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Abstract Digital technologies have gained ground among companies, researchers
and policy makers in recent years due to their growing relevance to current and future
supply chains. Technologies such as robotics, artificial intelligence, autonomous
transport systems, data science, and additive manufacturing are gradually becoming
part of people’s and companies’ daily lives and are changing the manufacturing,
process industry and logistics sectors. Although recent attempts have been made to
understand the implications of these technologies on supply chain management, the
relevance of the different technologies in future scenarios is still unknown. Using a
technology scouting approach, the most important enabling technologies for supply
chains until 2030 are identified and selected and their implications on future supply
chains are evaluated using an assessment methodology with different evaluation
criteria.
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1 Introduction to Enabling Technologies and Technology
Scouting

Enabling technologies can be characterised as widely applicable technologies
resulting from advanced scientific and engineering activities that enable the creation
of new or the improvement of existing products and services (Commission of the
European Communities 2009; Teece 2018). The European Commission describes key
enabling technologies as knowledge intensive, multidisciplinary and “associated with
high R&D intensity, rapid innovation cycles, high capital expenditure and highly-
skilled employment” (Commission of the European Communities 2009). Enabling
and digital technologies are playing an increasingly important role for companies,
science and policy makers. Technologies such as robotics, artificial intelligence and
additive manufacturing will have strong implications on the structure and manage-
ment of future supply chains through all industrial sectors (Radanliev et al. 2019;
Holmstrom et al. 2016).

These enabling technologies are not the only factor determining supply chain
competitiveness, but they can be one of the key factors for increasing it and applying
a specific supply chain strategy (Prajogo and Olhager 2012). Implementing tech-
nologies can have an important impact on improving the agility, transparency or
reliability of a supply chain (Qrunfleh and Tarafdar 2014). However, supply chain
performance also depends on other framework conditions and decisions.

Open innovation is recognised as a critical tool for accelerating growth, and the
rapid pace of change in emerging technology markets heightens the importance of
scouting and incorporating technologies from the innovation ecosystem (Curley and
Salmelin 2013; Rohrbeck et al. 2009). Using a scouting process based on the open
innovation paradigm, technology and sector experts were involved in the identifi-
cation of new technologies necessary to support supply chain evolution until 2030.
The technology scouting presented in this chapter aims to identify enabling tech-
nologies for supply chains in three industry sectors: discrete manufacturing, the
process industry and logistics and distribution. This is achieved through the analysis
of existing roadmaps and studies regarding enabling technologies.

Technology scouting is a method for technology foresight analysis (Gudanowska
2014). Technology scouting can be described as the process of collecting knowledge
on science and technology at an early stage by using formal and informal information
sources including expert knowledge (Gudanowska 2014). It can be used to gather
information on specific technological areas or in explorative ways to identify rele-
vant developments (Rohrbeck 2010). Technology scouting includes the process steps
of identification, selection and assessment. The main objectives of the technology
scouting approach are the early identification of technology trends and the recognition
of challenges and opportunities of the technologies (Rohrbeck 2010). Additionally,
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technology scouting constitutes the precedent stage of technology mapping, which
will be conducted in a later stage of this research.

This chapter follows a concise structure, with an introduction to enabling tech-
nologies and scouting methodology in Sect. 1. The technology scouting method-
ology is depicted in Sect. 2, which includes the identification and the selection of
the enabling technologies as well as the assessment methodology. According to the
methodology, Sect. 3 presents a full set of 18 enabling technologies that have been
identified, combined with their implementation challenges and industrial impact
scoring. Finally, Sect. 4 draws conclusions for the chapter, which also depicts future
avenues of research.

