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Abstract: Just like quality, safety and sustainability, energy is a transversal aspect in the management of an industrial 
production plant and energy management is a topic of increasing interest for both sustainability and economic 
reasons. On the other hand, the fourth industrial revolution has led to the development of innovative technologies 
from the point of view of connectivity, data analysis and automation (such as Big Data Analytics, Internet of Things, 
smart sensors, wearables, etc.). As a result, industrial plants are changing their appearance, becoming increasingly 
complex digital systems. The technologies and the opportunities of innovation available are extensive but fostering 
their implementation in a conscious and effective way is not simple. In fact, it strongly depends on the characteristics 
of the specific reality examined and little is known about the potential contribution of the Industry 4.0 related 
technologies for the specific field of energy management systems. Therefore, starting from a literature review of the 
available tools deriving from Industry 4.0, this paper analyses their potential application to an energy management 
system, distinguishing among the various aspects that may concern its comprehensive implementation (e.g. design, 
monitoring and control, budgetary planning and control, etc.). Thus, the purpose of this paper is to provide a clear 
view of the opportunities deriving from these new tools in the context of a transformation of the energy 
management system of an industrial plant towards the paradigm of 4.0.  
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1. Introduction 

Energy management is an increasingly important aspect of 
the management of an organization for both economic 
and environmental sustainability. It has strategic value as a 
source of competitive advantage and flexibility in the 
global marketplace, enabling both the reduction of 
production cost and the compliance with other constraints 
in quality and delivery times. (Sa et al. 2017; Santolamazza 
et al. 2017). Also, in regards to the issue of environmental 
sustainability, since the industry sector is one of the most 
important energy consumers and therefore one of the 
most impactful producers of greenhouse gas (GHG) 
emissions (Edelenbosch et al. 2017; Salvatori et al. 2018), 
the attention to the energy consumption management 
from industrial plants is of the utmost importance to 
guarantee a sustainable progress. 

On the other hand, in the wake of the fourth industrial 
revolution innovative technologies are now being 
developed in the fields of wireless connection, data 
analytics and automation (Dalenogare et al. 2018). 
Moreover, in order to achieve the challenging 
international goals in terms of energy efficiency and of 
CO2 emissions reduction, the only conceivable road is to 
integrate more intelligence into the industrial 
manufacturing process (Ge et al. 2017). As a result, 
industrial plants are changing their appearance, becoming 
increasingly complex digital systems.  

The technologies and consequently the new opportunities 
of innovation arising from the industry 4.0 era are various 
and quite different. In order to guide this change in a 
conscious and effective way it is important to acquire a 
clear comprehension of the scenario available.  

Furthermore, the impact of the innovation depends 
strongly on the specific aspect of the industrial 
environment examined and the field of energy 
management systems has not yet been explored in a 
comprehensive way from the point of view of the 
potential contribution of the technologies related to 
Industry 4.0. In fact, the analysis of the 4.0 tools in their 
application to an energy management system is a topic not 
yet deepened by the scientific literature. Authors have 
usually devoted themselves to specific aspects of the 
intersection between “energy” and “4.0” domains, 
specifying particular aspects such as IoT and energy, 
renewables and smart grids, but not broadening the 
spectrum to the intersection between industry 4.0 and all 
the aspects of an energy management system, and not 
focusing on the problem from the point of view of a 
company that wants to foster its energy management 
system. 

Therefore, this paper aims to contribute to the state of the 
art by analysing the potential applications of the key 
technologies of “Industry 4.0” to an energy management 
system, distinguishing among the various aspects that may 
concern its application in a structured and systematic way 
and providing an overview of the opportunities arising on 
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this theme (e.g. design, monitoring and control, budgetary 
planning and control, etc.). To the best of our knowledge, 
this is the first paper that focuses on providing a clear 
overall framework of the opportunities deriving from 
these new tools in the specific context of a transformation 
of the energy management system of an industrial plant 
towards the paradigm of 4.0.  

The paper is structured as follows: Section 2 describes the 
background of the problem, discussing the various aspects 
of an energy management system and the key technologies 
characterizing the paradigm of “Industry 4.0”. Section 3 
provides a description of the methodology adopted for 
the analysis and the definition of a comprehensive 
framework of the opportunities deriving from the 4.0 
technologies while Section 4 shows the results of the 
analysis. Finally, Section 5 concludes the paper, presenting 
the main conclusions and the possible developments of 
the study. 

