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Abstract: Background: The Industry 4.0 wave is leading the changes in existing manufacturing
and industrial processes across the world. This is especially important in the formulation of the
smart-factory concept with an outlook to energy sustainable processes. In viewing and identifying
the foundational elements of such a transformation, the initial conditions and current practices in
a cross-sectoral manner is considered a first, yet crucial step in the EU-funded project EnerMan.
Methods: In this paper, we identify and analyse the key common features and characteristics of
industrial practices set in a perspective of similar and identical functions with a focus to three key
energy areas: sustainability, management, and footprint. The examination of different industrial
sector cases is performed via distributed questionnaires and then viewed under the prism of the
equifinality state via a text-mining analysis approach. Results: identification of common themes and
benchmarking of current practices in a cross-industry manner led to the creation of a common systemic
framework within energy management related aspects, which is hereby presented. Conclusions: use
of an equifinality approach in energy management practices should be further pursued to open up
new methods of ideation and innovation and communicate systems’ design in tandem with each
industrial set goals.

Keywords: benchmarking practices; energy-management; equifinality; multi-industry environment;
systemic framework

1. Introduction

The advent of the age of big-data and Internet-of-things (IoT) [1] supports an evidence-
based approach towards minimising the energy footprint and better monitoring the energy
management within a factory. Therefore, the organization, interaction and interdepen-
dence in a systems-oriented approach in the industrial domain is receiving more attention
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and shifts the interest to a holistic and dynamic point-of-view of the smart-factory layers
and interpretations [2] including the cyber-physical [3] and maintenance [4] perspective.
As most of the Industry 4.0 studies deal with technological or infrastructural aspects, with
a few noticing the importance of social and human aspects [5–7], one of the main objectives
towards the implementation and realization of the smart factory concept [8] is the resource
productivity and efficiency of existing industrial setups in terms of energy. The existing
practices and principles, as well as the importance of considering relationships and in-
teractions both among the energy components of the factory [9] as a system within its
environment, is becoming a crucial issue over the last years for the smart-factory layout [10].

The main outcome of this paper focuses on cracking specific challenges with respect
to linking efficient energy management in smart manufacturing environments, in relation
to energy consumption and costs minimization, as well as monitoring the environmental
footprint of the relevant products. By developing an open equifinality-based framework,
this study prioritizes strengthening open sharing of knowledge and cross-fertilization with
other industries and their best practices and policies. This aims to produce new knowledge
and advance existing one, ensuring a sustainable growth for the technological advance-
ments that will be delivered by linking similar concepts and identifying commonalities in
energy management themes in a cross-industry ecosystem.

2. The EnerMan Project

In an effort to homogenize the approach and provide an additional insight as far as
energy sustainability aspects are concerned, the launch of the EU-funded project EnerMan
(https://enerman-h2020.eu/ (accessed on 17 November 2021)(GA no. 958478) explores
the energy sustainability concept as a three-aspect combination: energy consumption,
energy cost due to the power grid electricity price and the environmental impact due to
the production process of the consumed energy. By introducing an energy sustainability
management system, the project aims to achieve a holistic and data-based view of the
energy efficiency, energy use and consumption within the factory. The evaluation and
demonstration of the EnerMan solution will take place across Europe in three different
pilot categories with eight different use cases that focus on different, energy consuming
industrial manufacturing sectors (food, metal processing, automotive manufacturing).
In more detail, the pilots will showcase:

• The appliances and industrial components manufacturing industry:

# Automotive manufacturing represented by Centro Ricerche Fiat in Italy;
# Automotive manufacturing represented by AVL List GMBH in Austria.

• Food industry, represented by Yiotis Anonimos Emporiki and Viomixaniki Etaireia in
Greece and

• Metal manufacturing and processing industry:

# Aluminium industry represented by ASAS Aluminyum Sanayi Ve Ticaret
Anonim Sirketi in Turkey;

(a) Titanium manufacturing for medical devices industry represented by Depuy
Unlimited in Ireland;

(b) Iron and steel manufacturing industry represented by Stomana Industry SA in
Bulgaria, and;

(c) Additive manufacturing for processing metal component, represented by Prima
Electro S.p.A. (Società per Azioni) and 3D New Technologies S.r.l. (Società
a responsabilità limitata) in Italy.

