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Abstract: The theme of manufacturing plants energy efficiency in the last decade has assumed ever 

increasing importance, in the light of multiple environmental, economic, and regulatory considerations.   In 

the literature it is possible to find many proposals for methods and models to evaluate energy consumption 

of operating machines and margins for improvement with respect to the state of the art or the technology 

theoretical limits. From a regulatory point of view, international standards such as ISO 50001 and ISO 

14995 have contributed to building a shared reference framework. In industrial practice, however, the 

knowledge of these tools is still partial, and their implementation encounters significant organizational, 

technological, and economic obstacles. The most evident implication of this situation is the lack of 

published data relating to the actual consumption of the operating machines and the real potential for 

improvement that can be obtained. This paper presents a decision support tool suitable for use on an existing 

machine park and its application to a significant industrial case. Moreover, is discussed the impact that can 

be achieved by consistently applying the method. 
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1. INTRODUCTION AND POLICY BACKGROUND 

In industrial production costs, the energy component has 

become a key factor: in the context of increasing globalization 

of international markets, in fact, the energy optimization of 

industrial plants is often the only lever to maintain and increase 

competitiveness, as an alternative to innovation of the product. 

This economic impact, while fundamental, is not the only 

factor to be taken into consideration. A sustainability-oriented 

approach on the part of organizations is becoming increasingly 

important and the more forward-looking ones come to put 

sustainability at the center of their corporate strategy. 

Therefore, a company - wishing to undertake an effective path 

of Corporate Social Responsibility - cannot ignore the 

measurement of the impact towards the environment. The third 

key factor is certainly given by the active role that the 

legislator is having in guiding the transition process towards a 

green economy. A complete analysis of the international 

framework is beyond the scope of this work, but, limiting to 

the European reference framework, it is possible to indicate 

some fundamental steps that have characterized the last 

decade.  

Energy Efficiency Directive (EED) (2012/27 / EU): it defines 

mandatory energy efficiency schemes for energy distributors 

and / or retail energy sales companies and requires large 

companies to perform an energy audit.  

Amendment of the EU Energy Efficiency Directive COM 

(2016) 761: presented by the European Commission at the end 

of 2016, it provides for an energy efficiency target of 30% by 

2030. 

Eco-design (2009/125 / EC) and Energy-labeling (2010/30 / 

EU) directives: they define minimum standards of efficiency 

and efficiency labels to favor development and diffusion in the 

market of energy-related products, such as electric motors, 

pumps and other technologies that are widespread in industrial 

production cycles. 

Industrial Emissions Directive (IED) (2010/75 / EU): it 

regulates the emissions of pollutants from industrial plants and 

provides that, to reduce the environmental impact and improve 

the air quality, the establishments subject to the IED are 

required to operate according to a permit, which is defined 

according to the requirements of the BAT (Best Available 

Techniques).  

2. STATE OF ART AND DATA DRIVEN APPROACH 

The identification of energy-related potential of certain 

industrial processes was the subject of much investigation. A 

variety of examples were investigated for their energy-related 

impact and cost-cutting prospects, while energy-saving 

opportunities were estimated from a life cycle viewpoint.  

(Devoldere et al., 2008). Machine idle time, as well as other 
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increasing importance, in the light of multiple environmental, economic, and regulatory considerations.   In 

the literature it is possible to find many proposals for methods and models to evaluate energy consumption 

of operating machines and margins for improvement with respect to the state of the art or the technology 

theoretical limits. From a regulatory point of view, international standards such as ISO 50001 and ISO 

14995 have contributed to building a shared reference framework. In industrial practice, however, the 

knowledge of these tools is still partial, and their implementation encounters significant organizational, 

technological, and economic obstacles. The most evident implication of this situation is the lack of 

published data relating to the actual consumption of the operating machines and the real potential for 

improvement that can be obtained. This paper presents a decision support tool suitable for use on an existing 

machine park and its application to a significant industrial case. Moreover, is discussed the impact that can 

be achieved by consistently applying the method. 

Keywords: Sustainable Manufacturing; Decision Support System; Monitoring of manufacturing systems. 

