individuals who do not need products frequently borrow them. Sharing leads to fewer 
products being produced and therefore fewer resources having to be used. It also offers 
the user the advantages that borrowing is cheaper and also increases their flexibility in 
using such products [44]. 
In the leasing model, the right to use a product is transferred to a company or an individual 
for a certain period at a fixed price [45]. After this period, the product is replaced by a new 
one if desired. Thus, it is clearly classified in the "Subscription" area on the "Benefit Shar-
ing" axis. An example of the application of this model is represented by the company MIL 
Maschinen- & Industrieanlagen-Leasing AG. They provide their customers with such 
leasing services for a certain period of time [46]. This model allows users to use resources 
in a more targeted manner. In addition, it ensures that only those resources are used that 
are actually needed.  
In the product-service-system model, as a subscription benefit-sharing model, the lifetime 
of products is optimized by targeted service activities of the manufacturer. At the core is 
a network of tangible products as well as service products from actors and a supporting 
infrastructure to fulfill customer needs. Under this model, a company offers a product and 
associated service activities to its customers [47]. Philips Lighting, among others, follows 
the product-service-system model with its lighting. The company not only offers the light-
ing as a product, but also offers related services such as maintenance, inspections, and 
system optimizations [48]. This model contributes to sustainability in that the manufactur-
ers targeted service activities optimize the lifetime of their products. 
When remanufacturing is combined with upgrades and updates, functional enhance-
ments and value increases are enabled. By using upgrades and updates, remanufactur-
ing processes are used to bring old products up to the latest technology. For example, a 
computer that is no longer up to date could be upgraded by replacing components such 
as the processor or hard drive to provide better performance. This expands the product's 
function and increase its value. Another benefit of upgrades and updates related to re-
manufacturing is that they allow companies to adapt products to new customer markets. 
For example, if a particular product is no longer in demand or the market is saturated. 
Upgrades and updates are used to adapt it to the needs of a new market. Finally, up-
grades and updates related to remanufacturing also help to extend the life of products. 
When older products are upgraded, they are just as effective as new products in many 
cases. In this way, companies extend the life cycle of their products and reduce the 
amount of waste generated by disposing of obsolete products. 
Each model has individual limitations and therefore cannot be applied in every situation. 
The sharing economy and leasing models are both based on the principle of lending 
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products. The sharing economy is advantageous when a company wants to borrow prod-
ucts on a short-term and flexible basis, whereas leasing is more long-term (subscription). 
The models use the principle of reusing raw materials and materials (shared use). All 
these models have the advantage that the reuse of raw materials reduces the need for 
non-sustainable resources and reduces the waste generated [32]. If possible, the up-
grade is the first choice for the models, as this increases functionality and value. Other-
wise, the other two models are used. The product-service-system model is used when a 
company wants to purchase a product while making the most of its lifetime. Based on the 
advantages of the Circular Production Economy and the associated business models, 
their importance for the future is clearly emphasized. However, it is necessary to further 
develop and adapt these business models in order to be able to use them in as many 
areas as possible. Nevertheless, this is not enough; companies need to adapt their per-
spective on the evaluation of production before the aspect of sustainability. There needs 
to be an expansion of assessment dimensions from a purely financial perspective to in-
clude environmental, social and governance dimensions. It is crucial that these perspec-
tives do not describe conflicting goals, but are addressed holistically manner through a 
value-enhancing circular economy and ultimately result in a business advantage for com-
panies.  

7 Field of Action: Value Creation Strategy 

To realize the new product modularity, not only new development and design strategies 
are needed, but also industrialized structures to systematically upgrade complex mass 
products such as cars, household appliances, machines and plants for a second, third or 
fourth life without customers having to forego the increased performance and attractive-
ness of newly developed products. The remanufacturing and repair of technological prod-
ucts has significantly decreased over the last 20 years due to the constant new develop-
ment and production of these technological products. Customers usually decide not to 
repair a technological product due to a new purchase of the same or similar product. [49] 
Too high repair costs or a product that cannot be repaired or is too old are in about equal 
second place as reasons against repair. Initial approaches by companies to bring their 
technological products back onto the market in a targeted and thus industrialized manner 
have so far tended to be isolated approaches in the sense of the Value-enhancing circular 
economy [50].  
The industrialization of remanufacturing processes has so far been limited to a few sec-
tors of the economy and is technologically restricted to the remanufacturing of primary 
materials and materials used in their raw form at the beginning of the product life cycle. 
These are mainly primary materials such as plastics and metals. The reprocessing of 
technological products has so far been limited to isolated solutions and niche products 
[51].  
A meaningful paradigm shift toward a value-enhancing circular economy requires more 
comprehensive measures than these isolated approaches to reducing resource con-
sumption. A reassembly factory is a production facility that specializes in assembling used 
or recycled parts and components into new products. The process involves several 
stages. First, sorting and disassembly takes place, where used products are sorted by 
type and disassembled into their individual parts. This is followed by cleaning and recon-
ditioning. Here, the parts are cleaned and refurbished to ensure that they are in good 
condition and suitable for reuse. After this, the actual reassembly is possible. The parts 
are reassembled into new products using special tools and equipment. Finally, quality 
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control is performed. The finished products are inspected and tested to ensure they 
meet the required quality standards. A possible layout for a reassembly factory is 
shown in Figure 5 is shown.  
To achieve this, it is necessary to consider functional extensions, i.e. upgrades, in the 
re-production process. Re-assembly upgrade processes save up to 90% of the material 
and environmental impact of new products and increase the value added per employee, 
e.g. in vehicle production, by around 30-60%. 

Figure 6: Material flow and stations in a reassembly factory

At first glance, product remanufacturing seems to be economical only for products with 
a high material value and high initial production and development costs, such as 
aircraft turbines or cruise ships. A significantly higher degree of industrialization is 
required to enable the remanufacturing and functional improvement of products with a 
lower value. This leads to higher utilization of resources and enables similar 
economies of scale as new production. However, industrialization requires a separation 
of planning and execu-tion of the necessary activities. This is complicated by uncertainty 
about the condition and quantity of returning products. Detailed information about the 
labor time and spare parts required in remanufacturing is not available until after the 
returns have been inspected, so that detailed planning of production takes place from 
this point on. The resulting infor-mation asymmetries inevitably lead to higher 
inventories, process costs and longer lead times. 
When short-life products are manufactured in a linear economic system with short-term 
planning horizons, this leads to production processes and buildings in which short-term 
profitability takes precedence over sustainability in most cases. Although regulatory and 
societal pressures are driving manufacturers toward more sustainable practices, there is 
often uncertainty about where the greatest potential lies in manufacturing and what ac-
tions are needed to unlock it. Countering this requires greater transparency of resource 
use, in terms of both volume and location, as well as the long-term ability to continually 
adapt buildings to new circumstances. In addition, new or modified metrics help to guide 
investment decisions toward more sustainable solutions. Potential information asymme-
tries in industrial remanufacturing are resolved by setting up cross-lifecycle data struc-
tures such as the digital product file. This data set links data from the development 
phase (bill of materials, interfaces, etc.), production (component properties, process 
parameters, 
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etc.) and the various usage phases (operating time, load profiles, etc.) across all stake-
holders. To achieve this, clear identification of the relevant assemblies and modules and 
easy access to the data are required. 
Industrial remanufacturing is often not yet as automated and industrialized as the initial 
production of the technological product. One example is the time-consuming removal of 
"non-detachable" material-locking screws or rivets. New time- and resource-saving pro-
cesses, such as adaptive automation, must be developed and tested: This is the key to 
industrializing remanufacturing processes for technological products.  

8 Enabler: AI-Based Lifecycle Management 

Product Lifecycle Management (PLM) is a knowledge-intensive process that includes 
market analysis, product design and development, but also production, process develop-
ment, product distribution, use, but also after-sales service and recycling of a technolog-
ical product [52]. Due to the large amount of data generated, PLM is particularly suitable 
for the use of artificial intelligence (AI) or for the use of lower-level methods of AI such as 
Big Data. The processing of large amounts of data, as they occur in PLM, and the linking 
of this data with recommendations for action is captured and made transparent with arti-
ficial intelligence. [53] For any applications of AI, one first needs a processed data set 
and defined input and output data. Previous applications of AI in PLM group this input 
and output data into the three periods of PLM, beginning of life (BOL), middle of life (MOL), 
and end of life (EOL). The input data in this field of view also range from data on customer 
requirements (e.g., product function or configurations) to environmental data during use 
of the product (e.g., conditions of use or duration of use) [54]. The output data, on the 
other hand, starts with data on design specifications such as material lists or tolerances 
and ends with data on disassembly possibilities such as disassembly costs or recycling 
data. The focus in processing the data is on processing using process history methods. 
[55] Process history based methods require a large amount of historical process data that
is annotated in a suitable way. The existing PLM also provides a sufficient basis for this,
but it excludes several life cycles of a product or life of a technological product for the
time being [56].
In the value-enhancing circular economy, the emerging new life cycles or life of a product 
generate further data on the actual product, but also on the assembly and its individual 
components. In order to make the decision between extending the function, maintaining 
the value or actually ending the lifecycle of a technological product and to process the 
information and data that are decisive for this, AI-based lifecycle management is also 
required in the value-enhancing circular economy (Figure 7). 
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Figure 7: AI-based lifecycle management in the value-enhancing circular economy 

In the circular economy, which aims to enhance value, AI-based lifecycle management 
determines the utilization cycle a product should enter based on its system complexity, 
current value, and expected lifespan. This decision is made for technological products in 
order to maximize their value and increase their usefulness over time. The system com-
plexity indicates how complex the technological end product is, i.e. whether it consists of 
different assemblies, how many and which components technological end product is com-
posed of, and which joining processes or mechanisms were used for the composition. AI-
based lifecycle management decides whether a product continues to circulate in its func-
tional level of its current lifecycle or moves to a new functional level, giving it a second, 
third or fourth life. This decision-making takes place at all functional levels, so not only 
the technological product itself is considered, but also individual assemblies within the 
product, down to small components.  
The infrastructure of manufacturing companies for the targeted aggregation and pro-
cessing of information across multiple data sources and the creation of real-time decision-
making bases for cross-domain issues, also known as the "Internet of Production", forms 
the basis for a more efficient and value-enhancing circular economy as well as AI-based 
LCM (lifecycle management). To take full advantage of these approaches, they need to 
be further developed and implemented. A digital product file (Figure 8) that documents 
the entire product lifecycle helps companies gain a more comprehensive overview of their 
products and make better decisions by enabling transparency and traceability of products. 
In principle, the development of the digital product file is subject to high requirements in 
terms of precise documentation of the processes and associated data, continuous real-
time documentation, but also the guarantee that the recorded data is tamper-proof. 
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Figure 8: Digital product file in the value-enhancing circular economy 

For the value-enhancing circular economy, the digital shadow is extended to include the 
digital product file. The digital shadow thus exclusively represents the connection be-
tween the physical world and the digital product file in the value-enhancing circular econ-
omy. The digital product file is initially fed into the development cycle with information 
from the product data set, such as material data, parts lists or repair instructions. Moving 
on to the production cycle, disassembly or reassembly instructions are then stored, as 
well as user data and product history data. Additionally, in the value-enhancing circular 
economy, data on predecessor and successor components is added. The storage of this 
data is the enabling of multiple usage cycles of individual products, but also their parts 
and individual components.  
Crucial for the AI-based processing of the lifecycle data of the value-enhancing circular 
economy is this digital product file, which stores all lifecycle data and does not distinguish 
between the different phases of PLM, BOL, MOL and EOL, as is the case for conventional 
PLM. These phases merge for the PLM of the value-enhancing circular economy and 
are different for the individual assemblies and components of product. Figure 9 
shows the required information flow during the lifecycle of the value-enhancing 
circular economy and the resulting cloud-based emergent evaluation. 
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Figure 9: Lifecycle information flow and cloud-based emergence evaluation 

The central open-source cloud collects all the data needed for classification and identifi-
cation of the sustainable Re-X scenario. The distinction to be made here is that the data 
flow does not stop with the first use, but a second, third or fourth use of the final product, 
its assemblies or components follows on from the service. This must also be reflected in 
the storage and processing of the data. Decisions are made between the possible further 
processing operations for the final product, its assembly or individual components. 
By using AI-based lifecycle management, companies are able to better monitor and eval-
uate the lifecycle of their products, components, materials and processes. This enables 
them to identify and implement value- and function-enhancing measures in a timely and 
optimal manner to increase efficiency and profitability while minimizing environmental im-
pact. The application of AI enables improved analysis of data and accelerated decision-
making based on automatically generated insights and predictions. The decisive factor 
here is the development of a digital product file in an Internet of Sustainable Production, 
as a further development of the Internet of Production, which stores, updates and makes 
available the database for AI-based lifecycle management. 