Further details about the expected pilots are shown in Table 1, provided hereinafter.

https://enerman-h2020.eu/
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Table 1. Description of the to-be-deployed EnerMan Pilots.

Pilot Category Use Case Owner Use Case Title

1
Appliances and industrial

components manufacturing industry

Centro Ricerche Fiat (CRF) The painting process and body shop
working area

AVL List GmbH (AVL) A testing factory for engines, powertrains
and vehicles

Infineon Technologies AG (IFAG) An energy-optimized global virtual factory

2
Food industry

YIOTIS Anonimos Emporiki & Viomixaniki
Etaireia (YIOTIS) Chocolate processing and manufacturing

3
Metal manufacturing

and processing industry

Asas Aluminyum Sanayi Ve Ticaret
Anonim Sirketi (ASAS)

Autonomous trigeneration facility for
aluminium industry

Johnson & Johnson Vision Care (DPS) Titanium and CoCr alloys manufacturing
for medical device industry.

Stomana Industry SA (STN) Energy consumption in iron and steel
manufacturing industry

Prima Electro S.p.A. (PE) & 3D New
Technologies S.r.l. (3DNT)

Additive manufacturing for processing
metal components.

These factories can be viewed as different systems, based on their geographical and
application fields, however their components in terms of energy factors may exhibit similar
characteristics, therefore they can be viewed as “general systems”. This term belong to the
general systems theory approach and research, a discipline whose subject matter is “the for-
mulation and derivation of those principles which are valid for ‘systems’ in general” [11].
To address the dimensions of energy consumption, sustainability, and footprint comparison
of similar and identical functions across the different sites participating in the EnerMan
project will provide an initial benchmarking framework. This will allow an insight of
where and how performance gaps related to energy management have been addressed
and current practices conducted within the organisations participating. Moreover, it will
provide a baseline of energy management actions set in the general and not specific context,
that can be used as a guideline for future transitional efforts of existing practices within
factories and their transcendence into smart ones.

3. Energy Investigation Areas and Current Practices
3.1. Energy Consumption

It is critical from the energy management coordination aspects point-of-view to have
a view of the “pulse of energy consumption” [12]. This is best achieved through an effective
and efficient system of energy monitoring and reporting [13,14]. Such a system should
have the capacity to monitor energy consumption measurements and provide comparison
metrics related to either the company goals or to some energy consumption related stan-
dard [15]. At a hypothetical level, this should cover each operation or production cost centre
in the plant, but most facilities lack the required devices for metering purposes [16]. Most
plants only meter energy consumption at a single point, where the various sources enter the
plant. However, there are already remedy actions performed towards this end by installing
additional metering devices (e.g., when steam system shutdowns or vacation downtime
occurs). This and any future reporting scheme need to be reviewed on a periodical basis to
ensure that only necessary material is being produced, that all required data are available,
and that the system is overall efficient and effective.

Some of the operational efficiency aspects examined among the eight pilot sites include
existence of energy audit on a regular basis, the availability of energy consumption data, use
of automated energy anomaly detection features, temperature or other metric-dependent
loads, site performance and existence of energy consumption information.
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3.2. Energy Sustainability and Smart Manufacturing

Smart manufacturing offers new production advantages that come from the flexibility
and productivity alignment offered by digital technology enablers. Smart manufacturing
describes fully-integrated, collaborative manufacturing systems that respond in real-time
to meet changing demands and conditions in tomorrow’s smart factory [17]. The principles
behind this concept concentrate on embracing the data revolution, using technology to
increase sustainable practices and upgrading the potential for people-driven processes
through smart manufacturing strategies [18]. Smart manufacturing ultimately leads to
sustainable manufacturing. This concept refers to all industrial activities from the factory
(plant) to the customer including all in-between steps (i.e., resources and services that are
connected to the manufacturing chain) [19].

The most consuming part in terms of energy and resources in the supply chain is
the manufacturing stage. Therefore, implementation of the “design of manufacturing”
approach is an important key to achieve sustainability goals [20]. To this point, sustainable
manufacturing should be part of an organization’s strategy to promote better financial
performance and at the same time fulfil any social, environmental and policy/regulations
objectives set [19,21]. Therefore, in examining energy sustainability aspects in industrial
manufacturing processes, we investigated the existence of data collection mechanisms,
participation in energy efficiency networks and sustainability reporting features among
the eight pilot sites.

