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Abstract
The transformation of industrial production is one of the big challenges on the pathway to sustainable development. 
Therefore, expectations regarding the contribution of Industry 4.0 are high. So far there is only little research focusing on 
the relation between the Sustainable Development Goals (SDGs) of the United Nations 2030 Agenda and the digitaliza-
tion of industrial processes. We argue that sustainability aspects must be an integral part of Industry 4.0 implementation 
to support a sustainable development. For that reason, the digital manufacturing concept itself must take essential char-
acteristics of sustainability into account. Our analysis has investigated to what extent sustainability aspects are currently 
reflected in the most recognized articles about Industry 4.0. For that purpose, we have conducted a systematic literature 
review, in which we have analysed the top cohort of most frequently cited articles published after 2013 on GoogleScholar 
dealing with “Industry 4.0”. Our literature review reveals that the descriptions reflect many expectations and hopes while 
only few of them are evidence-based. According to our results Industry 4.0 mainly deals with the economic dimension 
of sustainability such as growth and productivity. Although there are expectations that Industry 4.0 creates a window 
of opportunity for a more sustainable production, we could not find evidence to support this idea. Instead of targeting 
a more sustainable production, many descriptions draw a picture in which Industry 4.0 processes run exactly as before, 
just in a digital way.
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1  Introduction

The transformation of industrial production is one of the big challenges on the pathway to sustainable development. 
The United Nations Environment Programme speaks of a”new economic paradigm—one in which material wealth is not 
delivered perforce at the expense of growing environmental risks, ecological scarcities and social disparities” [1]. Industry 
4.0 is characterized as a fundamental transformation or in other words a “fourth industrial revolution enabled by Internet 
technologies to create smart products, a smart production, and smart services” [2].

There is no single coherent definition of the term Industry 4.0 in scientific literature. However, some of the most rec-
ognized publications describe Industry 4.0 as a modern manufacturing concept based on digital and virtual processes in 
which manufacturing systems and to-be-manufactured products are interconnected through the means of information 
and communication technology (ICT) and cyber-physical systems. Manufacturing processes are executed by decentral-
ized, intelligent and partially autonomous machinery, with the ability to self-organize. Industry 4.0 factories are highly 
flexible, enabling the application of self-optimized manufacturing processes that facilitate mass customization [3–6].
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Despite these technological advancements, Industry 4.0 offers several challenges for all three dimensions of sustain-
ability [7]. Regarding the social dimension, growing inequalities [8] and increasing disparities in industrial employment 
[9–11] need to be mentioned, while the debate on the environmental implications is focusing around issues like enabling 
circular economy or supporting other resource-conserving methods [12, 13] and the energy consumption of digital 
services and applications, which continues to rise [14]. Among the economic challenges collapsing industrial sectors, 
and the enormous concentration of power regarding ICT manufacturing and digital services such as cloud computing 
[15, 16] are discussed most prominently.

However, expectations concerning the contribution of Industry 4.0 to sustainable development and the achievement 
of the Sustainable Development Goals (SDGs) of the United Nations 2030 Agenda are rather high [17, 18] especially 
among policy makers and representatives of the industrial sector [19–21]. The Global e-Sustainability Initiative (GeSI), 
an initiative of ICT companies, proclaims ICT has the “potential to generate powerful environmental, economic and social 
benefits”, ranging from reducing CO2 emissions (20%), to generating additional revenues (over $11 trillion) to wider 
societal benefits (through connecting another 2.5 billion people) by 2030 [22]. Even though all these expectations can 
hardly be fulfilled, it seems likely that the goals of sustainability must be an integral part of the Industry 4.0 concept to 
include sustainability criteria from the very beginning of technological change. Currently hardly any dedicated research 
focusing on the overlap between Industry 4.0 and the SDGs is taking place. This research would be important to help 
shape the research agenda and thus also the implementation of Industry 4.0.

However, the views or mindsets towards a concept, as well as its understanding, do determine the way in which the 
activities for the subsequent implementation of the concept itself are carried out [23–25]. Conversely, this means that 
Industry 4.0 can only lead to a more sustainable development if the concept already takes into account essential charac-
teristics of sustainability. For this reason, in our analysis we investigate to what extent sustainability aspects have been 
reflected in the most recognized articles from science and practice on Industry 4.0. Thus, we analyzed text fragments from 
those (not exclusively scientific) publications that describe the concept Industry 4.0 or the anticipated consequences 
of its implementation with the targets and indicators of the UN Sustainable Development Goals (SDGs). We chose the 
SDGs as a reference point because they deliver a set of goals, targets and indicators regarding sustainable industrial 
development and are the result of an international participatory process involving national representatives and experts. 
Accordingly, we want to research the question: In how far does the established interpretation of the concept Industry 
4.0 and its anticipated impacts relate to the UN Sustainable Development Goals?

Unlike the Millennium Development Goals, often interpreted as a precursor to the SDGs, all targets and indicators of 
the SDGs are comprehensively aiming at both developed and developing economies. We focus our analysis on the SDGs 
8, 9 and 12 (see Appendix 2 for an overview of SDGs 8, 9 and 12 and their respective targets), as these appear to be the 
most relevant ones with respect to industrial production.

In the following section we present the methodology we have chosen to address the presented research question 
through a systematic literature review. The results of this review are presented in Sect. 3 sorted per SDG, while the main 
take-aways of the results are discussed in the subsequent Sect. 4. The paper concludes with Sect. 5, which offers some 
general conclusions drawn from the presented analysis and an outlook for future research.

2 � Material and methods

This literature review focusses on the established understanding and anticipated consequences of the Industry 4.0 con-
cept and seeks to analyze how they align with SDGs 8 (decent work and economic growth), 9 (industry, innovation and 
infrastructure) and 12 (responsivle consumption and production) and their respective targets and indicators. In order 
to enable a focused and stringent investigation, we have limited our analysis to these SDGs, which correlate directly 
with the industrial character of Industry 4.0. Other SDGs such as SDGs 1 (no poverty), 7 (affordable and clean energy), 13 
(climate action), which could possibly be indirectly associated with industrial production too, were therefore deliberately 
neglected. We operationalize the established understanding through the characterization of the concept found within 
the top cohort of literature on Industry 4.0 prevailing by the time the analysis was started. For this analysis, the top cohort 
is defined as a set of ranked publications with the following inclusion criterion: the successor offers more than 50% of 
the citations of its predecessor (see Appendix 1 for the ranked list of included publications).

We have used Industry 4.0 as the search string for the according query which was conducted in early 2019. Only items 
published after 2013 were included in the survey, since the implementation recommendations for the future project 
Industry 4.0 were officially presented in April 2013 by the Industrie 4.0 working group. In order to depict the prevailing 
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understanding of Industry 4.0 as it has been established—not only in academia but also in practice—Google Scholar 
was selected instead of an exclusively scientific database. The search provided us with our research object: a list of pub-
lications which is ranked after the number of their respective citations. A visual representation of the search process is 
provided in Fig. 1.

All monographies and publications not complying with basic scientific rules, such as proper referencing, have been 
excluded from the analysis. After this selection process our body of literature consisted of 40 journal articles, six confer-
ence papers, three white papers and two research reports. Table 1 provides an overview of some charatestics of our body 
of literature. It displays the affiliations of authors, the location of these organizations and the outlets that have published 
the work. For this overview we have counted affiliations and countries only once per publication even if more than one 
author from that origin contributed to the publication. Affiliations, locations and outlets that occurred only once are not 
displayed in Table 1. Authors from different countries have collaborated on eight different publications.

In every publication we have manually identified relevant text fragments, which describe characteristics for or poten-
tial consequences of the concept Industry 4.0 and managed them and the according additional meta information in MS 
Excel. Overall, 684 text fragments could be identified. If the Industry 4.0 concept is to make a contribution to the SDGs, 
it is imperative that their characteristics are part of the understanding of the concept. Hence, for all identified text frag-
ments, we have analyzed whether their content relates to the targets or indicators defined in the SDGs 8, 9 and 12 and 
documented corresponding matches (see an overview of all targets for these three SDGs in Appendix 2).

3 � Results

This section presents the content of the text fragments that address the targets or indicators mentioned in SDGs 8, 9 
and 12 sorted by the respective SDG. SDG 8 is the one referred to most frequently among these three SDGs (see Fig. 2).

3.1 � SDG 8: promote sustained, inclusive and sustainable economic growth, full and productive employment 
and decent work for all

A total of 120 text fragments are referring to topics pertaining to SDG 8, targets 8.3 and 8.5 being the most frequently 
addressed ones (see Fig. 3). The targets of SDG 8 relate to economic (8.1, 8.2), social (8.5, 8.6, 8.7, 8.8), socio-economic 
(8.3) and a combination of economic & ecological (8.4) topics.