9 Summary 

Companies are under enormous pressure to make their production fully sustainable, as 
a broad public from politics, customers and society now demand not only increased pro-
duction efficiency but also processes and products without negative environmental impact. 
This requires new approaches that expand the understanding of sustainable production 
to include that of a value-enhancing circular economy. Thus, new aspects are empha-
sized so that long-lasting products are profitably offered on the market by means of func-
tion enhancement. In addition, companies must align their strategy with this new under-
standing and focus on product architecture, business models, innovation and value cre-
ation strategy that reflect the characteristics of a value-enhancing circular economy. This 
alignment enables the development of products that are able to offer a model-based plat-
form for various functionalities by means of differential modularity. In addition, companies 
achieve continuous improvement of subsystems of a product through short, incremental 
innovation cycles. This approach is further supported by a subscription-based customer 
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relationship encouraging shared use of products by other customers. In this way, value 
creation expands from the actual production to the operation of the products. Such oper-
ation also enables and motivates the reuse of products over a long service life. Moreover, 
a globally networked Internet of Sustainable Production is essential so that this is mapped 
in terms of information technology. 
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Abstract 
Green Re-Assembly Upgrade Factory 

This article discusses the need for a paradigm shift towards a more sustainable circular 
upgrade economy, highlighting the importance of implementing comprehensive 
measures instead of isolated approaches. It proposes the Green Upgrade Re-Assembly 
Factory to sustainably upgrade complex mass-produced products for multiple life cycles 
without compromising their performance and attractiveness. The article identifies the 
challenges faced in re-assembly processes, such as uncertainties in the quality of return 
products and lack of sustainability transparency. It suggests solutions such as the Digital 
Product Record and flexible and adaptable process designs. Furthermore, transforming 
production buildings into climate-neutral green factories designed to have the longest 
possible life cycle and most resource-efficient operation is necessary. Using prominent 
industrial examples, the authors show that both the transformation of a company to a 
circular production approach and the transformation of a factory to a climate-neutral green 
factory can succeed profitably – already under today's conditions. 
Keywords: Re-Assembly, Green Factory, Re-Manufacturing, Circular Economy, Sustain-
able Production 

Kurzfassung 
Green Re-Assembly Upgrade Factory 

In diesem Artikel wird die Notwendigkeit eines Paradigmenwechsels hin zu einer nach-
haltigeren Upgrade-Kreislaufwirtschaft erörtert. Der Fokus liegt dabei auf der Bedeutung 
der Umsetzung umfassenderer Maßnahmen anstatt einzelner isolierter Ansätze. Es wird 
die Green Upgrade Re-Assembly Factory als Lösung für die nachhaltige Aufwertung 
komplexer Massenprodukte für mehrere Lebenszyklen vorgeschlagen. Der Artikel zeigt 
die Herausforderungen der Re-Assembly-Prozesse auf (z. B. Unsicherheiten bei der 
Qualität der Rückläuferprodukte sowie mangelnde Nachhaltigkeitstransparenz und 
schlägt Lösungen wie die digitale Produktakte und flexible und anpassungsfähige Pro-
zessdesigns vor. Darüber hinaus wird in dem Artikel dargelegt, dass auch eine Transfor-
mation von Produktionsgebäuden in langlebige sowie klimaneutral und ressourceneffi-
zient betreibbare grüne Fabriken notwendig ist. Anhand namhafter Industriebeispiele wird 
gezeigt, dass sowohl die Umstellung eines Unternehmens auf einen zirkulären Produkti-
onsansatz als auch der Umbau einer Fabrik zu einer Net-Zero-Fabrik profitabel gelingen 
kann – bereits unter den heutigen Bedingungen. 
Schlagwörter: Re-Assembly, Green Factory, Re-Manufacturing, Kreislaufwirtschaft, 
Nachhaltige Produktion 
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1 The need for a value-adding circular economy 

Based on the "take-make-dispose" principle, the linear economic system depletes finite 
resources and is not sustainable. More comprehensive measures must be taken to 
achieve a more sustainable circular economy. Production technology can achieve enor-
mous sustainability potential when complex mass and serial products such as cars, 
household appliances, machinery, and equipment are systematically qualified for a sec-
ond, third, or fourth life. It is important to consider functional enhancements in the re-
production process. In this way, customers do not have to forego increased performance 
and attractiveness of newly emerging products. By replacing only about 10 % to 30 % of 
components, complex serial products can achieve almost the same value as a new prod-
uct and save up to 50 % of the resources and emissions used in industrial production [1]. 
Depending on the product, two to three times the margins of these more sustainable up-
grade products can be achieved per re-processing cycle compared to new, classically 
produced products. 
A paradigm shift towards the closed-loop circulation of materials is one of many chal-
lenges companies face in sustainable production [2]. The product-related requalification 
and extension of functionality must be located in a building that is equally function- and 
value-enhancing, with the longest possible life cycle and most resource-efficient opera-
tion. In particular, transforming existing factories into long-lasting, climate-neutral green 
factories is relevant. If successful, both economic and strategic advantages can be 
achieved. By generating renewable energy on-site, 70 % to 90 % of the energy supply 
costs can be saved already today. In addition, the production site-related resilience and 
security of supply increase. Efficiency gains through continuous monitoring of building 
operation data have not yet been considered for this estimation. 
Based on prominent industrial examples, this article shows that both the outlined value- 
and function-enhancing circular economy and the climate-neutral transformation process 
of a factory are already profitable under current conditions.  
Section 2 discusses the challenges and solutions for a value- and function-enhancing 
circular economy, and section 3 describes how to transform existing factories into long-
lasting and climate-neutral green factories. Section 4 combines these approaches into 
the "Green Upgrade Re-Assembly Factory". 

2 Upgrade Re-Assembly Factories enable highly profitable func-
tional and value enhancements 

This section discusses the applicability of Upgrade Re-Assembly Factories, presents pos-
sible processes and organisational forms, and derives the resulting requirement for a dig-
ital product file as a key enabler of the value- and function-upgrading circular economy. 

2.1 Value- and function-enhancing circular economy is not only possible for 
cost-intensive capital goods 

At first glance, product reprocessing with simultaneous functional and value enhance-
ment seems economical only for products with a high material value and increased pro-
duction and development costs, such as aircraft or cruise ships. For products of this type, 
usage cycles over several decades are standard. To adapt them to changing conditions, 
nevertheless, new functions and design adjustments are repeatedly introduced into the 
products over the years to maintain usability and value. An example is the modification of 
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passenger aircraft cabins: These are fully renewed approximately every seven to ten 
years in the life cycle of an aircraft to offer passengers increasing comfort without having 
to replace the entire aircraft. In shipbuilding, extending ships during their lifetime to in-
crease capacity or the conversion of conventional propulsion systems to sustainable en-
ergy sources is the industry standard. For these functional extensions of products in com-
paratively small quantities, specialised companies work with high manual effort and highly 
skilled personnel. The processes are comparable with repair stores or the organisation of 
construction site assembly. They, therefore, cannot be transferred to series products such 
as those in the automotive, household appliance or building technology industries. 

Figure 1: Comparison of product categories for life-extending value and function enhancement 

To enable the possibility of reprocessing for products with a comparatively lower value 
(see Figure 1), a change in the business model towards controlled return options is nec-
essary. By cooperating directly with customers and interpreting them as "our suppliers of 
tomorrow", the company Lorenz GmbH & Co.KG, for example, enters a strategic partner-
ship with the customers of the water meters it manufactures. Through this partnership, 
approximately 500,000 water meters, sold at roughly 29 €, are recycled yearly. ZF Frie-
drichshafen AG also recovers and remanufactures about 10,000 tons of clutch systems 
and torque converters for trucks and cars worth <400 € each alone in their Bielefeld lo-
cation from customers through cooperation. They employ approximately 1,800 employ-
ees in 25 remanufacturing plants worldwide. 
Special attention must be paid to increasing functionality in the re-assembly process to 
enable technological progress for customers despite reusing old parts. This ensures the 
attractiveness of re-assembled products. For example, in reprocessing clutches, ZF Frie-
drichshafen AG applies new coatings based on the latest technology, thus achieving wear 
resistance at the level of a newly developed product. In the case of clutches, ZF Frie-
drichshafen AG can also adapt the spring characteristics of the clutches by changing the 
pitch circles of disk springs, thus adapting the product's function to the changed customer 
requirements. 
A significantly higher degree of industrialisation is required to enable such a function- and 
value-enhancing preparation of series products with a comparatively lower value. As with 
classic linear production, industrialisation reduces costs through economies of scale and 
offers products more attractively to the customer. Dedicated Upgrade-Re-Assembly Fac-
tories, where sorting and cleaning, dis-assembly and final assembly of the products occur, 
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are necessary for this industrialisation (see Figure 2). The following section, therefore, 
describes how such industrialisation of re-assembly can be designed. 

Figure 2: Upgrade Re-Assembly Factory 

2.2 Industrialization of processes enables profitable reprocessing and a circular 
upgrade economy 

The industrialisation of production leads to higher output quantities with decreasing re-
source input per product. For this purpose, the manufacturing and assembly process is 
subdivided into standardised work steps, which are optimised with regard to the use of 
resources. Most serial and mass production processes are highly industrialised to be 
competitive in the linear economy. Industrialisation always makes sense if the initial re-
source input for optimisation per work step is lower than the sum of the saved effort in 
production resulting from economies of scale. [3] Such a consideration must also take 
place in circular value creation. In addition to the standardisation of work steps, the opti-
misation of material flows and the (partial) automation of work steps are decisive. 

In Figure 3, a generic re-assembly process is shown. This consists of cleaning, inspec-
tion, dis-assembly, re-assembly and the final inspection.  
These steps can vary in sequence and frequency depending on the product. For example, 
it can make sense to dis-assemble a product before cleaning it to sort out obviously de-
fective products, thus reducing the total number of cleaning processes. 
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In some cases, a sorting step is added before cleaning. To reduce the hurdle of return for 
customers, Lorenz GmbH & Co. KG, for example, accepts unsorted products and takes 
over the sorting into scrap and water meters to be further processed. This ensures that 
customers have the lowest possible barrier to return products to achieve the company's 
target return rate of 80 %. As a welcome side effect, this also ensures that other returned 
products are adequately fed into recycling. A return to the corresponding manufacturers 
for the reassembly of these products is partly taking place and is being discussed with 
further manufacturers. 

final 
inspectionre-assemblydis-assemblyclean inspection

dis-assembled 

components

Figure 3: Generic re-assembly process 

In the following cleaning step, the products are freed from dirt, etc., to inspect or dis-
assemble the components. At ZF Friedrichshafen AG, this cleaning of the components 
takes place at a later stage with individual components. It is automated through washing 
and continuous blasting systems. This automation enables a reduction of manual clean-
ing steps and thus significantly increases process efficiency. In the inspection stage, the 
products are sorted and checked for suitability for further processing. The sorting focus 
must be on previously defined components as the decision is made whether to dismantle 
these components in the further process. Some components cannot be visually inspected 
for their condition. These include electronic components such as circuit boards. These 
must either be tested in the device with special test equipment or measuring devices, or 
dis-assembled in the next step and tested by the supplier. 
In dis-assembly, previously defined components and parts are removed from the product 
so that they can be fed to further reprocessing steps. Dis-assembly occurs based on 
decisions made during inspection and can vary depending on the product’s condition. 
During reassembly, components or assemblies are mounted into the core, the product 
from which the components were dis-assembled. Depending on the configuration re-
quired by the customer, these can be remanufactured or new components that are either 
identical in construction to the previously dismantled components or newly developed 
components with a functional enhancement. Finally, in the final acceptance test, the prod-
ucts are subjected to quality tests with requirements at least equivalent to those for a new 
product and are packaged for delivery. 
The final test step plays an important role, especially for products that must be calibrated 
or certified, ensuring that the product may also be used for the intended purpose. To 
ensure the most efficient testing possible, Lorenz GmbH & Co. KG relies on a test stand 
developed in-house, in which a previously defined quantity of water passes through a 
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large number of water meters to determine their measurement deviation. Here, devices 
from new and old parts are tested equally, with similar measurement results. 
In linear production, the output varies in quantity and quality of products, leading to chal-
lenges in production planning and design. In re-assembly, the variance in customer de-
mand remains unchanged but is augmented by a variance in input because the condition 
and quantity of returns delivered are uncertain. These uncertainties have a direct impact 
on the planning and control of production. Since the exact condition of the cores in many 
applications can only be assessed at the plant during inspection, early detailed planning 
is impossible. To fully counteract this delay in providing information, a cross-lifecycle dig-
ital illustration of the product, including the creating processes, is necessary, see section 
2.3. 
Yet, re-assembly is possible even without this continuous digitisation. High flexibility and 
robust processes are essential for this. An example is the implementation of dis-assembly 
with increased use of manual labour and semi-automated processes at the ZF Frie-
drichshafen AG plant. There, employees can react flexibly to the variance in the incoming 
components at the dis-assembly stations. At Lorenz GmbH & Co. KG, components are 
dis-assembled with a high use of employees. Due to the lower material input compared 
to linear production, this manual effort is still profitable. Margins can be doubled or tripled 
compared to new production. Furthermore, this combination leads to the preservation of 
highly skilled jobs in the manufacturing industry in the high-wage location Germany. 
It is also possible to respond to the variance in the plant's input by using different material 
flow and dis-assembly concepts. One variation is to dis-assemble products to a prede-
fined state regardless of condition (see Figure 4, run dis-assembly to the end of the top 
arrow) to allow for better standardisation of dis-assembly and the subsequent steps. In 
this way, ZF Friedrichshafen AG enables the automation of the cleaning process. 