2. Background  

2.1 Energy management system 

The objective of energy management is to provide energy 
to the organization in the most efficient and effective way 
possible, both in terms of supply and utilization by the 
final users (Introna et al. 2014; Petrecca 2014). In order to 
guarantee those objectives, energy management requires a 
systematic and continuous approach as described by the 
international standard for Energy Management System, 
the ISO 50001 (Introna et al. 2014; ISO - International 
Organization for Standardization 2018). 

Energy is a transversal aspect in the management of an 
industrial production plant just like quality, safety and 
sustainability. According to ISO 50001 an Energy 
Management System is a “set of interrelated or interacting 
elements to establish an energy policy and energy 
objectives, and processes and procedures to achieve those 
objectives”(ISO - International Organization for 
Standardization 2018). The key aspects of an energy 
management system can be highlighted following the 
structure of the international standard ISO 50001 (ISO - 
International Organization for Standardization 2018). 

First of all, starting from an energy policy, through the 
definition of objectives, the organization shall translate the 
policy at all relevant functions and levels. Furthermore, 
the objectives must explicate themselves in specific energy 
targets, continuously monitored.  

In order to do so,  it is important to define energy 
performance indicators (EnPIs) and the corresponding 
energy performance baselines (EnB). These indicators can 
be of different typologies. The simplest ones, represented 
by single absolute values of energy consumption or ratios 
between it and relevant factors, are more commonly used. 
Moreover, they can be derived from either the Energy 
Intensity (EI) ratio or the Specific Energy Consumption 
(SEC) ratio. Also, in order to take into account influential 
drivers statistical and engineering models can be used to 
create more complex indicators (Benedetti et al. 2018; 
Bunse et al. 2011). 

After their definition, the indicators must be monitored in 
order not only to rapidly identify possible anomalies in the 
energy performance, but also to compare their value with 
the planned ones in the final energy review at the end of 
the year. 

Another important activity in the energy management 
system is the definition of the energy budget and the 
consequent analysis of the variance between prediction 
and actual values (Capehart et al. 2002; Cesarotti et al. 
2007). This kind of analysis is necessary to execute a 
budgetary control and to enable the top management to 
identify the reasons behind the occurrence and allocate 
the responsibility to different cost/responsibility centres 
(Santolamazza et al. 2017). 

Data collection and monitoring are fundamental to lead all 
the activities aforementioned.  

Furthermore, as for all management systems, the 
implementation of a suitable and effective communication 
and documentation management is critical: all methods 
and criteria used to develop the energy review, the energy 
indicators, the evaluations regarding the action plan, its 
status and the energy management opportunities (EMOs) 
assessed and all the general internal and external 
communication must be retained in the system (ISO - 
International Organization for Standardization 2018). 

Regarding operational activities,  according to ISO 50001 
(2018) “the organization shall plan, implement and control 
the processes, related to its Significant Energy Uses to 
meet requirements and to implement the actions 
determined”. It means the organization must set 
operational criteria for all the relevant processes and 
activities such as maintenance of significant equipment 
and systems. 

Moreover, also design and procurement are import 
aspects in the energy management system. Regarding the 
first, the organization has to consider and evaluate the 
opportunity of an energy performance improvement when 
designing new or modified facilities, equipment, systems 
and energy-using processes. Regarding the latter, the 
organization has to define evaluation criteria and 
specifications for the energy performance of procured 
equipment and services and for the purchase of energy 
(ISO - International Organization for Standardization 
2018). 

2.1 Industry 4.0 and key technologies 

Intelligence is a key element for the future development of 
manufacturing and it is set to affect  globally the business, 
at different levels, with the aim to provide the flexibility 
necessary to respond to production changes rapidly 
(Karkalos et al. 2019). 

The concept of “Industry 4.0” was introduced in 2011 by 
the initiative of the German federal government and 
refers to the “4th industrial revolution”, the last, still 
ongoing, transformation in the industry environment after 
the previous three, characterized respectively by the steam 
machine, the use of electricity in industrial processes and 
the utilization of ICT (Information and Communications 
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Technology) and industrial automation (Dalenogare et al. 
2018; Frank 2019; Vaidya et al. 2018). 