1. INTRODUCTION AND POLICY BACKGROUND 

In industrial production costs, the energy component has 

become a key factor: in the context of increasing globalization 

of international markets, in fact, the energy optimization of 

industrial plants is often the only lever to maintain and increase 

competitiveness, as an alternative to innovation of the product. 

This economic impact, while fundamental, is not the only 

factor to be taken into consideration. A sustainability-oriented 

approach on the part of organizations is becoming increasingly 

important and the more forward-looking ones come to put 

sustainability at the center of their corporate strategy. 

Therefore, a company - wishing to undertake an effective path 

of Corporate Social Responsibility - cannot ignore the 

measurement of the impact towards the environment. The third 

key factor is certainly given by the active role that the 

legislator is having in guiding the transition process towards a 

green economy. A complete analysis of the international 

framework is beyond the scope of this work, but, limiting to 

the European reference framework, it is possible to indicate 

some fundamental steps that have characterized the last 

decade.  

Energy Efficiency Directive (EED) (2012/27 / EU): it defines 

mandatory energy efficiency schemes for energy distributors 

and / or retail energy sales companies and requires large 

companies to perform an energy audit.  

Amendment of the EU Energy Efficiency Directive COM 

(2016) 761: presented by the European Commission at the end 

of 2016, it provides for an energy efficiency target of 30% by 

2030. 

Eco-design (2009/125 / EC) and Energy-labeling (2010/30 / 

EU) directives: they define minimum standards of efficiency 

and efficiency labels to favor development and diffusion in the 

market of energy-related products, such as electric motors, 

pumps and other technologies that are widespread in industrial 

production cycles. 

Industrial Emissions Directive (IED) (2010/75 / EU): it 

regulates the emissions of pollutants from industrial plants and 

provides that, to reduce the environmental impact and improve 

the air quality, the establishments subject to the IED are 

required to operate according to a permit, which is defined 

according to the requirements of the BAT (Best Available 

Techniques).  

2. STATE OF ART AND DATA DRIVEN APPROACH 

The identification of energy-related potential of certain 

industrial processes was the subject of much investigation. A 

variety of examples were investigated for their energy-related 

impact and cost-cutting prospects, while energy-saving 

opportunities were estimated from a life cycle viewpoint.  

(Devoldere et al., 2008). Machine idle time, as well as other 
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fixed energy consumption, independent of the machines' 

production usage, have been investigated to address energy 

efficiency in machine design. Other authors considered energy 

efficiency for overall processes (Herrmann et al., 2009) and 

optimized coordination of production and technical building 

services. Integrating power metering with IT paved the way to 

energy monitoring and management systems, which has 

found, in the context of industry 4.0, wide prominence and 

numerous practical developments (Vrchota et al., 2020).  

To assess energy consumption of operating machines, it is 

necessary to record all relevant energy flows, such as electrical 

consumers, pressurized air, and material flows for each 

machine tool component, as described in ISO14955, 

Environmental Evaluation of Machine Tools. Many efforts 

have been made to conduct this analysis through detailed 

modeling of the machines with the aim of characterizing the 

behavior of each subsystem. This approach is invaluable in 

gaining a deeper understanding of how the machine works and 

the interaction between its components, but as shown in 

(Vijayaraghavanan and Dornfeld, 2010), it takes up a lot of 

resources. Furthermore, it has been repeatedly observed, such 

as in (Gontarz et al., 2015), that the modeling of a complex 

system such as a machine tool can only partially take place. 

Consistent with the reasons illustrated in the introduction, the 

cornerstones of this project are instead made up of an entirely 

data-driven approach based, as far as possible, on the use of 

sensors already present in the machine. Despite the apparent 

simplicity, this approach has shown great potential: although 

with the use of a few sensors, a large amount of data can be 

obtained, and it led benefits both at economic and 

sustainability level. 

This strategy should not be seen as a substitute for an overall 

strategic vision for enterprise digitalization, but proceeding 

through concrete specific steps brings with it numerous 

advantages in an agile management perspective:  

- it allows to exploit a potential already present in the plant 

(sensors and acquisition systems are often supplied as standard 

on many machines), minimizing the need for additional 

devices, 

- it allows to start in a very short time and to achieve almost 

immediately practical results and simultaneously makes 

available relevant data sets, captured in real operating 

conditions, to develop machine learning approaches, 

- it allows to introduce important synergies with other 

company activities (MES, predictive maintenance, asset 

management). 