3.3. Energy Footprint

Based on the fourth assessment report by the Intergovernmental Panel on Climate
Change (https://www.ipcc.ch/site/assets/uploads/2018/03/ar4_wg2_full_report.pdf
(accessed on 17 December 2021)), and increasing requirements from retailers and sharehold-
ers, firms around the world are considering the extent of their carbon footprint, and the
means to reduce these emissions (https://ec.europa.eu/environment/industry/retail/pdf
/Issue%20Paper%206.pdf (accessed on 17 December 2021)). Energy management activities
in general are gentler to the environment than large-scale energy production, especially
when this is coupled with extreme events, such as the COVID-19 pandemic [22], and they
certainly lead to less consumption of scarce and valuable resources. Time and energy
management mechanisms have shown that they can substantially reduce energy costs and
energy consumption. In parallel with an increased uptake of ISO 50001 certifications [23,24],
tools and key performance indicators [25] have been developed to assess the overall quality
of energy management systems. However, the current approaches often fail to consider the
multi-perspectives of structural design, such as safety, environmental issues, and cost in a
comprehensive way.

Commitments in environmental protection can be shown through the adoption of
environmental legislation [26], promotion of energy projects [27] and software features
to streamline utility-related processes and identification of billing and metering errors
leading to early-stage decision-making [28], which critically influences the overall cost and
environmental performance at the manufacturing stage [29].

3.4. Review of Existing Energy Management Solutions

In the framework of the preliminary analysis towards full commercial exploitation of
EnerMan, a preliminary analysis of the competitors of the EnerMan’s solution, are hereby
briefly presented.

The solution provided by Integrated Technologies Australia (ITA (https://integratedtechno
logiesaustralia.com.au/energy-management/our-markets/energy-management-for-indus
trial-plants-and-factories (accessed on 18 November 2021))) involves three steps: (i) anal-
ysis and audit (analysing energy patterns and identifying areas to improve efficiency;
(ii) implementing tailor-made solutions; and (iii) monitoring and improving (based on
changing energy usage patterns). However, this solution is not in line with EU-based stan-
dards and regulations, does not provide environmental footprint mechanisms and does not

https://www.ipcc.ch/site/assets/uploads/2018/03/ar4_wg2_full_report.pdf
https://ec.europa.eu/environment/industry/retail/pdf/Issue%20Paper%206.pdf
https://ec.europa.eu/environment/industry/retail/pdf/Issue%20Paper%206.pdf
https://integratedtechnologiesaustralia.com.au/energy-management/our-markets/energy-management-for-industrial-plants-and-factories
https://integratedtechnologiesaustralia.com.au/energy-management/our-markets/energy-management-for-industrial-plants-and-factories
https://integratedtechnologiesaustralia.com.au/energy-management/our-markets/energy-management-for-industrial-plants-and-factories
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include the deployment of a full simulation environment (e.g., digital twin) of the manufac-
turing system.

Advantech (https://www.advantech.com/industrial-automation/industry4.0/fems
#my_cen (accessed on 18 November 2021)) delivers a factory energy management system
(EMS). Through IoT technology, the factory EMS system provides the optimisation of energy
supply and consumption to reduce CO2 emission and factory operation costs. The specific
solution includes: (i) energy consumption visualisation system (air conditioning, lighting,
power consumption); (ii) air compressor equipment and heat recovery ventilation system;
and (iii) renewable energy and natural gas energy monitoring system. This solution,
compared to the vision set by EnerMan, does not include any ‘intelligence’ in terms of
proposing specific activities and applying predictive analytics to improve energy efficiency;
it is mainly used as a monitoring tool.

In the specific field of digital twins, a handful of solutions is already available in
the market: General Electric (https://www.ge.com/digital/applications/digital-twin
(accessed on 18 November 2021)) has developed such systems for power plants; SIEMENS
(https://new.siemens.com/global/en/company/stories/industry/the-digital-twin.html
(accessed on 18 November 2021)) and BOSCH (https://blog.bosch-si.com/developer/ho
w-digital-twins-boost-development-in-the-iot/ (accessed on 18 November 2021)) see that
as a baseline for Industry 4.0; IBM (https://www.ibm.com/topics/what-is-a-digital-twin
(accessed on 18 November 2021)) and ORACLE (https://docs.oracle.com/en/cloud/paas/
iot-cloud/iotgs/oracle-iot-digital-twin-implementation.html (accessed on 18 November
2021)) have already started deploying such solutions for any IoT-based environment.
However, none of these approaches have a special focus on energy management of man-
ufacturing environments. Therefore, the EnerMan project aims to provide a thorough
solution that will comprise efficient energy management mechanism; minimisation of the
environmental footprint and AI-based predictive analytics to facilitate an accurate decision
support system and the deployment of accurate digital twin-enabled environments that
will enable the realisation of its services.