2 Methodological Approach for Technology Scouting

The technology scouting was conducted as a 3-step process comprising the phases
identification, selection and assessment as shown in Fig. 1. This figure presents
the general identification, selection and assessment approaches, including five of
the analysed technology roadmaps as an example. Figure shows the following four
representative studies analysed for the identification of enabling technologies (Identi-
fication): VDMA Future Business Trends (VDMA Future Business 2016), the Digital
Transformation Scoreboard (European Commission 2017a) and the DHL Logistics
Trend Radar (Chung et al. 2018) and Visions of the Future: Transportation and
Logistics 2030 (Clausen et al. 2014) as logistics sector studies. The 18 enabling
technologies that were selected are listed in the middle of the figure and described in
Section 2.3 (Selection). The methodology for the third step (Assessment) is described
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in detail after that. The figure also illustrates that, from a large number of technologies
(over 60), 18 enabling technologies were ultimately selected and assessed.

In the following, each step of the methodological approach for the technology
scouting is explained in more detail.

Identification
In order to identify enabling technologies, existing roadmaps and studies at different
levels (regional, national, international and sector-specific) were analysed for this
work. Nearly 400 technology and sector studies and roadmaps were reviewed by
the project partners, including scientific papers, reports and grey literature, with the
intent of identifying enabling technologies for supply chains. Moreover, more than
60 current projects were taken into account considering the main EU programs, such
as SPIRE—Sustainable Process Industry through Resource and Energy Efficiency
(SPIRE 2020) and FOF—Factories of the Future (EFFRA 2020), TRANSPORT
(European Commission 2020b) and ICT (European Commission 2020a) as well as
other related programs, such as Interreg (Interreg Europe 2020) and Regional Funds.
Over 60 technologies were identified in this first step of the technology scouting.
Table 1 shows an extract from the most relevant literature for the three sectors of
discrete manufacturing, the process industry and logistics and distribution.

Selection

In the selection phase, experts from the three sectors of discrete manufacturing,
the process industry and logistics and distribution were invited to workshops to
select and cluster the enabling technologies. Each project partner first conducted
an internal workshop for this purpose. Subsequently, a joint project meeting served
to select the most important enabling technologies for future supply chains. As a
result, 18 enabling technologies were selected using the technologies identified in
the previous identification step. This was achieved by clustering similar technologies
and classifying sub-technologies within the 18 enabling technologies.

Assessment Methodology

In order to evaluate and validate the 18 enabling technologies that had been selected,
atechnology assessment methodology was performed for each technology with input

Table 1 Most relevant references for the industrial sectors

Sector References

Discrete Manufacturing Berkers and Jansen (2017), European Commission (2014),
European Commission (2017a), Hallward-Driemeier and Nayyar
(2017), UNIDO (2016)

Process Industry Berkers and Jansen (2017), (DHL Customer Solutions &
Innovation 2017), (European Commission 2017a), Roland Berger
(2017), (SPIRE)

Logistics and Distribution | ALICE (2015), Clausen et al. (2014), Deloitte (2017), Chung et al.
(2018), Kersten et al. (2017)
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from about 30 project experts from the three sectors, and a literature review was also
carried out. For the assessment of the enabling technologies, different dimensions
were considered to evaluate the identified enabling technologies:

e industrial applicability scoring for the three relevant sectors (discrete manufac-
turing, the process industry and logistics) and
e implications on supply chain performance based on six criteria.

The assessment dimensions also included a gap analysis of technological gaps
and implementation challenges.

Implications on Supply Chain Performance For the evaluation of the implica-
tions of each technology on supply chain performance, six criteria based on the
SCOR performance attributes (Apics for Business 2019) and the Roland Berger
Supply Chain Excellence Study (Roland Berger 2015) served as indicators. Amongst
them, the criteria agility, costs, responsiveness and reliability are included in the
SCOR performance attributes (Apics for Business 2019). The criteria transparency
and sustainability chosen from the Roland Berger Supply Chain Excellence Study
(Roland Berger 2015) expand the economic view of the SCOR performance attributes
to macro-economic aspects and thus complete the comprehensive view of the
implications on supply chain performance.