As a result of the increasing advances in IT and 
electronics, the paradigm of Industry 4.0 is connected to 
the concept of advanced or “Smart” manufacturing  and it 
is founded on the integration of organizations, equipment, 
humans and products and the continuous communication 
among them in order to establish an efficient, 
collaborative, and sustainable industrial production 
(Karkalos et al. 2019; Wang 2016). 

To summarize the main aspects of the technological 
innovation described in the paradigm “Industry 4.0”, nine 
key technologies have been identified in scientific 
literature (Laudante 2017; Vaidya et al. 2018): 

• Internet of Things (IoT); 

• Big Data and Analytics; 

• Simulation; 

• Cloud; 

• System Integration: Horizontal and Vertical 
System Integration; 

• Augmented Reality; 

• Autonomous Robots; 

• Additive manufacturing; 

• Cyber security. 

The Internet of Things (IoT) paradigm is defined as an 
integrated system of interconnected and intelligent devices 
that connects objects, people and places (Vaidya et al. 
2018).  

In this context, a smart object is an object which has self-
awareness, capacity of self-diagnosis and location 
awareness; it can interact with other smart objects and the 
surrounding environment (e.g. actuators) and possess 
some capacities of data processing. In the manufacturing 
industry, the IoT uses wireless devices such as RFID and 
wireless sensor networks to acquire information from the 
shop floor (such as a machine status, inventory levels, 
energy consumption, etc.) (Shrouf and Miragliotta 2015). 

As a consequence, in order to gain value from all the new 
data now available, new algorithms, based on machine 
learning, have been developed to carry out data mining 
and analytics. Four different types of machine learning 
algorithms (unsupervised learning, supervised learning, 
semi-supervised learning, and reinforcement learning) are 
used in manufacturing to analyse data both offline and 
online for various purposes (such as trend analysis, 
process monitoring, fault diagnosis, fault classification, 
online soft sensing and quality prediction, etc.) (Ge et al. 
2017). 

Moreover, simulation is a technique that can be used to 
predict the behaviour of real complex systems in industrial 
plants. In doing so, the simulation can provide the 
knowledge necessary to support manufacturing decisions, 
such as designing factory layouts, supply chain 

interoperations, developing production plans, assessing 
the benefits and risks of strategies (Goodall et al. 2019). 

Cloud-based IT-platforms are used by organizations to 
increase their capacity of data sharing across the sites and 
companies (Vaidya et al. 2018). Moreover, the progress in 
cloud computing can provide access both to larger 
datasets and to clusters of remote processors, enabling the 
user to achieve modelling performance he would not have 
obtained otherwise (Oztemel and Gursev 2018). 

A key concept of “Industry 4.0” is to improve the 
manufacturing environment in order make data available 
for all the relevant actors. The paradigm stretches in three 
directions of integration (Peres et al. 2018):  

• horizontal integration across the entire value 
creation network; 

• vertical integration and networked manufacturing 
systems; 

• end-to-end engineering across the entire product 
life cycle.  

Moreover, augmented reality is a term used to describe an 
enhanced version of reality where the view of the physical 
world (live or not) is augmented with superimposed 
images, generated by computer. This technology could be 
used to enhance both the design process and the real 
operations (Gattullo et al. 2019; Oztemel and Gursev 
2018). As for robots, they are becoming increasingly more 
autonomous, flexible and cooperative, starting to  interact 
with one another as well as the environment and working 
safely near humans (Oztemel and Gursev 2018; Vaidya et 
al. 2018). 

In order to fulfil the need for mass customization, new 
non-traditional manufacturing methods are being 
developed. Additive manufacturing is  capable of 
satisfying this request, since it can  create  objects  with 
advanced attributes (new materials, complex shapes) and 
enable a delocalized production, reducing transport 
distances and need for stock (Dilberoglu et al. 2017; 
Vaidya et al. 2018). 

Finally, cyber security is a critical issue in the new 
industrial scenario generated by this rapid innovation in 
data storage and IT devices. Various properties, such as 
confidentiality, integrity, authentication, authorisation, 
non-repudiation, availability, and privacy, must be 
guaranteed in order to provide security for the IoT 
systems (Roy et al. 2016). 

3. Methodology 

The scientific literature has been analysed intersecting the 
“Industry 4.0” technologies and the main aspects of an 
energy management system.  