3.5. Equifinality in a Cross-Industry Framework: A State-Of-The-Art Investigation

Equifinality as a concept is gaining attention over the last years. A relevant search in
electronic bibliographical databases (i.e., Scopus and IEEEXplore) yields specific examples
including the correlation of the equifinality in open source software development [30]
as well as knowledge sourcing in foreign-owned subsidiaries [31,32] and open innovation in
the biotechnological cluster [33,34]. Restaurant firms, [35], circular economy industries [36]
and apparel manufacturing [37] have also been examined Identification of the need for
equifinal configurations in high technology industrial cluster [38–40], including dynamic
configurations in the chemical industry [41], high performance in agribusinesses [42]
and the specification of them in the airline industry [43].

However, narrowing down the search and analysis of results set in a cross-industry
framework, we found out that there is minimal application of equifinality in a cross-
industry setting apart from three studies which explored hypothesis theory within the
equifinality concept. The first one was set to understand the IT capability configuration-
innovation performance relationship with IT-fit capabilities in a large number of different
industrial sectors [44]. In [45], business model innovation in manufacturing and service
firms was explored under an equifinality approach and in [46] mineral, non-mineral and
technological cluster industries were explored under an equifinality approach. While
these three examples provide a foundation towards the research direction set in this study,
they also highlight a research gap in identifying commonalities among different types of
industries under a common equifinality approach framework, and more specifically one
related to energy management practices. Table 2 summarises the findings of these results.

https://www.advantech.com/industrial-automation/industry4.0/fems#my_cen
https://www.advantech.com/industrial-automation/industry4.0/fems#my_cen
https://www.ge.com/digital/applications/digital-twin
https://new.siemens.com/global/en/company/stories/industry/the-digital-twin.html
https://blog.bosch-si.com/developer/how-digital-twins-boost-development-in-the-iot/
https://blog.bosch-si.com/developer/how-digital-twins-boost-development-in-the-iot/
https://www.ibm.com/topics/what-is-a-digital-twin
https://docs.oracle.com/en/cloud/paas/iot-cloud/iotgs/oracle-iot-digital-twin-implementation.html
https://docs.oracle.com/en/cloud/paas/iot-cloud/iotgs/oracle-iot-digital-twin-implementation.html
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Table 2. Identified Studies Exploring Equifinality in Industrial Sectors.

Study Industry Sector Cross-Industry Paradigms

[31] Open-Source Software No

[31,32] Subsidiary No

[33,34] Biotechnology No

[35] Restaurant Firms No

[36] Circular Economy No

[37] Apparel Manufacturing No

[38–40] High-Technology No

[41] Chemical Industry No

[42] Agribusiness No

[43] Airline Industry No

[44] Metal, Textile, Non- metallic Mineral, Printing, Computer and Electronic Products,
Beverage and Tobacco, Furniture Yes

[45] Non-mineral Manufacturing, Mineral Manufacturing, Scientific and Technical Services Yes

[46] Manufacturing (Electric equipment, Machine Manufacturing, Textile and Clothing,
Pharmaceuticals) and Services (Hotel, Restaurant, Software Services) Yes

4. Methodology

A strategic benchmarking type of action [47] is considered to be of the most con-
structive nature for identifying such actions. Figure 1 shows the timeplan of the phases
identified, along with the key goals related to each phase, which are hereinafter described
in more detail.

Figure 1. Timeplan of phases related to information acquisition for the study.

In this study, a semi-structured questionnaire [48] was conducted from February to
May 2020, comprised of three open-ended questions about benchmarking practices within
industrial manufacturing premises, so as to guide the end-users towards describing the
aimed themes (Table 3). Phase 1 and Phase 2 (Figure 1) concerned the definition and clarity
on the goals set, as well as the nature of the questions, specific details, and assumptions as
well out-of-scope processes.
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Table 3. Open-ended Questions Related to Benchmarking Practices.