The following six criteria were defined for the supply chain performance
evaluation:

e Agility: Agility is defined as the ability to react to external influences and market-
place changes in order to achieve or maintain competitive advantages. The
criterion includes flexibility and adaptability (Apics for Business 2019).

e (Costs: The costs criterion refers to the cost of operating the supply chain processes
such as labour costs, material costs, management and transportation costs. A
typical cost metric is Cost of Goods Sold (Apics for Business 2019).

e Transparency/Traceability: This criterion describes the ability to track a product’s
flow throughout the production process and supply chain (Doorey 2011; Egels-
Zandén et al. 2015; Laudal 2010; Roland Berger 2015).

® Responsiveness: Responsiveness describes the speed at which a supply chain
provides products to the customer. One metric for responsiveness is the cycle-time
(Apics for Business 2019).

® Reliability: Reliability is defined as the ability to perform tasks according to
expectations and thus emphasises the predictability of the process output. Metrics
for this criterion are, for example: On-time, the right quantity, the right quality
(Apics for Business 2019).

e Sustainability: The criterion of sustainability is defined in line with the UN
Sustainable Development Goals: esp. 7—Affordable and Clean Energy; 9—
Industry, Innovation and Infrastructure; and 12—Responsible Consumption and
Production (Roland Berger 2015; United Nations 2015).

For each of the six criteria, the scoring for evaluating the implication on SC
performance was based on a scale from 1 to 5, whereby a score of 1 means that
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the technology has strongly negative implications on SC performance regarding the
application examples, while a score of 5 implies that the technology has strongly
positive implications on SC performance:

1. Strongly negative implications on this criterion are expected
2. Slightly negative implications on this criterion are expected
3. Neutral implications on this criterion are expected

4. Positive implications on this criterion are expected

5. Strongly positive implications on this criterion are expected.
Applicability Scoring

The applicability scoring refers to the extent of the applications of a specific tech-
nology in the three sectors. The applicability scoring in this work uses a scale from 1
to 4, whereby a score of 1 means that the technology is not widely applicable, while
a score of 4 implies that the technology will have broad application throughout that
industry sector:

1. No significant application cases are expected for this technology (insignificant
applicability)

2. Applicability is limited to special application cases (limited applicability)

3. The technology will have several application cases (moderate applicability)

4. The technology will have broad applicability throughout the industry sector.

The experts rated each supply chain performance criterion on a scale from strongly
negative to strongly positive for as well as the industrial applicability of each tech-
nology. Based on the ratings, the average value was determined for each sector. The
implications on supply chain performance were described by the experts and deter-
mined based on literature reviews. Although a relatively high number of technolo-
gies were studied and processed numerically to some extent, the nature of this study
remains largely qualitative due to the level of interpretation our experts deployed in
the assessment tasks.

Gap Analysis

The gap analysis includes a definition of the technology gaps and the implementation
challenges for each selected technology. A comparative analysis of literature, current
European projects on these technologies and experts’ opinions was carried out to
arrive at a shared list of needs. Technology gaps consider technological issues which
occur in the current application examples, and which may inhibit the expansion of the
technology. The implementation challenges address all technological, organisational,
cultural and processual barriers. Furthermore, some initial ideas for overcoming these
barriers are provided.
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3 Enabling Technologies for SC

In the first step of the methodology, technologies were identified by reviewing
the technology and sector studies. These technologies were clustered and selected
accordingly on the basis of expert workshops. The result of this selection process is
the list of 18 enabling technologies shown in Fig. 2.

This list of the 18 enabling technologies represents one possible classification of
the technologies related to supply chains in the three industrial sectors of discrete
manufacturing, the process industry and logistics and distribution. This classification
is based on numerous expert opinions from these sectors and an extensive literature
review as presented in the previous sections.

Between the 18 enabling technologies that were defined there are important inter-
relationships and dependencies which are briefly addressed in the following sub-
sections and will be further detailed in further stages of this research (especially in
the context of mapping the technologies to the future supply chain scenarios).