In order to do so, from the overview provided in Section 
2 the key aspects of an energy management system have 
been identified as follows: 

• Definition of energy performance indicators 
(EnPIs) and energy performance baseline (EnB); 
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• Data collection, monitoring and control of 
compliance of the EnPIs with energy targets; 

• Identification of anomalies in the energy 
performance and allocation to the correct 
cost/responsibility centre; 

• Analysis of Energy management opportunities; 

• Definition of energy budget and analysis of the 
energy budget’s variance; 

• Suitable and effective communication and 
documentation management; 

• Optimization of process/equipment set points; 

• Maintenance operations; 

• Set-up operations; 

• Evaluation of alternatives in purchasing and 
design. 

On the other hand, to map the opportunities created by 
“Industry 4.0” eight of the nine key technologies already 
identified by scientific literature have been selected 
(Laudante 2017; Vaidya et al. 2018). Although cyber 
security is an important issue in “Industry 4.0”, it was not 
included in the analysis because its use is essential in the 
industrial reality, regardless of the specific activities 
analysed. 

For every intersection among the list of energy 
management system’s main aspects and the eight 
“Industry 4.0” key technologies selected, the authors have 
searched in the scientific literature elements to argue on 
the existence of the specific intersection and describe the 
methods and practises found to implement it.  

The main results of the analysis are reported in Table 1 
and in Appendix A. For both tables the columns report 
the main technologies, whereas the rows report the main 
activities in the energy management system.  

Whenever there is an acknowledgment in literature of the 
possibility to apply a specific “Industry 4.0” technology to 
an energy management system’s aspect in the 
corresponding cell of Table 1 an “X” is reported. 
Therefore, Table 1 reports a synthetical overview of the 
framework resulting by the analysis. On the other hand, 
the intersection’s corresponding cell of Appendix A 
reports an explanation of the methods and practices 
found in literature on each occasion, with references to 
the specific sources. 

Whenever there is an application of the specific 
technology in other fields for similar purposes (e.g. 
maintenance, optimization, etc.), but not explicitly found 
in literature for the energy management system, the result 
is however reported. 

4. Results and discussion 

The innovative tools provided by the rise of Industry 4.0 
can have multiple benefits for the various aspects of an 
energy management system. 

Internet of Things (IoT), big data and analytics, cloud and 
simulation are key technologies showing diverse 
possibilities of application inside an energy management 
system.  

Indeed, the definition of energy performance baselines 
(EnB) and of energy performance indicators (EnPIs) can 
benefit from the presence of an intelligent infrastructure 
based on IoT that allows the monitoring and collection of 
huge amounts of complex data that could be used as 
inputs for machine learning or simulation models. 

Table 1: Intersection between Industry 4.0 technologies and energy management system’s aspects (Part I) 

Energy management system's key aspects Internet of 
Things (IoT) 

Big Data and 
Analytics Simulation Additive 

manufacturing 

Definition of energy performance indicators 
(EnPIs) and energy performance baseline 
(EnB) 

X X X - 

Data collection, monitoring and control of 
compliance of the EnPIs with energy targets X X X - 

Identification of anomalies in the energy 
performance and allocation to the correct 
cost/responsibility centre 

X X - - 

Analysis of energy management 
opportunities - -  X - 

Definition of energy budget and analysis of 
the energy budget’s variance - X - - 

Suitable and effective communication and 
documentation management - - - - 

Optimization of process/equipment set 
points - X X - 

Maintenance operations X X - X 
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Set-up operations X - - - 

Evaluation of alternatives in purchasing and 
design - X X - 

Table 2: Intersection between Industry 4.0 technologies and energy management system’s aspects (Part II) 

When used to define EnPIs, this kind of models can take 
into account the influence of operational parameters and 
ambient conditions, as well as a non-linear behaviour.  
These baseline models provide more reliability and 
efficiency in the control of the compliance with the energy 
targets and in the detection of anomalies in the energy 
behaviour of the system. In fact, they can provide a better 
estimation of the baseline behaviour of the system. The  
deviation between the energy consumption calculated with 
the model and actual energy consumption might be 
analysed statistically in order to evaluate its significance 
and thus allowing a more sensitive control system (Al-Ali 
et al. 2017; Benedetti et al. 2016; Ge et al. 2017; Goodall 
et al. 2019; Negri et al. 2017; Nikula et al. 2016; 
Santolamazza et al. 2018b; Shrouf and Miragliotta 2015; 
Sunthornnapha 2017; Zhong et al. 2017). 

