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1. Introduction

The concept Industry 4.0, which suggests to apply principles and
technologies from the Internet of Things (IoT) on the manufacturing
industry, was launched in 2011 by a council of the German Gov-
ernment that consisted of scientists and industry representatives.
Due to this origin, the concept was not only characterized as a
technological development, but was also intended to have a strong
political connotation with the aim of supporting Germany’s “posi-
tion as a leader in the manufacturing engineering industry”
(Kagermann et al., 2013). The concept was widely disseminated and
has received great international attention. Consequently, there has
been a rise in publications picking up the concept both in the ac-
ademic community, as well as the private sector. However, the
concept behind the term Industry 4.0 — which mixes political
ambitions and technological developments —is often criticized for
lacking a proper definition (Heng, 2015; Lasi et al, 2014;
Oesterreich and Teuteberg, 2016).

The first research goal of this paper addresses this gap and seeks
to provide a sociotechnical definition of the concept Industry 4.0 as
it has been de-facto established by reviewing its description in the
most widely recognized publications on the concept from 2013 to
2018.

The United Nations Environment Programme regards the
transformation of industrial production as a “new economic para-
digm — one in which material wealth is not delivered perforce at
the expense of growing environmental risks, ecological scarcities
and social disparities” (United Nations Environment Programme,
2011). Industry 4.0 might offer a huge chance to align the goals of
a sustainable development with the ongoing digital transformation
in industrial development, which in turn also carries the potential
to turn into a threat if sustainability targets are not taken into ac-
count while implementing Industry 4.0.

The second research goal of this paper is therefore to investigate
to what extent sustainability aspects are included in the currently
established understanding of the concept Industry 4.0. We suggest
that the concept as it is predominantly characterized is referring to
sustainability aspects only in a very limited way. Since the defini-
tion of the concept is influencing the debate and agendas as well as
its implementation (e.g. through funding schemes), this would
leave little room for fostering more sustainable practices in the
context of a digital industrial transformation. In the conclusion

section we therefore provide ideas on how sustainability aspects
could gain more influence in Industry 4.0 through research and
political activities.

The main contribution of this paper is twofold. Eight years after
its first launch, we now provide a de-facto definition of the concept
“Industry 4.0” from a sociotechnical perspective based on its most
often cited key features, as well as a thorough review of how far the
concept of sustainability is incorporated in this definition.

2. Material and methods

This literature review focusses on the established perception of
the concept Industry 4.0 and how sustainability aspects are incor-
porated in it. The targeted audience are primarily scholars and to a
lower extent also practitioners and policy makers.

2.1. Planning and preparation of the review

In order to prepare the qualitative literature review a classifi-
cation scheme was developed, which was applied to categorize and
structure the identified text fragments in the data analysis. The
classification scheme consists of the three blocks: a) system levels,
b) effects and consequences and c) categories.

The block system levels is divided into five subcategories
(Table 1). The system level product refers to statements describing
properties and characteristics of the product that will be developed,
manufactured, used or exploited in an Industry 4.0 future. It
explicitly considers the product in the creation process, as well as
the state in which it leaves the factory. The system level process
refers to the product development process. Statements captured in
this level describe properties and characteristics of the processes
through which an Industry 4.0 product is manufactured. The sys-
tem level enterprise addresses resources, workflows and organiza-
tional structures of an economically independent unit that are not
part of the product development process such as purchasing, lo-
gistics, controlling, accounting, IT or sales. The system level value
chain includes resources, process and organizational structures and
their interaction between several companies that cooperate within
the framework of Industry 4.0 processes. It involves suppliers
beyond the company’s own boundaries. Finally, the system level
customer is relevant for statements that describe effects of Industry
4.0 on end customers.
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Table 1
Block ,.System levels* in classification scheme.

System levels

Product Process

Enterprise

Value chain Customer

The block effects & consequences is divided into five sub-
categories (Table 2) all referring to (expected) phenomena resulting
from the implementation of Industry 4.0: distinguishing non-sus-
tainability related consequences, three sustainability related con-
sequences (social, environmental, economic) and evidence.
Statements that address only one of the sustainability dimensions
will be marked accordingly, even though the authors are aware that
some theories suggest that sustainability requires effects on all
three dimensions. The subcategory evidence applies to those
statements that plausibly substantiate the mentioned sustainability
effects of Industry 4.0 (e.g. through empirical experiments, scien-
tific studies or references to those).

The most relevant analytical block categories is divided into
human, technology and organization (Table 3). The category human
refers to effects of as well as on humans that are directly or indi-
rectly affected by Industry 4.0. The category technology refers to
effects of or on technical systems or technical concepts that are
relevant in the context of Industry 4.0. The category organization
refers to effects on both process and the structural organization of
an enterprise.

Using this categorization scheme, a pre-test was conducted by
analyzing four different Industry 4.0 related publications. In this
process, the applicability for drawing an integrated definition and
investigating sustainability aspects could be confirmed.

2.2. Data collection

In order to gain a holistic understanding of the concept Industry
4.0 and its characteristics as they are commonly perceived, the top
cohort of currently prevalent literature on the topic was system-
atically examined. The keyword “Industry 4.0” was used for the
according search query, which was conducted in December 2018.
Only items published in the last six years (2013—2018) were
considered. To ensure the analysis covers the perception of the
concept not only in research but also in industry and politics the
database Google Scholar was selected instead of purely scientific
databases. The result of this search query was a list of publications
that was ranked according to the main indicator: number of their
respective citations. We defined the top cohort as this group of
ranked publications where the successive entity needs to have
more than 50% of the number of citations of its preceding entity. In
order to ensure a certain level of scientifically soundness, an
equivalent search was performed in the genuinely scientific data-
base Web of Science. The results match to 60%, which was

Table 2
Block “Effects & consequences” in classification scheme.

considered sufficient by the authors.

Articles in anthologies were included as well as white papers
from theory and practice for incorporating both scientific and non-
scientific perspectives. However, considering the content, publica-
tions that fail to comply with basic scientific rules, such as reference
handling, have been excluded from the analysis. Monographies
have also been excluded, as they do not suit the qualitative research
design. Thus, 40 journal articles, six conference papers, two
research reports and three white papers from practice institutions
represent the basis of this analysis (see Table 4 and Appendix I for
the detailed list of included publications).

2.3. Data analysis

After all publications were read, 665 text fragments describing
the respective understanding of the concept Industry 4.0 were
extracted, evaluated and assigned to all parameters of the classifi-
cation scheme. The most relevant words per text fragment were
literally copied and stored as keywords for the respective text
fragment. In a next step these keywords were used to achieve a
weighting of phenomena, by clustering keywords with similar or
related meaning into classes of keywords that we are calling key
features in the course of this paper. This process was a joint effort of
seven people with knowledge of the concept Industry 4.0 but with
different disciplinary backgrounds. As an example the keyword
“connected” was assigned to the key feature “interconnectedness”,
keyword “integrate” to key feature “integration”, keyword “flex-
ible” to key feature “flexibility”, keyword “adaptive” to key feature
“adaptability”. An overview displaying the mapping of keywords to
key features is provided in Appendix IL

3. Results

The following section describes the most relevant key features
of Industry 4.0. Concretely, we present these ten key features which
were mentioned in most publications for each of the categories
human, technology or organization. If other key features receive the
same “score” as the key feature in 10th place, these key features are
also described in detail. Key features appearing within the Top 10 of
more than one category (marked in italic in Table 5), are described
in a category-overarching subsection.