Fig. 1   Logical sequence of the 
search process to identify the 
body of literature
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Target 8.1 and 8.2 both relate to economic parameters like growth and productivity, which is why they are measured 
by the indicators like annual growth rate of real GDP per capita and per employed person [26]. 11 text fragments draw 
on the topics mentioned in target 8.1, focusing on economic growth in particular in least-developed economies. The 
majority of these text fragments refer on a more general level to economic benefits [27] and potentials [28], improved 
competitiveness [29–31] or accelerated growth [30, 32]. As an example, one paper argues Industry 4.0 “[…] will increase 
manufacturing productivity, shift economics, foster industrial growth […] ultimately changing the competitiveness of compa-
nies and regions” [30]. Only one paper explicitly addresses economic opportunities for less developed countries, claiming 
that the virtualization of the supply chain, as one concept of Industry 4.0, will open up development opportunities for 
emerging economies [33]. None of the papers contextualizes these statements with specific national circumstances.

The topics centered on the productivity of economies mentioned in target 8.2 are addressed by 41 text fragments. 
Most of these fragments refer to a general increase in productivity [29–31, 34–37] or an improved productivity through 
efficiency gains [29, 31, 35, 38–41] under Industry 4.0 conditions. However, it remains unclear on which research results 
or calculations these statements suggesting efficiency and productivity gains are based on. One text fragment that can 
be considered as exemplary reads “Industry 4.0 will allow us to achieve unprecedented levels of operational efficiencies and 
accelerated growth in productivity” [32]. In many text fragments efficiency gains are mentioned as a “byproduct” of the 
innovative Industry 4.0 environment such as cost-efficient batch size one production [3, 33, 42], cloud manufacturing 
[42, 43] or the cross-linking of data [41, 44], which implicitly rather relate to the company level than entire economies. 
Generally, only few publications are taking a macroeconomic perspective indicating productivity gains through disruptive 
innovations. One of these exceptions is referring to the entire manufacturing industry, forecasting disruptive innovations 
such as ”distributed organization of production, with connected goods (products with communication ability), low-energy 
processes, collaborative robots, and integrated manufacturing and logistics” [2]. A similar disruption in this sector, with the 
potential to affect the overall productivity of economies, is described in [29] foreseeing a”fundamental paradigm shift 
towards decentralized and individualized production, which will enable new, internet-based services and business models “, 

Fig. 2   Number of analyzed 
text fragments relating to 
SDGs 8, 9 and 12 respectively

Fig. 3   Number of analyzed 
text fragments relating to 
the relevant targets of SDG 8 
respectively
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where traditional “supply chains will evolve into highly adaptive supply networks “. A 30% increasement of productivity 
for the electrical industry through the Industry 4.0 concept is stated in [36]. In a another publication the Made-in-China 
2025 policy, where Chinas intention to transform its industry from labor intensive to knowledge intensive has been 
explicitly stressed, a analyzed [33]. Other forecasts regarding shifts in labor-intensity are more prominently tackled with 
the targets 8.3 and 8.5.

The future of employment and changing working conditions have become central to the ongoing public and scientific 
debate about Industry 4.0. It is not clear to what extent Industry 4.0 is expected to support the creation of decent jobs 
as demanded by SDG 8. Target 8.3 and 8.5 both set the focus on employment and decent working conditions. 57 text 
fragments relate to the topics mentioned in target 8.3, more than to any other target. The majority of these statements 
refer to the future quality of industrial work, mostly on a more general level [29, 37, 39, 43, 45–49]. In that manner they are 
forecasting “a minimum intervention of human[s]” [47] or an “[i]mproved […] human interaction” [48] in the future manu-
facturing processes or more visionary “transforming the traditional work-as-survival to work-for-life, to a final life-as-work” 
[37]. Some of the text fragments can be linked to the future “decency” of jobs under Industry 4.0, suggesting how human 
workers will be supported in coping with digital working environments [29, 33, 44, 50–52] and how new technologies 
will make this environment safer [33, 34, 36, 50]. Authors suggest, for example, working in Industry 4.0 “will free up more 
time for people to pursue their interests, which in turn enables more diverse and flexible career paths and will allow people to 
keep working and remain productive longer” [37]. Additionally, new technological tools will be applied with the potential 
to improve working conditions through “chronological and spatial flexibility” [39] and “increasing the intrinsic motivation 
and fostering creativity by establishing new CPS-based approaches of work organization and design” [41].

While according to our analysis it remains unclear in how far Industry 4.0 will lead to the creation of decent jobs as 
demanded by target 8.3, some publications forecast staff demand will raise for highly qualified personnel at the expense 
of their lower qualified colleagues [29, 31, 39, 41]. Additionally, it is expected that “new professions for employees will 
emerge” [29]. Only one publication [31] raises awareness for potential social distortions as a consequence of applying 
the Industry 4.0 concept on a broader scale.

Regarding the “growth of micro-, small- and medium-sized enterprises” demanded by target 8.3, one publication antici-
pates an improvement in information flow which will increase chances for small and medium-sized enterprises to become 
part of supply chains [43]. Moreover, opportunities for small and medium-sized enterprises due to greater flexibility of 
supply networks and the increasing demand for customized products expected are seen in the future [29]. All other 
issues included in target 8.3 like entrepreneurship or financial services have not been addressed in the analyzed body 
of literature.

Target 8.5 is strongly centered around the topics employment and work, which have already been presented in the 
paragraphs above in the context of the vaguely phrased “decent job creation” in target 8.3. The more specific issues in 
targets 8.5, namely employment for young people and persons with disabilities as well as equal pay, have not been 
addressed in the analyzed body of literature. Due to its comprehensive character, target 8.3 is also related to the work 
safety and security issues raised in target 8.8. Therefore, safety aspects of working environments have been discussed 
in the respective paragraphs on target 8.3. None of the analyzed publications was referring specifically to the further 
aspects of target 8.8 namely labor rights, migrant workers or precarious employment. Unlike improving employment 
chances for older people, which is stated in [29], effects on employment for young people, being essential to target 
8.6, was not addressed by any of the publications. The same applies for issues like child labor and forced labor that are 
central to target 8.7.

Ecological aspects are at the core of target 8.4, specifically demanding to improve global resource efficiency and to 
decouple economic growth from environmental degradation. 39 text fragments address this target, of which 18 refer 
to resource efficiency [3, 29, 36, 37, 41–43, 47, 53–55] and 16 more specifically to energy efficiency [2, 27, 29, 37, 41, 42, 
47–49, 55] as the two most prominent topics. Most of these statements do not provide any explanation or reasoning for 
these suggested improvements: 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)” [43]. The technological development in the 
context of Industry 4.0 is believed to contribute to “a concept towards a holistic resource efficiency” [41], “improve resource 
productivity and efficiency” [37] and give rise “to completely new innovations with added value and business models that 
support optimal resource utilization and smart control” [53] and thus “[…]make a substantial contribution to the sustainable 
development of the company” [29]. Where reasons are given, they remain on a rather general level, e.g. arguing that the 
improvement in efficiency is based on “the detailed information on each point of the production process […]” which makes 
it possible to optimize resource and energy “[…] over the entire value network (this means optimal resource and energy 
productivity, optimal resource and energy efficiency)” [29]. Another approach to improve efficiency is “to consider resource 
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and energy efficiency already in the planning stage of the company by the optimization of rooms, spaces, pathways or lines, 
by the design of centralized and decentralized supply and disposal systems or by creating closed material and energy cycles” 
[29]. Two more specific reasons for an improved resource efficiency are predictive maintenance [47] which is thought to 
avoid machine breakdown while also reducing waste through defect products, and a more transparent energy manage-
ment [27, 29, 36, 47].

Even though no publication explicitly addresses the topic of an actual decoupling of economic growth from resource 
consumption, some do address issues leading into that direction, like opportunities for a sharing or circular economy. 
One paper claims potential for”on-demand use and efficient sharing of resources” through digital technologies [43]. On a 
similar notion, Stock and Seliger [41] point towards the opportunity for digitalized factories to participate in smart grids 
and for realizing resource circularity (see also [29]) and industrial symbiosis. Another important prerequisite for a future 
decoupling is referred to in [55] where potentials for a better harmonization of supply and demand between compa-
nies are stated. Yet, it remains vague under which circumstances and to what extent efficiency gains can be expected. 
Equally, the texts analyzed lack a more detailed contribution to the decoupling of growth and resource efficiency based 
on research findings. None of the publications has addressed changes to consumption patterns potentially induced by 
Industry 4.0.

Targets 8.9, 8.10, 8.a. and 8.b. were considered irrelevant for this analysis by the authors, as they are not linked directly 
to the concept of Industry 4.0.

3.2 � SDG 9: build resilient infrastructure, promote inclusive and sustainable industrialization and foster 
innovation

With the ambition of improving productivity, growth and employment as well as efficiency, Goal 9 has overlaps with 
Goal 8 albeit with a focus on the industrial sector and the inclusion of developing and least developed countries. These 
overlaps result in a partial redundancy of relevant text fragments (see also Sect. 4). A total of 58 text fragments are refer-
ring to topics related to SDG 9, where the target most addressed is target 9.4 (see Fig. 4). The targets of SDG 9 relate to 
economic (9.3), ecological (9.4), social (9.c), and socio-economic (9.2) topics.