Furthermore, the wireless and real-time data acquisition 
provided by IoT increases the ability of operators to act in 
a timely manner to anomalous deviations in the energy 
consumption (Benedetti et al. 2016; Ge et al. 2017; Nikula 
et al. 2016; Santolamazza et al. 2018b; Shrouf and 
Miragliotta 2015).  

Also energy accounting procedures can be supported by 
data analytics. Complex models can be used to predict the 
future energy consumption and consequently define the 
energy budget. Moreover, these techniques enable the 
evaluation of the variance between predicted energy 
budget and actual energy cost, identifying and correctly 
allocating the cause to the right responsibility/cost centre 
(Cesarotti et al. 2007; Santolamazza et al. 2017).  

At the same time,  through the use of different machine 
learning models, it is possible to evaluate the best 
purchasing contract in accordance with the specific need 
of the organization. Indeed, due to the heterogenous 
nature of the different contract proposals for services and 
equipment, it is in general quite difficult to distinguish the 
best alternative. Moreover, different scenarios can be also 
tested through simulation to identify the best opportunity 
in terms of design or purchase. (e.g. choice among 
different hourly tariffs, dimensioning and selecting of 
equipment, set point optimization, etc.) (Di Silvio et al. 
2007; Goodall et al. 2019; Zhong et al. 2017). 

Even maintenance processes might benefit from the use 
of more complex modelling such as machine learning in 
the attempt to improve the maintenance policy and 
decrease the downtime. Indeed, depending on the 
complexity of the failure’s evolution, the availability of 
data and the technique used, it is not only possible to 
detect failures in the assets but also to operate a diagnostic 
control, identifying the cause of the failure occurred 
(Santolamazza et al., 2018b; Tran et al., 2015; Xiao et al., 
2011). 

On the other hand, the execution of activities such as set-
up and maintenance interventions could be greatly 
improved by the utilization of augmented reality or 
autonomous robots in order to support the operators and 
improve their safety, for example providing guidance from 
a more skilled operator through a remote connection 
(Gattullo et al. 2019; Koch et al. 2017; Masoni et al. 2017) 
The use of robots might also optimize the execution of 

Energy management system's key aspects 
Horizontal and 
Vertical System 

Integration 
Cloud Augmented 

Reality 
Autonomous 

Robots 

Definition of energy performance indicators 
(EnPIs) and energy performance baseline 
(EnB) 

- X - - 

Data collection, monitoring and control of 
compliance of the EnPIs with energy targets - X - - 

Identification of anomalies in the energy 
performance and allocation to the correct 
cost/responsibility centre 

- X - - 

Analysis of energy management 
opportunities - - - - 

Definition of energy budget and analysis of 
the energy budget’s variance - - - - 

Suitable and effective communication and 
documentation management X - X - 

Optimization of process/equipment set 
points - X - X 

Maintenance operations - X X X 

Set-up operations - - X X 

Evaluation of alternatives in purchasing and 
design - X - - 
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the specific activity, increasing its speed and quality 
(Oztemel and Gursev 2018). Also, these activities could 
gain in efficiency and effectiveness through the use of 
mobile devices,  that can provide the operator with 
supplementary data, information and specifics to conduct 
the task in a better way (Chen et al. 2014; Hao and Helo 
2017). Additive manufacturing  can also be useful for the 
maintenance process, creating spare parts in order to 
reduce the downtime of the machines affected (Khajavi et 
al. 2014). 

Furthermore, almost every task that requires the use of 
analytics or the handling of enormous amount of data 
could benefit from the use of cloud and cloud computing. 
The continuous progress in terms of storage capacity and 
elaboration power is critical to the implementation of a 
real-time management system (Ge et al. 2017; Oztemel 
and Gursev 2018; Vaidya et al. 2018). 

Finally, the system integration has the potential to make 
the communication management more flexible and 
controlled, connecting all the relevant actors of the 
management system in order to foster the achievement of 
the energy targets (Peres et al. 2018). 