Table 5 provides an overview of the key features of Industry 4.0
per category ranked by number of publications (P) describing this
respective feature whilst also providing the total number of text

Effects & consequences

Sustainability related

Non-sustainability related Evidence

Social Environmental Economical
Table 3
Block “Categories” in classification scheme.
Categories
Human Technology Organization
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Table 4
Descriptive data of the data set.

Outlet Number of publications

Journal article 40
Conference paper
Research report
Practitioner white paper

wN D

fragments (T) dealing with it.

Detailed descriptions of key features are based on pieces of in-
formation taken from the analyzed publications. All descriptions
contain a descriptive part explaining what the term means, how it
is understood in the context of Industry 4.0, which functionalities it
is supposed to fulfill (if applicable) and to which system level it is
primarily referring to. Analytically detailed descriptions explain
preconditions for and consequences of the respective key feature
and how relevant it is for the concept of Industry 4.0. All de-
scriptions conclude with a paragraph in which the mentioned im-
plications on sustainability are summarized.

3.1. Category human

157 text fragments were associated with the category human,
most of them addressing the process (61%) and/or the enterprise
(53%) system level. The most relevant key features for this category
are displayed in Table 5 while those exclusively relevant for the
category human are described in detail in the following subsection.
Besides the key features that function as a container for key words
of similar or related topics, it is also noteworthy to get an idea of

with mental work, for example: “people are more conductors and
the coordinators of the factory. Hard muscular work and also a part
of the mental work is done by machines” (Gabriel and Pessl, 2016).
Other important factors are the decentralization of decision making
and more autonomy for employees (Schumacher et al., 2016; Stock
and Seliger, 2016). It is claimed that career paths will become more
flexible as well as the work itself regarding “space, time and con-
tent” (Bauer et al., 2015).

Analyzing statements relating to qualifications and re-
quirements of future work, ICT skills, openness, communication
and cooperation are named explicitly as important skills (Gabriel
and Pessl, 2016; Sanders et al.,, 2016; Xu et al., 2018). Working in
Industry 4.0 will also “require workforces to continuously develop
new knowledge and capabilities” (Bauer et al., 2015) to participate
in engineering tasks (Stock and Seliger, 2016) and to create in-
novations and develop improvements (Erol et al., 2016). Text frag-
ments dealing with employees in Industry 4.0 do primarily address
the process or enterprise level.

The majority of the identified text fragments deals with the
expected consequences for future work. These include mostly
positive ones such as a better work-life balance through more
flexible working conditions or better prospects for older workers
(Gabriel and Pessl, 2016; Heng, 2015). Three publications also state
potential negative consequences with regard to a decrease of jobs
for underqualified workers (Heng, 2015; Sommer, 2015; Stock and
Seliger, 2016) and “greater psychological stress (emotional and
mental)” (Gabriel and Pessl, 2016). All mentioned consequences for

which words were predominantly used in the text fragments -
p y g 2 =
associated to this category. Fig. 1 shows a tag cloud of its 50 most design m.%‘ -"E
often used words (excluding stop words). system industry = 2=¢ @E
mcreaseume -
ﬂ — —1
WOTKers wmg S5 S¢S
3.1.1. Employees =@ o=
. . . . q —
The key feature employees is used in different contexts which e = real wnrk ) =§
can be roughly summarized in two sub categories. These firstly S —B future =0
concern implications of Industry 4.0 on employees regarding tools = - m n 'I I rln —
(Heng, 2015; Stock and Seliger, 2016) and organizational aspects = =
(Stock and Seliger, 2016; Xu et al., 2018) of future work and sec- \,a|“e - hased nrocesses g
ondly qualifications, job descriptions and competencies for em- o I Slllal‘l ﬂ
ployees in an Industry 4.0 context (Erol et al., 2016; Gabriel and = h“man lﬂchnﬂlﬂgles m
Pessl, 2016; Stock and Seliger, 2016). 5‘= d“cts
On a more general level text fragments deal with the role of g
humans in an Industry 4.0 environment. Usually, it is claimed that
there is a decline in the significance of physical work compared Fig. 1. Tag cloud of 50 most often used words within category human.
Table 5
Ranked key features of Industry 4.0 per category human, technology and organization.
Human Technology Organization
Key feature P T Key feature P T Key feature P T
Interconnectedness 14 15 Cyber-Physical Systems 32 80 Interconnectedness 28 51
Customization 13 16 Interconnectedness 31 64 Autonomy 27 49
Employees 12 29 Autonomy 28 42 Integration 24 44
Communication 12 14 Internet of Things 27 69 Cyber-Physical Systems 24 49
Human-Machine Interaction 10 11 Integration 24 44 Service-orientation 22 38
Efficiency 9 11 Service-orientation 24 46 Efficiency 21 43
Internet of Things 9 12 Efficiency 24 44 Decentralization 21 27
Cyber-Physical Systems 9 14 Data management 21 38 Customization 19 32
Integration 8 10 Big Data 21 24 Flexibility 19 33
Autonomy 8 10 Customization 20 30 Data management 18 26
Collaboration 8 10 Automation 20 32 Internet of Things 18 36
Service-orientation 8 12 Cloud 18 41 Automation 17 26
Decentralization 7 7 Flexibility 17 23 Cloud 16 26
Virtualization 7 7 Communication 17 26 Real-time 16 28
Automation 7 10 Real-time 16 32 Communication 15 28
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employees are important for grasping the social dimension of a
sustainable development with regards to future working
conditions.

3.1.2. Communication

Mainly two types of communication involving humans can be
distinguished. In the first one communication is described in a
technical sense in which humans are embedded in and surrounded
by Industry 4.0 technologies that are expected to “enable and
support the communication between humans, machines and
products alike” (Monostori, 2014). The second type covers a more
active type of human to human communication — e. g. supporting
the “integration of customers” (Jazdi, 2014) which is described as
one central consequence of Industry 4.0 (Li et al., 2017). One pub-
lication points out that it is not only the company establishing new
types of customer communication, but also the customer who be-
comes more “demanding” in an Industry 4.0 scenario: “Under the
Industry 4.0 concept, astounding growth in the advancement and
adoption of information technology and social media networks has
increasingly influenced consumers’ perception on product inno-
vation, quality, variety and speed of delivery (Lee et al., 2014)". To
satisfy these demands “crowdsourcing can be used to incorporate
end customers and suppliers in the product development” (Bauer
et al.,, 2015).

Regarding the social dimension of sustainability, one publication
suggests that exchanging ideas with customers could help to build
more continuous and sustainable customer relations (Bauer et al.,
2015). Indirect effects of communication such as the custom-
ization of products are expected to have consequences for the
environmental dimension of sustainable development. Other ref-
erences with regards to communication and sustainability are too
unspecific to be evaluated.

3.1.3. Human-machine interaction

The key feature Human-Machine Interaction (HMI) assembles
text fragments concerned with human-to-machine and machine-
to-human communication, connections, collaboration and in-
terfaces. According to the analyzed texts HMI is mostly seen as a
prerequisite of Industry 4.0. The contexts in which the key feature is
used are generally of a technical nature and HMI often appears as
one in a list of many main features of Industry 4.0: “Industry 4.0 is
[...] applying the principles of Cyber-Physical Systems (CPS),
internet and future-oriented technologies and smart systems with
enhanced human-machine interaction paradigms” (Sanders et al.,
2016).