Figure 4: Dis-assembly and re-assembly 
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Another variation is to dis-assemble the products only as far as necessary and thus to 
replace only defective components (see Figure 4, for example, up to the second dis-
assembly step and Figure 5). Unnecessary steps can be skipped, resulting in a more 
efficient overall process. At the same time, different functions can be added to the core 
by performing individual reprocessing steps according to the situation, see Figure 5.  
A different concept is the combination of manufacturing and assembly steps of old and 
new parts. If, for example, certain dis-assembly, assembly or manufacturing steps are 
only carried out for a smaller number of units, existing automation solutions from linear or 
primary production can ensure the maximum utilisation of resources. For example, ZF 
Friedrichshafen AG uses the same robots for the reconditioning of pressure plates for the 
production of new parts and thus achieves the same production quality and higher utili-
sation of capital-intensive equipment (see Figure 6). 

Figure 5: Separation in obligatory and optional reprocessing steps 

In addition to efficient assembly and dis-assembly, industrialised manufacturing crucially 
relies on efficient material supply. A certain planning lead time is necessary to react to 
the fluctuating parts requirements due to the varying conditions of the incoming parts, 
even with low inventories. Due to the delivery times of spare parts, it is necessary to carry 
out material planning and trigger purchase orders even before the products are inspected. 
This time offset separates planning from execution, as in linear production. The infor-
mation uncertainties created by forecasting inevitably lead to higher inventory levels, pro-
cess costs and longer lead times than in linear production. To minimise these side effects, 
they must be reduced through digital cross-lifecycle data continuity. 
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Figure 6: Automated process in jointly used robot cell for new part production and reconditioning 

2.3 The digital product record enables cross-lifecycle information singularity 
and, thus, the reduction of information asymmetries 

In re-assembly, the component availability and the component quality of the returned 
products depend on the individual product life cycle. This resulting uncertainty about the 
quality of the returns can be reduced with information from the use phases [4]. This allows 
the quality or usability of the returns for re-assembled products to be estimated, process 
sequences as well as component yields to be determined, and thus re-assembly costs as 
well as inventory levels to be predicted and finally reduced. 
With only a few well-chosen pieces of information, rough planning for the process steps 
of re-assembly can already be done. For example, the wear of truck clutches depends on 
the geographical area of vehicle use, e.g., mountain areas vs urban traffic. Information 
about the primary geographical location of truck use would enable ZF Friedrichshafen to 
categorise clutches even before disassembly. The amount of cleaning required for water 
meters returned to Lorenz GmbH & Co.KG depends on the hardness of the water flowing 
through them. Therefore, geographical information about the previous installation location 
of the product would help Lorenz GmbH & Co.KG in planning. Because of the high com-
plexity of the reverse logistics process, in which additional service providers may be in-
volved, such information transfer is rare today. This information asymmetry between sup-
plier and purchaser of old parts causes costly checks. In addition, some processing steps 
could even be avoided without this information asymmetry. 
A cross-stakeholder and cross-lifecycle information singularity is necessary to overcome 
these information asymmetries: the so-called digital product record [5]. It combines data 

Green Re-Assembly Upgrade Factory 
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from the development phase (parts lists, interfaces, etc.), production (component proper-
ties, process parameters, etc.), and n use phases (service life, load profiles, etc.) and 
thus extends the digital product passport, see Figure 7 [6]. 
Unlike classic part lists, however, the digital product record is an emergent document. 
This means that a change history exists for all elements. Therefore, if a component or 
part is replaced, both the old and the new element are documented in the digital product 
record. In addition to the initial manufacturing or assembly date and the subsequent re-
placement dates in an Upgrade Re-Assembly Factory, a variety of other metadata can 
be stored in the product record for each element of the product structure. Thus, the prod-
uct structure already shows the central part of the product life cycle. [7] 
Partial information, for example, from the product’s development phase, must be non-
public, refined or encrypted in this context to protect trade secrets and secure competitive 
advantages.  
For this purpose, a unique designation of components etc., using data matrix codes, for 
example, is necessary to ensure cross-company usability. In the future, adapted solutions 
from SAP based on their Green Token or Business Network Material Traceability tech-
nology could be used for this purpose. 

Figure 7: Application example of the digital product record 

3 The profitable transformation to Green Factories succeeds in 
brownfield locations 

The following section focuses on the ecological sustainability of the Green Upgrade Re-
Assembly Factory and demonstrates that transforming existing factories into Green Fac-
tories is profitable. As in the previous section for the product side, a life cycle model is 
developed from the factory side (see section 3.1), which describes this transformation 
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and upgrade of factories (see section 3.2). Likewise, this section addresses the centrality 
of data continuity across stakeholders and focuses on the method of Building Information 
Modeling (BIM, see section 3.3). 
The company Phoenix Contact GmbH & Co. KG, examined regarding its locations in Bad 
Pyrmont and Blomberg, provides practical examples of successfully transforming existing 
factories into Green Factories. An initial determination of the company's strategy (X-De-
gree Compatibility Strategy, XDC Strategy) laid the foundation for the transformation to-
wards climate neutrality. The XDC model uses scientific insights and legal requirements 
to assess a company's impact on climate change. The climate metric indicates how much 
the Earth will warm by 2050 if all companies operated with the same emission intensity 
as the company under consideration. The calculation is based on the emissions required 
to generate 1 million euros of gross value added between a base year and 2050. The 
overall approach considers all emissions, including direct emissions from owned or con-
trolled sources (Scope 1), indirect emissions from purchased energy (Scope 2), and emis-
sions from the company's supply chain (Scope 3). [8]  
Phoenix Contact specifically assigns the different emission scopes as follows. Scope 1 
includes operating buildings and vehicles. Purchasing electricity, heating operation, and 
cooling for self-use are part of Scope 2. Scope 3 includes materials, logistics, employee 
mobility, and business travel. Phoenix Contact follows the vision of an All-Electric Society 
for the transformation: “Renewably generated electrical energy is available worldwide in 
sufficient quantities and completely economically" as the primary form of energy. The 
basis for this is that all sectors of the economy and infrastructure are interlinked, i.e., fully 
electrified, networked, and automated. [9] Intelligent energy management systems can 
then optimally control energy flows and avoid transportation as well as efficiency losses. 
The goal is to provide green electrical energy reliably wherever it is needed [10]. 

3.1 A new model for longer life cycles of resource-efficient green factories 
To fully realise the potential for sustainability in industrial production, more than the prod-
uct life cycle extension through re-assembly and upgrade processes is required. Addi-
tionally, the life cycle of the actual factory must be optimised holistically by realising Green 
Factories that are as long-lasting and resource-efficiently operable as possible. Factories 
are considered long-lasting when they allow for repeated upgrades to adapt to changing 
requirements – just like the products manufactured within them. 
The literature presents various approaches to describing and dividing the life cycle of 
factories. Generally, all approaches divide their life cycle into three main phases: factory 
planning and realisation, factory operation, and factory reconfiguration and dismantling. 
Within these main phases, the approaches distinguish additional detailed phases. MÜL-
LER ET AL. consider the construction of the factory separately from its planning. [11] NEU-
HÄUSER ET AL. identify another phase in the factory life cycle, the so-called renovation or 
re-planning. [12] This allows for a more in-depth examination of a factory's repurposing, 
transformation, and upgrading and is, therefore, the approach chosen for this article. DOM-
BROWSKI ET AL. distinguish four factory planning phases and obtain a total of seven life 
cycle phases [13]. Such a detailed examination is not helpful within the scope of this 
article, as it focuses on the practical implementation of the most significant sustainability 
potential through the climate-neutral transformation of existing factories.  

Green Re-Assembly Upgrade Factory 
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Therefore, the authors conceive the factory life cycle as an overarching three-phase 
model divided into detailed phases. This results in five phases, which do not follow each 
other directly. First, they are divided into an outer cycle of Greenfield (planning and real-
isation) over Brownfield (realisation and operation) to End of Life (operation and disman-
tling). The phases of the outer cycle merge into one another. The brownfield phase is 
additionally assigned its own inner cycle, which can be repeated several times: require-
ments for the factory arising from its operation are planned and realised as an upgrade 
of the factory itself (see Figure 8). The initial planning of a factory is explicitly distin-
guished from its upgrade planning. In this model, the overall lifespan of a factory is ex-
tended with the number of iterations of the inner brownfield cycle – i.e., with the number 
of factory upgrades.  

Figure 8: Representation of the factory life cycle, including multiple brownfield upgrades 

The derived life cycle of a factory starts with its planning. This is assigned to the greenfield 
phase because every factory was initially planned on a vacant lot. The factory planning 
phase includes, for example, the determination of location, production processes and 
equipment, personnel requirements, and building requirements. In this phase, the ex-
pected costs and the factory construction timing are also determined, which are often 
missed with traditional factory planning methods [14]. Digital and networked planning, for 
example, through BIM-based building twins, can prevent planning errors and the resulting 
waste of time or materials. In addition, the other phases of the factory life cycle benefit 
from this foundation (cf. section 3.3). 
The realisation phase follows the factory planning phase: The factory is built and fur-
nished. Realisation starts with site preparation and equipment, while approval issues are 
still assigned to planning. Waste prevention or suitable waste sorting directly on the con-
struction site can reduce the CO2 emissions of the realisation phase. Construction site 
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logistics can benefit from optimised transport routes and the electrification of logistics 
chains: electrically powered construction site vehicles can reduce not only CO2 but also 
particulate matter and noise emissions. [15], [16] Realisation includes installing produc-
tion facilities, offices, staff rooms, (waste-) water systems, machinery, and electricity. In 
this phase, the reuse of materials and furniture, in particular, can contribute to a climate-
neutral Green Factory. The realisation phase ends with the factory's completion and the 
production commissioning (including ramp-up). During the initial realisation of the factory, 
the transition from the greenfield to the brownfield phase takes place. 
In the following, typically most extended factory life cycle phase, the factory is operated 
for its intended use. In addition to the routine maintenance of the building, continuous 
monitoring of production and building operating data is necessary to design and evaluate 
optimisation measures for a net-zero factory. These include, for example, the detection 
of line losses, increasing energy efficiency, avoiding waste, increasing plant efficiency, or 
reducing the consumption of auxiliary and operating materials. If it turns out during factory 
operation that the production building can no longer be used, the building is dismantled, 
and the property is repurposed. Otherwise, several upgrade cycles follow, in which the 
brownfield factory adapts to changing requirements (cf. section 3.2). 
In the dismantling phase, the factory is shut down and demolished. When the buildings 
and facilities have been completely removed during dismantling, the site is recultivated, 
and the remaining environmental impact is minimised. Ideally, all factory components 
should be recycled, processed, or directly reused. Such reuse of factory components can 
be implemented within the framework of the Cradle-to-Cradle principle. Cradle to Cradle 
is a sustainability concept aiming to design products and materials to be reused, recycled, 
biodegraded, or otherwise returned to their natural cycle at the end of their life cycle – 
without a negative impact on the environment or humans. [17] 
Phoenix Contact is implementing this principle in the expansion of its main site through 
the "Building 60" project, in which Cradle to Cradle certified products and modules are 
installed: glass partition walls, acoustic panels, windows and facades, among others, that 
are certified concerning material health, clean air and climate protection, responsible use 
of soil and water, social justice, and recyclability can thus restart the greenfield life cycle 
of a factory. [18] 
This section’s factory life cycle model provides a holistic view of all characteristic time 
points during the lifespan of a factory. By distinguishing between a greenfield phase, an 
inner brownfield life cycle, and an end of life phase, factories from any phase can be 
described without needing a fixed starting point. At the same time, the complexity is kept 
to a minimum by tailoring the number of life cycle phases with the goal of the contribution, 
which is to create green factories that are as long-lasting and resource-efficient as possi-
ble. This goal can be achieved by going through the brownfield life cycle as often as 
possible: If companies can reuse production facilities repeatedly through upgrades, new 
CO2 emissions or expenses are avoided, and the initial efforts of greenfield realisation 
can be relativised. 

