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1 Introduction

Industrial production is currently undergoing a process of fundamental transformation:
after mechanisation, electrification, and the advent of information and communication
technology (ICT), trends are now predicting a further ‘industrial revolution’ based on
digitalisation, where smart and interconnected objects organise themselves in the
production process (Herrmann et al., 2014; Kagermann et al., 2013). The vision behind
this prediction lies in the convergence of the physical world of industrial production and
the digital world of information technology — in other words, the creation of a digitalised
and interconnected industrial production (Herrmann et al., 2014; Kagermann et al., 2013;
Kang et al., 2016; Schmidt et al., 2015). This vision has entered into public debate under
different names in different regions: in Germany, where it first emerged, it is commonly
referred to and promoted under the title ‘Industrie 4.0°, whereas in the US, it is known as
the Industrial Internet (of Things).

Regardless of the term, the idea behind this technological vision could transform
entire value chains. It would allow producing goods according to increasingly
individualised customer requirements, while production processes would use the
digitally available data — thanks to the interconnectedness of all entities involved in value
creation — to determine the optimal value creation flow at any time (Kang et al., 2016;
Schmidt et al., 2015). These connections between people, elements of manufactured
products, and manufacturing systems themselves, could give rise to new value creation
networks that are dynamic, self-organising, and expand beyond the borders of the
company.

Since this could deeply transform industrial production, and as the industry has
always played an important role in finding pathways to sustainable development, it is
essential to also monitor the related transformations in the industry from a sustainability
science perspective. With respect to the triple bottom line approach, industry influences
all three dimensions, as different indicators show. An example of the influence on the
economic dimension is provided by the gross value added indicator (GVA). In Germany,
industry accounts for 25.5% of the GVA (Eurostat, 2016). Almost a fifth (18.8%) of
employees in Germany work in the industrial sector (Eurostat, 2015c), exemplifying the
importance of industry not only in the economic but also in the social dimension. But
industrial activities are also one of the most significant sources of environmental impacts.
The industrial sector in Germany accounts for 28.0% of the final energy consumption
(Eurostat, 2015a) while being responsible for 19.2% of all greenhouse gas emissions
(Eurostat, 2015b).

This paper approaches the potential impacts of Industrie 4.0 on sustainable
development through an empirical survey, asking manufacturing companies from
different sectors and research institutions in Germany. These findings are complemented
by two semi-structured qualitative interviews, in which we have discussed details of the
study with two experts from the industry to improve our understanding of some of the
findings. Both experts were asked questions from the questionnaire with additional
in-depth questions focusing on their respective field of expertise. In this paper, the focus
is on the potential environmental effects of Industrie 4.0. At the beginning of this paper a
state-of-the-art analysis is presented giving a brief overview of existing research findings,
and addressing especially the industry-relevant environmental aspects, and how they
might be impacted by the digitalisation of production processes. Following this section,
the method used to design and conduct the survey is described. In Section 4 the results of
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the survey are presented, followed by a discussion of the key findings, using a short
scenario. The paper concludes with an outlook for future research.

2 State-of-the-art

Since the concept of Industrie 4.0 (the digitalised and interconnected industry) is rather
new (Kagermann et al., 2013), research has largely focused so far on sustainability issues
in ‘conventional’ manufacturing systems which are less subject to digitalisation and
interconnectedness. Some research findings, however, already address implicitly
sustainability indicators and how they will potentially be affected by the comprehensive
digitalisation of industrial production processes. These studies are primarily focused on
the social dimension, including changes in industrial work life (e.g., Autor and Dorn,
2013; Bowles, 2014; OECD, 2014) as well as technological and economic developments
in the context of the Industrial Internet (e.g., Derler et al., 2012; Federal Ministry for
Economic, 2015; Lee et al., 2015). On a more general level, Keeso examines possible
links between big data and environmental sustainability in different organisations such as
environmental NGOs, governments or companies. Keeso concludes that corporate social
responsibility efforts could particularly benefit from big data availability, especially
through improved performance measurement, and a resulting “[...] sense of ownership of
sustainability initiatives” (Keeso, 2014, p.26).