5. Conclusions 

In this paper a comprehensive analysis has been presented 
in order to highlight the new opportunities arising from 
the “Industry 4.0” paradigm in reference to the energy 
management system. The applications reported in Section 
4 and surmised in the Appendix A show that many are the 
ways in which an energy management system can benefit 
from the innovation provided by the fourth industrial 
revolution. 

Indeed, the proposed framework aims to be a new tool to 
support the decision-making process of energy managers 
that want to lead their industrial plant towards the 
paradigm of 4.0. but are not yet conscious of what 
methods and technologies can be applied to their energy 
management system in order to achieve that objective. 

Moreover, further developments of this work will be 
focused on the application of the described framework to 
specific case studies in order to evaluate the impact of the 
benefits achievable as well as the possible drawbacks that 
an implementation of the new technologies could 
provoke. 
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Appendix A. FIRST APPENDIX 

Table 3: Detailed results of the intersection between Industry 4.0 technologies and EMS’s aspects (Part I)

Energy management 
system's key aspects 

Internet of Things 
(IoT) 

Big Data and 
Analytics Simulation Additive 

manufacturing 

Definition of energy 
performance indicators 
(EnPIs) and energy 
performance baseline 
(EnB) 

The presence of an 
intelligent infrastructure 
can allow the definition 
of more complex EnPIs 
(e.g. that use energy 
drivers monitored real-
time). 
(Shrouf and Miragliotta 
2015; Zhong et al. 2017) 

Machine learning 
models can be used to 
define more complex 
EnPIs and EnBs that 
consider the influence of 
operational parameters, 
ambient conditions and 
non- linear energy 
consumption 
behaviours. 
(Al-Ali et al. 2017; Ge et 
al. 2017; Nikula et al. 
2016; Santolamazza et 
al. 2018b; 
Sunthornnapha 2017) 

The use of simulation 
can help in the 
definition of the suitable 
energy target for the 
specific asset. 
(Goodall et al. 2019; 
Zhong et al. 2017) 

- 

Data collection, 
monitoring and control 
of compliance of the 
EnPIs with energy 
targets 

The presence of an 
intelligent infrastructure 
can allow the collection 
and transmission of a 
huge amount of 
information.  
(Al-Ali et al. 2017; 
Shrouf and Miragliotta 
2015; Zhong et al. 2017) 

Big data analytics 
enables the evaluation of 
the compliance with 
energy targets. 
(Ge et al. 2017)  

The use of simulation 
can help in the 
comparison between the 
baseline and the energy 
target identified. 
(Goodall et al. 2019; 
Negri et al. 2017; Zhong 
et al. 2017) 

- 

Identification of 
anomalies in the energy 
performance and 
allocation to the correct 
cost/responsibility 
centre 

The real-time acquisition 
of data from the process 
can allow a timely alert 
of the anomaly. 
(Shrouf and Miragliotta 
2015) 
 

Machine learning 
models can be used to 
define the baseline 
performance of the asset 
and therefore highlight 
its deviation from the 
norm.  
(Benedetti et al. 2016; 
Ge et al. 2017; Nikula et 
al. 2016; Santolamazza 
et al. 2018b) 

- - 

Analysis of energy 
management 
opportunities 

- -  

The use of simulation 
can help in the analysis 
of different scenarios, 
evaluating them and 
therefore identifying the 
best opportunities. 
(Goodall et al. 2019; 
Zhong et al. 2017) 

- 

Definition of energy 
budget and analysis of 
the energy budget’s 
variance 

- 

Through the use of an 
adequate model, the 
budget can be predicted. 
Furthermore, its 
variance can be 
evaluated and correctly 
allocated.   
(Cesarotti et al. 2007; 
Santolamazza et al. 
2017) 

- - 

Suitable and effective 
communication and 
documentation 
management 

- - - - 
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Optimization of 
process/equipment set 
points 

- 

The optimal set points 
for equipment and 
processes can be 
identified through the 
use of optimization 
algorithms. 
(Ge et al. 2017) 

The optimal set points 
for equipment and 
processes can be 
identified through the 
use of a simulation 
model to test different 
operational choices. 
(Goodall et al. 2019; 
Zhong et al. 2017) 

- 

Maintenance operations The presence of mobile 
devices can help the 
supervision of 
operations, thus 
allowing the 
maintenance operators 
to work more efficiently. 
(Chen et al. 2014; Hao 
and Helo 2017) 
 

