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Abstract: This study was conducted at a multinational furniture company, aligned with Industry 

4.0 standards, where a cyber-physical system (CPS) was already implemented with its 

respective hardware and software components. The primary purpose of the CPS is to gather 

data on the consumption of production resources such as energy, water, and compressed air, 

and to oversee the operational processes within the company. Initially, data collection was 

solely focused on the energy utilization of the production machinery and the produced 

workpieces. However, over time, we have evolved the cyber-physical system to broaden the 

data collection spectrum. This expansion was imperative to encompass the energy and other 

related parameters of the production support equipment, alongside the water consumption 

metrics. The subsequent phase of the research delved into exploring avenues to foster energy-

conscious work practices. With the activation of the analytical application, the financial 

ramifications of superfluous energy consumption could be ascertained, and the proficient 

functioning of the production machinery could be real-time monitored via computers stationed 

within the facilities. Consequently, this setup serves to motivate employees towards adopting 

more energy-efficient work habits. 

Keywords: Industry 4.0; data analysis; energy management; production optimization. 

 Introduction 

Industrial revolutions have been taking place around the world for nearly 240 years. The first 

industrial revolution dates to the 1780s, when the first mechanised looms were established and 

the first factories with steam engines were opened. The second industrial revolution took place 

at the end of the 19th century, when electricity was used to power the machinery in the factory. 

A highlight from the second industrial revolution was the introduction of the conveyor belt in 

a slaughterhouse in Cincinnati (USA), which allowed the distribution of labour there. If we 

compare the technological features of the first and second industrial revolutions, we can see 

how much progress has been made in industrial companies over the last 100 years. The outbreak 

 

https://doi.org/10.24368/jates359
http://jates.org/


Vol. 13, No. 3, 2023 pp. 1-33 https://doi.org/10.24368/jates359 2 

jATES: Journal of Applied Technical and Educational Sciences License: CC BY 4.0 

of the third industrial revolution also had to wait about 100 years. It is estimated to have started 

in 1969, when the first programmable logic controller was created, enabling automation in 

factories [1]. In addition, there was rapid development in IT and electronics in almost all 

manufacturing sectors. This rapid progress brought us to the threshold of a next industrial 

revolution in the 2000s [2]. The start of the fourth industrial revolution is still debated, but the 

term was first used in 2011 at the Hannover Expo. If we look at all four industrial revolutions 

together, we can see how much technological progress has been made in a short period of time 

in the industrial sector almost all over the world [3]. We have moved from steam-driven 

machines to computer or artificial intelligence-driven machines, from manually recorded 

production and other data to digitised data and data stored in the cloud. As for technological 

progress, it is important to note that over the years, human work has been replaced by robots in 

many areas. This is often seen as a negative factor, because it has led to the loss of many jobs, 

but in fact it is a huge help in production and speeds up production processes [4]. For example, 

if we look at the automotive industry, one or more robots can move heavy car parts from point 

A to point B, assemble them, and perform other tasks in much less time than humans. Of course, 

there are other advantages to the presence of robots in the fourth industrial revolution, as it is 

still happening in time. This includes, for example, the use of cloud services, advances in IT 

and network security, continuous data measurement, whether it is about any environmental 

factor such as temperature, humidity, or even industry-related processes such as production 

piece count, power consumption, condition monitoring [5]. Nowadays, we can really measure 

everything in the production of a product and back it up with numbers. So, if we look at the 

example of a piece of furniture, we can say how much electricity and other resources (water, 

compressed air, heat) were used in the production of a perfectly normal wooden dining chair. 

From these numbers, it is also possible to determine the exact cost of raw materials and 

resources directly and indirectly included in the value of a product. Previously, indirect costs 

could only be determined according to some dividing method or by estimation based on 

experience, but now we are able to calculate the amount of increasingly accurate indirect costs 

with calculations based on data [6]. 

During our research and work, we used the opportunities provided by the fourth industrial 

revolution, or more popularly known as "Industry 4.0", to apply new methods at a furniture 

industry company that is already moving in the direction of this kind of development [7]. 

Our main goal is to measure consumptions of the furniture manufacturing company’s resources 

and detect operations and devices which are working wasteful. A cyber-physical system has 
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been built for reaching that aim. In the beginning (2016/17), we collected data about the 

electricity consumptions (useful and useless). Later, the system and its database have been 

extended to measure and collect data about other resources’ consumption (water, indirect 

electricity use etc.). These parts of the system are introduced in this section besides the technical 

references and scientific citations. 

In the second section, we demonstrate our data collecting, analysing, and reporting techniques 

related to the manufacturing and its supporting processes. Dashboards, indicators, and methods 

are defined to monitor and control the consumptions of resources. 

In the third section, we demonstrate our results. By the company’s water consumption, we have 

identified a part (fire service practice), where a problem has raised that we solved with the help 

of cyber-physical system. After that, a useless compressor was identified by our data collecting 

and representing system. Furthermore, by the efficiency of compressors, we define a key 

performance indicator that should be taken above a limit. The extractor and its exhaust fans 

support the machines, so they connect to the manufacturing in an indirect way. Their indirect 

consumptions (and working costs) are directly connected to machines by our calculation 

method. The next phase of the research was the examination of the use of cloud services in an 

industrial environment and the possibilities of encouraging energy conscious work. We found 

a solution to move parts of the cyber-physical system to the cloud. With the analytical 

application operating in the cloud, the costs of useless energy consumption can be calculated, 

and the efficient operation of the production machines can be monitored in real time on the 

computers in the plants. This way, the employees are encouraged to work more energy 

consciously. 