Examples for HMI given in the text fragments are “touch in-
terfaces and augmented-reality systems” (Baur and Wee, 2015) as
well as smart glasses, that “offer new possibilities to implement
augmented reality” (Schuh et al., 2015) and “mobile devices such as
tablets, which do not only make the presentation of information,
but also data input more flexible” (Schuh et al., 2015). From the
perspective of system levels HMI is most frequently associated with
the product, process and enterprise level.

Two of the analyzed publications suggest consequences of HMI
in the social dimension of sustainability. The first underlines the
supportive character of new technical features for information and
documentation: “documentation is easier in many cases, enabling
efficient management of information in case of failures” (Schuh
et al., 2015). The other points to the potential stressful effects of
increasing HMI: “it leads to emotional stress, if communication and
cooperation between employees is diminished by increasing
interaction between humans and machines or if allocation of work
no longer emanates from supervisor but from a technical system”
(Gabriel and Pessl, 2016).

3.14. Collaboration

Manufacturing systems are expected to be collaborative systems
of communicating physical agents, software agents and human
agents (Xu et al., 2018). These manufacturing systems comprise of a
service-oriented architecture “to provide collaborative, custom-
izable, flexible, and reconfigurable services to end-users, thus
enabling a highly integrated human machine manufacturing sys-
tem” (Zhong et al., 2017). Horizontal integration through value
networks is an enabler of collaboration between value chain part-
ners across company borders such as customers, suppliers and
other external partners (Liu and Xu, 2017; Oesterreich and
Teuteberg, 2016). The use of Industry 4.0 technologies creates a
suitable environment for enhanced collaboration and communi-
cation on all system levels, for instance, through the use of a
centralized cloud-based collaboration environment in combination
with Mobile Computing and Augmented Reality technologies
(Oesterreich and Teuteberg, 2016).

Collaboration mainly addresses the social aspect of sustainability,
either through sharing of services and resources, advances in HMI
(Liao et al., 2016; Xu et al., 2018; Zhong et al., 2017) or direct
collaboration with customers (Oesterreich and Teuteberg, 2016;
Shrouf et al., 2014). Environmental and economic aspects of sus-
tainability are discussed in the context of optimizing tightly inte-
grated and interconnected value networks as these may allow for
“the creation of dynamic, self-organized, cross organizational, real
time [...] value networks” which then “can be optimized according
to a range of criteria such as costs, availability and consumption of
resources” (Liu and Xu, 2017).

3.2. Category technology

544 text fragments were associated with the category technol-
ogy, most of them addressing the process (64%) and/or the enter-
prise (52%) level. The most relevant key features exclusively
relevant for the category technology are described in detail in the
following subsection. Fig. 2 shows a tag cloud of the 50 most often
used words (excluding stop words) within the text fragments of
this category.

3.2.1. Automation

Automation is mainly referring to the process level. The funda-
mental idea of Industry 4.0 lies in “boosting efficiency via sensible
automation” (Heng, 2015). When specified, phrases refer to the
automation of production, or also more specifically automated
services (Lasi et al., 2014; Schlechtendahl et al., 2015), data

$3JInI3S

=
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Fig. 2. Tag cloud of 50 most often used words within category technology.
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exchange (Lu, 2017), communication (Shrouf et al., 2014), vehicles
(Li et al., 2017), feedback to suppliers (Sanders et al., 2016) or em-
ployees (Schuh et al., 2015) or even “truly automated value chains”
(RiiBmann et al., 2015). Several publications consider CPS (Li, 2018;
Wollschlaeger et al., 2017) and IoT (Li, 2018; Wollschlaeger et al.,
2017; Xu et al., 2018) as the technological drivers of increased
automation.

None of the analyzed publications mentions environmental im-
plications of increased automation. On the flipside, social implica-
tions are mentioned. Schuh et al. suggest the opportunity for
“immediate automatic feedback for production workers” and
“automatic pre-processing of collected production data” that “can
be filtered, combined, aggregated and abstracted to facilitate
cognitive acquisition and utilization by the employee” (Schuh et al.,
2015). Li sees potential to relieve human operators through auto-
mation (Li, 2018), while Hofmann and Riisch understand automa-
tion in Industry 4.0 as a means to enable logistics “without human
interventions” (Hofmann and Riisch, 2017).

3.2.2. Big data

Five publications consider Big Data a key technology or a foun-
dation of Industry 4.0, almost exclusively referring to the system
levels process and enterprise. Its main purpose is to help transform
the huge amount of raw data (Almada-Lobo, 2016; Monostori,
2014) into useful information (Lee et al., 2014) in real-time
(Vogel-Heuser and Hess, 2016) and thereby technically support
automation (Jazdi, 2014). However, the vast majority of text frag-
ments referring to Big Data either describe its role by combining it
with or even just drop the term together with other technologies
such as cloud (eleven publications) or CPS (six publications) — a
pattern not noticed to that extent for any other key feature. A more
detailed description of the actual function of Big Data in Industry
4.0 could not be found in any of the text fragments.

Only one text fragment dealing with Big Data is referring to
sustainability in the broader sense, by stating it would contribute
“to achieve high efficiency” (Wang et al., 2016).

3.3. Category organization

480 text fragments were associated with the category organi-
zation, most of them addressing the process (65%) and/or the en-
terprise (65%) system level. The most relevant key features
exclusively relevant for this category are described in detail in the
following subsection. Additionally, Fig. 3 shows a tag cloud of the
50 most often used words (excluding stop words) within the text
fragments of the category organization.

business process = —
. ; valiié = g S
E=products £ e 52
E= PNES
2= real - enable Egg
s=manufactiiriig £=:
S, -
s §§ technologies I]"m ction
E L3 senvicesoyoLem 28 numan
<= level 2" enables Enemork
ﬂ

Fig. 3. Tag cloud of 50 most often used words within category organization.

3.3.1. Decentralization

Decentralization in Industry 4.0 organizations refers to a shift
away from centralized factory control systems to decentralized
control (Shrouf et al., 2014) in form of self-organized entities (Lasi
et al., 2014; Li, 2018). Thus, decentralization in organizations is not
solely physical, but logical too (Almada-Lobo, 2016). Distributed
entities will autonomously process information for taking decision
using methods from the field of artificial intelligence (Stock and
Seliger, 2016; Vogel-Heuser and Hess, 2016). In an organizational
context decentralization is mainly referring to the enterprise and the
process level. Prerequisites for the transformation to decentralized
production processes (Sommer, 2015) are distributed systems with
plug & play capabilities (Sanders et al., 2016), connected goods and
materials (Almada-Lobo, 2016; Wollschlaeger et al., 2017), unique
identifiers (Xu et al, 2018), a service-oriented architecture
(Almada-Lobo, 2016; Gabriel and Pessl, 2016; Lu, 2017) and an
increased adaptability (Sanders et al., 2016) of the involved sys-
tems. Autonomous production networks are seen as capable of
controlling their operations efficiently in response to changes in the
environment and follow strategic goals (Erol et al., 2016).

Text fragments dealing with decentralization do not refer to
sustainability aspects with one exception which generally men-
tions “low-energy processes” to evolve next to the “distributed
organization of production” (Wollschlaeger et al., 2017).