However, considerably less research has been dedicated to investigating potentials for
resource efficiency, or a hypothetical symbiosis of a digitalised industry with renewable
energies (UNIDO, 2017). Expectations for improved resource efficiency through
digitalisation remain nevertheless high, albeit not based on fundamental research yet.
Geissbauer claims an improvement of resource efficiency up to 20% is possible in the
next five years (Geissbauer et al., 2014), while Rogers speaks of “annual energy cost
savings of intelligent efficiency technologies for the commercial and manufacturing
sectors that could exceed $50 billion” (Rogers et al., 2013, p.v). But there are also critical
voices pointing to possible trade-offs between the resource consumption and the resource
efficiency of a digitalised production (Kagermann et al., 2013; Beier et al., 2015).
Rebound effects still have to be evaluated to assess the saving potential of new
technologies, but especially in the case of ICT. Only a few studies have addressed this
topic so far (Gossart, 2015).

In the conventional technological context, approaches to optimise resource efficiency
in producing companies are not new to research, and can be addressed on various levels
(Duflou et al., 2012). Increased resource efficiency can indeed be achieved through
technological improvements at the machine tool level (Brecher et al., 2010), or on a
larger scale through the restructuring of manufacturing sequences (Gu et al., 2013) and
factory layouts as well as entire value creation networks in the case of globally operating
enterprises (Duflou et al., 2012). A comprehensive review of these resource-efficient
technologies and strategies is presented in Rohn et al. (2014).

Ding et al. (2017) pursue a more customer-oriented approach that opens up
opportunities for a digitalised industry by introducing an algorithmic description for a
resource service scheduling problem in the context of industrial product-service systems,
that helps reduce the overall resource consumption. The paper of Kriickhans and Meier
(2013) introduces a framework that enables the retrofit of older manufacturing systems,
by identifying resource efficient operating points and representing them through real and
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virtual automation elements. Another approach for a more sustainable production process
is the integration of sustainability metrics and indicators into existing manufacturing
systems, as shown by Larreina who developed a demo approach of a smart manufacturing
execution system (SMES) which integrates sustainability aspects like energy efficiency
(Larreina et al., 2013). Based on a conventional MES, it is enhanced through new
hardware architecture to directly collect, analyse and optimise information on resource
consumption from the machines using sustainability metrics, as described in e.g.,
ISO14955 (environmental evaluation of machine tools).

Cyber physical energy systems (CPES) allow steering digitalised industrial processes,
and therefore potentially support their temporal flexibility. According to Bornschlegl
et al. (2013) energy efficiency could be increased through the use of cyber-physical
systems by reducing the base load, especially during unproductive periods in the
production flow, and by selectively switching off temporarily unnecessary components.

The majority of these studies focus on specific aspects or indicators of the triple
bottom line approach, but without explicitly making a relation to the overarching aims of
a ‘sustainable development’. The study presented in this paper aims at partially
addressing this research gap, by providing a better understanding of possible
environmental aspects of Industrie 4.0 in Germany.

3 Study design

The survey was conducted with the help of an online questionnaire created with the tool
LimeSurvey. The questionnaire was piloted twice with two colleagues, who have a broad
experience with questionnaires but were not familiar with the general topic addressed in
this survey. Their feedback was used to improve the quality, structure and clarity of the
questionnaire. The questionnaire started with a text explaining all relevant terms used in
the following questions. The invitation to participate in the survey was distributed by
email and published in selected newsletters from German engineering organisations such
as the VDI or ProSTEP iViP. The survey addressed individuals employed both in the
engineering sector and in engineering science, and who had already dealt with the issues
relating to Industrie 4.0 in their professional roles. In total, 102 people participated in the
survey. Most participants work in the branches automotive (20%), information and
communication technologies (20%), machine and plant engineering (18%), or aerospace
(10%). They have very different roles in their organisations, the most frequent ones being
development (37 participants), services (16), management (13) and research (9). 42 of the
participants work in companies with more than 5000 employees, 16 people in companies
with fewer than 5000 but more than 250 employees, while the rest of the participants
works in companies with fewer than 250 employees. Participants were not obliged to
answer all of the questions, but were encouraged to leave blank those questions which
they did not feel competent to answer. This is why the total amount of given answers (N)
varies across questions. The questionnaire’ contained two main thematic blocks: the
future of work in production, and the future of production itself.