12 text fragments refer to the topics mentioned in target 9.2, which calls for an inclusive and sustainable industri-
alization where the share of industrial employment is raised particularly in less-developed economies. In line with the 
contents described in Goal 8 authors expect an “accelerated growth in productivity” [32] and positive effects on industrial 
development since Industry 4.0 will allow “faster, more flexible, and more efficient processes to produce higher-quality 
goods at reduced costs” [30]. This,”in turn will increase manufacturing productivity, shift economics, foster industrial growth 
and modify the profile of the workforce—ultimately changing the competitiveness of companies and regions” [30]. Conse-
quently, authors expect digitalization to support industrial growth whereas it is not clear which regions or countries 
will benefit from this growth expectations and improved competitiveness. As stated in the context of SDG 8, only one 
paper identifies new opportunities for non-industrialized countries through the virtualization of supply chains and 
digital technologies such as additive manufacturing [33]. With respect to the sustainability of future industrialization, 
a number of digitally enabled approaches are mentioned, including smart grid technology to supply smart factories 
with a higher share of renewable energy, as well as circularity and sustainable process design [41]. Gabriel and Pessl 

Fig. 4   Number of analyzed 
text fragments relating to 
the relevant targets of SDG 9 
respectively
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[29] request environmental and social impacts to be improved to”ensure durable competitiveness “. The former should 
be supported through a continuous monitoring, management and optimization of energy and material consumption 
over the entire value network [29]. The goal of raising the share of employment in industry has already been discussed 
in targets 8.3. and 8.5. Authors are primarily describing the significant changes in “[…] job content, work processes, work 
environment and the required skills” [29] promoting for example “the idea of workers that increasingly will focus on creative, 
innovative and communicative activities” [46]. There is also an emphasis on future requirements and qualification of work-
ers in the literature, e.g. that “technological innovations will continue to alter products and services and will therefore require 
workforces to continuously develop new knowledge and capabilities “ [45] and the transformation into human–computer 
cooperation will “necessitate new qualifications for employees in manufacturing environments” [45]. This only leaves room 
for speculations whether Industry 4.0 will create jobs and contribute to target 9.2. Meanwhile, the expected changing 
requirements of future jobs in Industry 4.0 emphasize the need “for inclusive and equitable quality education and promote 
lifelong learning opportunities for all” as called for in SDG 4.

The contents of target 9.3 ask for the integration of small and medium-sized enterprises (SMEs), especially from 
developing countries, into value chains and markets. These contents are addressed by 14 text fragments. While no 
paper refers to impacts on the also requested financial services, some text fragments refer to changing value chains 
and opportunities for SMEs due to digitalization. Zhong et al. identify the improved flow of information through digital 
interconnectedness and the cloud manufacturing concept as new opportunities for small-scale enterprises to enter 
manufacturing value chains [43]. Some publications argue these supply networks will become more flexible [29, 33, 34], 
while new digital technologies enabling cost-efficient batch size one production will reduce entrance barriers for SMEs 
[29]. An exemplary statement is “[e]specially for SMEs Industry 4.0 entails USPs in international competition like lot size one, 
rapid response to customer, high quality and flexibility” [29]. Xu et al. claim the same effect due to an increased usage of 
service oriented architectures [37], while according to Oesterreich and Teuteberg the major cause for this effect will be 
an improved horizontal integration of value networks [34]. As described for target 9.2 already, Li sees improved chances 
to participate in these virtual value chains for companies in emerging economies [33].

Target 9.4 demands to upgrade infrastructure and retrofit industries to make them more sustainable. 42 text frag-
ments relate to this target. The majority of those refer to the topic of improving resource efficiency through Industry 
4.0 technologies as has been extensively described for target 8.4 further above. The remaining text fragments address 
environmentally sound technologies and processes which have been explained for target 9.2. Upgrading the intraorgani-
zational ICT infrastructure while also combining “IoT technology with advanced machine learning algorithms” to optimize 
the energy consumption of companies was suggested in [37]. Only one publication explicitly suggests retrofitting as”an 
easy and cost-efficient way of upgrading existing manufacturing equipment” in order to enable Industry 4.0 processes [41].

Even though target 9.c can be considered remotely relevant to the concept Industry 4.0, none of the papers covered 
by this analysis, was referring to it. Targets 9.1, 9.5, 9.a and 9.b have been considered as irrelevant to the concepts of 
Industry 4.0 by the authors and where not analyzed for that reason.

3.3 � SDG 12: ensure sustainable consumption and production patterns

A total of 54 text fragments are referring to topics related to SDG 12, where the target most addressed is target 12.2 
(see Fig. 5). The targets of SDG 12 relate to ecological (12.2, 12.5), socio-ecological (12.4) and a combination of social & 
economic & ecological (12.6) topics.

With respect to SDG 12 target 12.2 is the one most often referred to in our body of analyzed literature. 38 text frag-
ments relate to this target. As it is focusing on the management and efficient use of resources, we refer to our descriptions 
regarding the issue of resource efficiency provided for target 8.4 and the optimized management of energy and mate-
rial consumption described for target 9.2. Lasi et al. also emphasize that Corporate Social Responsibility is an essential 
approach for achieving sustainable management practices [3].

Target 12.4 is focusing on the management of chemicals and wastes. A number of publications suggest that Industry 
4.0 will help to reduce the volume of waste [47, 48], pollutants [56] and emissions [29] induced by manufacturing pro-
cesses. In order to achieve this goal Theorin et al. demand that future manufacturing systems need to be designed and 
optimized for such a purpose [48]. According to Gabriel and Pessl, 3D printing is one of these digital technologies, with 
the advantage of producing less waste than their conventional alternatives [29]. Stock and Seliger suggest that Industry 
4.0 could enable an “efficient coordination of the product, material, energy, and water flows throughout the product life cycles 
as well as between different factories” [41] thereby additionally strengthening the concept of industrial symbiosis, where 
unused outputs by one company can be used as resource input for another company.
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Target 12.5 is also addressing waste reduction like target 12.4. Additionally, it is focusing on recycling and reuse. Stock 
and Seliger suggest to use digital identification solutions being one integral part of the concept Industry 4.0 for material 
recovering [41]. In that manner, according to Gabriel and Pessl,”even the most complex technical devices can be decomposed 
into its components at low cost and, subsequently, disposed or recycled” [29]. With regard to waste prevention, retrofitting 
is mentioned as a basic solution to avoid having to buy new machinery [41], while one paper claims”the ability to provide 
more individual or even products […] may reduce the number of product returns” [57].

Target 12.6 is rather broadly demanding more sustainable practices and to integrate sustainability information into 
their reporting procedures. We have graded many of the approaches presented for previous targets under this term, 
such as Corporate Social Responsibility (target 12.2), practices for an efficient management of energy and material 
(targets 8.4 and 9.2) or their recycling and reuse (target 12.5). The strengthened role of sustainability reporting, which is 
also demanded by this target, is not explicitly addressed by any paper. Only one text fragments is indirectly referring to 
sustainability reporting requesting to widen the practice of Corporate Social Responsibility [3].

SDG 12 contains the biggest number of targets which occur to be not directly relevant for the Industry 4.0 concept. 
For that reason, we have not included 7 of its targets in our analysis, namely 12.1, 12.3, 12.7, 12.8, 12.a, 12.b and 12.c.

3.4 � Main findings

Table 2 provides a quantitative overview of the number of text fragments (TF) and the sustainability dimensions they refer 
to. In order to demonstrate how many of those text fragments have been providing evidence for or at least references 
to their respective claim (TFevi), we have calculated the evidence density ρevi per dimension of sustainability (Table 2):

 
Since the concept of Industry 4.0 was developed in the Northern Hemisphere, it is also interesting from a SDG per-

spective to understand to what extent the concerns of emerging economies are taken into account in the perception 
of the concept. For that reason, we have also calculated the emerging economy density ρemerg, where TFemerg stands for 
the number of text fragments explicitly addressing emerging economies:

ρevi =
TF

TFevi
.

Fig. 5   Number of analyzed 
text fragments relating to the 
relevant targets of SDG 12 
respectively

Table 2   Number of relating 
text fragments per dimension 
of sustainability

Mapping of target to dimensions of sus-
tainability

Number of text frag-
ments (TF)

Emerging economy 
density ρemerg

Evidence 
density ρevi

Economic (8.1, 8.2, 9.3) 58 3.4% 5.2%
Social (8.5, 8.6, 8.7, 8.8, 9.c) 55 0.0% 1.8%
Ecological (9.4, 12.2, 12.5) 47 0.0% 4.3%
Social & economic (8.3, 9.2) 67 3.0% 3.0%
Social & ecological (12.4) 11 0.0% 0.0%
Economic & ecological (8.4) 39 0.0% 5.1%
Social & ecological & economic (12.6) 30 0.0% 6.7%
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4 � Discussion

A fundamental difficulty with the present analysis concerns the similarity between individual terms and contents that 
are used to describe some SDGs, their targets and the respective indicators. Thus, it is sometimes challenging to clearly 
distinguish which statements are to be assigned to which target. Two of these group of terms are mentioned here as 
examples: on the one hand there is”sustainable industrialization” (target 9.2)”environmentally sound technologies and indus-
trial processes” (9.4) and”sustainable practices” (12.6) and on the other hand”resource efficiency” in target 8.4,”resource-use 
efficiency” (9.4) and”efficient use of natural resources” (12.2).