Energy Consumption Themed Question

Please describe any actions related to energy consumption practices, including
but not limited to operational efficiency aspects: (e.g., energy audits existence,

energy consumption processes data, use of automated energy anomaly
detection features, temperature or other metric-dependent loads, site
performance, existence of energy consumption information system).

Energy Sustainability Themed Question

Please describe any actions related to energy sustainability for industrial
manufacturing practices, including but not limited to use of smart

manufacturing data collection aspects, participation in energy efficiency
networks, verification of energy savings, sustainability reporting features.

Energy Footprint Themed Question

Please describe any actions related to energy footprint, including but not
limited to utility validation aspects (e.g., adoption of environmental legislation,

continuous monitoring of peak load, software features to streamline
utility-related processes, identification of billing and metering errors).

The answers received were then qualitatively analysed and a hierarchical code sys-
tem was designed in which higher level categories describe the answers in general terms
(Phase 3 in Figure 1). This system approach was designed based on an iterative methodol-
ogy where we revisited and refined the answers given: the most important answered were
highlighted; those that were unclear or that were not considered relevant were ignored;
some answers and/or concepts with similar meaning were merged. We then thoroughly
analysed the answers by indicating their relevance, variations, dimensions and param-
eters [49]. Finally, to go beyond a simplistic descriptions level, we comparatively and
relationally analysed the content to reveal the existence and strength of patterns of associ-
ations between the data elements. The results of this exercise are provided in Tables 4–6:

Table 4. Energy Consumption Related Practices.

Pılot Site (Process-)
Monitoring System External Audits Recording, Visualisation,

Analysis and Reporting System

ASAS yes yes yes
AVL yes yes yes
CRF yes yes yes
IFAG yes yes yes
DPS yes yes yes
PE yes no no

STN yes no yes
YIOTIS no yes yes

Table 5. Energy Sustainability Related Practices.

Pılot Site Improvement Actions towards
Smart Manufacturing

Participation in Sustainability
Projects and Networks

Implementation and/or Adoption of
New Practices and Strategies

ASAS yes yes yes

AVL no yes yes

CRF no yes yes

IFAG yes yes yes

DPS no yes yes

PE yes yes yes

STN yes yes no

YIOTIS yes yes yes
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Table 6. Energy Footprint Related Practices.

Pılot Site Renewable Energy Strategy Approach Energy Footprint Research
Existence of Energy Management
and/or Efficiency-Consumption

Ranking Systems

ASAS no yes yes

AVL yes no yes

CRF no no yes

IFAG yes yes yes

DPS yes no yes

PE no no yes

STN no no yes

YIOTIS no yes yes

The Equifinality Aspect

The idea of equifinality suggests that similar results may be achieved with different
initial conditions and in many different ways [50]. Given the difference in character among
the investigated industries, an additional approach would be to check if and how they may
establish similar competitive advantages based on substantially different competencies [51].
Moreover, it is suggested that “the social, economic, and environmental impacts of each
process must be determined to identify the optimal course of action” [51]. To check
the equifinality aspect of the industries involved in the EnerMan project, identification
of commonalities in sustainable mission-driven goals (namely the energy consumption,
sustainability and footprint practices deployed within their floors) under an unknown
future (be it that of the project outcomes in terms of its expectations), should provide
an indication of whether this is true or not across a multi-system approach.

As part of the use cases analysis questionnaire deployed for identifying the require-
ments and specifications of the EnerMan pilots, an additional section was also included
to explore the aspect of equifinality via a set of open-ended questions set to address the
expectations from each pilot site regarding the EnerMan project outcomes (parts of Phase 1
and Phase 2 in Figure 1). These questions were based on bilateral teleconference meetings
held for these purposes. The agreed list of questions is shown in Table 7.

Table 7. Questions related to EnerMan expectations.

Question Description

1
How do you envision the EnerMan solution fit to your current manufacturing process (e.g., in terms of

time-management, decision-support system, data availability, resources management)? Do you target a specific process
or metric to be addressed?

2 How EnerMan is expected to interact with those processes?

3 Are there any environmental challenges related to the manufacturing process to which EnerMan will be applied, that
you wish to address? Please provide a description

4 What KPIs should be monitored in real-time?

5 What reports should be automatically generated?

6 Which part (if not the whole) of the process are you most interested in “digitally twin-ing” it?

7 What dynamic parameters of the target process are important to be acquired and monitored from the field to “digitally
twin-ing” it? (e.g., set-point temperatures and humidity, water flow rate in heater exchanger, air flow rate in fan, etc.)