3.3.2. Flexibility

Flexibility is a key attribute of Industry 4.0 (Heng, 2015; Liao
et al, 2016) mostly associated with the process and enterprise
level. It refers to the capability to adapt to changing requirements
by replacing or expanding individual modules (Vogel-Heuser and
Hess, 2016) and is enabled by the application of Cyber-Physical
Production Systems (CPPS) in value-creating networks (Shrouf
et al,, 2014). “Industry 4.0 allows a high flexibility both in the
development, diagnostics and maintenance as well as in the
operation of automated systems* (Jazdi, 2014), while potentially
also improving the quality of services and products (Sommer,
2015). For that reason flexibility has become a relevant criterion
for organizations when selecting suitable suppliers based on their
factory needs (Shrouf et al., 2014). Preconditions for flexibility in
organizations are interconnectedness (Heng, 2015), reconfigurable
(Wang et al., 2016; Zhong et al., 2017) and modular systems (Vogel-
Heuser and Hess, 2016; Weyer et al., 2015), as well as effective
communication between producers and consumers (Li et al., 2017).
This flexibility “enables business processes to be structured more
dynamically” and to “react more flexibly to changes in demand or
breakdowns in the value chain that occur at short notice* (Heng,
2015).

Shrouf et al. state that Industry 4.0 “will be highly flexible in
production volume and customization, extensive integration be-
tween customers, companies, and suppliers, and above all sus-
tainable* (Shrouf et al., 2014). Beyond that general relation, there
are no concrete relations to aspects of sustainability.

3.4. Category-overarching features

The following subsections describe those key features that are
relevant for more than one category (as marked in italic in Table 5).

3.4.1. Interconnectedness

One of the most often referenced key feature in all three cate-
gories is interconnectedness - a basic principle of Industry 4.0
(Schmidt et al., 2015). It is the basis for a “network of machines,
workers, and systems“ (Zhong et al., 2017) and enables the
communication and information exchange between entities in an
enterprise (Li et al, 2017; Liu and Xu, 2017), facilitating a
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.networked and agile value chain” (Schumacher et al., 2016). A
sociological metaphor for a production-related vision of Industry
4.0 is presented in (Lee et al., 2014): “machines are connected as a
collaborative community”. The list of entities that could be con-
nected is long and ranges from industries, supply chains, cooper-
ating partners, production and logistics networks, services over
machines, CPS, CPPS, products, devices, materials, servers and IT
systems to employees and customers. Different classification
schemes for these connections are suggested: “human-to-human,
human-to-machine, and machine-to-machine” (Zhong et al., 2017),
“people, objects and systems” (Hecklau et al, 2016),
“manufacturing things, services, data and people” (Liu and Xu,
2017) or most generally “cyber space” and “physical world” (Lee
et al., 2015). Interconnectedness also helps “to realize flexibility,
adaptability, and efficiency and increase effective communication
between producers and consumers” (Li et al., 2017). In the human
category there is no clearly dominating system level associated to
interconnectedness, while in the technical category it mainly refers
to the enterprise and process level and in the organizational category
the process as well as customer level prevail. CPS and IoT technol-
ogies such as wireless networks and RFID chips are named as the
most common technological enablers.

Thames and Schaefer suggest software-defined networking as a
“very cost-effective” option to achieve interconnectedness as an
aspect for economic sustainability (Thames and Schaefer, 2016).
Considering the social aspects of sustainability, Industry 4.0 fosters
the connection between people within an enterprise (Hecklau et al.,
2016) and with cooperating partners (Sanders et al., 2016).
Although a number of publications suggest to also connect humans
(e.g. staff and customers) as part of bigger networks only one
publication emphasizes the need for “adequate systems to support
workers” as a consequence of such interconnected and rapidly
changing environments (Paelke, 2014). In (Hofmann and Riisch,
2017), the future role of human workers in the value chain is
fundamentally questioned by forecasting that “digital connectivity
enables an automated and self-optimized production of goods and
services including the delivering without human interventions”.
Another text fragment addresses the potential of interconnectedness
and integration “to plan for better business and societal outcomes”
(Lu, 2017) but does not explain in detail what those societal out-
comes could entail. No effects on environmental aspects could be
found.

3.4.2. Customization

The customization of production, products and services is
considered a fundamental paradigm shift (Gabriel and Pessl, 2016)
of Industry 4.0. Industry 4.0 enables factories to better define cus-
tomers’ behaviors and needs (Shrouf et al., 2014) and is supposed to
realize “the manufacturing of individual products in a batch size of
one while maintaining the economic conditions of mass produc-
tion“ (Lasi et al., 2014). This is referred to as mass customization,
which allows individual preferences to be included in the design
and enables last-minute changes (Heng, 2015; Shrouf et al., 2014).
The IoT and Internet of Services (IoS) as well as advanced
simulation-software for virtual prototyping are seen to be enabler
of customization (Brettel et al., 2014; Sanders et al., 2016) under the
conditions of highly flexible (large series) and modular production
(Monostori, 2014; Weyer et al., 2015).

Customization is associated with a broad range of expectations,
e.g. “to increase users participations, so that each user can experi-
ence the fun of creating products” (Zhou et al., 2015) or to enable
“the customer not only to know the production information of the
product but also to receive the advice of utilization depending on
their own behaviours” (Qin et al., 2016). Customization is also
influencing the production and product development process but

also services provided by other departments of the enterprise as
well as the whole value chain (Liu and Xu, 2017). This is well re-
flected in our analysis where customization almost equally often
refers to the product, process and enterprise level.

The main purpose of customization is often found in the eco-
nomic dimension (Gabriel and Pessl, 2016; Oesterreich and
Teuteberg, 2016). Customization is understood as “cost-effective
adaptation of production to individual requirements“ (Heng, 2015)
and “resulting in a reduction of internal operating costs”
(Oesterreich and Teuteberg, 2016), as well as supporting production
“with higher quality, lower costs, and high productivity” (Liu and
Xu, 2017). Many authors take up the narrative that individualized
batch size one products can be produced cost-effectively or even
under the conditions of mass production. According to (Gabriel and
Pessl, 2016) this can become “a key success factor” especially for
SMEs. Environmental sustainability is touched in only two text
fragments: indirectly in (RiifSmann et al,, 2015) where the tech-
nological opportunities of additive manufacturing are emphasized
to enable batch size one products that also allows for lightweight
designs, which in turn can lead to reduced material and energy
consumption. In (Schmidt et al., 2015), the hypothesis is raised that
customized products “may reduce the number of product returns”.
Customization was not associated to any social aspects.

3.4.3. Efficiency

Efficiency is described as an important consequence in the In-
dustry 4.0 context made possible by its enabling technologies:
“Therefore, on-demand use and efficient sharing of resources can
be enabled by the application of IoT technologies in manufacturing”
(Zhong et al., 2017). Increased efficiency primarily refers to the
production process and other value creation processes (Sommer,
2015) “mainly through consequent digital integration and intelli-
gentization of manufacturing processes” (Schumacher et al., 2016).
This is reflected in our analysis, where text fragments mainly relate
to the process and enterprise level. More specifically, it shall be
achieved through “efficient allocation of products, materials, en-
ergy and water by taking into account the dynamic constraints of
the CPS, e.g. of the smart logistics, the smart grid, the self-sufficient
supply or the customer* (Stock and Seliger, 2016). The idea of In-
dustry 4.0 is based on rapid and efficient data transmission within
the value chain (Heng, 2015) through which a higher level of
operational efficiency (Thames and Schaefer, 2016) and produc-
tivity, as well as a higher level of automation (Lu, 2017) can be
achieved.