The Internet of Things (IoT) comprises the autonomous collection and exchange
of data from a network of physical devices embedded with sensors, software, network
connectivity, and computer capability (PwC 2017). Especially for the manufacturing
and logistics sectors, there is broad applicability of IoT. IoT enables easier and faster
collection and processing of data to monitor critical parameters. Connected systems
will lead to more agility and transparency in the supply chain (Moser 2015; Prasse
et al. 2014). Enabling better decision making and process optimisation, the IoT will
reduce costs and result in more efficient use of resources (Prasse et al. 2014).

Distributed Ledger/Blockchain The decentralised character of blockchain tech-
nology ensures high reliability, enables non-restrictive data transparency throughout
the entire supply chain, and allows standardised and transparent business processes
(Liang et al. 2017; Jakob et al. 2018). By reducing settlement time as the need for
intermediaries is eliminated, and due to the increased and faster sharing of infor-
mation and the instant access to data, this technology will improve the agility and
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responsiveness of supply chains across all sectors (Dieterich et al. 2017; Jakob et al.
2018). Combined with IoT, this technology is critical for the development of future
supply chains, especially in the logistics sector.

Data Science can be defined as the application of quantitative and qualitative
methods to solve relevant problems and predict outcomes using algorithms aimed at
creating or extracting new information out of vast amounts of data (Cao 2017). The
technology will have broad applicability over the three industrial sectors. With large
amounts of data available and the ability and willingness to share them efficiently,
there will be an improvement of agility and process transparency in supply chains.
Costs will be affected positively by more accurate forecasting and the prevention
of disruptions (Wang et al. 2016). On the other hand, costs will be affected slightly
negatively due to the need to collect and store the data. The negative effects will
swiftly decrease as technology advances (Mcafee and Brynjolfsson 2012).

Artificial Intelligence (AI) will greatly affect the performance and development
of the future SC industry given its central role in autonomous systems, robots and
data science (Chui et al. 2018). Especially for the manufacturing and the logistics
sector, the applicability of Al is broad. The implications on SC performance are
mostly positive, but transparency may suffer as complex models and algorithms are
often seen as a black box and decisions cannot be retraced (Dickson 2017; iapp 2017;
Kuang 2018). Nevertheless, Al has the potential to decrease inventory, transportation,
labour and disruption management costs due to cycle time and scrap reductions and
to improve resource utilisation (McKinsey 2017).

Identification Technologies focus on identifying and tracking goods by using
different codes or tags. The sub-technologies such as Radio Frequency Identification
(RFID) and barcodes show broad applicability in the logistics sector and positive
implications on SC performance, especially with regard to transparency, agility and
reliability (Zhu et al. 2012).

Location Technologies are complementary to identification technologies: seamless
positioning and tracking capabilities in both outdoor and indoor environments are
an important requirement especially for the logistics and distribution sector (Mautz
2012). Real-time location of items during the whole process and real-time informa-
tion sharing will enable transparency, and have positive implications on the whole
supply chain (TexTrace 2016).

Additive Manufacturing (AM) is a technology enabling the creation of lighter,
stronger parts and systems through transformative approaches to industrial produc-
tion. It is considered a genuinely disruptive technology that supports customization
while also minimizing waste due to more efficient use of resources (Boon and van
Wee 2017). With these characteristics, AM is also seen as a critical technology for the
development and improvement of future supply chains with a focus on manufacturing
and the logistics industry.
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Autonomous Transport Systems Comprising the sub-technologies of autonomous
vehicles (e.g. trucks, trains and ships) and drones, the technology has broad applica-
bility across all industrial sectors. Autonomous transport systems will create opportu-
nities to reduce costs and increase reliability and sustainability by improving resource
efficiency due to emissions reductions, fuel efficient driving, improvement of traffic
and most likely fewer accidents (Heard et al. 2018; Bugdahn 2017; Chung et al.
2018). Furthermore, the technology will lead to more agility due to easily recon-
figurable systems and to increased transparency due to better communication in
real-time between and within the systems (Nowak et al. 2016).