A systematic presentation of the general lines of the method 

adopted can be found in (Song et al., 2018) which proposes a 

method of general applicability, not linked to specific types of 

machines, based on four fundamental phases: 

1. Data preparation: acquired data are organized in 

time-series data matrix, eventually considering 

concatenation in case of more systems in series, 

2. Correlation analysis: through Pearson Correlation 

Coefficient or other statistical methods, correlations 

are identified between the parameters examined and 

the objective function, which typically consists of the 

measurement of energy consumption, 

3. Data envelope analysis for energy efficiency 

frontiers: the CCR (Charnes, Cooper and Rhode) 

model of Data Envelope Analysis can be applied, as 

suggested in (Martic, 2009) and (Witten, 2017), to 

identify the savings potential that can be achieved 

under different operating conditions, 

4. Energy saving quantification: under the hypothesis of 

bringing all the machines present on the plant to 

operating conditions of maximum efficiency, it is 

possible to determine the potential for improvement. 

This analysis constitutes the premise for subsequent 

activities for the optimal management of operations 

and assets. 

Alongside this general approach, the developed tool also made 

possible to carry out analyses to evaluate the economic and the 

environmental impact of each individual work cycle and stand-

by phase. 

4. INDUSTRIAL CASE 

For the pilot implementation,  state-of-art vertical milling 

machine have been instrumented and tested during normal 

work cycles. The choice fell on these machines, all produced 

in 2019 and 2020, for at least three main reasons: 

1. it was interesting to verify if  standard equipment of sensors 

and data acquisition systems allowed to proceed as desired, 

2. it was intended to carry out a pilot project with a high 

potential to be replicated on a larger scale, 

3. it was necessary to avoid the bias, often present in this type 

of activity, which arises from considering obsolete machines, 

for which it is relatively easy to demonstrate a high potential 

for efficiency improvement with the simple introduction of 

current technologies. The challenge of the project was instead 

precisely to demonstrate the high potential that remains to be 

exploited even having an already updated fleet of machines. 

The generality of the results obtained can be better assessed by 

considering some key characteristics of the machines used. 

These are 5-axis machine tools widely used in mechanical 

engineering fields such automotive industry, tool and mould 

making, medical technology and aero-space sector, thanks to 

their base efficiency and their capability of simultaneous 5-

axis machining that enables to extend their scope in all areas 

of production, whether in complete machining of individual 

parts or in series production. Their 5 axes (plus the spindle) are 

driven by linear or rotary motors, as follows: 

• X-axis: linear motor 

• Y-axis: linear motor 

• Z-axis: linear motor 

• B-axis: rotary motor 
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• C-axis: rotary motor 

• SP axis: rotary motor 

The cooling system consists of six subsystems: 

• Spindle flange motor cooling (high pressure), 

• Bearing support cooling, 

• Shroud cooling, 

• X-Y axis drive cooling, 

• X-Y-Z axis guide rail cooling 

• NC table cooling. 

As is well known (Benedetti et al., 2019), a not negligible part 

of the machine's consumption depends on the use of 

compressed air, whose production, of course, takes place in an 

external system and does not directly impact on the electrical 

consumption of the machine. Indeed, the developed tool 

addresses the task considering independently and in parallel 

the consumption of electrical energy and compressed air in the 

machine, having each of these energy sources peculiar 

technological characteristics that need dedicated algorithms. 

Above all, being the final objective obtaining the best 

achievable efficiency, it is much more advantageous to carry 

out an analysis that allows to separately highlight the most 

efficient users in one or the other part of the system, initially 

avoiding global assessments that would tend to hide significant 

differences of performance in individual subsystems. Only at 

the end of the analysis is it possible to add up the benefits 

potentially achievable from the optimization of the two forms 

of energy used, which finally can both be traced back to 

electricity consumption (of the utilities inside the single 

machine or of the compressor that generates compressed air 

for the entire system). 