A commonly identified narrative claims that Industry 4.0 will
ensure factories become smart and adaptable, leading to an
improvement in their resource efficiency and the overall integra-
tion of supply and demand processes (Li et al., 2017; Varghese and
Tandur, 2014; Zawadzki and Zywicki, 2016). Efficiency is often used
on an abstract level like in “boosting efficiency via sensible auto-
mation” (Heng, 2015) without defining what kind of efficiency is
enabled through which means. Efficiency gains are accredited to
the application of IoT technology or CPS (Xu et al., 2018; Zhong
et al., 2017), the usage of mobile devices (Schuh et al., 2015) or to
more efficient management practices (Schuh et al., 2015; Zhou
et al, 2015). Lasi et al. regard sustainability and especially
resource-efficiency as an increasingly important factor for the
design of industrial manufacturing processes, taking them as
“fundamental framework conditions for succeeding products” (Lasi
et al, 2014). Efficiency-associated expectations for sustainable
development are high, as can be illustrated by the following
example: “Industry 4.0 needs to [...] present solutions to issues that
need to be dealt with (such as the resource and energy efficiency,
urban production, demographic change)” (Liu and Xu, 2017).
However, no social implications are explicitly mentioned. Economic
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implications are not explicitly stated either but are subsumed un-
der the vague terms of improved efficiency and optimization of
production. The often mentioned term resource efficiency pre-
sumably points towards environmental implications, occasionally
specified as energy efficiency but only once as material efficiency.
One of these efficiency claims is supported with empirical evidence
(Xu et al., 2018), where a company achieved a reduction in energy
consumption by 10% through the application of IoT technology.

3.4.4. Internet of Things

Seven publications claim that technical innovations in the
framework of Industry 4.0 are mainly based on the Internet of Things
(IoT) and Services and its technologies. IoT enables interconnec-
tedness since “the industry-relevant items, for example, material,
sensors, machines, products, supply chain, and customers, are able
to be connected” (Qin et al, 2016). From the technological
perspective, the descriptions addressing IoT can be summarized as
a mix of methods and emerging internet technologies that facilitate
the creation of a digitalized work environment using wireless
sensor networks (WSN) based on as RFID, Near Field Communica-
tion (NFC) or Industrial Wireless Networks (IWN) or Mobile
Communication Networks (MCN) such as 5G. The application of the
IoT concept in an industrial context is sometimes referred to as
Industrial Internet of Things (IloT) also used synonymously for In-
dustry 4.0: “The IIoT is a new revolution resulting from the
convergence of industrial systems with advanced computing, sen-
sors, and ubiquitous communication systems“ (Thames and
Schaefer, 2016). The IoT upgrades manufacturing technology
enabling it to “sense, interconnect, and interact with each other to
automatically and adaptively carry out manufacturing logics*
(Zhong et al., 2017). In the category human IoT is mainly seen as an
enabler for building new ways of interaction between machines
and humans (Sanders et al., 2016; Xu et al., 2018; Zhong et al., 2017)
allowing for ,,a highly integrated human machine manufacturing
system* (Zhong et al., 2017), while the role of humans or conse-
quences for humans are not part of the description. The majority of
text fragments relate to the enterprise (58%) or the process (46%)
level, surprisingly few of them to the value chain (11%) level.

One publication describes IoT from a more sociotechnical point
of view suggesting that in order “to promote work-based learning”,
there is a necessity “to tap the full potential of Cyber-Physical
Systems and the Internet of Things within socio-technical indus-
trial production systems” (Schuh et al., 2015). In this sense the
perspective on technological development is extended including
social aspects and ideas about the role of humans in such IoT-
enabled networks. This is important when assessing sustainabil-
ity consequences in the social dimension regarding Industry 4.0.
From an economic perspective IoT helps companies to “improve
customer relationships, track tools, deliver products faster, and
reduce costs [and to] create new business opportunities* (Trappey
et al., 2017). On the environmental side does the transparency
through IoT allow “for optimization across factory sites in the area
of production, and then improve factory efficiency” including its
energy efficiency (Shrouf et al., 2014).

3.4.5. Cyber-Physical Systems (CPS)

Cyber-Physical Systems (CPS) are regarded by nine publications
as a core technological enabler of Industry 4.0. With their help
machines are able to communicate with each other and decen-
tralized control systems will be able to optimize efficiency of pro-
duction (Xu et al, 2018). They are systems of collaborating
computational entities that intensively connect the surrounding
physical world and its on-going processes with the virtual world of
information technology (Lasi et al., 2014; Schmidt et al., 2015;
Sommer, 2015; Wang et al., 2016). These systems provide and use

data-accessing and data-processing services available on the
Internet (Xu et al,, 2018). CPS are “leveraging a wide range of
embedded sensors and actuators, beyond connectivity and
computing power. CPS know their state, their capacity and their
different configuration options“ (Almada-Lobo, 2016). They can
self-control certain tasks and interact with humans via interfaces
(Brettel et al., 2014) but require a permanent exchange of data via
virtual networks in real-time (Stock and Seliger, 2016). The services
which CPS entities can provide allow for an orchestration of busi-
ness processes related to quality, logistics, engineering and opera-
tions (Almada-Lobo, 2016). CPS enable manufacturing ecosystems
driven by smart systems that have autonomic self-properties, for
example self-configuration, self-monitoring, self-healing (Thames
and Schaefer, 2016), self-organization and decentralization (Stock
and Seliger, 2016). Key enabling technological elements inte-
grated in CPS are intelligently linked “applied sensor systems for
collecting data as well as actuator systems for influencing physical
processes” (Stock and Seliger, 2016). According to our analysis, CPS
mainly refer to the process and enterprise level and to a lesser extent
also to the value chain and product level.

On the economic side of sustainability CPS-based manufacturing
is supposed to open up new economic opportunities (Almada-Lobo,
2016; Bauer et al., 2015). On the social dimension CPS create “work
environments with new opportunities to purposefully facilitate
learning new tasks” (Schuh et al., 2015) and bring flexibility to the
organization of work (Bauer et al,, 2015; Xu et al., 2018). Addi-
tionally, CPS are supposed to allow for “communication between
humans, machines and products” (Brettel et al., 2014) and may
improve resource productivity and efficiency whilst enabling more
flexible models of work organization (Thames and Schaefer, 2016;
Xu et al., 2018). Their usage with intelligently networked objects in
manufacturing enables a new quality of flexible working which
constitutes tasks distributed in multiple dimensions of time, space
and content (Bauer et al., 2015).

3.4.6. Integration

Industry 4.0 affects intra-as well as inter-organizational aspects
(Xu et al., 2018) and is supposed to technically integrate CPS into
production and logistics and to integrate the concept of the Internet
of Things and Services into industrial processes (Heng, 2015).
Integration is mainly referring to the enterprise and to a slightly
lesser extent also to the value chain and the process level. Three
types of integration are differentiated: horizontal integration, ver-
tical integration and end-to-end integration (Qin et al., 2016). Their
realization “requires change [s] in the enterprise architecture, ICT
integration and processes“ (Xu et al., 2018).