Three clusters of content can be derived from the accumulation of relevant text fragments per target: resource effi-
ciency, future labor conditions and economic issues referring to growth or productivity.

Most text fragments are addressing a purely economic or socio-economic perspective (see Table 1). Many of these 
economic expectations are relating to productivity and growth, which is not surprising, as they are inherent in the his-
tory of the development of the Industry 4.0 concept. The concept Industry 4.0 was developed by acatech, the German 
National Academy of Science and Engineering, whose statutory mission according to its website is to”provide advice on 
strategic engineering and technology policy issues to policymakers and the public.” The concept they have developed is 
consequently aimed primarily to promote growth and productivity in German industry. But the demands in SDG 8 and 
the central targets 8.1 and 8.2 go far beyond this national perspective. Target 8.1 clearly calls for a focus to be placed 
on the economic development of the least-developed countries. Only one paper takes up this idea in the context of 
Industry 4.0, indicating that this approach to increasing global justice is only very inadequately taken into account in 
the literature analyzed. This is not uncritical against the background of high political expectations [19, 21] and findings 
of recent studies. These predict that Industry 4.0 technologies will be less widespread and less widely used in low- and 
middle-income countries [58] and suggest that, for example, African countries are likely to benefit less from increasing 
levels of digitalization [59]. In the context of the Thai economy, one study urges that societal and economic risks should 
be considered when rolling out Industry 4.0 technologies in this national context [60].

For the considerations on the opportunities of non-industrialized countries, the opportunities for SMEs expressed in 
targets 8.3 and 9.3 are also relevant. Several opportunities are provided for these classes of companies in the analyzed 
body of literature. This is contrasting some recent publications, which state a number of barriers for SMEs with regard to 
integrating Industry 4.0 technologies into their manufacturing operations [61–63].

The social dimension is also prominently reflected in our analysis (see Table 1. Many publications articulate expecta-
tions related to changes in employment through Industry 4.0—therefore, the most hits in absolute terms were identified 
in the text fragments with reference to targets 8.3 and 8.5. It is, thus, the most prominently treated social aspect of our 
analysis. When it comes to the statements on future labor conditions, it is noticeable that there is a rather diffuse picture. 
With regard to the development of the number of jobs, this heterogeneous picture fits in well with the two poles in the 
existing literature: while some studies fear a considerable loss of jobs due to the increased use of digital technologies 
in industry [64–66], others assume a significantly lower effect [67, 68] or even a net increase in jobs [69, 70]. It is widely 
acknowledged in the scientific debate though that lower-skilled and older workers are most vulnerable and likely to be 
displaced through the introduction of more complex work processes. Only one publication in our analysis was referring 
to the latter aspect, even though suggesting the opposite effect [29].

In general, the statements on the future of work are also characterized by a lack of interdisciplinarity. Many technology-
centered publications describe what future cooperation between humans and machines may look like, but they do not 
specify how different models would affect workers. In other publications, there is a lack of technical know-how to develop 
real scenarios and not only negotiate possible sustainability aspects on an abstract level. In this context, it is important 
to note that workers are able to adapt to new challenges and have agency [67]. In participatory work environments they 
can also actively shape the way in which new technologies are integrated into their work processes [9, 71, 72]. The effects 
of digital technologies on industrial employment also strongly depend on other national factors such as the respective 
social protection mechanisms as well as the structure and the educational level of the workforce [10, 66, 67, 73]. These 
important aspects have hardly been reflected in our studied body of literature.

ρemerg =
TF

TFemerg

.
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The smallest number of text fragments relate to the ecological dimension of sustainability (see Table 1). From an 
ecological perspective, the issue of resource efficiency is most prominent in our analysis. The targets 8.4, 9.4 and 12.2 
all focus on this topic, although they address different levels of action. While resource efficiency on the company level 
is part of target 9.4, targets 8.4 and 12.2 are addressing the level of national economies—interestingly with the exact 
same set of indicators referring to material consumption and material footprint per capita or per GDP. It is noticeable that 
many publications merely postulate expectations of improved resource efficiency without providing an explanation or 
empirical evidence (see Table 1). The frequent mention of this ecological aspect should therefore not be misinterpreted 
as implying that the increasing implementation of the Industry 4.0 concept will automatically lead to greater resource 
efficiency. There are some approaches in the literature where the use of Industry 4.0 technologies has led to more energy 
efficiency [74–77] or a more economical use of materials [78]. However, it can be stated that these implemented posi-
tive examples are the exception so far [79] and do not yet meet the high expectations associated with the Industry 4.0 
concept in that regard [19–21].

Our analysis also identifies another important element in support of sustainable development, namely the threat of 
a widening digital divide between countries of the global North and South. Only very few text fragments are taking the 
concerns of emerging economies into account (see Table 1).

The validity of the results of our research is limited by a number of factors. One of these factors is given by the restric-
tive selection of the search string and the literature database. Although the decision in favor of Google Scholar was made 
consciously in order to additionally include relevant publications from non-scientific actors, other literature databases 
would probably have identified further relevant publications for the analysis. The same applies to opting for a broader 
search string, which we have consciously decided against as the central research question of our analysis was to analyze 
the currently established interpretation of the concept Industry 4.0 and its anticipated impacts on the SDGs. Another 
limitation can be seen in the quantitative evaluation of the hits per target. Due to the mentioned similarity of the contents 
of some indicators, possible assignments of individual text fragments cannot always be carried out selectively. This gave 
way to subjective factors with regard to the interpretation of individual text fragments by the authors. It must also be 
mentioned that the targets formulated by the UN and the indicators selected are not comprehensive enough to reliably 
achieve the goals formulated in the SDGs. For this reason, we may have missed or not considered particular sub-aspects 
in our analysis that are not directly associated with SDGs 8, 9 or 12, but can nonetheless contribute to achieving more 
sustainable development. Likewise, it would have been conceivable to choose other theoretical frameworks to opera-
tionalize the concept of sustainable development instead of the SDGs.

5 � Conclusion and outlook

Industry 4.0 can only lead to a more sustainable development if the concept takes essential characteristics of sustain-
ability into account. Thus, our analysis has investigated to what extent sustainability aspects are currently reflected in 
the most recognized articles about Industry 4.0.

In summary, it can be said that the description of the sustainability-relevant impacts of Industry 4.0 reflects many 
expectations and hopes but they are hardly ever based on empirical or other evidence. During the digital transformation 
of industry conflicts and dilemmas will likely occur between the ecological, economic and social dimensions of sustain-
ability that will require painful compromises and trade-offs. Yet, many of these conflicts can be treated adequately if all 
relevant actors engage in a mutual process of co-designing objectives, rules and regulations for a governance structure 
in line with the normative goals of sustainability. Such processes should be oriented towards the common good and be 
based on scientific evidence [7]. Practitioners need to be integral members of these discourses, so that actual challenges 
and best practices from corporate contexts are shared with other communities to enable mutual learning processes and 
the dangerously common myth of an increased ecological performance as an automatic consequence of digitalization 
can be deconstructed. The findings of such transdisciplinary interactions should be made available to the broader public 
to allow for mutual learning processes that support the transformation towards a more sustainable development.

Central expectations are focused around strengthening economic parameters such as growth and productivity through 
the digitalization of production. A certain objective is pursued, which is very much following traditional paths, even though 
Industry 4.0 has been introduced as an innovation and disruption to industrial production. However, this innovation relates 
almost exclusively to technological developments being applied in the existing contexts. Therefore, many descriptions 
draw a picture in which Industry 4.0 processes run exactly as before, just in a digital way. The transformation potentials 
associated with the Industry 4.0 concept that would also be necessary to help achieving the sustainability goals agreed 
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in the SDGs and the Paris Climate Accord will not be realized in this way. Only if comprehensive sustainability considera-
tions were integrated into the Industry 4.0 concept and included in its implementation, it would be possible to weigh up 
different design options which make an actual contribution to sustainable development. This is currently not the case.

In order to address these shortcomings, the political and public discourse about Industry 4.0 and its implications on 
sustainability need to be intensified. In some research communities, Industry 4.0 is still understood as a mere techni-
cal development, but research has to take on an interdisciplinary point of view to understand the complexity of social, 
environmental and technical interconnections that are immanent to the Industry 4.0 concept. This would require digging 
deeper than only hoping for efficiency gains as a “byproduct” of digitalization, while also systematically investigating 
potential risks of Industry 4.0 for a sustainable development.

It is striking that there is currently hardly any dedicated research dealing with the overlap between Industry 4.0 
and the SDGs. This research would be important to help shape the research agenda and thus also the implementation 
of Industry 4.0 in companies. One possible approach for this would be to focus on a certain selection of particularly 
important indicators from SDGs 8, 9 and 12 (such as the indicators 8.5.2”Unemployment rate, by sex, age and persons with 
disabilities”, 9.4.1”CO2 emission per unit of value added” and 12.2.1 “Material footprint, material footprint per capita, and 
material footprint per GDP”) as focal but action-guiding orientations for a future design of Industry 4.0 implementations.