The results of the quantitative survey were complemented by two semi-structured
interviews. The aim of the interviews was not to conduct a full qualitative study, but
rather to discuss details of the study with two experts from the industry to improve our
understanding of some of the findings. Questions addressed the general vision of a
digitalised industry, the future of work, resource and energy efficiency in the context of
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Industrie 4.0, as well as the future of energy supply with additional in-depth questions
focusing on their respective field of expertise. From all volunteering candidates, the two
interviewees were chosen as they seemed most suitable regarding the compatibility of
their work background with the topics of the survey. They work for companies with more
than 100,000 employees, which was a criterion in the selection process, as studies show,
that big companies are the frontrunners in implementing Industrie 4.0 (e.g., Glatz, 2016;
IDG Research Services, 2017). Interviewee one (I1) works in the middle management in
the automotive branch, and was asked because of his experience in environmental
management, while interviewee two (I2) is a high-level manager in the manufacturing
industry, and was chosen because of his expertise regarding possible future technical
developments. Information retrieved from the two qualitative interviews was used to
complement the results of the survey, where suitable. The related statements were then
anonymised and marked in the text with either I1 or 12.

This paper is focused on the potential environmental effects of Industrie 4.0. The
German Sustainability Strategy and its indicators were used as a reference point, to
extract relevant environmental indicators. The German Sustainability Strategy was
chosen as a reference point, as it was developed integrating multiple stakeholders (results
being based on five conferences including the national, federal and local governments,
NGOs and other members of the public) and is therefore recognised and widely accepted
in the German sustainability community. The strategy contains 63 key indicators and
quantified targets, allowing for the “[...] tracking of successes and failures in the
attainment of the Strategy’s goals [...]” and therefore serving “[...] as a basis for the
management of sustainable policies and necessary realignments, but also as a transparent
source of information for democratic decision-making and debate” (The Federal
Government, 2017, p.4). These key indicators were compared with the expected
sustainability improvements of a digitalised industry as they are frequently expressed in
different (often non-scientific) publications (e.g., Kagermann et al., 2012;
Bundesministerium fiir Bildung und Forschung, 2013; Geissbauer et al., 2014;
Statistisches Bundesamt, 2014) in order to validate these claims. On this basis, it was
decided to select the indicators of resource efficiency (including energy efficiency and
material efficiency) and overall energy consumption as well as renewable energy sources
— representative of the energy transition — as main indicators of the study. The conduct of
the study does not allow for quantitative predictions, but provides the first set of
suggestions on the environmental challenges and opportunities for a sustainable industrial
development in the context of Industrie 4.0.

4 Results of the study

In the following section, a selection of the results from the survey and the two interviews
is presented. Before taking a look at the chosen environmental indicators, some general
results concerning the familiarity of the participants with the concept of Industry 4.0 are
presented, and the general expectations of how and to what extent the transformation will
take place. This provides an important basis when assessing possible influences of
Industrie 4.0 on the environmental dimension of sustainability.
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4.1 Future production and sustainability

In order to have a better understanding of how participants picture the concept of a
digitalised industry in practice, they were questioned about their familiarity with the term
Industrie 4.0, and their vision for the future as well as the influence of Industrie 4.0 on
their companies.

Twenty-nine percent of the participants stated that they are ‘very familiar’, and 42%
that they are ‘familiar’ with the concept of Industrie 4.0. 27% of the participants felt less
experienced with the concept, but only 2% had no knowledge at all of Industrie 4.0
(population (N)=100). The majority of the participants characterised the influence of
Industrie 4.0 on their companies as ‘very big’ or ‘big’ (66.7%, N=69). From a time
perspective, the implementation of digitalised production processes is anticipated within
the next decade (I2). From a context perspective, the transformation is expected to
happen successively to large investments, for example in new production lines (I1).

The next thematic block in the survey addressed the future of production and the
major changes expected. Important elements of Industrie4.0 are the digital
interconnectedness of machines and product components, and their intelligence — in
particular, their ability to communicate with each other.

The participants were asked to gauge the extent to which they expect production
facilities to be interconnected in the future; a) within their company, and b) with external
means of production. The survey showed that 63.4% (N = 71) of the participants expected
production means to display a considerably greater degree of interconnectedness within
their companies, while 35.2% forecasted a slight increase (see Figure 1). The picture is
however different when it comes to the expected degree of interconnectedness with
external means of production: only 39.4% of the participants assumed a considerable
increase of external interconnectedness, and 23.9% a slight increase. At the same time,
22.5% (N="171) of the participants expected that individual product components will be
delivered much more often — and 49.3% more often — from specialised suppliers than
today.