Horizontal integration is understood as the linkage of “value
creation modules throughout the value chain of a product life cycle
and between value chains of adjoining product life cycles” (Stock
and Seliger, 2016), while vertical integration describes the system
integration at “different hierarchical levels (e.g. actuators and
sensors on the shop floor, Manufacturing Execution Systems in
production management and ERP-Systems on the corporate plan-
ning level)” (Gabriel and Pessl, 2016). Vertical integration enables
the implementation of ,a flexible and reconfigurable
manufacturing system” (Wang et al., 2016), which allows for a new
level of organization and control over the whole value chain of the
life-cycle of products (Li, 2018; Stock and Seliger, 2016). Further-
more, analytical and simulation-based approaches are integrated
into the business processes of an enterprise (Monostori, 2014). End-
to-end integration focuses on the integration of “digital industrial
ecosystems” (Xu et al., 2018) and is supposed to work “across the
supply chain from inbound logistics to production, marketing,
outbound logistics and service” (Sanders et al., 2016). CPS and IoT
technologies are considered major technological enablers for
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integration purposes (Qin et al., 2016).

One main purpose of integration activities, which might also
impact the aspects of sustainability, is to achieve end-to-end
transparency, in order to eventually increase efficiency (Shrouf
et al.,, 2014) and to enable efficient and quickly customizable
products (Faller and Feldmiiller, 2015). Another environmental
improvement is the possibility to consider energy-related data
management of production (Shrouf et al., 2014). One paper de-
scribes the vision of a comprehensive integration leading to a
“highly integrated human machine manufacturing system”, which
through the usage of Al could minimize the involvement of human
beings in manufacturing (Zhong et al, 2017) as a social
consequence.

3.4.7. Autonomy

For five publications the vision of the autonomously controlled
factory includes the decomposition of the classic production hier-
archy towards decentralized self-organization. Autonomous sys-
tems are capable of self-decision making, offering intelligent
negotiation mechanisms (Wang et al., 2016). Small networked
production networks are capable of efficiently controlling their
operations and exchanging information in response to changes in
the environment and strategic goals (Erol et al., 2016; Weyer et al.,
2015). Autonomy is mostly discussed on the product and process
level. In most cases with regards to the human category, autonomy
refers to new forms of interaction between humans and machines
based on the increased autonomy of the latter in Industry 4.0: as
machines “are able to acquisition and process data, they can self-
control certain tasks and interact with humans via interfaces”
(Brettel et al., 2014). Only one statement from the human category
takes a closer look at the role of humans in those self-organized
networks: “The primary function of the worker will thus be to
dictate a production strategy and supervise the implementation
thereof by the self-organizing production processes” (Gorecky
et al., 2014). A precondition for autonomy is a so-called “intelli-
gence” of the respective entities or an underlying super system (Qin
et al., 2016). The optimization of the value chain is assumed to be an
outcome of higher autonomy in production (Kolberg and Ziihlke,
2015). Autonomy and self-organization make the more complex
structure in Industry 4.0 more manageable (Gorecky et al., 2014),
for instance, self-organized logistics can react to unexpected
changes (Shrouf et al., 2014).

From a sustainable development point of view, the role of the
worker is of high relevance from a social perspective but is not
really discussed in the text fragments or left to interpretation by the
reader: “The digital connectivity enables an automated and self-
optimized production of goods and services including the deliv-
ering without human interventions” (Hofmann and Riisch, 2017).
Another point of reference is the self-optimization of production
networks “according to a range of criteria such as costs (Liu and Xu,
2017; Weyer et al., 2015), availability and consumption of re-
sources” (Liu and Xu, 2017) which would benefit the economic
dimension of sustainability and potentially but less explicitly also
the environmental dimension.

3.4.8. Service-orientation

Industry 4.0 is expected to bring about a change from a pre-
dominantly product-to a greater service-orientation in the
manufacturing industry (Heng, 2015; Lasi et al.,, 2014; Lu, 2017),
where services are becoming an integral part of the production
processes (Zhong et al., 2017). The Internet of Services is described
as one very relevant feature of Industry 4.0 (Almada-Lobo, 2016).
Text fragments dealing with service-orientation mainly refer to the
process, value chain or enterprise level. They rarely relate to the
product or customer level, even though the latter is an integral part

as service receiver. On the product level services are closely inter-
linked with customization as well as services to “predict product
degradation” (Liu and Xu, 2017). On the enterprise level an
increased value creation based on new services and resulting
business models is expected (Hofmann and Riisch, 2017; Lee et al.,
2014; Lu, 2017). Emerging business models will be “data-driven
services for production systems” (Riifdmann et al., 2015), “collabo-
rative, customizable, flexible, and reconfigurable services to end-
users” (Zhong et al., 2017) offered via the internet (Vogel-Heuser
and Hess, 2016; Zhong et al., 2017). Examples for these services
include on-demand manufacturing (Zhong et al., 2017) or more
generally manufacturing-as-a-service (Xu et al., 2018). A Service-
oriented-Architecture is understood to lead to organizational
changes on the process, enterprise, value chain and customer level as
it enables for example rapid orchestration and assembly of process
services into larger, end-to-end processes (Xu et al., 2018; Zhong
et al., 2017). Further enabling technologies for the emerging ser-
vice-orientation are identification technologies, sensor networks
(Xu et al., 2018), CPPS and CPS (Lee et al., 2014).

Few text fragments dealing with service-orientation address
sustainability. Value creation based on new services and new
business models could potentially benefit the economic dimension
of sustainable development. The service-orientation is seen as
providing “significant economic potential” (Lee et al., 2015). These
manufacturing services may come with opportunities for more
environmental sustainability, as they can potentially be shared or
even circulated (Xu et al., 2018; Zhong et al., 2017).

3.4.9. Data management

In Industry 4.0 all processes related to data, information and
knowledge will change (Zhou et al., 2015). Technologically Industry
4.0 “involves a new level of data integration and data processing”
(Liu and Xu, 2017) for the manufacturing sector, which comes along
with a “huge increase of variety, volume and velocity of data cre-
ation” (Schmidt et al., 2015). Therefore, data-intensity (Bauer et al.,
2015) and data exploitation (Erol et al., 2016) are considered rele-
vant attributes of Industry 4.0. With the help of “data science and
analytical models” (Xu et al., 2018), “data mining and big data” (Qin
et al., 2016) these high volumes of data from multiple integrated
systems are analyzed to enable supported decisions by intelligent
technologies (Qin et al., 2016). Due to the heterogeneous nature of
raw data, data integration through standardization, data exchange
formats and model-based interoperability are key challenges in
Industry 4.0 (Vogel-Heuser and Hess, 2016) for enabling continuous
data and information exchange between involved devices and
parties (Shrouf et al., 2014). Consequently, IT security, data pro-
tection (Baur and Wee, 2015; Jazdi, 2014) and data validity (Li et al.,
2017) are becoming increasingly important issues for the man-
agement of decentralized data.

On the social dimension (Paelke, 2014), raises the issue that
workers must be supported in an environment characterized by
high data volumes, while (Schuh et al., 2015) frames data-based
automatic feedback and more easily interpretable data pre-
processing and visualization as opportunities to support produc-
tion workers in an Industry 4.0 environment. In (Zhou et al., 2015)
privacy issues are seen as a potential social threat for employees.
Surprisingly neither mention the role and integration of the
customer in Industry 4.0 nor do the energy requirements to store
and manage the enormous amounts of data play any role in the
relevant text fragments dealing with the topic of data management.

3.5. Consolidated definition of the established term industry 4.0

According to the results from the presented analysis different
characteristics can be summarized for the role of humans, future
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manufacturing organizations and the envisioned technologies to
implement Industry 4.0.