Publicly funded research schemes addressing Industry 4.0, especially those operating at the interface of science and 
industry, should include and equally balance chances and risks for a sustainable development. Policies should also aim 
at encouraging companies to think about the digital support of their sustainability management. To create flagship 
projects in companies could be one way to achieve that. Additionally, assisting small- and medium-sized enterprises 
with digital modernization, and designing digital products that actually reduce energy and material demand are major 
objectives for designing a sustainable digital future.

Opportunities and risks are closely intertwined and require informed and deliberate management decisions in order 
to be effective and favor sustainable development. Digital innovations will not per default increase sustainable practice; 
rather a professional technology assessment, a clear commitment to sustainability goals as expressed in the UN SDGs, 
and an inclusive decision-making style are required to promote sustainability within all three dimensions of sustainability. 
As an overarching task for the international community, efforts should also be intensified for all regions to ensure that 
the increasing implementation of the Industry 4.0 concept enables a globally equitable distribution of the opportunities 
offered by digitalization in the manufacturing industry.

Acknowledgements  We would like to thank our colleagues André Ullrich, Malte Reißig, Jörn Quedenau and Simon Terhorst for their valuable 
support in conducting this analysis and for their feedback.

Authors’ contributions  GB and SN have conducted the main part of the qualitative analysis. All authors read and approved final manuscript.

Funding  Open Access funding enabled and organized by Projekt DEAL. This work has been carried out by the Junior Research Group “Pro-
MUT” (Grant number: 01UU1705A) funded by the German Federal Ministry of Education and Research as part of its funding initiative “Social-
Ecological Research”.

Declarations 

Competing interests  The authors declare no competing interests.

Appendix 1

See Table 3. 



Vol.:(0123456789)

Discover Sustainability            (2021) 2:22  | https://doi.org/10.1007/s43621-021-00030-1	 Review

1 3

Ta
bl

e 
3  

Li
st

 o
f p

ub
lic

at
io

ns
 in

cl
ud

ed
 in

 th
e 

an
al

ys
is

 ra
nk

ed
 b

y 
th

ei
r r

es
pe

ct
iv

e 
nu

m
be

r o
f c

ita
tio

ns
:

Au
th

or
s

Ye
ar

Ti
tle

Pu
bl

ic
at

io
n

Ci
ta

tio
ns

Ex
cl

ud
ed

Le
e,

 J;
 B

ag
he

ri,
 B

; K
ao

, H
-A

20
15

A
 C

yb
er

-P
hy

si
ca

l S
ys

te
m

s 
ar

ch
ite

ct
ur

e 
fo

r I
nd

us
tr

y 
4.

0-
ba

se
d 

m
an

uf
ac

tu
rin

g 
sy

st
em

s
M

an
uf

ac
tu

rin
g 

Le
tt

er
s

11
83

Br
et

te
l, 

M
; F

rie
de

ric
hs

en
, N

; K
el

le
r, 

M
; R

os
en

be
rg

, M
20

14
H

ow
 V

irt
ua

liz
at

io
n,

 D
ec

en
tr

al
iz

at
io

n 
an

d 
N

et
w

or
k 

Bu
ild

in
g 

Ch
an

ge
 th

e 
M

an
uf

ac
tu

rin
g 

La
nd

sc
ap

e:
 

A
n 

In
du

st
ry

 4
.0

 P
er

sp
ec

tiv
e

In
te

rn
at

io
na

l j
ou

rn
al

 o
f m

ec
ha

ni
ca

l, 
ae

ro
sp

ac
e,

 
in

du
st

ria
l a

nd
 m

ec
ha

tr
on

ic
s 

en
gi

ne
er

in
g

64
8

La
si

, H
; F

et
tk

e,
 P

; K
em

pe
r, 

H
-G

; F
el

d,
 T

; H
off

m
an

n,
 M

20
14

In
du

st
ry

 4
.0

Bu
si

ne
ss

 &
 In

fo
rm

at
io

n 
Sy

st
em

s 
En

gi
ne

er
in

g
63

7
Le

e,
 J;

 K
ao

, H
-A

; Y
an

g,
 S

20
14

Se
rv

ic
e 

In
no

va
tio

n 
an

d 
Sm

ar
t A

na
ly

tic
s 

fo
r I

nd
us

tr
y 

4.
0 

an
d 

Bi
g 

D
at

a 
En

vi
ro

nm
en

t
Pr

oc
ed

ia
 C

IR
P

60
4

M
on

os
to

ri,
 L

20
14

Cy
be

r-
ph

ys
ic

al
 P

ro
du

ct
io

n 
Sy

st
em

s:
 R

oo
ts

, E
xp

ec
ta

-
tio

ns
 a

nd
 R

&
D

 C
ha

lle
ng

es
Pr

oc
ed

ia
 C

IR
P

45
1

Rü
ßm

an
n,

 M
; L

or
en

z,
 M

; G
er

be
rt

, P
; W

al
dn

er
, M

; 
Ju

st
us

, J
; H

ar
ni

sc
h,

 M
20

15
In

du
st

ry
 4

.0
: T

he
 F

ut
ur

e 
of

 P
ro

du
ct

iv
ity

 a
nd

 G
ro

w
th

 
in

 M
an

uf
ac

tu
rin

g 
In

du
st

rie
s

Bo
st

on
 C

on
su

lti
ng

 G
ro

up
 R

ep
or

t
30

2

W
an

g,
 S

; W
an

, J
; Z

ha
ng

, D
; L

i, 
D

; Z
ha

ng
, C

20
16

To
w

ar
ds

 s
m

ar
t f

ac
to

ry
 fo

r i
nd

us
tr

y 
4.

0:
 a

 s
el

f-
or

ga
n-

iz
ed

 m
ul

ti-
ag

en
t s

ys
te

m
 w

ith
 b

ig
 d

at
a 

ba
se

d 
fe

ed
ba

ck
 a

nd
 c

oo
rd

in
at

io
n

Co
m

pu
te

r N
et

w
or

ks
27

4

Ja
zd

i, 
N

20
14

Cy
be

r p
hy

si
ca

l s
ys

te
m

s 
in

 th
e 

co
nt

ex
t o

f I
nd

us
tr

y 
4.

0
20

14
 IE

EE
 In

te
rn

at
io

na
l C

on
fe

re
nc

e 
on

 A
ut

om
at

io
n,

 
Q

ua
lit

y 
an

d 
Te

st
in

g,
 R

ob
ot

ic
s

27
0

St
oc

k,
 T

; S
el

ig
er

, G
20

16
O

pp
or

tu
ni

tie
s 

of
 S

us
ta

in
ab

le
 M

an
uf

ac
tu

rin
g 

in
 

In
du

st
ry

 4
.0

Pr
oc

ed
ia

 C
IR

P
26

1

Sh
ro

uf
, F

; O
rd

ie
re

s, 
J; 

M
ira

gl
io

tt
a,

 G
20

14
Sm

ar
t f

ac
to

rie
s 

in
 In

du
st

ry
 4

.0
: A

 re
vi

ew
 o

f t
he

 
co

nc
ep

t a
nd

 o
f e

ne
rg

y 
m

an
ag

em
en

t a
pp

ro
ac

he
d 

in
 p

ro
du

ct
io

n 
ba

se
d 

on
 th

e 
In

te
rn

et
 o

f T
hi

ng
s 

pa
ra

di
gm

20
14

 IE
EE

 In
te

rn
at

io
na

l C
on

fe
re

nc
e 

on
 In

du
st

ria
l 

En
gi

ne
er

in
g 

an
d 

En
gi

ne
er

in
g 

M
an

ag
em

en
t

21
6

G
or

ec
ky

, D
; S

ch
m

itt
, M

; L
os

ky
ll,

 M
; Z

üh
lk

e,
 D

20
14

H
um

an
–m

ac
hi

ne
-in

te
ra

ct
io

n 
in

 th
e 

in
du

st
ry

 4
.0

 e
ra

20
14

 1
2t

h 
IE

EE
 In

te
rn

at
io

na
l C

on
fe

re
nc

e 
on

 In
du

s-
tr

ia
l I

nf
or

m
at

ic
s

21
5

W
ol

ls
ch

la
eg

er
, M

; S
au

te
r, 

T;
 Ja

sp
er

ne
ite

, J
20

17
Th

e 
Fu

tu
re

 o
f I

nd
us

tr
ia

l C
om

m
un

ic
at

io
n:

 A
ut

om
a-

tio
n 

N
et

w
or

ks
 in

 th
e 

Er
a 

of
 th

e 
In

te
rn

et
 o

f T
hi

ng
s 

an
d 

In
du

st
ry

 4
.0

IE
EE

 In
du

st
ria

l E
le

ct
ro

ni
cs

 M
ag

az
in

e
21

2

W
ey

er
, S

; S
ch

m
itt

, M
; O

hm
er

, M
; G

or
ec

ky
, D

20
15

To
w

ar
ds

 In
du

st
ry

 4
.0

—
St

an
da

rd
iz

at
io

n 
as

 th
e 

cr
u-

ci
al

 c
ha

lle
ng

e 
fo

r h
ig

hl
y 

m
od

ul
ar

, m
ul

ti-
ve

nd
or

 
pr

od
uc

tio
n 

sy
st

em
s

IF
AC

-P
ap

er
sO

nL
in

e
18

8

W
an

, J
; T

an
g,

 S
; S

hu
, Z

; L
i, 

D
; W

an
g,

 S
; I

m
ra

n,
 M

; 
Va

si
la

ko
s, 

AV
20

16
So

ft
w

ar
e-

D
efi

ne
d 

In
du

st
ria

l I
nt

er
ne

t o
f T

hi
ng

s 
in

 
th

e 
Co

nt
ex

t o
f I

nd
us

tr
y 

4.
0

IE
EE

 S
en

so
rs

 Jo
ur

na
l

18
4

Lu
, Y

20
17

In
du

st
ry

 4
.0

: A
 s

ur
ve

y 
on

 te
ch

no
lo

gi
es

, a
pp

lic
at

io
ns

 
an

d 
op

en
 re

se
ar

ch
 is

su
es

Jo
ur

na
l o

f I
nd

us
tr

ia
l I

nf
or

m
at

io
n 

In
te

gr
at

io
n

18
3

Q
in

, J
; L

iu
, Y

; G
ro

sv
en

or
, R

20
16

A
 C

at
eg

or
ic

al
 F

ra
m

ew
or

k 
of

 M
an

uf
ac

tu
rin

g 
fo

r 
In

du
st

ry
 4

.0
 a

nd
 B

ey
on

d
Pr

oc
ed

ia
 C

IR
P

16
4

Ka
ge

rm
an

n,
 H

20
15

Ch
an

ge
 T

hr
ou

gh
 D

ig
iti

za
tio

n—
Va

lu
e 

Cr
ea

tio
n 

in
 

th
e 

Ag
e 

of
 In

du
st

ry
 4

.0
M

an
ag

em
en

t o
f P

er
m

an
en

t C
ha

ng
e

16
3

H
of

m
an

n,
 E

; R
üs

ch
, M

20
17

In
du

st
ry

 4
.0

 a
nd

 th
e 

cu
rr

en
t s

ta
tu

s 
as

 w
el

l a
s 

fu
tu

re
 

pr
os

pe
ct

s 
on

 lo
gi

st
ic

s
Co

m
pu

te
rs

 in
 In

du
st

ry
15

8



Vol:.(1234567890)

Review	 Discover Sustainability            (2021) 2:22  | https://doi.org/10.1007/s43621-021-00030-1

1 3

Ta
bl

e 
3  

(c
on

tin
ue

d)

Au
th

or
s

Ye
ar

Ti
tle

Pu
bl

ic
at

io
n

Ci
ta

tio
ns

Ex
cl

ud
ed

Sc
hm

id
t, 

R;
 M

öh
rin

g,
 M

; H
är

tin
g,

 R
–C

; R
ei

ch
st

ei
n,

 C
; 

N
eu

m
ai

er
, P

; J
oz

in
ov

ić
, P

20
15

In
du

st
ry

 4
.0

—
Po

te
nt

ia
ls

 fo
r C

re
at

in
g 

Sm
ar

t P
ro

d-
uc

ts
: E

m
pi

ric
al

 R
es

ea
rc

h 
Re

su
lts

Bu
si

ne
ss

 In
fo

rm
at

io
n 

Sy
st

em
s

15
5

Ro
bl

ek
, V

; M
eš

ko
, M

; K
ra

pe
ž,

 A
20

16
A

 C
om

pl
ex

 V
ie

w
 o

f I
nd

us
tr

y 
4.

0
SA

G
E 

O
pe

n
14

3
x

Li
ao

, Y
; D

es
ch

am
ps

, F
; L

ou
re

s, 
Ed

FR
; R

am
os

, L
FP

20
17

Pa
st

, p
re

se
nt

 a
nd

 fu
tu

re
 o

f I
nd

us
tr

y 
4.

0—
a 

sy
s-

te
m

at
ic

 li
te

ra
tu

re
 re

vi
ew

 a
nd

 re
se

ar
ch

 a
ge

nd
a 

pr
op

os
al

In
te

rn
at

io
na

l J
ou

rn
al

 o
f P

ro
du

ct
io

n 
Re

se
ar

ch
14

2

Ko
lb

er
g,

 D
; Z

üh
lk

e,
 D

20
15

Le
an

 A
ut

om
at

io
n 

en
ab

le
d 

by
 In

du
st

ry
 4

.0
 Te

ch
-

no
lo

gi
es

IF
AC

-P
ap

er
sO

nL
in

e
14

0

Sc
hu

m
ac

he
r, 

A
; E

ro
l, 

S;
 S

ih
n,

 W
20

16
A

 M
at

ur
ity

 M
od

el
 fo

r A
ss

es
si

ng
 In

du
st

ry
 4

.0
 R

ea
di

-
ne

ss
 a

nd
 M

at
ur

ity
 o

f M
an

uf
ac

tu
rin

g 
En

te
rp

ris
es

Pr
oc

ed
ia

 C
IR

P
13

8

Zh
ou

, K
; L

iu
, T

; Z
ho

u,
 L

20
15

In
du

st
ry

 4
.0

: T
ow

ar
ds

 fu
tu

re
 in

du
st

ria
l o

pp
or

tu
ni

-
tie

s 
an

d 
ch

al
le

ng
es

20
15

 1
2t

h 
In

te
rn

at
io

na
l C

on
fe

re
nc

e 
on

 F
uz

zy
 S

ys
-

te
m

s 
an

d 
Kn

ow
le

dg
e 

D
is

co
ve

ry
13

4

O
es

te
rr

ei
ch

, T
D

; T
eu

te
be

rg
, F

20
16

U
nd

er
st

an
di

ng
 th

e 
im

pl
ic

at
io

ns
 o

f d
ig

iti
sa

tio
n 

an
d 

au
to

m
at

io
n 

in
 th

e 
co

nt
ex

t o
f I

nd
us

tr
y 

4.
0:

 A
 tr

i-
an

gu
la

tio
n 

ap
pr

oa
ch

 a
nd

 e
le

m
en

ts
 o

f a
 re

se
ar

ch
 

ag
en

da
 fo

r t
he

 c
on

st
ru

ct
io

n 
in

du
st

ry

Co
m

pu
te

rs
 in

 In
du

st
ry

12
4

Li
, X

; L
i, 

D
; W

an
, J

; V
as

ila
ko

s, 
AV

; L
ai

, C
-F

; W
an

g,
 S

20
17

A
 re

vi
ew

 o
f i

nd
us

tr
ia

l w
ire

le
ss

 n
et

w
or

ks
 in

 th
e 

co
nt

ex
t o

f I
nd

us
tr

y 
4.

0
W

ire
le

ss
 N

et
w

or
ks

12
3

G
ilc

hr
is

t, 
A

20
16

In
du

st
ry

 4
.0

: T
he

 In
du

st
ria

l I
nt

er
ne

t o
f T

hi
ng

s
M

on
og

ra
ph

y
12

0
x

Iv
an

ov
, D

; D
ol

gu
i, 

A
; S

ok
ol

ov
, B

; W
er

ne
r, 

F;
 Iv

an
ov

a,
 

M
20

16
A

 d
yn

am
ic

 m
od

el
 a

nd
 a

n 
al

go
rit

hm
 fo

r s
ho

rt
-t

er
m

 
su

pp
ly

 c
ha

in
 s

ch
ed

ul
in

g 
in

 th
e 

sm
ar

t f
ac

to
ry

 
in

du
st

ry
 4

.0

In
te

rn
at

io
na

l J
ou

rn
al

 o
f P

ro
du

ct
io

n 
Re

se
ar

ch
11

8
x

A
lm

ad
a-

Lo
bo

, F
20

16
Th

e 
In

du
st

ry
 4

.0
 re

vo
lu

tio
n 

an
d 

th
e 

fu
tu

re
 o

f M
an

u-
fa

ct
ur

in
g 

Ex
ec

ut
io

n 
Sy

st
em

s 
(M

ES
)

Jo
ur

na
l o

f I
nn

ov
at

io
n 

M
an

ag
em

en
t

10
5

Zh
on

g,
 R

Y;
 X

u,
 X

; K
lo

tz
, E

; N
ew

m
an

, S
T

20
17

In
te

lli
ge

nt
 M

an
uf

ac
tu

rin
g 

in
 th

e 
Co

nt
ex

t o
f I

nd
us

-
tr

y 
4.