8 Which part (if not the whole) of the process are you most interested in receiving earlier warning/notifications and
intelligent information/decisions about it?
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Table 7. Cont.

Question Description

9 What are your expectations as far as the digital twin approach is concerned?

10 In which part of the process (if not in the whole process) do you intend to use the EnerMan intelligent decision support
system (IDSS)?

11 Where will you install (if required) the EnerMan solution?

12 Regarding the previous question, how interruptive do you think this will be in the usual manufacturing process (e.g.,
are there any user adoption issues foreseen)?

13 Will someone from the team be assigned to use solely the EnerMan solution?

14 What is your time saving estimations/expectations as far as human-driven processes are concerned?

15 How do you intend to (re-)assign the personnel that might not be needed in case of a full setup and expected
installation/running of the EnerMan solution?

5. Results and Discussion
5.1. Results

Given the open format of the answers, a preliminary text-mining analysis was per-
formed to identify qualitative context stemming out of the answers (Phase 3 in Figure 1).
The main research item from these questions was to see if there are common themes pur-
sued among the end-users and identification of common issues envisioned by them to
address the issue of equifinality among different industrial environments.

For these purposes, a bag-of-words model approach [52] was followed for feature
generation out of the answers given by each end-user. The most common type of features
(or characteristics) calculated from the bag-of-words model is the frequency, namely
the number of times a term appears in the text. Julia v1.4 [53] was used for programming
a script (a link to the Julia notebook is provided as a footnote (https://nextjournal.com/En
erManD12textMining/enerman-d12-text-mining-analysis-for-expectations-related-answe
rs (accessed on 18 November 2021))) (Phase 4 in Figure 1). The results are shown in Table 8.
Figure 2 provides the diagrammatical representation of the same results.

Table 8. Bag-of-Words Results.

# Term Frequency # Term Frequency

1 energ 56 17 abl 13

2 consumpt 47 18 base 13

3 air 26 19 condit 13

4 product 26 20 run 13

5 data 22 21 chang 12

6 temperatur 22 22 collect 12

7 level 20 23 heat 12

8 water 20 24 meter 12

9 control 19 25 target 12

10 digit 16 26 central 10

11 flow 15 27 oper 10

12 instal 15 28 report 10

13 solut 15 29 chiller 9

14 twin 15 30 cost 9

15 manag 14 31 refer 9

16 server 14 32 tank 9

https://nextjournal.com/EnerManD12textMining/enerman-d12-text-mining-analysis-for-expectations-related-answers
https://nextjournal.com/EnerManD12textMining/enerman-d12-text-mining-analysis-for-expectations-related-answers
https://nextjournal.com/EnerManD12textMining/enerman-d12-text-mining-analysis-for-expectations-related-answers
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Figure 2. Most Frequently Used Terms from End Users Related to EnerMan Expectations.

As shown in Figure 2, the main terms reflecting the end-users’ opinion have to do
with manufacturing related issues (e.g., “consumption”, “production”, “flow”), energy
sources (e.g., “energy”, “air”, “water”) and data related characteristics (e.g., “real-time”,
“data”, “digital”, “server”). However, and in order to obtain a better view of the end-
users’ perspective, an n-gram analysis was performed to highlight the most commonly
used bi-/tri- and quadra-grams (i.e., number of consecutive words found together in
a sentence) to extract a meaningful interpretation of common trends. Tables A1–A3 in the
Appendix A show the first 15 results coming from that analysis. Terms highlighted with
green colour confirm the trends appearing among partners as far the EnerMan application
is concerned, with characteristic examples the need for “a central server” and “ML and AI
algorithms”, while “flow rate measures”, “of the building” and “end-node meters” are of
high importance as well.

Based on the previous results, a diagrammatic representation of the context level de-
sired to be achieved by the EnerMan approach was drawn (Figure 3), as far as the end-users
are concerned. Based on the text-mining analysis, data monitoring issues are of outmost
importance and are highlighted by the context of the answers provided, followed by manu-
facturing processes optimization and improvements on existing resources management
and allocation.