Cloud Based Computer Systems are becoming more pervasive in large-scale
supply chains as enterprises look to gain agility and speed in resolving complex prob-
lems through more effective collaboration (Columbus 2014). Due to easier sharing
and processing of information and (real-time) data between different supply chain
partners, cloud based computer systems provide opportunities to decrease costs and
gain more visibility and transparency (Agorasti Toka et al. 2013). Especially in the
logistics sector, there are many application examples and broad applicability of the
technology.

Communication Infrastructure aggregates networks and protocols required for
the establishment of viable communication between two or more IoT components.
The current main sub-technologies are 5G and NarrowBand-IoT (NB-IoT). Since
communication infrastructure enables all digitalized technologies it is one of the
key enabling technologies for future industrial supply chains (Rao and Prasad 2018;
Fettweis 2016). For the three sectors, applicability is moderate to broad and there
are positive implications on SC performance for all six criteria.

Robots with their superior sensor technology, control and intelligence, especially
in combination with artificial intelligence, have the ability to automate or support
human activities and thus have a strong influence on the labour market (Wisskirchen
et al. 2017). Main sub-technologies for robots include collaborative robots, which
physically interact with humans in shared environments, and autonomous robots,
designed for self-reliance and being capable of operating without human assistance
or interaction (Djuric et al. 2016). Robots have broad applicability especially in the
manufacturing and logistics sector with positive implications on agility and costs
(DHL Customer Solutions and Innovation 2016).

Mobile and Wearable Devices are devices which can act autonomously, are non-
invasive and perform specific functions, such as monitoring and support over a
prolonged time-period. Application examples with broad applicability in all three
industrial sectors and positive implications on transparency (Hao and Helo 2017) are
smart glasses and smart gloves for barcode scanning.

Visual Computing pursues the goal of extracting information from images and
embedding information in images, using image- and model-based information tech-
nology by combining computer graphics and computer vision (Fraunhofer IGD
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2018). Sub-technologies like augmented reality (AR) and virtual reality (VR) have
broad applicability in the logistics sector, resulting primarily in positive implications
regarding transparency (Chung et al. 2018).

Energy Infrastructure technology is designed to provide reliable energy coverage
while also optimising energy consumption (Goldthau 2014). Sub-technologies such
as smart and neural grids, which mainly focus on the generation, storage and
consumption of electric energy, and battery energy storage systems (BESS), which
are aimed towards storage capabilities of the grid, are largely still at basic research
level and are aiming to have positive implications on the sustainability of future
supply chains, especially in the manufacturing sector.

Alternative Propulsion Systems comprise all propulsion engines which use alter-
native means of propulsion when compared to petroleum-based fuels. Therefore,
this technology encompasses advanced biofuels and electromobility enabling overall
sustainability of the future transport sector IRENA 2016; Storch and Scharrenberg
2019).

Renewable Energy Technologies are aimed at establishing renewable energy
resources as the main sources for energy systems. To achieve the EU’s objectives for
2030 to reduce greenhouse gas emissions by 40% compared to 1990 levels (European
Commission 2018), technologies such as flywheel energy storage, hydrogen produc-
tion and storage technology, and advanced biofuels have to be used increasingly. In
addition to the positive implications for the sustainability of supply chains, these
technologies can also lead to long-term cost savings (International Energy Agency
2014).

Smart Materials are magnetically or electrically controllable materials with
outstanding mechanical properties. These materials play an increasingly important
role in the development of innovative, versatile and efficient products with a wide
range of new functions (Fraunhofer ISC 2018). The positive implications on supply
chain performance were assessed as relatively low, but there is broad applicability
in the manufacturing sector.

Nanotechnology uses material modifications at the atomic, molecular and
supramolecular level to improve functional systems at the molecular level and to
design objects with a bottom-up approach aimed at creating sophisticated prod-
ucts (Dwivedi and Dwivedi 2012). With these properties nanotechnology has broad
applicability in the manufacturing sector with possible positive implications on costs,
reliability and sustainability (National Nanotechnology Initiative; Okoli et al. 2013).