3.2 Upgrade and transformation of existing factories 
Brownfield factory upgrades currently represent the most frequent planning case. Extend-
ing the lifespan of existing factory buildings through upgrades realises comprehensive 
ecological and economic benefits since, in addition to savings in CO2 emissions, for ex-
ample, sealing new areas is avoided or existing building structures can be cost-effectively 

Green Re-Assembly Upgrade Factory 



Circular production economy 

327 

reused. The initial expenses for construction and the energy bound in the building struc-
tures do not need to be incurred again. In addition, due to the politically envisaged net-
zero land consumption target in Germany by 2050, future greenfield projects will be pos-
sible only in fewer numbers or with more elaborate compensatory measures. [19] This 
emphasises the necessity and importance of upgrade planning in the brownfield factory 
life cycle. 
Generally, factory upgrades involve modernising or rebuilding the factory to improve or 
expand production. This can affect replacing production facilities, introducing new pro-
cess technologies, energy renovation measures, or building expansion. In the interest of 
a consistent orientation towards climate-neutral net-zero factories, upgrades or repurpos-
ing should already be considered during the planning phase of the factory life cycle out-
lined in section 3.1 so that the factory can undergo the brownfield life cycle as long and 
as frequently as possible (see Figure 8). Generally, brownfield projects are significantly 
more complex to plan and realise due to existing restrictions on land and buildings. [19] 
Accordingly, forward-looking greenfield planning can greatly simplify factory upgrades in 
later brownfield cycles. 
When sustainability aspects are comprehensively considered for the first time during the 
re-planning of an existing factory, this re-planning is not only an upgrade but also a trans-
formation towards a climate-neutral green factory. This brownfield transformation process 
consists of several stages. In the beginning, the existing structures, energy and material 
flows, and emissions of the factory are analysed. Based on this data, initial areas for 
transformation can be identified. The definition of specific objectives results from analys-
ing the market situation and forecasting future developments, e.g., using technology fore-
sight or technology impact assessment. Projections for technological advancements and 
funding potential for technologies can be considered. In addition, the company strategy 
regarding future developments must be considered in this context. [19] The objectives for 
a sustainable factory can result, for example, from social, economic, and environmental 
challenges and opportunities through digitisation [20]. 
Following the definition of objectives for the transformation, implementation measures 
need to be identified and prioritised. BURGGRÄF ET AL. identify and define transformation 
measures concerning different factory levels in their Green Factory framework. Further-
more, a distinction is made between the fields of technology, materials and media, as well 
as organisation. This structuring makes it possible to identify measures for a specific 
planning case. Examples of possible actions include the use of photovoltaic systems, the 
use of sustainable materials, and the improvement of data quality. The conscious use of 
energy storage and avoiding (multiple) energy conversions, e.g., by using self-generated 
renewable direct current, are also desirable. [21] Even simple solutions such as green 
roofs can have several positive effects. In addition to the absorption and conversion of 
CO2 and NO2, significant advantages can be seen in insulation, resulting in reduced heat-
ing and cooling loads. When weighing the measures, the aim is to identify those with the 
most significant or cost-effective impact. [19] The DGNB certification program, e.g., uses 
a point system to prioritise measures [22]. 
By completing the actual transformation and thus the upgrade and realisation phase, a 
PDCA cycle (Plan-Do-Check-Act) or a CIP (Continuous Improvement Process) should be 
established as part of the subsequent operational phase. [19] This ensures that measures 
to achieve goals are sustainable and based on current standards. The operating phase 
can thus potentially be extended, and the need for re-planning can be reduced. 
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The practical implementation of such re-planning, upgrade, or transformation processes 
can be demonstrated through the examples of the companies Phoenix Contact and Lo-
renz. Phoenix Contact has set the strategic goal of a CO2-neutral value chain by 2030. 
This strategy includes increasing energy efficiency by 25 %, achieving complete supply 
through renewable energy sources, and increasing the proportion of renewable energy 
self-generation to more than 30 %. In addition, by 2030, Phoenix Contact aims to be able 
to offset all remaining CO2 emissions.  
To achieve these goals at the production site in Bad Pyrmont, its sustainability-related 
transformation is necessary. In line with an All-Electric Society, a focus was placed on 
electrification. Phoenix Contact has identified areas central to achieving the transfor-
mation goals, such as the vehicle fleet, the combined heat and power plant, photovoltaic 
self-generation, or material delivery. 
Measures derived from the analysis of the status quo include a nearly complete transition 
from combined heat and power plants to heat pumps for supplying the production site. 
Security of supply security is ensured by a remaining combined heat and power plant that 
operates on non-fossil fuels. This allows for decarbonisation by 2027 and limits price vol-
atility risk by reducing natural gas and biomethane use. However, electrification and the 
switch to heat pumps also require a new energy supply concept in the buildings, which is 
based, among other things, on energy storage in the form of an ice storage system. 
An ice storage system (see Figure 9) is a thermal energy storage system based on 
energy storage in the form of ice. This so-called latent heat storage is mainly used in 
conjunction with heat pumps to improve the energy efficiency of buildings. The system 
consists of a storage tank filled with water. During the winter, energy is extracted from the 
ice storage using a heat pump, causing the fluid in the ice storage to freeze. The crystal-
lisation energy released during the phase transition can then be used to heat the building. 
The ice storage tank absorbs energy from the approximately 7 °C to 12 °C warm soil into 
which it is buried: the ice melts. This process is particularly fast on sunny winter days 
when sufficient energy is available from solar thermal energy and the heat pump extracts 
less or no energy from the ice storage. In the summer, the ice in the system is thawed 
again to store energy for the winter. The energy required for this process is extracted from 
the premises using the heat pump to cool them. In the interim season, when the heating 
or cooling demand is not as high as in winter or summer, the ice storage optimises the 
heat pump operation. The heat pump then uses the energy stored in the ice storage to 
increase or decrease the heating or cooling power, reducing the energy demand of the 
heat pump. In this way, the ice storage can serve as heat storage and increase the heat 
pump's efficiency, as the pump only operates when needed and does not have to be in 
continuous operation. [23]–[25] 
In addition, Phoenix Contact intends to expand its photovoltaic self-production of 
electric-ity (see Figure 9). This allows for redundancy in connection to the power grid 
and the potential sale of excess energy. Transport losses, in particular, should be 
minimised to increase energy efficiency. Therefore, Phoenix Contact seeks synergies 
with public utility 
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companies, farmers, wastewater treatment plants, or other local initiatives. For example, 
these entities are expected to supply the required biogas. 

Figure 9: Measures taken by Phoenix Contact to transform the Bad Pyrmont site 

The transformation of the Bad Pyrmont site towards renewable energies also leads to an 
increase in the complexity of the supply. To master this and enable future data-based 
decisions, comprehensive digitisation of the building is necessary. At Phoenix Contact, 
this has been implemented with the "Smart Building" initiative. The self-developed build-
ing management software Emalytics, also distributed to Phoenix Contact customers, vis-
ualises and tracks various building data. Only where all trades on site and functional areas 
communicate transparently and continuously with each other can energy be saved and 
future-proof automation be achieved. The IoT-based framework behind Emalytics ena-
bles this through the intelligent networking of all systems, equipment and components of 
MEP (mechanical, electrical and plumbing). 
The Smart Building approach considers the entire life cycle of the building and plans the 
factory integrally. This serves not only to conserve resources, the environment, and hu-
man health but also to meet economic and human needs. The so-called peak shaving 
can be given as an example. At Phoenix Contact, during the start-up of energy-intensive 
equipment (e.g. soldering systems, injection moulding, etc.), building air conditioning is 
temporarily switched off to regulate energy consumption to less than 2.2 MW. This can 
achieve cost savings through peak load management, as an increased supply price must 
be paid for electricity consumption above the agreed quota of 2.2 MW. Networking in the 
Smart Building approach enables automatic sun protection control, providing employees 
with a more pleasant working atmosphere. Specifically, the Smart Building approach af-
fects energy consumption in production: Since the introduction of the building manage-
ment software in 2019, productivity has increased by 30 % (until 2022), while energy con-
sumption has increased by only 6 %. The Smart Building approach supports an energy-
conscious mentality of employees through the transparent display of energy consumption 
and increases motivation for self-responsible energy savings. 
The transformation increases the sustainability of the Bad Pyrmont site, provides in-
creased independence and redundancy from the power grid, and is economically feasible. 
Due to the change to heat pumps and the general growth of the site in production and 
development, Phoenix Contact predicts an increase in electricity demand of 10 % to 20 % 
by 2030. This demand increase is to be fully compensated for by an increase in energy 
efficiency. 30 % of the transformation investments are replacement investments, e.g., re-
placing a gas-fired boiler with an electric one. This shows that a large part of the invest-
ment costs for ecological transformation can be lowered by choosing a favourable pro-
curement time – provided that building management and maintenance are closely syn-
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chronised with the company's strategic environmental goals. In addition, a one-time in-
vestment of approximately 5 million euros until 2030 is necessary for, among others, the 
expansion of the photovoltaic system and the changes in the heating and cooling concept. 
In addition, to ensure the security of supply, an investment in a photovoltaic park or a 
wind farm in cooperation with, for example, public utility companies is necessary. 
The savings in operating costs exceed the projected investment costs in the long term. 
The site’s transformation decreases operating costs despite the increasing energy de-
mand. Based on the cost per kilowatt-hour in March 2023, this can be derived as follows: 
For self-generation through photovoltaic and wind power plants, the costs are significantly 
lower at 4 to 8 cents per kilowatt-hour than the procurement costs of coal or nuclear power, 
approximately 30 to 40 cents. Phoenix Contact, based on this, predicts no long-term chal-
lenges regarding the operating costs of the transformed site but instead regarding the 
security of supply. The company addresses this challenge by ensuring resilience and 
security of supply through local energy generation and system redundancy.  
Also, Lorenz GmbH & Co.KG is striving to maximise the brownfield lifespan of its factory 
in a resource-efficient manner. The company’s renewable energy generation achieves 
this by reducing production emissions. Among other things, Lorenz has a photovoltaic 
system with 573 kWp and expects approval to construct a small wind turbine with 24 kWp. 
Combined with a storage system with 490 kWh capacity (based on used vehicle batteries 
to avoid additional adverse environmental effects), which will be operational from August 
2023, environmentally friendly electricity generation with high autonomy is achieved. The 
waste heat of a biogas plant located 500 meters away via a specially laid district heating 
pipeline covers heating energy almost entirely. Only in a few yearly weeks of frost is ad-
ditional heating provided by a 100 kW log wood burner, with the firewood coming directly 
from farmers in the surrounding forests. Lorenz produces both new and refurbished prod-
ucts, the latter through an Upgrade Re-Assembly process. Therefore, shifts in the product 
portfolio are repeatedly observed. At times, more new than refurbished products are pro-
duced. After the end of the first usage cycle of new products, there is a shift towards the 
refurbishment. Necessary changes to the production lines and logistics areas (for exam-
ple, through the required cleaning or increased space requirements for intermediate stor-
age of incoming used parts) were only quickly feasible through a modular building con-
cept with movable walls and removable facade parts. This underlines the importance of 
considering and enabling foreseeable changes and upgrade requirements for the brown-
field life cycle already as part of greenfield planning. 
This section presented potentials and possible implementations for upgrading, re-plan-
ning, and transforming factories. Using the example of Phoenix Contact, it was shown 
that sustainability-related transformation, such as in the area of energy supply and effi-
ciency, can reduce the operating costs of a site in the long term. However, the potentials 
of factory transformation go beyond purely financial aspects. For example, Phoenix Con-
tact creates redundancies in supply through its electricity production, thereby increasing 
the security of supply. With Lorenz, the flexibility of production with regard to necessary 
re-planning in the foreseeable future has already been increased through greenfield plan-
ning with a modular building concept. 
A study by BURGGRÄF ET AL. among 45 decision-makers for factory planning projects 
shows that brownfield projects are considered risky. 38 % of the study participants con-
sider such projects aimed at re-planning existing factories as rather risky or highly risky. 
[26] This risk assessment carries the danger that upgrade or transformation processes –
and thus necessary investments for implementing a circular economy – will be hindered
or slowed down. Therefore, measures are required to reduce the risk of upgrading and
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transforming factories. Transparent data collection, especially building operational data, 
can contribute to this. Challenges regarding innovations and changes in the brownfield 
cycle are thus precisely reflected and analysed through digital planning tools [27]. Only 
in this way can the appropriate adjustments towards an efficient and climate-neutral build-
ing and production operation be identified. 

3.3 Building Information Modeling (BIM) to enable the Green Factory 
The transformation process from conventional factories to climate-neutral Green Facto-
ries outlined in section 3.2 poses special requirements for planning. For resource-efficient 
but increasingly complex building technology to reliably meet the production requirements 
for the desired long factory lifespans, close collaboration between all trades on site is 
necessary, particularly between production and MEP. Thus, the sustainable transfor-
mation of existing factories reinforces already observable trends in planning: the tradi-
tional and multidisciplinary construction process is becoming increasingly complex [28] 
and, therefore, more costly by integrating additional interfaces. BIM enables the neces-
sary data consistency and efficiency in planning and implementation to manage the in-
creasing planning complexity. When BIM models are combined with building manage-
ment systems, the potential for building operation can also be realised. 
BIM is a method that enables the systematic, detailed, and cooperative creation of three-
dimensional digital models of buildings. An exact structure representation is created and 
continuously supplemented through the digitisation of planning, construction, and opera-
tion (administration, maintenance, facility management, etc.). [29]–[31] The digital and 
three-dimensional (geometric) building model represents only part of the BI model in BIM. 
It is successively created and filled with data or semantic information by all involved plan-
ners and trades in all life cycle phases. Semantic information is considered an attribute 
of objects in the BI model and can indicate, for example, the fire protection class, energy 
consumption, or price of a system. This ensures consistency in communication and data 
exchange between all those involved in planning and execution. [29], [30] The BI model 
can include temporal, logistical, and commercial aspects.  
BIM shifts planning efforts to early planning phases through the early creation of the digital 
building model. Content or geometric checks can detect and avoid planning errors early. 
This can prevent unexpected add-ons and cost increases, leading to higher cost security 
and schedule adherence. [30], [32] Such savings in costs and time are associated with 
resource savings. In addition to the advantages of BIM that mainly apply to planning, re-
planning, transformation, upgrade, and the realisation of buildings, there are also ad-
vantages that can be used during the operation of Green Factories.  
In terms of resource-efficient and durable production buildings, BIM can be used to im-
prove the energy design of the building and enable a more efficient [12] and, therefore, 
environmentally friendly building operation. Energy-efficient building requires various par-
tially complex measures that are difficult to manage with traditional planning and imple-
mentation methods. In addition, it is conceivable to examine or simulate in the digital BI 
model at an early stage how different planning variants of the building and production 
contribute to sustainability goals. This allows the most advantageous variant to be se-
lected and further optimised. Although some simulation tools are already available, one 
is yet to cover the entire building life cycle [33].  
Thus, BIM can be used for the Green Factory to master complexity and obtain valid plan-
ning results as time-efficiently as possible and without rework. In summary, BIM enables 
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the integration and resource optimisation of all phases of the factory life cycle, from 
planning, realisation, operation, re-planning, and dismantling [12]. Thus, retroactively 
creating a BIM model in existing structures can also be helpful, for example, before a 
transfor-mation process, as cross-life-cycle benefits arise. 
Phoenix Contact is also planning a new building at the Blomberg site (see Figure 10) 
with BIM, aiming for maximum energy efficiency. Various measures will be 
implemented, such as modern energy and climate technology, a photovoltaic 
system with more than 1.5 MWp, or intelligent energy management and automation 
solutions [34]. 
Phoenix Contact is using BIM not only for the new planning at the Blomberg site but 
also for transforming existing buildings at the Bad Pyrmont site. The existing facilities in 
Bad Pyrmont were initially planned without BIM. Subsequently, a BIM model was 
created for the transformation process, with which the planning and implementation 
process is cur-rently being carried out, for example, in the form of HVAC (heating, 
ventilation, and air conditioning) and electrical planning.  
In addition to the new planning in Blomberg and the transformation in Bad Pyrmont, BIM 
can also be used to operate Phoenix Contact's factory buildings. If the comparatively 
high and long-lasting energy consumption in the operation phase is optimised, 
significant po-tentials can be realised on the way to a climate-neutral Green Factory 
[33]. The BIM model is used as a starting point for Emalytics. For this purpose, older 
systems without data interfaces are retrofitted with data collection boxes to integrate 
them into the digital twin. In addition, the software is used in networking production 
systems and technical building automation for the already presented peak shaving (cf. 
section 3.2). 