Figure 1 Expected interconnectedness within the company, and external (see online version
for colours)

Question: internal/external Interconnectedness

60% - mwill increase
considerably
50% W will increase
slightly
0,

40% mno changes
o expected
30% m will decrease

20% slightly
will decrease
10% considerahly
no answer
0% : — —

within the company with external means of
production



366 S. Niehoff and G. Beier

It was then tried to assess, if a connection is already established between sustainability
policies in companies and the vision of a digitalised production. As shown in Figures 2,
57.1% of the participating companies (N = 70) have a sustainability strategy and/or even
operate an environmental management system (EMS). Of all companies with such a
strategy and/or an EMS, 21 participants (53.9%) agreed that Industrie 4.0 will have an
impact on this strategy and/or on the EMS, whereas 12 participants (30.8%) foresee no
influence (N = 39).

Figure 2 Companies with a sustainability strategy or EMS and the expected influence on this
strategy/EMS in the context of Industrie 4.0 (see online version for colours)

Question: Sustainability strategy Question: Influence on strategy by digitalization

H Yes mYes

HNo

® No, not yet

= Unknown

Unknown

® No answer

4.2 Potential effects on resource efficiency

Industrie 4.0 is seen as an instrument with the potential to improve the environmental
footprint of industrial production, especially by better controlling manufacturing
processes (I1). Resource efficiency is expected to be a major aspect of this improvement,
with 53.5% of the participants (N = 71) seeing resource efficiency as a very important
factor — and 38.0% as an important factor — in strategic decision-making in the future
(see Figure 3). Improving resource efficiency is seen as about equally as important for
energy (38.5%, N = 169, multiple answers allowed) as for materials (32.5%).

Generally, our interviewed experts assumed the biggest potential for more resource
efficiency through the prevention of overproduction resulting from a demand-driven
production in ‘real time’ (I1), a more time-efficient production (I2), and optimised
logistics (I1).

Initiatives to increase energy efficiency are already being implemented; as both
interviewees stated that their companies have energy efficiency targets for production
(I1/12) as well as for the use phase of their products (I1). Regarding material efficiency in
the automotive branch, re-use is a central topic (I1). Additional concerns related to an
improved material efficiency and reduced material consumption include the substitution
of ‘critical raw materials’ (for example rare earth elements) and the increased use of
secondary raw materials (I1).

Unsurprisingly the majority of participants expect that the proportion of IT in the
total product will increase considerably, in the product ‘interior’ (62.9%, N =70),
as well as for the user interface (67.6%, N =71). When it comes to the individualisation
of products — ranging from mass-produced products, over the individualisation of
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features, to completely customer-specific products — most participants assume that the
proportion of customer-designed features will increase significantly (41.4%, N=87).
Both aspects, the increased use of IT components as well as the individualisation of
products might have an effect on resource efficiency as will be discussed later in the
paper (see Section 4.4).

Figure 3 Importance of resource efficiency in future strategic decision-making (see online
version for colours)

Question: Resource efficiency
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4.3 Potential effects on energy consumption and renewable energy sources

One major thematic block of our survey addressed energy-related questions. When asked
about how much they expect the energy consumption in their respective companies to
change in the context of Industrie 4.0, there were only small variations between the three
categories of energy: thermal (N = 67), electrical (N = 69) and chemical (N = 67) energy.
For thermal and chemical energy, hardly did any participant foresee significant changes:
41.8% expected thermal energy consumption not to change at all, while 10.5% expect a
slight increase, and twice as many expected a slight decrease. Regarding the chemical
energy consumption, 37.3% foresaw no changes due to the digitalisation of industrial
processes, while 13.4% considered their company would consume slightly more chemical
energy — three times as many as those who anticipated a slight decrease. Only for the
category of electrical energy consumption did the majority of our participants anticipate
changes due to Industrie 4.0: a combined 34.8% expected a major or slight increase while
only 23.2% foresaw a major or slight decrease of energy consumption (see Figure 4).

When asked about the potential plans of these companies to produce their own
renewable energy in the future (N =69), 31.9% confirmed — and 27.5% denied — such
plans, while 13% did not know whether their company had such plans. The remaining
27.6% of the participants chose not to answer the question (see Figure 5). Both interviews
confirmed the importance of the subject of renewable energy production, one company
having already its own renewable energy sources or test-environments in place (I1), and
the other company thinking about solutions, especially to balance the fluctuations of
renewable energy production (12).