3.1 Assessment of the Enabling Technologies

In order to evaluate and visualize the significance of the respective technology, the
assessment matrix shown in Fig. 3 is based on the mean scoring for the implications
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on SC performance for all six criteria and the mean scoring related to applicability
over all three sectors for each technology. Figure only shows the quadrants of the
assessment matrix where the 18 enabling technologies are positioned, since all of
them have at least a limited applicability and neutral implications on SC performance.

The predominantly positive assessments of each technology show that they have
the potential to influence future supply chains in a relevant way. Based on this
assessment, nine technologies with broad industrial applicability and the most posi-
tive implications on the supply chain performance over all three industry sectors
were highlighted as key enabling technologies for future research and development:
Internet of Things, Artificial Intelligence, Data Science, Communication Infras-
tructure, Identification Technologies, Cloud Based Computer Systems, Additive
Manufacturing, Distributed Ledger/Blockchain and Autonomous Transport Systems.
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It is important to emphasize that the 18 technologies presented here are funda-
mentally complementary, and that combinations and systems of these technologies
therefore enable stronger capability for future supply chains (Sanjiv 2017). This
means that the effects of technologies can be more powerful when used as an overar-
ching system. Therefore, further research is necessary for a more comprehensive and
complementary analysis of groups of technologies applied to specific supply chain
models and dimensions

3.2 Main Implementation Challenges

The gap analysis of the technologies revealed some frequent technology gaps and
implementation challenges of the respective technologies. These mainly concern
standardisation and interoperability and, for a wide range of technologies, data
storage, availability, quality and accessibility as well as further processing of these
data (e.g. in the form of algorithms).

In fact, system integration is one of the most important implementation chal-
lenges identified in nearly all enabling technologies that will enable cross-company,
universal data-integration networks with different subsystems, including hardware,
software and communications, that need to be integrated (Boston Consulting Group
2018; Gartner IT Glossary 2018; Zhong et al. 2016). System integration should be
carried out both horizontally and vertically ensuring different types of collaboration at
different levels of supply chains. Vertical integration focuses on integrating processes
across the entire organisation via the networking of smart production systems, smart
products and smart logistics, whereas horizontal integration encompasses networking
along the entire supply chain, from suppliers and business partners to customers, in
order to achieve seamless cooperation between companies (Werner 2017).

Due to increased data exchange and connectivity, there is a growing requirement
for systems protection with the aid of cyber security (Boston Consulting Group 2018;
Radanliev et al. 2019; Bekara 2014). Therefore, appropriate secure and reliable levels
of protection regarding the identity and access management of machines, networks,
clouds and users have to be ensured with advanced systems such as firewalls, DNS
filtering, malware protection and antivirus software (Boston Consulting Group 2018;
Gartner 2018).

It is expected that, with respect to SC models, some technologies only influence
operations without influencing the structure of the SC or revenue mechanism, while
others affect core production and distribution capacity and require a redesign of the
supply chain network itself.
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4 Conclusion

This chapter identified 18 enabling technologies for the supply chains of the future
until 2030 for the three industrial sectors: discrete manufacturing, the process industry
and logistics and distribution. The methodology applied was based on a technology
scouting approach. A set of enabling technologies was identified by means of a
literature review (analysis of existing technology roadmaps and studies), and further
clustered into the 18 technologies presented, which were subsequently evaluated
using an assessment methodology. The enabling technologies were highlighted for
future research and development based on industrial applicability, the implications on
supply chain performance and the gap analysis. The main implementation challenges
at SC level were identified in system integration and cyber security systems.

The list and assessment of the enabling technologies can be understood as an
overview for future technological developments relevant to SC management and
may also help companies to focus on the implementation of relevant technologies.
Further stages of this research will carry out a mapping methodology to combine the
identified enabling technologies with the supply chain strategies which will represent
support for the identification and definition of the research and innovation topics
depicted in a strategic research agenda.
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