Figure 10: Greenfield BIM planning of a building at Phoenix Contact's Blomberg location 

It has been shown that using BIM results in a more efficient planning, construction, 
oper-ation, re-planning, and dismantling process. In addition to these "traditional" 
aspects, BIM can also be used to achieve goals in green factories, such as resource 
efficiency optimi-sation and building lifespan extension, as outlined in the factory life 
cycle model from section 3. For example, the complex energy-efficient planning of 
buildings can be man-aged through BIM. Furthermore, investigations on how planning 
alternatives contribute to sustainability goals are already possible within the BIM 
model. During the operation of 
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the Building, BIM can contribute to optimisation by making the building model and all data 
accessible to other software solutions. For instance, in the future, peak shaving in Em-
alytics could be further developed to perform energy-intensive tasks when renewable en-
ergy (such as from own solar panels) is available to achieve minimal CO2 emissions and 
electricity costs. 
Moreover, the example of Phoenix Contact demonstrates that BIM is also useful for the 
increasingly relevant brownfield (cf. section 3.2) – both in the transformation of an existing 
building (Bad Pyrmont) and as input for a digital twin (building automation or peak shav-
ing). Furthermore, new requirements arise for a factory building that should be operated 
as long and resource-efficiently as possible, which deviate from traditional requirements. 
BIM leverages its advantages here, as integrating building models from different stake-
holders can support the sector coupling necessary for an All-Electric Society. Complex 
requirements can be processed in a transparent digital building model time- and cost-
efficiently throughout the entire lifespan of the building. Specifically, BIM can support fac-
tory buildings that must meet the requirements of changing products and product condi-
tions throughout their life cycle. BIM can locate the Upgrade Re-assembly processes out-
lined in section 2 in long-lasting and resource-efficient Green Factories. 

4 Conclusion: The Green Upgrade Re-Assembly Factory enables 
sustainable production and is profitable 

The Green Upgrade Re-Assembly Factory (Figure 11) demonstrates the necessary de-
sign of a new type of factory, simultaneously laying the operational foundations for value- 
and function-enhancing circular economies and enabling production with an ecologically 
minimal footprint. 

Figure 11: Green Upgrade Re-Assembly Factory 

Prominent industrial examples have demonstrated that both the value- and function-en-
hancing closed-loop circulation of products through life-prolonging measures, as well as 
the ecological transformation of factories, can be realised in an economically profitable 
manner. 
The comprehensive implementation of sustainable production offers a decisive competi-
tive advantage over conventional production methods in a dual sense: the necessary 
transformation from a linear to a circular economy can be achieved while increasing the 
profitability of individual companies. 
For sustainable production, it is essential to repeatedly adapt the product and the factory 
to changing market requirements. The upgrade in the presented concept of the Green 
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Upgrade Re-Assembly Factory is, therefore, to be understood concerning the product 
and the factory. New product and factory life cycle models consider this. 
The article shows that a Green Upgrade Re-Assembly Factory is profitable for companies 
– even without intensification of government support or increasing industry sustainability
requirements. If, as expected, there is an intensification of government incentives in the
coming years, such as subsidies or increasing taxation of CO2 equivalents, the profitability
of sustainable production will increase. Thus, in the future, companies that have already
aligned their strategy towards sustainable transformation will benefit in particular.
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Abstract 
New Quality Paradigm for Sustainable Production 

Due to their embedding in complex social systems, manufacturing companies are ex-
posed to multiple demands from different interest groups or stakeholders, which make it 
necessary to give greater weight to ESG- (Environmental Social & Governance) than to 
financial-economic criteria. To be able to meet these demands in a future-oriented man-
ner, these ESG aspects must be considered within the strategy and decision-making pro-
cesses and integrated into the entirety of all value creation activities of the companies. 
This paper shows how the apparent increase in the diversity of market demands on com-
panies due to sustainability aspects can be managed and seized as an opportunity. To 
this end, different perspectives of corporate action are illustrated, and potentials are 
pointed out as to how companies can orient their activities from within towards an ESG- 
and at the same time quality-oriented, economically viable target image. To highlight this, 
a concrete company example is presented. In this context, quality management with its 
process- and KPI-oriented as well as cross-functional character offers the ideal prerequi-
sites for proactively supporting this transformation. In addition to the proven capabilities 
and mechanisms, there is a need for Quality Management itself to react proactively to 
changing framework conditions and to transform itself in the direction of "Quality Intelli-
gence". 
Keywords: Quality Management, Sustainability, Requirement Engineering, Transforma-
tion 

Kurzfassung 
Neues Qualitätsparadigma für die nachhaltige Produktion 

Aufgrund der Einbettung produzierender Unternehmen in komplexe Gesellschaftssys-
teme sehen sich diese einer Vielzahl an Forderungen unterschiedlicher Interessengrup-
pen ausgesetzt, die insbesondere eine stärkere Gewichtung der ESG- (Environmental 
Social & Governance) gegenüber den finanziell-ökonomischen F-Kriterien notwendig ma-
chen. Um diesen zukunftsgerichtet begegnen zu können, müssen ESG-Aspekte inner-
halb der Strategie- und Entscheidungsfindungsprozesse berücksichtigt und von Grund 
auf in alle Wertschöpfungsaktivitäten der Unternehmen integriert werden. Innerhalb die-
ses Beitrags wird aufgezeigt, wie die scheinbare Zunahme der Vielfalt marktseitiger An-
forderungen von Unternehmen aufgrund von Nachhaltigkeitsaspekten bewältigt und als 
Chance ergriffen werden kann. Hierzu werden verschiedene Perspektiven des unterneh-
merischen Handelns beleuchtet und Potenziale offengelegt, wie Unternehmen ihre Akti-
vitäten von innen heraus auf ein ESG- und zugleich qualitätsorientiertes, wirtschaftlich 
tragfähiges Zielbild ausrichten können. Zur Veranschaulichung wird ein konkretes Unter-
nehmensbeispiel vorgestellt. In diesem Kontext bietet das Qualitätsmanagement mit sei-
nem prozess- und kennzahlenorientierten sowie funktionsübergreifenden Charakter die 
idealen Voraussetzungen für die proaktive Unterstützung dieser Transformation. Zusätz-
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lich zu den bewährten Fähigkeiten und Mechanismen besteht für das Qualitätsmanage-
ment selbst die Notwendigkeit, proaktiv auf sich wandelnde Rahmenbedingungen zu re-
agieren und sich in Richtung einer „Quality Intelligence“ weiterzuentwickeln.  
Schlagwörter: Qualitätsmanagement, Nachhaltigkeit, Anforderungsmanagement, Trans-
formation 
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1 Introduction 

Manufacturing companies are increasingly confronted with challenges regarding energy 
supply, the monitoring of global supply chains, and the responsible use of limited re-
sources. The resulting uncertainties are exacerbated by economic and political disrup-
tions, and the already perceptible consequences of climate change [1]. 
Within this volatile and crises-ridden economic environment, sustainability is becoming 
an important priority [2]. Since the adoption of the Paris Climate Agreement in 2015 and 
the compromise of reducing the global average temperature increase to below 1.5°C 
compared to pre-industrial values, legal requirements have changed the framework con-
ditions for businesses practices [2], [3]. For instance, the CSR Directive Implementation 
Act (CSR-RUG) was passed in 2017, mandating that capital-oriented firms with over 500 
employees must address environmental, social, employee concerns, human rights, and 
the fight against corruption and bribery in their management reports. [4] The Supply Chain 
Due Diligence Act (LkSG), which went into effect this year, focuses on ensuring compa-
nies' compliance with human rights protection in global supply chains [5]. Moreover, the 
Corporate Sustainability Reporting Directive (CSRD) is currently being implemented, 
which gradually imposes the obligation of sustainability reporting for European companies. 
The directive requires companies to report on the impact of their sustainability efforts on 
their business performance and business development, as well as on the impact of these 
efforts on people and the environment. [6] Based on present trends, more regulations are 
likely to come in the future, concerning compliance and disclosure of sustainability as-
pects and key figures. The resulting requirements, combined with the existing challenges, 
will lead to an increased complexity for the strategic and operational orientation of man-
ufacturing companies. 
As companies operate within social systems it is necessary to consider further sustaina-
bility-oriented demands from external interest groups in addition to legal requirements [7]. 
The mutual interactions with different interest groups are subject to constant change [8]. 
For instance, it can be observed that more and more consumers are developing an in-
creasing environmental awareness, so that sustainability is emerging as a relevant com-
petitive factor. Surveys show that 48% of consumers are willing to accept a higher offer 
price for more sustainable products [9]. At the same time, sustainability can act as an 
innovation driver by proactively considering new requirements in the context of product 
and service development. Additional factors to consider are the changed requirements 
for securing human and financial resources due to the attractiveness of a company for 
the labour and financial markets. [7].  
An essential prerequisite for the long-term success of companies is not only the flexibility 
and adaptability of their organization to changing conditions, but also the adaptation and 
positioning of products according to changing customer needs. To secure a long-term 
stable market position, an essential competitive factor is to recognize changes at an early 
stage, to create new markets, and to awaken customer needs. [10] At the same time, 
companies need to operate with the aim of increasing profits in the long term while per-
manently securing liquidity [11]. The additional sustainability requirements in terms of en-
vironmental, social, and governance (ESG) criteria require a change in how companies 
are managed to efficiently solve this conundrum. [2]  
The arguments given demonstrate that meeting market requirements has become a chal-
lenging and multi-faceted task for companies. Consequently, standardized mechanisms 
are necessary to identifying and evaluating key stakeholders, as well as considering their 
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requirements when developing business targets and strategies. The adoption of norma-
tive company guidelines also requires a corresponding implementation of sustainability 
principles throughout the organization. Due to its structurally interdisciplinary and cross-
functional character, quality management has the potential to decisively enable a sus-
tainability-oriented transformation. The organizational and technical challenges for quality 
management lie in proactively responding to changing conditions while leaving behind its 
historically normative-conservative role. This article will explain how companies can han-
dle the variety of market requirements and see the transformation of quality management 
as an opportunity. 

2 Paradigm Shift for Quality-oriented Companies 

Against the background of the development of today's quality management, the necessity 
and topicality of a new paradigm becomes clear. Requirements of industrial practice and 
their effects shape today's quality management. Due to the increasing importance of sus-
tainability for manufacturing companies, current movements thus influence the now inev-
itable paradigm shift. 