This is also aligned with the answers given in the specific question number 5 in Table 7
related to the KPIs. Table 9 shows a redacted version of the total answers given by the
end-users in non-specific order and by removing partners’ identifiable information. As it is
evident, data monitoring and measurements issues dominate the answers given in terms
of Key Performance Indicators, thus serving as a driver for the upcoming build-up of the
EnerMan system.
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Figure 3. Context-related Expectation Levels regarding EnerMan.

Table 9. Redacted Answers to Question #5.

Redacted Sentences from the Answers Given to Question #5

Real-time energy consumption
Water temperature used for cooling (chiller)

Flue gas analysis
Natural consumption/kwh

Steam ABS Chiller running performance
Engine oil cons/kwh

Hot water consumption/kwh
Steam consumption/kwh

Energy flows
Hot water ABS Chiller running performance

consumption in term of real-time power demand
Energy Consumption

kWh/per part
Market prices for load shifting

Air usage/kWh—and where is the air being used
COP chillers and COP heater and where is the chilled water/heat being consumed

Waste output
Real-time trend of the indoor air temperature of the building working area

Energy consumption of machines and clean room conditions.

5.2. Discussion

In this point it should be highlighted that specific key and data metrics related to the
practices followed by the pilot sites were not given respecting the terms of confidentiality
imposed by them. However, this is not restrictive in terms of sharing several important
insights into how organisations can employ energy-related information for energy manage-
ment strategies at different stages of their present or future energy management strategy
planning. These insights are hereinafter described.

Organisations in all levels of energy management positioning give a significant focus
from an energy efficiency perspective, e.g., by using available and newly gathered informa-
tion. This information is used for performing efficiency improvement decisions, evaluation
of the plant performance and participation in sustainability projects. Despite the differences
shown in how intensively the organisation use this information, they also intend to obtain
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other sustainability benefits such as mitigation of any environmental impacts, industrial
energy usage, and carbon emissions. For example, adoption of the ISO 50001 standard is
pretty common and provides a constant variable in terms of energy management practices.

However, due to the unavailability of systematic environmental monitoring data and
recent use of energy management systems and their associated information collection and
management mechanisms, the investigated organisations following reactive and preventive
strategies do not exploit the full potential of energy efficiency strategies. For example,
the option of using renewable energy sources is limited among the pilot sites, and such
environmental management initiatives should be extended and promoted among both
internal stakeholders and external stakeholders.

On the other hand, all organisations are found to actively pursue reactive and pre-
ventive strategies and have included this focal aspect in managing existing information.
The investigated organisations follow a proactive strategy and attempt to be as transparent
as possible in terms of energy information management and provision. However, even
these organisations seem to lack a proper mechanism to integrate multi-tier suppliers into
their network of energy management and related activities. Non consideration of AI- and
ML-enabling technologies along with related strategies, would deny these organisations
opportunities to further achieve low energy and low-carbon operations.

Thus, in terms of equifinality, a suggested framework within energy-related aspects,
inspired by the means-end-chain model approach [54] covering both the states of expecta-
tions (as goals) and existing practices (as means) (Figure 4). The inter-systemic interactions
are hereby highlighted with interlinks of varying thickness, so as to open up new methods
of ideation and innovation and communicate a systems’ design in tandem with industrial
set goals. As shown in the figure, G1: data monitoring was found to be of the outmost
importance (depicted with the thicker drawn interlinks) to achieve the required status of en-
ergy consumption (M1) and footprint (M2) metrics within an industrial environment, while
G2: process optimization comes second towards the fulfilment of both the energy footprint
and sustainability (M3) profile to be achieved. G3: resources management is shown to affect
only the energy footprint status, and that in specific cases (depicted with thinner drawn
interlink), while an external source disruption (namely that of external audits) seems also
to affect a number of industries within the energy consumption framework.

Although real-time implementation of data monitoring/management strategies is
requested and/or expected by all industries, this is shown not to be actually taking place
in terms of realizing them in terms of energy sustainability, consumption and footprint.
To request or require such services (in terms of real-time monitoring). Therefore, the
suggested framework acts as a scaffold on which they should base current and future
activities especially in terms of all the aforementioned concepts, so as to interlink and
recognize the impact of their energy-related activities with environmental metrics in real-
time and in an evidence-based manner.
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Figure 4. Approaching of Equifinality within the EnerMan project.