Consequently, the following instruments will be used for data 

monitoring: 

- Chauvin Arnoux PEL 103: power and energy data logger 

- Chauvin Arnoux L 452: flow rate data logger 

Energy consumption was then recorded by means of the well-

known data analysis and reporting software tool Data View. 

For each machine, 5 samples of 8 hours each were taken, with 

a total of 40 hours of sampling, both with a sample rate of one 

second and one minute, to allow exploring different analysis 

approaches with the best trade-off between accuracy and speed 

of execution. 

A further acquisition system available was given by machines’ 

built-in control interface that made possible to directly acquire  

information regarding the electrical absorption of each axis of 

the machine separately 

5.  DEFINITION OF AN EFFICIENCY FRONTIER 

The developed analysis tool can be briefly described through 

its key features: 

• it provides a method to analyze in detail electrical and 

compressed air consumption, 

• it improves the monitoring of the company's energy data by 

interpolation of existing sensor records, extracting more data 

without adding collection points, 

• it shows the deviation among machines from identifying 

benchmark,  

• it calculates possible environmental and cost benefit from 

analysis outcome, 

Figure 1. Tool change example in testbed machine. Figure 2.  Low pressure cooling system in testbed machine. 

fixed energy consumption, independent of the machines' 

production usage, have been investigated to address energy 

efficiency in machine design. Other authors considered energy 

efficiency for overall processes (Herrmann et al., 2009) and 

optimized coordination of production and technical building 

services. Integrating power metering with IT paved the way to 

energy monitoring and management systems, which has 

found, in the context of industry 4.0, wide prominence and 

numerous practical developments (Vrchota et al., 2020).  

To assess energy consumption of operating machines, it is 

necessary to record all relevant energy flows, such as electrical 

consumers, pressurized air, and material flows for each 

machine tool component, as described in ISO14955, 

Environmental Evaluation of Machine Tools. Many efforts 

have been made to conduct this analysis through detailed 

modeling of the machines with the aim of characterizing the 

behavior of each subsystem. This approach is invaluable in 

gaining a deeper understanding of how the machine works and 

the interaction between its components, but as shown in 

(Vijayaraghavanan and Dornfeld, 2010), it takes up a lot of 

resources. Furthermore, it has been repeatedly observed, such 

as in (Gontarz et al., 2015), that the modeling of a complex 

system such as a machine tool can only partially take place. 

Consistent with the reasons illustrated in the introduction, the 

cornerstones of this project are instead made up of an entirely 

data-driven approach based, as far as possible, on the use of 

sensors already present in the machine. Despite the apparent 

simplicity, this approach has shown great potential: although 

with the use of a few sensors, a large amount of data can be 

obtained, and it led benefits both at economic and 

sustainability level. 

This strategy should not be seen as a substitute for an overall 

strategic vision for enterprise digitalization, but proceeding 

through concrete specific steps brings with it numerous 

advantages in an agile management perspective:  

- it allows to exploit a potential already present in the plant 

(sensors and acquisition systems are often supplied as standard 

on many machines), minimizing the need for additional 

devices, 

- it allows to start in a very short time and to achieve almost 

immediately practical results and simultaneously makes 

available relevant data sets, captured in real operating 

conditions, to develop machine learning approaches, 

- it allows to introduce important synergies with other 

company activities (MES, predictive maintenance, asset 

management). 

A systematic presentation of the general lines of the method 

adopted can be found in (Song et al., 2018) which proposes a 

method of general applicability, not linked to specific types of 

machines, based on four fundamental phases: 

1. Data preparation: acquired data are organized in 

time-series data matrix, eventually considering 

concatenation in case of more systems in series, 

2. Correlation analysis: through Pearson Correlation 

Coefficient or other statistical methods, correlations 

are identified between the parameters examined and 

the objective function, which typically consists of the 

measurement of energy consumption, 

3. Data envelope analysis for energy efficiency 

frontiers: the CCR (Charnes, Cooper and Rhode) 

model of Data Envelope Analysis can be applied, as 

suggested in (Martic, 2009) and (Witten, 2017), to 

identify the savings potential that can be achieved 

under different operating conditions, 

4. Energy saving quantification: under the hypothesis of 

bringing all the machines present on the plant to 

operating conditions of maximum efficiency, it is 

possible to determine the potential for improvement. 