2.1 Historical Quality Paradigms of Manufacturing Companies 
The evolution of quality management has always been closely tied to the continually 
changing environment of manufacturing companies. This is exemplified by the first indus-
trial revolution, which occurred in the late 18th century and led to the mechanization of 
production. [10], [12] The shift towards mass and assembly line production demanded a 
change in quality thinking, given the alterations in the working conditions compared to 
make-to-order production.  
However, during this time, product inspection was limited to the detection and removal of 
defective components [10]. In the 1920s, the use of statistical methods for quality control 
meant that complete testing was no longer necessary. Hence, it enabled the targeted 
control of processes and the resulting reduction in the volume of rejected products. This 
laid the foundation for the change from a purely reactive (quality control) to a proactive 
quality approach (quality assurance). [13], [14] 
At the beginning of the 1950s, defect costs became increasingly important as a control 
and management metric. In 1956, the Total Quality Control (TQC) approach was devel-
oped based on the idea that failures in the early stages of product development lead to 
high costs later on. [10]. 
Parallel to these movements, which took place primarily in the USA, a radical turnaround 
was initiated in Japan toward the targeted orientation of production to market require-
ments. A systematic procedure was developed for the continuous optimization of pro-
cesses, which is still known as the Deming cycle or Plan-Do-Check-Act cycle (PDCA) and 
continues to be a standard tool in many companies. [13] The PDCA cycle also forms the 
basis for many current management systems. [10] 
In the mid-1980s, the term Total Quality Management (TQM) shaped the understanding 
of a holistic quality management concept. [15] TQM understands quality as the task of all 
areas and employees in the company, as well as a philosophy of the entire organization 
[16]. At the same time, Motorola started the initiative to improve customer satisfaction by 
developing the Six Sigma method with the underlying systematic approach Define-Meas-
ure-Analyze-Improve-Control (DMAIC). [10], [16]  
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The International Organization for Standardization (ISO) introduced a further holistic qual-
ity management concept in 1987 with the publication of DIN ISO 9000ff, referred since 
2000 to as "Quality management systems requirements”. [10], [13] A major contribution 
of this standard is the most widely recognized definition of quality as "the degree to which 
a set of inherent characteristics meets requirements" [17]. This definition emphasizes the 
need to consider market requirements in the context of product and service provision.  
In 2011, the term "Industry 4.0" was presented to the public for the first time as the Ger-
man government's vision for the German industry [14]. After the steam engine (1.), mass 
and assembly line production (2.) and the introduction of computer-aided controls and 
robots (3.), the fourth great leap to increase productivity was initiated with the "Internet of 
Things" and the implementation of cyber-physical systems [18]. The vertical linking of 
embedded systems with production and business processes and their horizontal network-
ing to form distributed value-added networks that can be controlled in real-time create 
new challenges and potentials for quality management. This particularly applies to data 
quality, processing, and assurance [10], [18]. 
In addition to the technological focus of Industry 4.0, topics such as sustainability, resili-
ence, and human-centeredness are entering the focus of attention of companies and 
consequently triggering a renewed development of quality [19]. It requires the balancing 
of economic, ecological and social effects and interactions. The change in the under-
standing of sustainability underlines its relevance today. 
The oldest use of the term sustainability in the German-speaking area dates to the year 
1713. In the treatise "Sylvicultura Oeconomica", a "continuous, constant and sustained 
use" of the forest was demanded to adjust for deforestation according to the limits of 
reforestation. [20], [21] It was not until 1953, with the publication of the "Social Responsi-
bilities of the Businessman", that a company's social obligations towards society moved 
into the discourse. The publication states that companies have a responsibility to consider 
the impact of their actions on all stakeholders, including employees, customers, and the 
wider community. [22], [23] 
The scientific presence of sustainability began with the study "Limits of Growth" commis-
sioned by the Club of Rome in 1972. [24], [25] The analysis postulated that unlimited 
growth is not possible and would inevitably lead to the system's collapse [25]. In the pub-
lication of "Our Common Future" in 1987, the World Commission on Environment and 
Development report states the understanding of sustainable development as satisfying 
the needs of the present generation without compromising the needs of future genera-
tions. Furthermore, the report distinguishes the sustainability dimensions environment, 
economy, and social. [20], [27]  
In addition to the financial and economic indicators (F-criteria), the definition of the three 
pillars of sustainable business (ESG criteria) was officially introduced in 2004 by the 
United Nations Global Compact Initiative in the "Who Cares Wins" report. Environmental 
(E) covers climate and environmental protection issues. For instance, a company's efforts 
in relation to greenhouse gas emissions reduction and environmental management are 
assessed under this criterium. Social (S) considers aspects of human rights, social sta-
bility, and occupational health and safety legislation, among other things. Governance (G) 
includes aspects that assess internal processes and responsibilities, such as control pro-
cedures, anti-competitive practices, and compliance with laws. [28], [29] 
The development of the 17 "Sustainability Development Goals" (SDGs) from 2015 as part 
of the United Nations 2030 Agenda extended the significance of the three sustainability 



 Circular production economy 

345 

dimensions. The outcome document of the summit states, "They are integrated and indi-
visible and take into account in a balanced way the three dimensions of sustainable de-
velopment: economic, societal, and environmental" [30]. With the formulation of the SDGs, 
the international community agreed for the first time on fields of action and an orientation 
framework for companies [31].  
Society has also become aware that the path taken for dealing with limited resources 
cannot be continued. This is reinforced by the "World Overshoot Day" on July 28, 2022, 
after which natural regeneration will no longer be able to cover the annual consumption 
of biological resources. [32] Governments have created normative framework conditions 
for sustainability. However, it has become increasingly apparent that interest and stake-
holder groups and their requirements must be taken into account, which have an influence 
on companies’ actions and thus on their self-image (Figure 1). 

Figure 1: Paradigm development from the perspective of manufacturing companies [10]-[31] 

2.2 Sustainability as Part of the New Quality Paradigm 
The change in the understanding of quality and sustainability is characterized by high 
complexity and dynamics [10], [20]. Due to the steadily increasing importance of sustain-
ability for manufacturing companies, an independent consideration is not plausible. Ra-
ther, both aspects complement each other in the sense of a holistic, continuous optimi-
zation. This inevitably means that the understanding of quality faces the next transfor-
mation: Expanding quality awareness by including the sustainability perspective. For a 
modern definition of quality, the demand is stated to consider an overall societal balance 
[31]. In order to realize this, a transformation in line with the changing requirements must 
be implemented. This concerns the organization in its entirety and, thus, all facets of 
quality management. 
The systematic transformation of organizational structures requires a suitable regulatory 
framework. Established, integrated management systems provide a promising approach. 
Particularly in quality-oriented companies, management systems are structured accord-
ing to the High-Level Structure of the ISO standards, which include basic definitions and 
requirements such as in the DIN EN ISO 9000 series [17]. This standardization promotes 
synergies and reduces both implementation barriers and redundancies. [8] For the imple-
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mentation in a company environment, the “Aachener Quality Management Model” (AC-
QMM) was developed in compatibility with the requirements of DIN EN ISO 9001 (see 
Figure 2). The model aims to represent the quality-related tasks in a company from the 
perspectives of the market, business operations, and management. In doing so, the lifecy-
cle-oriented ACQMM takes up the process-oriented approach of the management system 
standards. [10]  
The resulting extended definition of quality for companies describes it as the "degree of 
overlap between market requirements (market perspective), company orientation (man-
agement perspective) and company capabilities (operational perspective)". [10] Market 
requirements play a crucial role in shaping the design of service provision, as they are 
addressed according to the company's focus and goals. The company orientation forms 
the framework of the company’s activities through the definition and specification of the 
vision, pursued strategies and goals. The company capabilities comprise existing tangible 
and intangible resources to produce services, for example in the form of operational re-
sources and know-how.  
Broadening the perspective of companies entails an expanded spectrum of requirements, 
which have implications for both the company's orientation and the design of the compa-
ny's capabilities. [33] From the point of view of corporate alignment, these must be inte-
grated into existing the strategy and goal-setting processes. In this context, it becomes 
clear that the company's management must initiate the development towards sustaina-
bility orientation. [2] This vision should be driven by the management as a prerequisite for 
enhancing the company's capabilities through the adoption new technologies and re-
sources. 

Figure 2: The sustainable realignment of a company's activities along the Aachen Quality Man-
agement Model [10] 

Merely relying on management-led initiatives is insufficient to achieve a successful and 
effective transformation. Additional mechanisms and a responsible authority for imple-
mentation are required to enable a change across all levels. Considering a company’s 
competencies and its value system, quality management can take on the role of leading 
the organizational change towards quality and sustainability orientation. [34]. To achieve 
this, it is crucial to emphasize methodological competencies in data acquisition, pro-
cessing and analysis, and to derive optimization measures accordingly. The cross-func-
tional and interdisciplinary nature of quality management provides the basis for fulfilling 
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this task. Moreover, the existing principles and mechanisms of quality management must 
be critically assessed. The inclusion of sustainability aspects and a combined targeted 
methodical and technological transformation offer companies new development options. 

3 Analysis of the Paradigm Shift from the Perspectives of the Aa-
chen Quality Management Model (ACQMM) 

The transformation along the three perspectives of the ACQMM includes possible levers 
for manufacturing companies to create a sustainability-oriented organization. The theo-
retical explanations are complemented by the concrete use case of a company whose 
challenge is to create transparency regarding its carbon footprint and to prepare mecha-
nisms to comply with the new regulations of the German Supply Chain Compliance Act 
(Lieferkettensorgfaltspflichtengesetz, LkSG). The Sigreen software from Siemens AG 
[35] illustrates a possible technology-based solution approach to the case at hand, which
enables the exchange of supply chain data according to the latest regulations and secu-
rity standards.

3.1 Market Perspective 
According to the quality understanding underlying the ACQMM, the market is the starting 
point for all quality-related activities. The market is understood as the union of "all heter-
ogeneous, diversified and temporarily changing groups that are interested in the success-
ful performance of the company". Thus, the market includes not only external customers, 
but also internal stakeholders, suppliers, shareholders and other interested parties. [10] 
The market perspective described in the ACQMM can therefore be seen as a broader 
definition of the company’s business environment, encompassing all interest groups of 
the company. The composition of these interest groups sometimes leads to contradictory 
requirements to be fulfilled by the company management. 
The identification of stakeholders is useful for the orientation of the company and corre-
sponds to the requirements of the ISO 9001 for an organization. The norm requires to 
identify the relevant stakeholders and to describe their requirements regarding the com-
pany’s management system. Especially by expanding the company’s scope with regards 
to sustainability, new interest groups or stakeholders are included. For the purpose of this 
paper, relevant stakeholders, which directly or indirectly influence business activities or 
have direct or indirect sustainability requirements on a company, were identified and dis-
cussed by the expert panel involved. The stakeholders include the labour market and 
employees, shareholders (owners, partners, and investors), financial market, society, 
customers, government, and regulatory bodies. [7], [36]  
The growing importance of sustainability has an impact on the labour market and influ-
ences personal decisions in professional life. Companies that lead the way with sustain-
able business practices could have an easier time attracting well-trained employees in a 
competitive market. [2] Another important aspect is the increasing importance of sustain-
ability for investors. Banks and financial market companies are also placing increasing 
emphasis on sustainability in their investment portfolios. Companies that require capital 
from the financial markets can obtain better conditions in the long term by operating sus-
tainably. One example is the EU regulation to facilitate sustainable investments, which 
sets a framework for classifying investments, thereby creating transparency in the finan-
cial markets. [37] 
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Against the background of a broadened spectrum of requirements, the analysis of re-
relevant standards and guidelines provides a starting point for the verification of the iden-
tified stakeholders. Over time, several initiatives have been developed to support compa-
nies in implementing sustainability-oriented systems and consider already a wide range 
of requirements. These range from sustainability reports to certifiable guidelines and 
management systems to legal regulations. Legal requirements for sustainability reporting 
include the CSR-RUG, the recently enacted LkSG and the CSRD initiative. In addition, 
guidelines compatible with the quality management standard DIN EN ISO 9001, such as 
DIN EN ISO 26000 for corporate responsibility [38], DIN EN ISO 50001 for energy man-
agement systems [39], or DIN EN ISO 14001 for environmental management systems 
[40], can support the development of integrated management systems. Similar to the 
LkSG, the SA8000 standard provides a recommendatory reference regarding corporate 
responsibility to respect human rights in global supply chains [41]. The Global Reporting 
Initiative (GRI) [42], the UN Global Compact [43], the ZNU standard [44], the German 
Sustainability Code (DNK) [45] and the Common Good Economy (GWÖ) balance sheet 
[46] represent further guidelines for corporate reporting that can be linked to the SDGs.
The Greenhouse Gas Protocol (GHG Protocol) differentiates the emissions of a supply
chain in three areas and categorizes the causes so that targeted measures can be iden-
tified. [47] The variety of standards listed illustrates the evolution of requirements over
time. The following Table 1 provides structured information on selected standards, certif-
icates and reports and thus offers companies an initial guide as to which sustainability
aspects are addressed by which of the identified standards and guidelines.
Integrated management systems based on a range of standards such as DIN EN ISO 
9001, DIN EN ISO 14001, DIN EN ISO 26000 or DIN EN ISO 50001 already offer guide-
lines for designing structures that take into account the sustainability requirements of a 
broad spectrum of stakeholders. In addition to these guidelines, a targeted decision-mak-
ing process and the efficient use of resources are required to meet current requirements. 
To reduce the complexity of the decision and associated resource allocation problem, the 
requirements of the relevant stakeholders must be articulated and prioritized. To exem-
plary illustrate this conundrum, a company may face a conflict of objectives between the 
environmental needs of its customers and the society, the safety requirements of its em-
ployees, the regulatory requirements of the government, and the financial needs of its 
shareholders.  
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Table 1: Overview of selected standards, certificates, and reports in the field of sustainability and 
the addressed stakeholders [17], [38]-[47] 

To evaluate the requirements of the stakeholders, a classification approach based on the 
Kano model for evaluating the quality requirements of a product is developed. Departing 
from the Kano model, the characteristics of a product are divided into Must-be quality 
characteristics which must be fulfilled in order to be accepted by the market at all, One-
dimensional quality characteristics which are explicitly demanded by the market and on 
the basis of which products are primarily compared, and Attractive quality characteristics 
which are not directly demanded by the market but have the greatest influence on market 
satisfaction when fulfilled. [10] Based on this, the simplified scale must, should, and could 
can be derived to classify the sustainability requirements of the market perspective. The 
must level places minimum requirements on a company as a prerequisite for operating in 
a market economy, such as meeting legal requirements and the interests of shareholders. 
The should-level places requirements on a company to secure its economic situation and 