0:
 A

 R
ev

ie
w

En
gi

ne
er

in
g

10
3

Sc
hl

ec
ht

en
da

hl
, J

; K
ei

ne
rt

, M
; K

re
ts

ch
m

er
, F

; 
Le

ch
le

r, 
A

; V
er

l, 
A

20
15

M
ak

in
g 

ex
is

tin
g 

pr
od

uc
tio

n 
sy

st
em

s 
In

du
st

ry
 4

.0
-

re
ad

y
Pr

od
uc

tio
n 

En
gi

ne
er

in
g

89

Er
ol

, S
; J

äg
er

, A
; H

ol
d,

 P
; O

tt
, K

; S
ih

n,
 W

20
16

Ta
ng

ib
le

 In
du

st
ry

 4
.0

: A
 S

ce
na

rio
-B

as
ed

 A
pp

ro
ac

h 
to

 L
ea

rn
in

g 
fo

r t
he

 F
ut

ur
e 

of
 P

ro
du

ct
io

n
Pr

oc
ed

ia
 C

IR
P

88

Fa
lle

r, 
C;

 F
el

dm
ül

le
r, 

D
20

15
In

du
st

ry
 4

.0
 L

ea
rn

in
g 

Fa
ct

or
y 

fo
r r

eg
io

na
l S

M
Es

Pr
oc

ed
ia

 C
IR

P
80

Ba
ur

, C
; W

ee
, D

20
15

In
du

st
ry

 4
.0

 is
 m

or
e 

th
an

 ju
st

 a
 fl

as
hy

 c
at

ch
ph

ra
se

. 
A

 c
on

flu
en

ce
 o

f t
re

nd
s 

an
d 

te
ch

no
lo

gi
es

 p
ro

m
-

is
es

 to
 re

sh
ap

e 
th

e 
w

ay
 th

in
gs

 a
re

 m
ad

e

M
cK

in
se

y 
&

 C
om

pa
ny

 re
po

rt
80

Ba
gh

er
i, 

B;
 Y

an
g,

 S
; K

ao
, H

-A
; L

ee
, J

20
15

Cy
be

r-
ph

ys
ic

al
 S

ys
te

m
s 

A
rc

hi
te

ct
ur

e 
fo

r S
el

f-A
w

ar
e 

M
ac

hi
ne

s 
in

 In
du

st
ry

 4
.0

 E
nv

iro
nm

en
t

IF
AC

-P
ap

er
sO

nL
in

e
79

Sa
nd

er
s, 

A
; E

la
ng

es
w

ar
an

, C
; W

ul
fs

be
rg

, J
20

16
In

du
st

ry
 4

.0
 im

pl
ie

s 
le

an
 m

an
uf

ac
tu

rin
g:

 re
se

ar
ch

 
ac

tiv
iti

es
 in

 in
du

st
ry

 4
.0

 fu
nc

tio
n 

as
 e

na
bl

er
s 

fo
r 

le
an

 m
an

uf
ac

tu
rin

g

Jo
ur

na
l o

f I
nd

us
tr

ia
l E

ng
in

ee
rin

g 
an

d 
M

an
ag

em
en

t
77



Vol.:(0123456789)

Discover Sustainability            (2021) 2:22  | https://doi.org/10.1007/s43621-021-00030-1	 Review

1 3

Ta
bl

e 
3  

(c
on

tin
ue

d)

Au
th

or
s

Ye
ar

Ti
tle

Pu
bl

ic
at

io
n

Ci
ta

tio
ns

Ex
cl

ud
ed

Th
eo

rin
, A

; B
en

gt
ss

on
, K

; P
ro

vo
st

, J
; L

ie
de

r, 
M

; J
oh

n-
ss

on
, C

; L
un

dh
ol

m
, T

; L
en

na
rt

so
n,

 B
20

17
A

n 
ev

en
t-

dr
iv

en
 m

an
uf

ac
tu

rin
g 

in
fo

rm
at

io
n 

sy
s-

te
m

 a
rc

hi
te

ct
ur

e 
fo

r I
nd

us
tr

y 
4.

0
In

te
rn

at
io

na
l J

ou
rn

al
 o

f P
ro

du
ct

io
n 

Re
se

ar
ch

76

So
m

m
er

, L
20

15
In

du
st

ria
l r

ev
ol

ut
io

n—
in

du
st

ry
 4

.0
: A

re
 G

er
m

an
 

m
an

uf
ac

tu
rin

g 
SM

Es
 th

e 
fir

st
 v

ic
tim

s 
of

 th
is

 
re

vo
lu

tio
n?

Jo
ur

na
l o

f I
nd

us
tr

ia
l E

ng
in

ee
rin

g 
an

d 
M

an
ag

em
en

t
73

M
os

te
rm

an
, P

J.;
 Z

an
de

r, 
J

20
16

In
du

st
ry

 4
.0

 a
s 

a 
Cy

be
r-

Ph
ys

ic
al

 S
ys

te
m

 s
tu

dy
So

ft
w

ar
e 

&
 S

ys
te

m
s 

M
od

el
in

g
71

x
Va

rg
he

se
, A

; T
an

du
r, 

D
20

14
W

ire
le

ss
 re

qu
ire

m
en

ts
 a

nd
 c

ha
lle

ng
es

 in
 In

du
st

ry
 

4.
0

20
14

 In
te

rn
at

io
na

l C
on

fe
re

nc
e 

on
 C

on
te

m
po

ra
ry

 
Co

m
pu

tin
g 

an
d 

In
fo

rm
at

ic
s 

(IC
3I

)
69

Vo
ge

l-H
eu

se
r, 

B;
 H

es
s, 

D
20

16
G

ue
st

 E
di

to
ria

l I
nd

us
tr

y 
4.

0–
Pr

er
eq

ui
si

te
s 

an
d 

Vi
si

on
s

IE
EE

 T
ra

ns
ac

tio
ns

 o
n 

Au
to

m
at

io
n 

Sc
ie

nc
e 

an
d 

En
gi

ne
er

in
g

67

Li
u,

 Y
; X

u,
 X

20
16

In
du

st
ry

 4
.0

 a
nd

 C
lo

ud
 M

an
uf

ac
tu

rin
g:

 A
 C

om
pa

ra
-

tiv
e 

A
na

ly
si

s
Jo

ur
na

l o
f M

an
uf

ac
tu

rin
g 

Sc
ie

nc
e 

an
d 

En
gi

ne
er

in
g

64

H
ec

kl
au

, F
; G

al
ei

tz
ke

, M
; F

la
ch

s, 
S;

 K
oh

l, 
H

20
16

H
ol

is
tic

 A
pp

ro
ac

h 
fo

r H
um

an
 R

es
ou

rc
e 

M
an

ag
e-

m
en

t i
n 

In
du

st
ry

 4
.0

Pr
oc

ed
ia

 C
IR

P
64

Ze
zu

lk
a,

 F
; M

ar
co

n,
 P

; V
es

el
y,

 I;
 S

aj
dl

, O
20

16
In

du
st

ry
 4

.0
—

an
 In

tr
od

uc
tio

n 
in

 th
e 

ph
en

om
en

on
IF

AC
-P

ap
er

sO
nL

in
e

59
x

Za
w

ad
zk

i, 
P;

 Ż
yw

ic
ki

, K
20

16
Sm

ar
t P

ro
du

ct
 D

es
ig

n 
an

d 
Pr

od
uc

tio
n 

Co
nt

ro
l f

or
 

Eff
ec

tiv
e 

M
as

s 
Cu

st
om

iz
at

io
n 

in
 th

e 
In

du
st

ry
 4

.0
 

Co
nc

ep
t

M
an

ag
em

en
t a

nd
 P

ro
du

ct
io

n 
En

gi
ne

er
in

g 
Re

vi
ew

59

Th
am

es
, L

; S
ch

ae
fe

r, 
D

20
16

So
ft

w
ar

e-
de

fin
ed

 C
lo

ud
 M

an
uf

ac
tu

rin
g 

fo
r I

nd
us

-
tr

y 
4.

0
Pr

oc
ed

ia
 C

IR
P

59

G
ilc

hr
is

t, 
A

20
16

In
tr

od
uc

in
g 

In
du

st
ry

 4
.0

Ch
ap

te
r i

n 
M

on
og

ra
ph

y
57

x
Sc

hu
h,

 G
; G

ar
tz

en
, T

; R
od

en
ha

us
er

, T
; M

ar
ks

, A
20

15
Pr

om
ot

in
g 

W
or

k-
ba

se
d 

Le
ar

ni
ng

 th
ro

ug
h 

IN
D

U
S-

TR
Y 

4.
0

Pr
oc

ed
ia

 C
IR

P
54

Pa
el

ke
, V

20
14

Au
gm

en
te

d 
re

al
ity

 in
 th

e 
sm

ar
t f

ac
to

ry
: S

up
po

rt
in

g 
w

or
ke

rs
 in

 a
n 

in
du

st
ry

 4
.0

. e
nv

iro
nm

en
t

Pr
oc

ee
di

ng
s 

of
 th

e 
20

14
 IE

EE
 E

m
er

gi
ng

 Te
ch

no
lo

gy
 

an
d 

Fa
ct

or
y 

Au
to

m
at

io
n 

(E
TF

A
)

53

Tr
ap

pe
y,

 A
JC

; T
ra

pp
ey

, C
V;

 H
ar

ee
sh

 G
ov

in
da

ra
ja

n,
 

U
; C

hu
an

g,
 A

C;
 S

un
, J

J
20

17
A

 re
vi

ew
 o

f e
ss

en
tia

l s
ta

nd
ar

ds
 a

nd
 p

at
en

t l
an

d-
sc

ap
es

 fo
r t

he
 In

te
rn

et
 o

f T
hi

ng
s:

 A
 k

ey
 e

na
bl

er
 

fo
r I

nd
us

tr
y 

4.
0

Ad
va

nc
ed

 E
ng

in
ee

rin
g 

In
fo

rm
at

ic
s

52

Li
, L

20
18

Ch
in

a’s
 m

an
uf

ac
tu

rin
g 

lo
cu

s 
in

 2
02

5:
 W

ith
 a

 c
om

-
pa

ris
on

 o
f “

M
ad

e-
in

-C
hi

na
 2

02
5”

 a
nd

 “I
nd

us
tr

y 
4.