Through the use of 
machine learning 
models, it is possible to 
detect failures in the 
assets and operate a 
diagnostic control. 
(Santolamazza et al. 
2018a; Tran et al. 2015; 
Xiao et al. 2011) 

- 

Additive manufacturing 
can be used to create 
spare part in order to 
reduce the downtime of 
the machine. 
(Khajavi et al. 2014) 

Set-up operations The presence of mobile 
devises can help the 
supervision of 
operations, thus 
allowing the set-up 
operators to work more 
efficiently. 
(Chen et al. 2014; Hao 
and Helo 2017) 
 

- - - 

Evaluation of 
alternatives in 
purchasing and design 

- 

Through the use of 
different models, it is 
possible to evaluate the 
best purchasing contract 
for the specific situation. 
(Di Silvio et al. 2007) 

The use of simulation 
can help in the analysis 
of different scenarios, 
evaluating them and 
therefore identifying the 
best opportunities in 
terms of design and 
purchase. (Goodall et al. 
2019; Zhong et al. 2017) 

- 

Table 4: Detailed results of the intersection between Industry 4.0 technologies and EMS’s aspects (Part II) 

Energy management 
system's key aspects 

Horizontal and 
Vertical System 

Integration 
Cloud Augmented Reality Autonomous Robots 

Definition of energy 
performance indicators 
(EnPIs) and energy 
performance baseline 
(EnB) - 

The presence of cloud 
computing enables the 
use of more complex 
models (better capacity 
of data storage and 
elaboration). 
(Oztemel and Gursev 
2018) 

- - 

Data collection, 
monitoring and control 
of compliance of the 
EnPIs with energy 
targets 

- 

The presence of cloud 
can allow the storage 
and real-time 
transmission of a 
massive amount of data. 
(Vaidya et al. 2018) 

- - 

Identification of 
anomalies in the energy 
performance and 
allocation to the correct 
cost/responsibility 
centre 

- 

The presence of cloud 
computing capacities 
enables the use of more 
complex models (better 
capacity of data storage 
and elaboration). 
(Oztemel and Gursev 
2018) 

- - 
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Analysis of Energy 
management 
opportunities 

- - - - 

Definition of energy 
budget and analysis of 
the energy budget’s 
variance 

- - - - 

Suitable and effective 
communication and 
documentation 
management 

The integration of all 
the actors of the system 
fosters the development 
of the targets. 
(Peres et al. 2018) - 

Technicians can operate 
with no prior 
knowledge, using 
information gathered in 
real-time from available 
data as well as using 
manual and being 
directed remotely. 
(Gattullo et al. 2019) 

- 

Optimization of 
process/equipment set 
points 

- 

The presence of cloud 
computing enables the 
use of more complex 
models in order to 
change the setting of the 
assets (better capacity of 
data storage and 
elaboration).  
(Ge et al. 2017; Oztemel 
and Gursev 2018) 

- 

The use of robots 
optimizes the process 
execution, increasing the 
production speed and 
quality. 
(Oztemel and Gursev 
2018) 

Maintenance operations 

- 

The presence of cloud 
computing enables the 
use of more complex 
models in order to 
change the maintenance 
policy and enable 
predictive maintenance. 
(Ge et al. 2017; Oztemel 
and Gursev 2018) 

The architecture of the 
application allows to 
remotely connect a 
skilled operator in a 
control room with an 
unskilled one located 
where the maintenance 
task has to be 
performed. 
(Gattullo et al. 2019; 
Masoni et al. 2017) 

Autonomous robot can 
help during set up 
operations in order to 
increase the safety of the 
operators and reduce 
the duration of the 
operations. 
(Koch et al. 2017) 

Set-up operations 

- - 

The architecture of the 
application allows to 
remotely connect a 
skilled operator in a 
control room with an 
unskilled one located 
where the task has to be 
performed. 
(Gattullo et al. 2019; 
Masoni et al. 2017) 

Autonomous robot can 
help during set up 
operations in order to 
increase the safety of the 
operators and reduce 
the duration of the 
operations. 
(Koch et al. 2017) 

Evaluation of 
alternatives in 
purchasing and design 

- 

The presence of cloud 
computing capacities 
enables the use of more 
complex models in 
order to solve various 
problems of 
optimization. 
(Ge et al. 2017; Oztemel 
and Gursev 2018) 

- - 
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