CompatibilityScopeRequirementsAddressed 
Stakeholders

AspectsType / (Certificate or 
Logo available)

ISO 9001, 
ISO 50001

Annual surveillance audits, 
re-certification every 3 years

8 thematic blocks, 
documentation and 
indicator proof
(environmental 
indicators)

G, SOENCertifiable standard for 
environmental 
management systems 
(Yes)

ISO 14001: 
Environmental 
Management 
Systems

7 core topic blocksC, F, G,
S, SO

EN, SO, 
EC

Corporate responsibility 
guide

ISO 26000: 
Guidance on social 
responsibility

ISO 9001,
ISO 14001

Annual surveillance audits, 
re-certification every 3 years

8 Topic blocks, 
documentation and 
indicator proof (energy 
performance indicators)

ENCertifiable standard for 
energy management 
systems (Yes)

ISO 50001: 
Energy Management 
Systems

ISO 9001,
ISO 14001

Semi-annual surveillance 
audits, re-certification every 
3 years

8 thematic blocks, 
documentation

G, L,
R, SO 

SOCertifiable standard for 
working conditions 
(Yes)

SA 8000: 
Social 
Accountability 
International

DNK, ZNUEstablishment of a 
consistent reporting cycle by 
organization (usually 
annually)

Extensive, detailed 
reporting on a wide 
range of topics 
(documentation and 
indicator evidence, varies 
by industry)

L, REN, SO, 
EC, 

Reporting standard 
(Yes)

GRI: 
Global Reporting 
Initiative

Application for membership, 
followed by annual 
questionnaire and statement 
of the management

6 thematic blocks in 
questionnaire, statement 
of the management 

L, SOEN, SOCommitment and 
rudimentary reporting 
standard (Yes)

UN Global 
Compact

ISO 9001, 
ISO 14001, 
ISO 50001, 
SA 8000, GRI, 
DNK

Annual surveillance audits, 
re-certification every 3 years

32 thematic blocks, 
documentation and 
indicator proofs 
(environmental and 
energy key figures)

SOEN, SO, 
EC

Certifiable standard for 
building an integrated 
management system 
(Yes)

ZNU-
Standard

GRI, CSR-
RUG, ZNU

Annual reporting20 topic blocks, 
documentation, evidence 
of indicators (non-
financial performance 
indicators)

L, SOEN, SO, 
EC

Reporting standard 
(Yes)

DNK: 
Deutscher
Nachhaltigkeits-
Kodex
(German 
Sustainability
Codex)

Intensive participation in the 
organization for the GWÖ 
required

20 thematic blocks, 
documentation

F, R, SEN, SO, 
EC

Common good balance 
sheet and transparency 
standard (Yes)

GWÖ: 
Gemeinwohl-
Ökonomie
(Economy for the 
Common Good)

18 aspects of 
greenhouse gas 
emissions across 3 
scopes

C, F, LENGreenhouse gas 
emissions calculation 
standard 

Greenhouse 
Gas Protocol 

Aspects: EN = Environment; SO = Social; EC = Economic; 

Stakeholders: C = Customers; G = Government & Authorities; F = Financial Market; L = Labor Market & Employees; R = Regulatory Bodies;
S = Shareholders & Investors; SO = Society
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profitability, such as meeting customer requirements and standards. Finally, meeting the 
requirements of the could level leads to companies being perceived as acting responsibly. 
These requirements are not explicitly expected by stakeholders and can be seen as 
growth drivers. The Kano model further states that Attractive quality become One-dimen-
sional quality and finally Must-be quality characteristics over time. [10] In the expert panel 
involved in this paper, the following hypothesis was formulated: sustainability require-
ments develop from could requirements in the direction of must requirements over time. 
To exemplify this, longer existing requirements on sustainable management have been 
transformed into existing regulations such as the CSR-RUG and the LkSG [4], [5]. Like in 
the Kano model, the hypothesis does not state that all could requirements change over 
time into should requirements, but that a temporal principle generally underlies them. The 
proposed classification approach for stakeholder requirements from the market perspec-
tive is shown in Figure 3. 

Figure 3: Classification approach for stakeholder requirements of the market perspective 

Due to the partly contradictory demands of the stakeholders on the company, a manage-
ment perspective as described in the ACQMM is necessary, which provides a prioritiza-
tion of the stakeholders and thus their requirements by the company management. 

3.2 Management Perspective 
According to the ACQMM, the management perspective focuses on the system quality of 
a company to provide products and services that meet the requirements of the stakehold-
ers [10]. The quality-oriented structures and the underlying management systems repre-
sent an important design field for this purpose. Sustainability requirements hence have 
an impact on the company's quality policy and objectives. To ensure that ESG-related 
activities are managed effectively and efficiently, they must be embedded in the strategic 
decision-making and goal-setting processes of the company's management. The com-
pany management acts as the initiator and driver of quality initiatives. A central function 
includes defining and exemplifying the company's values. Furthermore, strategy definition 
is an essential task to enable a successful consideration of market demands for the cre-
ation of inspiring products and services. This is not only about maintaining the current 
business status of the company, but also about securing its future competitiveness. [10] 
For the evaluation of the system quality of a company, an alignment with the changed 
quality perspective of the stakeholders is required.  

Customers Government & Authorities Financial Market

Shareholders & Investors

Labor Market & Employees

Regulatory Bodies Society

Existence-securing Decisions and Actions

What are the minimum requirements that must be met to ensure the existence of 
the company? 

Growth-securing Decisions and Actions

Which requirements should be fulfilled to what degree in order to secure the economic situation 
and profitability of the company? 

Growth-driving Decisions and Actions

Which requirement fulfilment leads to a stronger perception of responsible action on the part of stakeholders?
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Based on the normative quality definition according to DIN EN ISO 9000, meeting current 
requirements of the stakeholders would imply adding the combined ESG criteria. In order 
to include the economic efficiency principle of companies, requirements can be classified 
according to the degree to which the fulfilment ensures the economic growth success of 
the company. To determine the prioritization of requirements, a materiality matrix can be 
used. The analysis is based on the concept of dual materiality as set out in the proposals 
for the CRSD Directive. On the one hand, it includes the impact of sustainability aspects 
on the business result, business situation and business performance ("outside-in per-
spective"). On the other hand, the effects of business activities on people and the envi-
ronment ("inside-out perspective") are analysed. [6] Here, the requirements relevant to 
the company are positioned along two axes: The impact on the company's business ac-
tivities as the abscissa and the relevance for stakeholders as the ordinate. The matrix 
depicted in Figure 4 has been developed based on the requirements of the ZNU standard 
of the Center for Sustainable Management at the University of Witten / Herdecke. The 
ZNU standard is a practice-oriented and certifiable standard for sustainable management 
with the aim of making sustainability tangible and measurable for companies. The stand-
ard incorporates multiple standards, guidelines, and sets requirements for the manage-
ment of companies regarding specific sustainability topics in the three dimensions of en-
vironmental, economic and social issues. Within the framework of the ZNU standard, a 
materiality matrix can be used as evidence for the systematic recording of the fields of 
action of a company in the sustainability areas. [44] Based on the classification model for 
stakeholder requirements presented in chapter 3.1, the matrix axes are divided into areas 
that qualitatively map the must, should, and could areas. 
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Figure 4: Materiality matrix with exemplary positioning of sustainable fields of actions based on 
the ZNU standard [43] 

In the depicted example, the company has mapped and located the respective require-
ments across the various categories qualitatively along the matrix. According to the LkSG, 
the company is obliged, directly and indirectly as a supplier, to observe the human rights 
and environmental due diligence obligations in its supply chain. In this context, a risk 
analysis must be carried out in the company's own business area and at direct suppliers. 
Appropriate preventive measures, including procurement strategies, must be defined to 
prevent or minimize these risks. Moreover, the company must submit an annual and risk 
report requiring the relevant data. [5] Additionally customers require proof of the aggre-
gated product carbon footprint (PCF) of the supplied product segments for the continua-
tion of supply contracts. This places a requirement on the emissions for the production 
and provision of services and the required corresponding data. Thus, emissions, procure-
ment, and data have an increased relevance for stakeholders as well as for the profitabil-
ity of the company. Human rights and a fair value chain have become a priority for stake-
holders, which must be fulfilled by the LkSG that has come into force. In figure 4, these 
exemplary developments are represented by arrows. 
In accordance with the classification in the materiality matrix, these requirements are 
given a higher weighting in the goal-setting process and thus in the resource allocation 
decision-making process. In the given example, the understanding of system quality 
evolves from the design of supply chains that meet the requirements of customers to a 
supply chain that meets the requirements of a broader stakeholder group. At the same 
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time, additional customer requirements related to fair value chains and regulatory com-
pliance are implicitly considered in terms of the ESG spectrum. 
The rebalancing of requirements poses a challenge for companies to adjust their internal 
mechanisms and processes. For instance, in the case presented earlier, it is crucial to 
define and monitor new key performance indicators (KPIs), which requires the effective 
generation and use of data. Such changes in the target system naturally call for the de-
velopment of company capabilities. These adjustments need to be approached from an 
operational perspective. 

3.3 Operational Perspective 
Possible design fields of the operational perspective are the establishment of quality con-
trol loops and the provision, steering, and efficient use of the required resources. [10] 
Increased consideration of ESG criteria thus has significant implications for quality plan-
ning, assurance, control, and improvement in the enterprise. Furthermore, this affects the 
use of technologies and methods as well as the involvement and training of employees 
in these quality areas. In particular, the focus lies on the interactions between ecological 
sustainability and the understanding and management of quality in the product life cycle. 
In terms of ecological effectiveness as a sustainable production strategy, the aim is to 
achieve closed resource utilization cycles instead of a linear resource utilization. [48] This 
is achieved with the aid of various so-called "R-strategies", including “Reuse”, “Refurbish-
ment” and “Remanufacturing”. [49] These R-strategies represent a change for the defini-
tion of quality requirements for products and production processes, ranging from quality 
planning to the definition of appropriate quality assurance measures and cooperation with 
suppliers in the context of quality control [50]. From a process perspective, the avoidance 
of waste is already anchored as a principle by lean management [36]. Depending on the 
industrial sector, possible parameters include energy, water, and material consumption 
as well as waste, production rejects and emission quantities. [42] Ecological efficiency as 
well as the reporting of these efficiency parameters are playing an increasingly important 
role as essential prerequisites for the quality of a process.  
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Figure 5 shows a KPI system developed at the WZL | RWTH Aachen University for 
input-output-based sustainability assessment of production pro-cesses. Divided into 19 
sustainability factors of the dimensions environment, social and economy, the model is 
based on a total of 107 sustainability indicators (environment: 32; social: 31; economy: 
44). In deriving these indicators, 615 parameters were identified in a literature search 
and condensed by means of a cluster and materiality analysis. The presented model 
can be used for structured measurement of the sustainability perfor-mance of 
production systems. This enables the identification of undesirable develop-ments and 
optimization potentials at an early stage, as well as the definition and initiation of 
countermeasures. [51] 

Figure 5: Input - output based KPI model for sustainability assessment. [51] 

The derivation of reliable KPIs for controlling and regulating sustainability initiatives re-
quires including a wide range of information. This increases the need for suitable struc-
tures for generating, managing and utilizing data. Despite several initiated digitization ef-
forts, this can still pose a challenge for companies. Data management forms the basis for 
the efficient use of advanced analysis methods, as it significantly influences subsequent 
results and interpretations. [52] Accordingly, data is understood as a valuable resource 
dependent on the existing data quality. Data management harmonized within the compa-
ny's data architecture and considering cross-value chain influences is a competitive and 
quality factor. [53] 
The development or improvement of sustainability-oriented data management systems 
requires the targeted identification and acquisition of new data and the integration of dif-
ferent data sources and systems to create an extended knowledge base. Starting from 
the creation of an understanding of relevant data sources and collection systems, require-
ments for data preparation and their provision are defined. In this context, the different 
dimensions of data quality (e.g., data quantity, structure, and completeness) must be 
considered. [54] This is supported by the selection and development of a suitable digital 
infrastructure. The key principles to be considered in this context include freedom from 
redundancy and low-effort recording (process orientation), mechanisms for system 
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maintenance and clear responsibilities (system orientation), as well as traceability and 
analysis capability (data orientation). In addition, systems must be designed in such a 
way that a centralized access point for data retrieval and the integration of third parties is 
available (for example, through external applications), even in the case of decentralized 
stored data. [52], [55] The data basis created enables advanced data analysis and the 
subsequent derivation of data-based decision-making in the sense of continuous im-
provement. For the implementation of quality improvement measures in the company, 
existing mechanisms and methods of quality management can be used. In contrast to the 
already established approach, ESG criteria become optimization targets or constraints 
and are hence explicitly included in the definition of target achievement and project quality. 
While for the presented company example the risk analysis and the reporting of the LkSG 
can be assigned a responsibility within the company, the calculation of the PCF and the 
development of the necessary data infrastructure and basis require a project structure. 
Here, classic approaches and methods of lean management based on the PDCA or 
DMAIC cycle can be applied in a cross-functional team. A sustainability management 
function can take over a coordinating role in the project. Once the objectives have been 
defined, proven methods such as Makigami, value stream mapping or Gemba Walks can 
be used to identify possible levers and to define requirements and project scope in detail. 
The requirements for the data, including the necessary infrastructure, interfaces, and in-
tegration and analysis concepts, are defined specifically to address ESG criteria. In this 
context, further quality criteria can be interpreted regarding a specific purpose, such as 
the trustworthiness and security standards of the data for the calculation of the PCF. 
Known control concepts, such as audits, will continue to be used to verify the imple-
mented measures. The sustainable anchoring of the measures is achieved through train-
ing and showcase examples. In this context, the competencies, and attitudes of employ-
ees toward sustainability are of great importance for the success of sustainability projects. 
For further consideration of the practical example, the calculation of a PCF along the 
supply chain is illustrated. Due to inaccurate data, this is often only possible using static 
assumptions and estimates. However, in order to be able to identify optimization poten-
tials precisely and reliably, upstream and downstream supply chain players must use a 
common, reliable database as the basis for PCF calculations. Derived from this, there is 
an increasing need for networking and date exchange within supply chains over time. 
However, since emission data can also be traced back to sensitive company data such 
as production processes, their disclosure will not take place without adequate security 
measures. The transfer of emission data is only secure if companies are guaranteed en-
cryption of communication and sovereignty over their own data. Therefore, a software 
and communication platform are needed along the supply chain that meets these require-
ments. Figure 6 schematically shows the communication and material flows of an exem-
plary supply chain between OEM and Tier-1 and Tier-2 suppliers. Each company com-
municates directly and encrypted with the software, so that the others can use the calcu-
lation results but do not have access to the individual data.  
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Figure 6: Schematic representation of the communication of emission data for the calculation of 
the PCF along a supply chain using Sigreen 