Humans in an Industry 4.0 setting are expected to do less
physical but more mental work, increasingly communicate with
partners across the value chain and react to customer preferences.
They will be facing the challenge to collaborate with or manage
more autonomous systems. Their tasks will be influenced by
working in a more service-oriented organization. They will be
interconnected with the manufacturing system through IoT tech-
nology and supported by HMI solutions. They will work in fully
integrated environments that are optimized for maximum effi-
ciency, while their tasks will be influenced by decentralized deci-
sion making.

On the technological side, highly efficient automated
manufacturing systems will be interconnected building on the
standards of the Industrial Internet of Things and a Service-
oriented architecture, creating a so-called Industrial Internet of
Things and Services. The informational intelligence of these
manufacturing systems is based on CPS, IoT technology, Big Data
approaches and an integrated but efficient management of relevant
data. This combination is expected to allow manufacturing systems
to become more autonomous and flexible, so that they can manu-
facture customized products with comparably little extra effort.

Organizations in Industry 4.0 need to make use of the above
described technological opportunities to become decentralized and
flexible, in order to being able to quickly adapt to frequently
changing customer requirements. Preconditions for flexibility in
organizations are interconnectedness, reconfigurable and modular
systems, as well as effective communication between producers
and consumers. Decentralized and more autonomous CPS are ex-
pected to permeate throughout organizations. Business processes
of organizations need to be integrated and to allow for more
service-orientation while still being very efficient.

3.6. Sustainability aspects in established understanding of industry
4.0

Our second research question investigates to what extent sus-
tainability aspects have been reflected in the understanding of the
concept Industry 4.0 as it is provided by the most cited publications
on Industry 4.0. Amongst other criteria we focus on topics related to
SDGs 8 (decent work and economic growth), 9 (industry, innovation
and infrastructure) and 12 (responsible consumption and production).

Some text fragments highlight a positive influence on growth,
productivity and work: “Industry 4.0 will allow us to achieve [...]
accelerated growth in productivity” (Thames and Schaefer, 2016) is
a typical example for the growth assumption while the work-
related modification of job profiles and the workforce is assumed
to change “the competitiveness of companies and regions“
(RiiBmann et al., 2015). Although quite optimistic, both statements
do not seem to be based on research results or calculations. None of
the text fragments mention potential differences in countries of the
Global South and North. Future working conditions are a part of the
discussion about Industry 4.0 (see also category human and key
feature employee). Some publications mention the threat of losing
especially jobs with low skill profiles through automation
(Sommer, 2015; Stock and Seliger, 2016), while others expect a
positive influence on working conditions: Industry 4.0 “will free up
more time for people to pursue their interests, which in turn en-
ables more diverse and flexible career paths and will allow people
to keep working and remain productive longer” (Xu et al., 2018).
Additionally, new technological tools will be applied which have
the potential of improving working conditions through “chrono-
logical and spatial flexibility” (Heng, 2015) while also “increasing
the intrinsic motivation and fostering creativity by establishing

new CPS-based approaches of work organization and design”
(Stock and Seliger, 2016). Efficiency is considered the most impor-
tant topic with regard to the environmental dimension of sustain-
ability. Industry 4.0 is expected “to present solutions to issues that
need to be dealt with (such as the resource and energy efficiency,
urban production, demographic change)” (Zhong et al., 2017). The
technological development in the context of Industry 4.0 is
believed to contribute to “a concept towards a holistic resource
efficiency” (Stock and Seliger, 2016), “improve resource produc-
tivity and efficiency” (Xu et al., 2018) and give rise “to completely
new innovations with added value and business models that sup-
port optimal resource utilization and smart control” (Jazdi, 2014).

Decentralization in the context of the category human is often
part of a list of core principles without detailing what kind of
decentralization is meant: “The principles of Industry 4.0 are
interoperability, virtualization, decentralization, real-time capa-
bility, service orientation, and modularity” (Lu, 2017). It is also not
clear who or what will be in charge of taking decisions in future
production processes - machines or humans: “The decision itself
will be taken by the workers or by the equipment using methods
from the field of artificial intelligence” (Stock and Seliger, 2016).
From a sustainability point of view the question of who will be
responsible - human or machine - is a rather relevant one with
potential consequences for the social but also the other dimensions.
This question is touched upon but not answered in the analyzed
text fragments.

Very few text fragments focus on inclusive and sustainable
industrialization or production patterns. One publication found
that Industry 4.0 “will bring benefits in four areas: productivity,
revenue growth, employment, investment” (Riifmann et al., 2015)
— focusing exclusively on Germany though. Only (Gabriel and Pessl,
2016) addresses the special role of small and medium-sized en-
terprises in an Industry 4.0 future concluding it can be a “key
success factor for (international) competitiveness”, mainly due to
the characteristics “lot size one, rapid response to customer, high
quality and flexibility”. The same publication also states “systems
can be optimized continuously during production process in terms
of resources and energy consumption or emission output” (Gabriel
and Pessl, 2016) picking up the topic of CO2 emissions and that “the
most complex technical devices can be decomposed into its com-
ponents at low cost and, subsequently, disposed or recycled”
(Gabriel and Pessl, 2016) due to a future plus in product
information.

The derived key features also show a great discrepancy with
regard to how often they relate to the topic of sustainability - a
parameter that is called “sustainability density” in Table 6. The two
key features, where sustainability aspects seem to be an integral
part (around three in four text fragments associated to this key
feature deal with it) are employees (mainly social dimension) and
efficiency (predominantly economic, half as often environmental). On
the opposite side is the key feature Big Data where only one text
fragment out of 24 is related to a sustainability issue. It is also
apparent that the genuinely technical key features such as Big Data,
Internet of Things and Cyber-Physical Systems dominate the lower
third of the table.

From a sustainability point of view economic and social aspects
are the dominating dimensions within the analyzed body of liter-
ature (see Table 7). Despite the large number of socially relevant
text fragments referring to the human category, concrete implica-
tions for future work and job profiles are mainly imprecise and
vague. The same finding applies to fragments referring to efficiency,
where the majority of text fragments relates to economic issues
promising either generally more efficiency or only concretizing the
statement to more efficiency in production. For the categories
technology and organization economic aspects are by far the most
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Table 6
Sustainability density of key features.

Key feature Nr. of text fragments

NTF related to sustainability (NTF- “sustainability density” (NTF-Sus/ NTF-Sus with (reference to) empirical

(NTF) Sus) NTF) evidence
Employees 37 29 78% 1
Efficiency 58 43 74% 2
Collaboration 16 6 38% 1
Automation 35 13 37% 0
Customization 40 14 35% 0
Human-Machine 11 3 27% 0
Interaction
Flexibility 38 10 26% 0
Decentralization 28 6 21% 0
Service-orientation 54 9 17% 0
Data management 43 7 16% 0
Communication 37 6 16% 0
Integration 56 8 14% 0
Cyber-Physical Systems 80 11 14% 0
Internet of Things 69 8 12% 1
Autonomy 54 6 11% 0
Interconnectedness 70 6 9% 0
Big Data 24 1 4% 0
Table 7

Number of sustainability related text fragments per category and dimension.