These fluctuations could potentially be used by a digitalised industry, since one of the
promising effects of digitising manufacturing processes is their improved temporal
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flexibility. Theoretically, this would enable companies to e.g., execute their energy-
intensive manufacturing processes when there is an energy surplus in the market, and
thus reduce the energy-related costs of these processes. Figure 6 shows that 11.6% of the
participants claimed that their company would adapt production processes accordingly on
a bigger scale, and another 29% at least on a smaller scale. 21.7% were rather sceptical
about their company taking advantage of this potential benefit, while 10.1% did not see
any chance for this to happen. Both interviewees saw a potential for flexibilisation, but at
the same time both pointed out that the energy forecast is still a critical factor. One expert
said his company was already evaluating opportunities to take advantage of this
flexibility, but also pointed out that the overall capacity which could potentially be
flexibly switched is mostly limited to certain non-energy-intensive processes (12).

Figure 4 Expected energy consumption in the future (see online version for colours)

Question: Future energy demand
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Figure 5 Future plans of renewable energy production (see online version for colours)
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Figure 6 Adapt production to energy fluctuation (see online version for colours)

Question: Flexible Production
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m No answer

In summary, it can be said that no major changes regarding the energy consumption were
expected by the participants of the survey. If at all, there was a small tendency for slightly
increased electrical energy and slightly decreased thermal energy consumption. On the
other hand, a relatively big share of the companies has plans to produce their own
renewable energy in the future, or to flexibly shift its processes to benefit from cheaper
energy prices.

5 Discussion

The state of the art literature analysis in Section 2 revealed that the majority of existing
studies focus on specific aspects or indicators of the triple bottom line approach, but
without explicitly making a relation to the overarching aims of a ‘sustainable
development’. The potentials for resource efficiency through Industrie 4.0 as well as a
hypothetical symbiosis of a digitalised industry with renewable energies have also not
been sufficiently researched, yet. For that reason, the aim of the study was to lay the
foundation for identifying possible environmental challenges and opportunities for a
sustainable industrial development in the context of Industrie 4.0.

One interesting result supporting the argument is the relatively small share of
participants who believe that industrial digitalisation will have an impact on their
companies’ sustainability strategies. This supports the impression gained in the state of
the art literature analysis that sustainability initiatives and the digitalisation of production
are not yet linked in the perception of industry experts. To avoid wasting sustainability
potentials, this gap has to be addressed, and sustainability managers of companies should
be involved as early as possible in the transition to Industrie 4.0.

Expectations for improved resource efficiency are high among the participating
experts. But our results also support the need to include the resource consumption of
additional technologies — in particular information and communication technologies used
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in the frame of Industrie 4.0 — when assessing possible impacts on resource efficiency.
The majority of participants indeed expected a considerable increase of the role of ICT in
finished products, be it through more electronics inside the products or on the user
interface. This is especially important from an environmental point of view since
electronic components contain critical raw materials like rare earth elements. The
individualisation of products — especially from a production perspective — is expected to
be a major factor for improved resource efficiency due to the avoidance of over-
production. At the same time, participants stated that the number of suppliers will
increase because individual product components will be delivered much more often from
specialised suppliers. One consequence of this decentralisation of production could be a
higher transport volume and an increase of the related greenhouse gas emissions. This is
one example of possible rebound effects which are not sufficiently dealt with in literature
yet, but have to be closely monitored in sustainability science.

Although resource efficiency is an important topic in the context of Industrie 4.0,
experts in our survey did not expect a considerable decrease in energy consumption. This
somewhat ambiguous picture underlines the necessity of in-depth research, including
thorough life-cycle assessments, to determine what the real potentials and possible
rebound effects are concerning material and energy efficiency. Especially when taking
into account that many non-scientific Industrie 4.0 publications promise significant
energy savings.

Another important environmental aspect is the potential synergies between the energy
transition and a digitalised production. More than a third of all participants in our survey
anticipate that their companies will produce their own renewable energy in the future.
This underpins the idea of linking the visions of energy transition with a smart industrial
production, as drafted in UNIDO (2017). One idea in this regard would be to integrate
smart production into smart grids, and use the flexibility of an interconnected and
digitalised industrial production to synchronise energy availability and energy-intensive
industrial production. Our results show that this is not an unrealistic scenario, although
the adaptability of industrial production will still have its own limitations. In branches
like the cement industry, for example, a synchronisation would be very challenging since
the blast furnace operates at extremely high temperatures, which requires a long and very
energy-intensive heating-up process. Improvements in the field of energy efficiency, the
integration of renewable energy and optimised logistics can potentially lead to a
reduction of greenhouse gas emissions.