0”

Te
ch

no
lo

gi
ca

l F
or

ec
as

tin
g 

an
d 

So
ci

al
 C

ha
ng

e
51

H
en

g,
 S

20
14

In
du

st
ry

 4
.0

: U
pg

ra
di

ng
 o

f G
er

m
an

y’
s 

In
du

st
ria

l 
Ca

pa
bi

lit
ie

s 
on

 th
e 

H
or

iz
on

D
eu

ts
ch

e 
Ba

nk
 re

se
ar

ch
 re

po
rt

50

Xu
, L

D
; X

u,
 E

L;
 L

i, 
L

20
18

In
du

st
ry

 4
.0

: s
ta

te
 o

f t
he

 a
rt

 a
nd

 fu
tu

re
 tr

en
ds

In
te

rn
at

io
na

l J
ou

rn
al

 o
f P

ro
du

ct
io

n 
Re

se
ar

ch
44

Ba
ue

r, 
W

; H
äm

m
er

le
, M

; S
ch

lu
nd

, S
; V

oc
ke

, C
20

15
Tr

an
sf

or
m

in
g 

to
 a

 H
yp

er
-c

on
ne

ct
ed

 S
oc

ie
ty

 a
nd

 
Ec

on
om

y—
To

w
ar

ds
 a

n 
“I

nd
us

tr
y 

4.
0”

Pr
oc

ed
ia

 M
an

uf
ac

tu
rin

g
43

G
ab

rie
l, 

M
; P

es
sl

, E
20

16
In

du
st

ry
 4

.0
 a

nd
 s

us
ta

in
ab

ili
ty

 im
pa

ct
s:

 c
rit

ic
al

 
di

sc
us

si
on

 o
f s

us
ta

in
ab

ili
ty

 a
sp

ec
ts

 w
ith

 a
 s

pe
ci

al
 

fo
cu

s 
on

 fu
tu

re
 o

f w
or

k 
an

d 
ec

ol
og

ic
al

 c
on

se
-

qu
en

ce
s

A
nn

al
s 

of
 F

ac
ul

ty
 E

ng
in

ee
rin

g 
H

un
ed

oa
ra

–I
nt

er
na

-
tio

na
l J

ou
rn

al
 o

f E
ng

in
ee

rin
g

30



Vol:.(1234567890)

Review	 Discover Sustainability            (2021) 2:22  | https://doi.org/10.1007/s43621-021-00030-1

1 3

Appendix 2

See Table 4. 

Table 4   Overview of SDGs 8, 9 and 12 and their respective targets

SDG Targets

SDG 8: Promote sustained, inclusive and sustainable economic 
growth, full and productive employment and decent work for all

8.1 Sustain per capita economic growth in accordance with national 
circumstances, and in particular at least 7% per annum GDP growth 
in the least-developed countries

8.2 Achieve higher levels of productivity of economies through 
diversification, technological upgrading and innovation, including 
through a focus on high value added and labor-intensive sectors

8.3 Promote development-oriented policies that support produc-
tive activities, decent job creation, entrepreneurship, creativity and 
innovation, and encourage formalization and growth of micro-, 
small- and medium-sized enterprises including through access to 
financial services

8.4 Improve progressively, through 2030, global resource efficiency in 
consumption and production and endeavour to decouple eco-
nomic growth from environmental degradation, in accordance with 
the 10-year framework of programmes on sustainable consumption 
and production, with developed countries taking the lead

8.5 By 2030, achieve full and productive employment and decent 
work for all women and men, including for young people and per-
sons with disabilities, and equal pay for work of equal value

8.6 By 2020, substantially reduce the proportion of youth not in 
employment, education or training

8.7 Take immediate and effective measures to eradicate forced labour, 
end modern slavery and human trafficking and secure the prohibi-
tion and elimination of the worst forms of child labour, including 
recruitment and use of child soldiers, and by 2025 end child labour 
in all its forms

8.8 Protect labour rights and promote safe and secure working envi-
ronments for all workers, including migrant workers, in particular 
women migrants, and those in precarious employment

8.9 By 2030, devise and implement policies to promote sustainable 
tourism that creates jobs and promotes local culture and products

8.10 Strengthen the capacity of domestic financial institutions to 
encourage and expand access to banking, insurance and financial 
services for all

8.a Increase Aid for Trade support for developing countries, in par-
ticular least developed countries, including through the Enhanced 
Integrated Framework for Trade-Related Technical Assistance to 
Least Developed Countries

8.b By 2020, develop and operationalize a global strategy for youth 
employment and implement the Global Jobs Pact of the Interna-
tional Labour Organization
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Table 4   (continued)

SDG Targets

SDG 9:Build resilient infrastructure, promote inclusive and sustain-
able industrialization and foster innovation"

9.1 Develop quality, reliable, sustainable and resilient infrastructure, 
including regional and transborder infrastructure, to support 
economic development and human well-being, with a focus on 
affordable and equitable access for all

9.2 Promote inclusive and sustainable industrialization and, by 2030, 
significantly raise industry’s share of employment and gross domes-
tic product, in line with national circumstances, and double its share 
in least developed countries

9.3 Increase the access of small-scale industrial and other enterprises, 
in particular in developing countries, to financial services, includ-
ing affordable credit, and their integration into value chains and 
markets

9.4 By 2030, upgrade infrastructure and retrofit industries to make 
them sustainable, with increased resource-use efficiency and 
greater adoption of clean and environmentally sound technologies 
and industrial processes, with all countries taking action in accord-
ance with their respective capabilities

9.5 Enhance scientific research, upgrade the technological capabili-
ties of industrial sectors in all countries, in particular developing 
countries, including, by 2030, encouraging innovation and substan-
tially increasing the number of research and development workers 
per 1 million people and public and private research and develop-
ment spending

9.a Facilitate sustainable and resilient infrastructure development in 
developing countries through enhanced financial, technological 
and technical support to African countries, least developed coun-
tries, landlocked developing countries and small island developing 
States

9.b Support domestic technology development, research and innova-
tion in developing countries, including by ensuring a conducive 
policy environment for, inter alia, industrial diversification and value 
addition to commodities

9.c Significantly increase access to information and communications 
technology and strive to provide universal and affordable access to 
the Internet in least developed countries by 2020
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Table 4   (continued)

SDG Targets

SDG 12: Ensure sustainable consumption and production patterns 12.1 Implement the 10-year framework of programmes on sustain-
able consumption and production, all countries taking action, 
with developed countries taking the lead, taking into account the 
development and capabilities of developing countries

12.2 By 2030, achieve the sustainable management and efficient use 
of natural resources

12.3 By 2030, halve per capita global food waste at the retail and con-
sumer levels and reduce food losses along production and supply 
chains, including post-harvest losses

12.4 By 2020, achieve the environmentally sound management of 
chemicals and all wastes throughout their life cycle, in accordance 
with agreed international frameworks, and significantly reduce 
their release to air, water and soil in order to minimize their adverse 
impacts on human health and the environment

12.5 By 2030, substantially reduce waste generation through preven-
tion, reduction, recycling and reuse

12.6 Encourage companies, especially large and transnational compa-
nies, to adopt sustainable practices and to integrate sustainability 
information into their reporting cycle

12.7 Promote public procurement practices that are sustainable, in 
accordance with national policies and priorities

12.8 By 2030, ensure that people everywhere have the relevant infor-
mation and awareness for sustainable development and lifestyles in 
harmony with nature

12.a Support developing countries to strengthen their scientific and 
technological capacity to move towards more sustainable patterns 
of consumption and production

12.b Develop and implement tools to monitor sustainable devel-
opment impacts for sustainable tourism that creates jobs and 
promotes local culture and products

12.c Rationalize inefficient fossil-fuel subsidies that encourage waste-
ful consumption by removing market distortions, in accordance 
with national circumstances, including by restructuring taxation 
and phasing out those harmful subsidies, where they exist, to reflect 
their environmental impacts, taking fully into account the specific 
needs and conditions of developing countries and minimizing the 
possible adverse impacts on their development in a manner that 
protects the poor and the affected communities
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