Siemens AG has already developed a corresponding software solution for the described 
scheme. Sigreen's underlying technology TSX (Trust-worthy Supply Chain Exchange), 
creates a reliable database through data encryption to calculate dynamic PCF. [35] Data 
can be exchanged via interfaces such as API or Connect. Members of the supply chain 
only see the final calculation and keep control over sensitive production data. This trust 
enables the precise calculation of emissions and, thus, the joint decarbonization of the 
supply chain. The software includes different standards to achieve reliable results even 
with different calculation methods.  
To support the decarbonization of supply chains, Siemens AG co-founded the ESTAIN-
IUM network [56]. The network is characterized as an association of universities, certifiers 
and companies of different sizes. The association aims to promote the members' ex-
change on industry decarbonization. It also aims to consolidate many existing standards 
(see Chapter 3.1) and define future-relevant topics in cooperation with sustainability pio-
neers from various sectors, non-governmental organizations, and certifiers. 

4 Implications for Quality-oriented Manufacturing Companies 

Many initiatives and demands for circular economy products and services can only be 
implemented economically and sustainably if the company's structures and processes 
have a correspondingly effective and efficient design. In the long term, this implies a 
closed loop between market requirements and the company's product and service provi-
sion. In this way, the requirements are met gradually and, in the long term, shape the 
understanding of quality and the quality expectations from the market perspective, for 
example, with regard to the responsible use of resources. 
However, this development can be carried out not only through a company-side reaction 
to market requirements, but also through actively shaping the market based on the ser-
vice offering. Through the targeted introduction of innovative and sustainable services, 
customers and other stakeholders can be shown new ways, and a broader understanding 
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of quality can be initiated under the aspect of sustainability. However, this applies not only 
to the product's design but also to the aspects associated with its creation. The company 
example showed that the transparency of processes along the supply chain and the trust-
worthiness and security standards of the data represent new forms of process quality. 
Actively shaping the understanding of sustainability through the anticipation of require-
ments can serve as a definition of new quality standards that set the definition of quality 
in the long term. Thus, the development of the paradigm from the market perspective 
becomes an interplay of market pull and market push of sustainability initiatives that de-
fine the new requirements and standards of the future. 
In addition, the operational perspective and the associated fields of quality planning, as-
surance, control, and improvement play an essential role in the tactical and operational 
activities of quality management, which are reflected in the long-term system quality of 
the company. It should be noted that the core activities of quality facets will not change 
fundamentally. Only the underlying optimization direction, derived from the goals and cri-
teria of the quality policy, is about to undergo a comprehensive transformation. For ex-
ample, ESG and circular economy criteria are incorporated into the definition of quality 
requirements and the quality gates of processes. This is particularly relevant for defining 
quality criteria for production processes that use recycled, remanufactured, or refurbished 
components. Furthermore, the responsiveness to scarce resources and a product and 
production strategy transformation to an R-strategy will play an essential role in quality 
planning. Due to shortened product life cycles, this requires a close coordination with 
other departments, suppliers and customers, and affects the definition of quality stand-
ards and the expectations on the provided products and services. 
The economically efficient design of the aforementioned strategies can only be achieved 
if ESG criteria are anchored in the operational elements coordinated by quality manage-
ment: Processes, competencies, resources, communication, operational planning and 
control, requirement engineering, KPIs and data management. The development and im-
plementation of ESG initiatives along quality management functions, from planning to 
assurance to control, can only be carried out in internal, coordinated interfaces. 
Based on the development of norms, standards and certificates, industry-wide data 
standards are needed to enable interoperability. Therefore, there is a need for an eco-
system for developing new initiatives and quality standards regarding ESG criteria that 
proactively drive technological development as an enabler of sustainability.  
The inclusion of ESG criteria in quality improvement means their explicit consideration 
within the objective function or the constraints for deriving optimization measures. By en-
hancing quality management as described above, the quality control loop is closed for 
the extended requirements of the interest groups. The further development of the various 
quality management functions is summarized in figure 6. In their entirety, these form the 
new quality paradigm. 
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Figure 7: Paradigm shift for quality in sustainable production 

From the analysis along the perspectives of the ACQMM, it becomes clear that ESG 
initiatives must be driven by corporate management and taken into account within the 
strategy and goal-setting processes. The systematic and process-oriented implementa-
tion of these goals from an operational perspective does not require a fundamental rede-
sign of existing mechanisms and methods but rather a redefinition or expansion of the 
current understanding of quality and quality assessment.  

5 Conclusion and Outlook 

The historical development of the relationship between the economy, production, and 
quality management, as well as sustainability trends, indicate a paradigm shift. ACQMM 
provides a framework for designing quality-oriented activities and analysing levers for 
internal company changes. It is based on three possible perspectives for the design of 
company activities: market, management, and operational. The market perspective con-
siders the various interest groups that a company must address, and their changing re-
quirements for quality. The materiality matrix is a useful tool for analysing requirements, 
showing both their relevance to stakeholders and their impact on company profitability. 
Based on the Kano model, the analysis tool divides sustainability requirements into must, 
should, and could categories, with a hypothetic temporal development from could to must 
requirements in the long term, which is reflected by the institutionalization of initiatives in 
guidelines, standards, and laws. 
The evaluation of the requirements from the market perspective is translated into goals 
and decisions by the company management. The operational implementation of the set 
quality objectives influences the design of process quality in the company. This concerns 
particularly the definition and the understanding of quality criteria in the function’s quality 
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planning, quality assurance, quality control and quality improvement. The classic meth-
ods and tools from quality management for optimization purposes can be adapted and 
expanded according to the principle of lean management with an increased ESG focus. 
Here, interactions arise between the requirements of the product development process 
regarding environmental sustainability and the design of quality requirements and activi-
ties. R-strategies such as "Reuse", "Refurbishment" and "Remanufacturing" can be men-
tioned here as an example. For the targeted application of the measures outlined, suitable 
structures for the generation, management and use of relevant data are required. To 
master this expansion of the control loops in the operational perspective, a future-proof 
data management system must be able to integrate existing data structures and build 
new ones. The importance of data was demonstrated using the example of the exchange 
and reporting of PCF data based on the Sigreen solution from Siemens AG. In this context, 
the purposeful design of data systems as well as data fidelity are evaluated as further 
ESG-related quality criteria in the system and process quality of a company. It is assumed 
that these quality dimensions are prerequisites and success factors for the successful 
implementation of cross-company sustainability initiatives.  
On the one hand, analyses that are already embedded in sustainability-oriented stand-
ards and legal requirements can support an effective and efficient interpretation of stake-
holder requirements and a consistent implementation in goals and decisions. Both the 
design of sustainability-oriented management systems and the operational implementa-
tion of initiatives are supported by existing systems, methods and tools of quality man-
agement. Here, a sustainability-oriented definition of the requirements for systems, qual-
ity functions and methods is necessary. After all, in an increasingly productivity-oriented 
economy, data form the basis and key factor for enabling internal and external corporate 
sustainability initiatives. However, this does not only include information about a product 
and the processes that go into its manufacture, as in traditional quality management. 
Rather, in the future, information about where a product is and in what condition it is in 
due to its conditions in the use cycle will become decisive in order to achieve a life cycle 
extension through value enhancement or to make a higher variance of the materials used 
in the (renewed) production cycle controllable. 
The integration of the paradigm of sustainability into the understanding of quality thus 
offers the possibility for further approaches to investigation. For a comprehensive under-
standing of the market perspective, the interactions between stakeholders with respect to 
sustainability should be investigated in more detail. Thus, a tool set for sustainability op-
timization can be developed. Furthermore, it is necessary to check which of the methods 
and models can be identified as suitable for different use cases. The exact requirements 
for the described integrated data management system also need to be considered in more 
detail. The potential seen in the consistent digitization of processes for the efficiency of 
production could also be used to increase sustainability through the analysis of consistent 
data. From the point of view of quality management, the gain in knowledge, the clarifica-
tion of production-technical or application-side aspects, takes on greater significance. The 
transparency and enlightening nature of the new quality paradigm regarding the need to 
consider sustainability motivates a new definition of quality management. The collection, 
evaluation and consolidation of data into knowledge and the linking with sustainability-
oriented impact models to options for action promote the change from Quality Manage-
ment to “Quality Intelligence”. 
Sustainability-oriented transformations present companies with the challenge of reconcil-
ing profit generation and sustainability requirements. The implementation of sustainability 
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aspects to meet the legal requirements is associated with a high technical and organiza-
tional effort. Regarding the long-term establishment of this legal requirement, quality man-
agement will play an important role for efficient implementation. A rethinking of sustaina-
bility and quality will be required both at the level of employees as enablers in production 
activities and at the level of consumers as buyers. The transformation of quality manage-
ment could represent an innovative concept to enable sustainability initiatives within the 
company for cost-efficient production. This applies particularly to the R-strategies and 
sustainability-oriented data management systems for production. Here, applied research 
in cooperation with companies can be used to test new concepts. Promoting ecosystems 
to test and validate these concepts is a necessary step. An example of this is the ES-
TAINIUM association. This can contribute not only to the further development of technical 
solutions, but also to the further development of standards and interfaces that enable 
interoperability across companies. Regarding the reorientation of the understanding of 
quality, this can also represent an opportunity to measure the degree to which this para-
digm shift can be useful in developing and introducing new sustainability-oriented busi-
ness models for manufacturing companies. 
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as lithium-ion batteries, it is necessary to include the innova-
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medium-sized enterprises. Digital methods can help to develop 
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Green production promotes the resilience of our value chains 
and calls for a cross-company and cross-domain approach. 
This requires the fresh ideas of non-profit research institutions 
to invent new methods and technologies and develop them in a 
way that enables the balancing act between protecting corpo-
rate interests and leveraging data across company boundaries.

Achieving Net Zero by 2040 is a key pillar of the Ericsson 
strategy. With our customers we break the energy curve 
when moving to the 5th generation of cellular technology and 
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Circular production will require even greater digital networking 
across corporate boundaries. In Europe, we therefore urgently 
need to work on our digital sovereignty to reduce dependency 
in the area of critical digital infrastructure. Otherwise, we face 
the risk that production facilities designed “as a service“ will 
soon be able to be shut down at the push of a button.

We have to stop taking too narrow a view of sustainability – 
we will only realize the real “double-digit loot“ when we manage 
to achieve an alignment of ecological and economic objectives 
in the value creation system by means of circular production!

Digitization is the most important lever for successfully 
implementing circularity – from design and production to 
sustainable operation and recycling.
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To make our contribution, we need to think and act in a 
consistently sustainable way. It comes down to all of us.
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We need transparency and knowledge transfer in the supply 
chain to jointly develop trust across company boundaries. The 
result is sustainability in the most efficient use of resources, 
which is also economically successful. For this, the interac-
tion of technical expertise and academia is essential.
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About this book 

"Empower Green Production” is the guiding theme of the 31st AWK, which will point the 
way to a value-adding circular economy in four parallel lecture series with a total of twelve 
technical and keynote lectures as well as eight plenary lectures from science and practice 
from May 11 to 12, 2023. 

This conference proceedings uses numerous concrete examples from current industrial and 
research projects to describe which technologies and strategies will promote this transfor-
mation, how companies can select their individual tools for the change from the wealth of 
methods available, and which challenges applied production research can specifically sup-
port. The four central thematic blocks of the AWK include contributions on high-performance 
and resilient data infrastructures, on modelling and analyses with the aim of more resource-
efficient manufacturing, on scenarios and business models for sustainable value creation, 
and on technologies and processes for a value-adding circular economy. 

This book summarizes the contents of the lectures, makes it avaccessible and intends to 
inspire the scientific community and the interested specialist audience in the form of an 
open access publication. Its individual contributions were compiled and elaborated by the 
staff of the Laboratory for Machine Tools and Production Engineering, 
WZL | RWTH Aachen University and the Fraunhofer IPT, Institute for Production 
Technology together with re-nowned experts and speakers from industry, economy, 
science and politics. 
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