Experts seem to be hesitant to enhance the level of interconnectedness with external
production means which would also include suppliers, although the number of suppliers
is expected to rise. This could, among other things, be explained by data security
concerns that have not yet been solved. Nevertheless, will the way of how production
networks are organised and connected in the future have a non-negligible influence on
the environmental dimension of sustainability. This holds true not only in terms of e.g.,
increased needs for transport, but also regarding the ability to fully document
environmental data along the whole product life-cycle in the context of an interconnected
supply chain. This data could be used to ease environmental management and improve
the environmental transparency of companies, e.g., in the context of sustainability
reporting, compliance, or product labelling.

In the following subsection, a short scenario is presented focusing on the resource
efficient production of the future. Parts of the following scenario are based on insights
gained through a number of stakeholder workshops organised by the authors of this
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paper, being complemented by ideas discussed in the literature and own thoughts. Some
of the thoughts, such as the increased level of product customisation have been evaluated
in the course of the presented survey. This scenario is intended as a basis for further
discussions and the generation of new research questions.

5.1 A short scenario of a fictitious resource-efficient factory of the future

In the factory of the future, products will to a large extent be manufactured according to
customer specifications, which will in turn shape general expectations with respect to
product customisation. Configurability will thus need to be factored into the product
development process. Achieving this will require the adoption of a production model that
is more responsive to the concrete parameters of customer orders, and less focused on
stockpiling mass-produced goods. One consequence of this will be a significant reduction
of excess in production (which will per se lower demand for material inputs) as well as
warehousing requirements.

Tracking operative data in digitalised production flows provides opportunities to
identify machines and processes with significantly high energy and material input
requirements. In those cases where more resource-efficient alternatives are available,
production could be prioritised so that those processes identified as poor performers
would only be activated during capacity bottlenecks.

The use of automated planning processes will also enable manufacturers to precisely
schedule with precision the running times of manufacturing machines and/or their
auxiliary units, allowing machines to be activated and deactivated as required. This
improved planning capacity will also help to minimise standby times, during which the
energy consumption of unproductive machinery is comparatively high (Kuhrke and
Rothenbiicher, 2015).

One advantage of digitalising the entire production chain is that it also ensures that
information about the materials contained within a given product will be available
throughout its entire life-cycle. This information could potentially revolutionise
conventional recycling and recovery processes as the use of unique identifiers such as
RFID tags potentially enable processors to access detailed information on the
composition of individual components of discarded products. Providing access to this
information would facilitate the planning of appropriate recycling processes and
document the proper processing of discarded products, enabling manufacturers to fulfil
their legal obligations.

It should be noted, however, that many objects, including components and modules
but also warehouse and transportation facilities as well as manufacturing machinery, will
need to be equipped with the ICT-components necessary for digital communication.
Producing these components will necessitate the consumption of additional resources,
although progress in miniaturisation is continuously being made. The constant capture,
processing and transmission of data could also increase electricity consumption.

6 Conclusion and outlook
This paper presented a short study investigating how the digitalisation of industry might

influence a sustainable development with a focus on the environmental dimension. Based
on a survey among German companies and research institutions as well as two interviews
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with managers from the automotive branch respectively the manufacturing industry, the
first set of ideas was provided. In terms of possible environmental effects, the topics of
resource efficiency and the compatibility with the energy transition could be identified as
promising topics for further research. Industrie 4.0 related technologies will be applied
globally, so a scientific evaluation of how this technological development affects
sustainability aspects in different regions should be undertaken —as started on the
examples of Germany and China in Beier et al. (2017). Additionally, another research
gap could be identified as there seems to be little awareness in companies regarding
possible linkages between environmental management and future technological
developments. Further research should focus on how to help integrate the digitalised
production in corporate sustainability management in a comprehensive way. This
integrative approach would help identify and size sustainability potentials, and avoid
mere problem shifts and rebound effects.

The findings of this study are limited to a certain extent because of the relatively
small sample and the lack of control regarding the selection of participants. This led to a
heterogeneous sample and more importantly to the results of the survey not being fully
representative. Future surveys in this area should, therefore, focus on in-depth analysis of
specialised samples, such as companies from only one specific sector or size to produce
representative results. The findings can also not be considered completely transferable
from Germany to other countries, especially regarding possible linkages to the energy
transition. Nonetheless, we believe this short study is a good starting point to evaluate
some sustainability potentials provided through Industrie 4.0 and helps to identify further
research questions.
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