6. Conclusions and Future Work

The innovation delta offered by depicting energy related expectations and practices
under a commonly understood framework, such as the one presented in the current study
aims to provide the push to all energy management activities of the EnerMan partners but
to external stakeholders as well. Identifying common themes and common-goal priorities
under the same umbrella terms, intends to allow the effective and meaningful use of
energy management information, which plays a crucial role in monitoring, measuring,
and evaluating progress towards the achievement of sustainability and energy management
goals not only on a corporate level, but on a decision-making and multi-stakeholder level
as well.

The innovation value chain in the context of AI-based energy management solutions
for Industry 4.0 environments is enacted by an open ecosystem of small and large in-
dustries, individual inventors, research institutes and universities. Large industries are
experimenting with a variety of schemes to stimulate and benefit from entrepreneurial
activities outside their organizations. Information gathering, and analysis is still in progress,
but it appears that while the general philosophy of open innovation is shared, there is
considerable variation in how it is interpreted and applied, and a consensus on best practice
has yet to emerge, as highlighted in similar approaches (e.g., in [55,56]).

The EnerMan project aims to empower AI and digital twins to drive efficient en-
ergy management in smart manufacturing. The framework is very rich in innovative
features. The envisioned operations incorporate (i) a novel self-learning distributed ap-
proach; (ii) a data- and knowledge-driven approach for digital twin manufacturing towards
intelligent energy management in manufacturing; (iii) novelty in modelling algorithms
and finally (iv) a novel, thorough industrial model-based management system to help
humans to resolve unforeseen critical situations in smart factories towards (1) efficient
production planning to reduce energy consumption, costs, and the relevant environmental
footprints, (2) effective analysis and improvement of production processes towards the
same direction. Environmental barriers affect organizational factors, which in turn have
an impact on system integration, system and data security, and data quality [57].

With its associated companies, EnerMan will reinforce the power to innovate and
the competitiveness of local businesses in particular by means of applied research of the
suggested framework. At the same time, mutual exchange of experience and knowledge,
cooperation in interdisciplinary teams and shared use of infrastructure creates a market-
oriented and science-based process of innovation that benefits all the project partners
involved. Interdisciplinary exchange improves competitiveness in an international context
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and guarantees that the very latest research findings are constantly incorporated into the
framework. This gives a decisive edge to the project.

As far as future work is concerned and as far as the project progresses, a more elaborate
insight on the framework relations will be explored, so as to indicate the variables and
parameters on a micro-, and meso-scale the implementation activities on both an expec-
tational and practical level. By fulfilling the goals set by the EnerMan project, a better
glimpse will be given on the existing and future energy landscape at various industrial
sectors, towards the realization and the transformation motions set by Industry 4.0.
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Appendix A

Table A1. Bigram Analysis: First 15 Results.

Bigram Count Log Likelihood

of the 78 230.7207

should be 26 166.5386

EnerMan solution 14 134.299

central server 10 121.5994

in order 13 107.1364

digital twins 8 93.51045

energy consumption 17 91.33639

order to 13 89.84082

able to 13 89.84082

no answer 7 77.76522

flow rate 6 75.66086

target processes 7 63.61579

based on 7 63.20992

AI algorithms 4 62.65131

from the 20 59.0126
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Table A2. Trigram Analysis: First 15 Results.

3 g Count Frequency

in order to 13 0.351351

be able to 9 0.243243

of the target 8 0.216216

of the process 7 0.189189

the target processes 7 0.189189

should be installed 6 0.162162

the central server 6 0.162162

the EnerMan solution 6 0.162162

it should be 6 0.162162

be installed in 6 0.162162

EnerMan solution should 6 0.162162

of the production 5 0.135135

the temperature and 5 0.135135

of the system 5 0.135135

no answer energy 5 0.135135

Table A3. The Four-gram Analysis: First 15 results.

4 g Count Frequency

of the target processes 5 0.135135

process in order to 4 0.108108

should be able to 4 0.108108

no no answer energy 4 0.108108

ML and AI algorithms 4 0.108108

should be installed in 4 0.108108

on a central server 4 0.108108

Bodyshop environmental air conditioning 3 0.081081

environmental air conditioning system 3 0.081081

to minimize energy consumption 3 0.081081

of the target process 3 0.081081

acquired from the field 3 0.081081

dynamic parameters that are 3 0.081081

parameters that are important 3 0.081081

that are important to 3 0.081081
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