This analysis constitutes the premise for subsequent 

activities for the optimal management of operations 

and assets. 

Alongside this general approach, the developed tool also made 

possible to carry out analyses to evaluate the economic and the 

environmental impact of each individual work cycle and stand-

by phase. 

4. INDUSTRIAL CASE 

For the pilot implementation,  state-of-art vertical milling 

machine have been instrumented and tested during normal 

work cycles. The choice fell on these machines, all produced 

in 2019 and 2020, for at least three main reasons: 

1. it was interesting to verify if  standard equipment of sensors 

and data acquisition systems allowed to proceed as desired, 

2. it was intended to carry out a pilot project with a high 

potential to be replicated on a larger scale, 

3. it was necessary to avoid the bias, often present in this type 

of activity, which arises from considering obsolete machines, 

for which it is relatively easy to demonstrate a high potential 

for efficiency improvement with the simple introduction of 

current technologies. The challenge of the project was instead 

precisely to demonstrate the high potential that remains to be 

exploited even having an already updated fleet of machines. 

The generality of the results obtained can be better assessed by 

considering some key characteristics of the machines used. 

These are 5-axis machine tools widely used in mechanical 

engineering fields such automotive industry, tool and mould 

making, medical technology and aero-space sector, thanks to 

their base efficiency and their capability of simultaneous 5-

axis machining that enables to extend their scope in all areas 

of production, whether in complete machining of individual 

parts or in series production. Their 5 axes (plus the spindle) are 

driven by linear or rotary motors, as follows: 

• X-axis: linear motor 

• Y-axis: linear motor 

• Z-axis: linear motor 

• B-axis: rotary motor 
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• it evaluates the economic impact of each individual work 

cycle and stand-by phase, 

• it evaluates the environmental impact of each individual 

work cycle and stand-by phase. 

The theoretical elaboration of the algorithm, including the 

customizations carried out with respect to the general scheme 

illustrated in paragraph 3, took place starting from the analysis 

of the process cards, one example of which is reported in figure 

5. Using pattern matching techniques, it was possible to 

automate these observations and identify different work cycle 

phases through energy consumption trends (Seevers et al., 

2019) and (Bonfà et al., 2019), as each workpiece leaves a 

recognizable trace in the machine’s energy consumption 

curves which constitutes a certain reference of its execution.  

Finally, it was also possible to correlate this data with others 

coming from the plant (e.g.: alarms): all this, in line with the 

initial objectives, without burdening the system with 

additional costs linked to additional sensors or new procedures 

to be introduced. 

From a statistical point of view, the system then carries out an 

analysis of the frequency distribution of the acquired data in 

search of possible anomalies. In figures 6 and 7 it is possible 

to see an example of these data, while figure 8 provides a 

comparison between similar experiments conducted on some 

identical machines: it is evident that the theoretical knowledge 

of the machine (and therefore also a possible model of it) 

provides only a part of the necessary information, because in 

fact every single machine has a significantly different behavior 

from the others. 

The analysis of the phases of the process allows to establish 

these differences independently from the recipes running on 

the single machines and from the interruptions of the 

production, that can depend on numerous causes, among 

which there have been problem with the operating system 

requiring a restart, monitoring problems related to the 

firefighting circuit and installation of new CNC programs.   

Figure 9 shows the general architecture of the analysis tool, 

which, as mentioned above, is divided into two substantially 

independent algorithms for evaluating electrical and 

compressed air consumption. It can be noted that a significant 

difference between the measurement of electrical consumption 

and the compressed air one lies in the fact that the latter  

substantially depends on the base consumption, and in fact the 

incidence of tool change operation frequency was less relevant 

than initially expected. 

Figure 5. Patterns on consumption diagram 

Figure 3. Flowmeter Figure 4. Data logger 
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Once the data has been organized according to the phases of 

the process in progress and the correlations with the operating 

parameters have been identified, it is possible to carry out the 

Data Envelope Analysis (DAE) following the model indicated 

above and obtaining an analytical expression of the curve 

interpolating the energy efficiency frontier, whose trend is 

shown in figure 10. 