Overall text fragments

Text fragments with relation to ... dimension of sustainability

social environmental economic any
Human 157 88 15 35 97
Technology 544 64 44 99 151
Organization 480 68 52 111 159
Overall 689 93 63 140 213

relevant sustainability topics. Many of these economic text frag-
ments refer to the expectation that Industry 4.0 will provide for
more (cost) efficiency in production (as described above) and open
up opportunities for new business models and growth in general.
Environmental aspects only play a minor role in all three categories;
most significantly in the category human.

4. Discussion

This article defines the concept Industry 4.0 from a socio-
technical perspective by providing an in-depth overview its key
features. This is not only interesting from a descriptive point of
view i.e. finding a definition of the ill-defined term Industry 4.0 (see
the research gap stated in section 1), but also from an analytical
point of view. How Industry 4.0 is perceived, defined and discussed
is influencing the actual process of its development and
implementation.

A first result is the vagueness of the term that still remains after
our analysis. Although based on an extensive literature review the
essential key features of Industry 4.0 were challenging to identify.
Following this observation Industry 4.0 does not seem to be a
sharply defined, homogeneous development rather a collective
term of different developments. One reason for this might be the
also politically rather than purely scientifically motivated origin of
the concept. Adding to this complexity is the fact, that the majority
of key features is associated with more than one category and
system level (Appendix IIl provides an overview of all key features
and how intensely each of them relates to the five system levels and
effects & consequences). The huge overlap of key features between
all categories underline that Industry 4.0 is a sociotechnical
development that can and should not be reduced to technical as-
pects (see also (Davies et al., 2017)).

The second related result concerns the lack of conformity

regarding positive outcomes of Industry 4.0. The transformation of
industrial production is one of the biggest challenges for a sus-
tainable development. However, it is not clear to what extent In-
dustry 4.0 will contribute to this development. Sustainability
aspects such as “decent job creation” and resource efficiency are
mentioned but not explained or derived from research. Besides the
threat for “unqualified workers” none of the analyzed text frag-
ments takes on a differentiated view on future working conditions
by, for instance, discussing the chances of women, younger workers
or people with disabilities to be equally employed in an Industry 4.0
future. Many text fragments claim improved resource efficiency as a
consequence of Industry 4.0. It is not made clear though under
which circumstances those efficiency gains are to be expected. A
detailed contribution of Industry 4.0 to a decoupling of growth and
resource consumption is also missing (see (Hickel and Kallis, 2019)
for a more general critique on that matter). A single publication
mentions improvements with regard to decomposing and recy-
cling, without providing any scientific reference. The fact that in
order to enable Industry 4.0, all entities participating in a digitized
and interconnected production need to be equipped with ICT in the
first place is also not considered (see also (Fritzsche et al., 2018)).
Hardly any of the text fragments that postulate effects of key
features on sustainability aspects provide any kind of evidence or a
reference to such evidence. In total only 17 out of 684 text frag-
ments describing the concept Industry 4.0 provide such evidence
(see right column of Table 6), which underlines the often more
conceptual or subjective nature of the descriptions. In summary the
analysis of sustainability aspects suggests that Industry 4.0 is
associated with a number of desired outcomes, but hardly any of
these mentioned positive sustainability aspects are a necessary
result of digitalization. In other words only very few of the articles
establish a scientific link between Industry 4.0 and sustainability
aspects although often authors’ presentations are suggesting
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otherwise. Sustainability aspects can therefore not be considered
an integral part of the Industry 4.0 concept, but are rather treated as
“add-on features”. As a consequence sustainability aspects are not
researched comprehensively and possible potentials are not
identified.

A contribution to a sustainable development of industry can
only be expected when the transformation includes clear in-
tentions from the very beginning. The leading question should not
be how much positive influence Industry 4.0 will have on sus-
tainable development but how sustainable digitalization of in-
dustry could look like. A sustainable industrialization as envisioned
by the sustainable development goals will need a more trans-
formative approach of integrating sustainability. The mere adding
of potential positive aspects might be more of a hindrance in this
regard than a support. Another major flaw with regard to a sus-
tainable development is the lack of global consideration. Not a
single text fragment within the scope of our analysis addressed
potential social, environmental or economic implications of In-
dustry 4.0 for the Global South. Hence Industry 4.0 sustains a rather
traditional view on world economics and industrialization.

Industry 4.0 is often referred to as a disruption in industrial
production. However, based on the analyzed publications it must
be stated that the goals of Industry 4.0 follow traditional pathways.
Modern digital technologies are incorporated into traditional pro-
duction environments. CPS-enhanced machines are getting inter-
connected and equipped with so-called smart devices. This vision
stands more for a digital update of the established patterns of in-
dustrial production rather than a disruptive concept with a trans-
formative potential. This is especially harmful when it comes to
integrating sustainability aspects in industrial processes. Industry
4.0 as it is described in the analyzed literature seems to sustain the
path dependencies of the “traditional” instead of initiating a sus-
tainable industrialization.

Further research on Industry 4.0 could also benefit from a more
interdisciplinary perspective. Most descriptions are techno-centric,
naming lots of modern technological approaches. What is missing
in the analyzed body of literature are complex scenarios and in-
depth analyses of what these developments might imply for em-
ployees or the environment. Especially when considering that
humans still remain at the center of the dynamics between data
and knowledge in Industry 4.0 (Kagermann et al., 2013; Dragicevic
et al.,, 2019) and constitute the decisive factor for operationalizing
sustainable development with the aid of information and
communication technologies (Seele and Lock, 2017).

5. Conclusions

This paper closes a research gap identified by many publications
in the past, systematically deriving and describing the constituting
key features of the concept Industry 4.0 through a qualitative
literature review. In addition to identifying a scientifically sound
definition of the commonly established understanding of the
concept Industry 4.0, this paper also contributes an analysis of how
far its key features reflect sustainability aspects.

The validity of the analysis is limited by a number of factors. The
understanding of the term is solely based on literature on Industry
4.0, derived from only one database and one search string. The
incorporation of the search results from other databases, a bigger
number of publications or related concepts such as Industrial
Internet of Things or Advanced Manufacturing may enrich the
understanding of the concept and might lead to a better repre-
sentation of sustainability. Furthermore, changing the perspective
by an investigation of sustainability-focusing journals may shed
more light on the incorporation of this concept in contemporary
developments in sustainable manufacturing and how sustainability

is represented in current manufacturing approaches. Additionally,
the concept of sustainability and its representation in Industry 4.0
can be considered in more depth regarding intersections between
the three dimensions covering the social, environmental and eco-
nomic aspects for more specific insights.

Industry 4.0 is not a single technology, but a sociotechnical
concept in which technological, social and organizational aspects
interact. Effects of individual aspects do not necessarily allow
conclusions to be drawn about the overall impacts on the sus-
tainability of the entire concept. Therefore, systemic studies that
cover for example an entire value chain situated in broad system
boundaries are necessary to be able to reliably estimate the actual
sustainability implications of the concept Industry 4.0. More
importantly, future research should consider the questions of how
the concept of Industry 4.0 and its concrete implementation can
contribute (1) to the realization of the United Nations sustainability
development goals and (2) to sustainability aspects beyond effi-
ciency and productivity. In summary, research in the context of
Industry 4.0 has, thus far, failed to prove its benefits for a more
sustainable production and, therefore, societal development. Our
findings should encourage researchers working on Industry 4.0 to
demonstrate specific economic, environmental, and societal benefits
and generally provide evidence regarding the effects of the con-
cept’s implementation for sustainable development in different
contexts. As reasoned in section 4, these questions should neces-
sarily be studied from an interdisciplinary perspective.
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