 

6. RESULTS AND CONCLUSIONS 

Based on such function, it is then straightforward to obtain the 

resulting potential benefits that would be possible to achieve if 

all the machines of the plant reached the aforementioned 

frontier. This estimation  was carried out using the following 

indicative parameters: electrical energy cost equal to  0.16 

CHF/kWh and  CO2 emitted per kWh equal to 169 g CO2/kWh. 

Obviously, both values depend on conditions external to the 

system. As regards the first, the current economic situation 

shows a worrying increasing trend that makes the possible 

savings that can be obtained even more interesting, while the 

second actually depends on the production mix adopted by the 

electricity supplier company. Furthermore, with regard to the 

use of compressed air, it was taken as a reference value for the 

service unit the pressure of 6 bar.  

Figure 9. Decision support tool general architecture. 

Figure 8. Comparison of data distributions 

Figure 6. Example of data distribution 

Figure 7. Example of Q-Q plot 

• it evaluates the economic impact of each individual work 

cycle and stand-by phase, 

• it evaluates the environmental impact of each individual 

work cycle and stand-by phase. 

The theoretical elaboration of the algorithm, including the 

customizations carried out with respect to the general scheme 

illustrated in paragraph 3, took place starting from the analysis 

of the process cards, one example of which is reported in figure 

5. Using pattern matching techniques, it was possible to 

automate these observations and identify different work cycle 

phases through energy consumption trends (Seevers et al., 

2019) and (Bonfà et al., 2019), as each workpiece leaves a 

recognizable trace in the machine’s energy consumption 

curves which constitutes a certain reference of its execution.  

Finally, it was also possible to correlate this data with others 

coming from the plant (e.g.: alarms): all this, in line with the 

initial objectives, without burdening the system with 

additional costs linked to additional sensors or new procedures 

to be introduced. 

From a statistical point of view, the system then carries out an 

analysis of the frequency distribution of the acquired data in 

search of possible anomalies. In figures 6 and 7 it is possible 

to see an example of these data, while figure 8 provides a 

comparison between similar experiments conducted on some 

identical machines: it is evident that the theoretical knowledge 

of the machine (and therefore also a possible model of it) 

provides only a part of the necessary information, because in 

fact every single machine has a significantly different behavior 

from the others. 

The analysis of the phases of the process allows to establish 

these differences independently from the recipes running on 

the single machines and from the interruptions of the 

production, that can depend on numerous causes, among 

which there have been problem with the operating system 

requiring a restart, monitoring problems related to the 

firefighting circuit and installation of new CNC programs.   

Figure 9 shows the general architecture of the analysis tool, 

which, as mentioned above, is divided into two substantially 

independent algorithms for evaluating electrical and 

compressed air consumption. It can be noted that a significant 

difference between the measurement of electrical consumption 

and the compressed air one lies in the fact that the latter  

substantially depends on the base consumption, and in fact the 

incidence of tool change operation frequency was less relevant 

than initially expected. 

Figure 5. Patterns on consumption diagram 

Figure 3. Flowmeter Figure 4. Data logger 
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The tool for calculating losses due to the production and 

distribution of compressed air considers the efficiency of 

valves,  pipes, pressure reducer, compressor mechanics and 

compressor motor. Finally, it has been introduced a calculation 

of  the percentage impact of tool changes consumption on total 

consumption, which resulted in the order of magnitude of 5%. 

Tables 1 and 2 summarize the extremely significant results that 

can be obtained for each machine each year. It is easy, from 

these numbers, to estimate the potentially achievable impact 

on a medium-sized production site that uses several hundred 

machine tools. 

Average consumption 8.49 A 

Average base consump. 2.91 kW 

Fontier limit 6.72 kW 

        

Work shift 3   

Workday/year 250   

        

Saving per machine/year 

17.45 MWh 

2792 CHF 

2948 kg CO2 

 

In conclusion, the proposed technique and its implementation 

have given extremely relevant results that will be subjected to 

further verifications, also extended to other types of operating 

machines. Particularly surprising were the potential 

advantages obtainable in absolute terms, much greater than 

those suggested by most of the literature, and the great 

variability of performance obtained even on similar machines 

of very recent construction. 
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