Finally, we summarise our work, results, and paper. 

1.1. The initial steps of the research and the configuration of the cyber-physical 

system 

In the 2016/17 financial year (from September to August), there was an opportunity to 

collaborate with a multinational furniture industry company, where the main goal was to 

modernize the company's IT system, including the hardware and software environment, 

according to the current industrial innovation trends. For this purpose, a cyber-physical model 

system was built, which is the basis for the company to operate according to the criteria of 

Industry 4.0 [8]. For this reason, a framework for monitoring and managing energy 

consumption was developed, which allows the comparison of energy consumption data with 
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actual production data. This enables operational decision-makers to monitor and manage the 

performance of production machines and their associated systems, and thus make more 

effective strategic decisions. The physical aspects of the initial cyber-physical system include 

electricity metering sensors, network cables and switches, server hardware. In terms of the 

software part of the system, it includes: a Supervisory Building Control and Data Acquisition 

system (SCADA), an enterprise management system, a database management system, a 

business intelligence system [9][10]. 

This is where the cyber-physical system was designed and built. The concepts, architecture, and 

data flow directions of the system can be seen in Figure 1. 

 

Figure 1. Structure of the cyber-physical system in 2017 

It can be seen in the previous figure that sensors have been installed for production machines 

and other production support devices, which are equipped with MODBUS TCP/IP or Remote 

Terminal Unit (RTU) interfaces, particularly suitable for central data acquisition in industrial 

systems. Sensors record key electrical parameters such as currents, voltages, power factors, 

parameters describing power and energy values and more. The sensors transmit data to the 

SCADA system and the Enterprise Resource Planning (ERP) system via the company's internal 

network. We then connect the production and energy consumption data using business 
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intelligence software, which also generates various reports and statements. These illustrate 

trends and the close correlations between data sets. 

In the 2017/18 financial year, the system was physically expanded in addition to increasing 

availability and reliability. In the previous sample system, about 10 machines and equipment 

were installed and measured, but this year the number of measured and tested equipment rose 

to over 100. For this, not only the sensors were needed, but also the networks at the company 

had to be expanded. From a software point of view, new reports were generated to track both 

useful (produced) and useless (operated but not produced) energy consumption of the machines 

in 10-minute intervals (Figure 2) [11]. 

 

Figure 2. Measured consumption and production data for the 2017-2018 financial year 

(September 2017 to March 2018) in the framework (blue line: number of pieces produced, 

green part of column: useful electricity consumption, red part of column: useless electricity 

consumption; useful: production occurred, useless: no production occurred) 

By monitoring the electricity consumption, the increasingly wasteful operation of a piece of 

equipment was revealed (Figure 3), so that preventive maintenance (or replacement) could be 

carried out as an operational measure. 

 

Figure 3. Daily energy consumption and trend line for a given equipment from September 

2017 to March 2018 
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At the end of this phase (2018), the efficiency values of a production machine were compared, 

in other words, how many pieces of product it could produce from one kWh of energy 

consumption (Figure 4). 

 

Figure 4. Production efficiency for a given product and machine: how many workpieces were 

produced using 1 kWh of electricity 

Background to the research: a cyber-physical system was developed to collect and analyse 

electricity consumption data throughout the factory. In addition, it was possible to compare the 

energy consumption data with the production data, so that trends showing the comparison 

between production and electricity consumption (pcs/kWh, kWh/pcs, m2/kWh) can be viewed 

for a given period or filtered for a given production machine. In the beginning, only number of 

pieces was recorded, but now the system has been refined to the extent that the number of pieces 

is not sufficient or does not always tell us much, because it does not matter whether the machine 

is working on a small board or a few square metres of work. It is easy to see that this does not 

mean the same amount of work, so a refinement was necessary [11]. 

1.2. Development of the cyber-physical system and transformation of the database 

After defining the future goals of my research, the first task was to design and implement, step 

by step, the hardware and software improvements to the existing cyber-physical system. The 

development of the cyber-physical system was necessary because we no longer wanted to 

measure only the electricity consumption of the production machines, but also to connect all 

other production support equipment (exhaust fans and compressors) to the network and measure 

their energy consumption and other data. To do this, we also needed to install sensors to 

measure consumption and/or production parameters [12]. The company's specialists willingly 

assisted in the acquisition and installation of the sensors, so this phase was completed relatively 

quickly. After the necessary configurations, it was already possible to measure the electricity 

consumption data of the exhaust fans and compressors. For these machines, it was important to 
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measure several parameters, so we also started to measure the air cubic metre extraction and 

emission volumes, also using sensors. Our main goal was to use the data input, just as we did 

for the production machines, to make different analyses and, together with the company 

management, we wanted to know more about the resource use of the factory's operations. 

The question may arise why we started looking at the performance of compressors and exhaust 

fans, when the main role in production is played by production and working machines and 

products. The reason is simple: all the other equipment alongside the production machines 

proved to be quite large consumers of electricity, but the company could only have guessed 

this, there was no proof. When we had been collecting data for these machines for a year or 

two, we managed to produce an annual analysis which shows very clearly that exhaust fans are 

indeed the biggest energy consumers, but that the consumption of compressors is also 

significant. Figure 5 shows the company's total electricity consumption in 2020, which totalled 

more than 12 million kWh. The figure also shows that of these 12 million kWh, 3.8 million 

kWh were consumed by exhaust fans and more than 4 million by production machines. 

Compressors accounted for 1.3 million kWh, which is outstanding on an annual basis compared 

to other consumers. When we saw that exhaust fans were consuming so much, we had new 

goals for the research. Initially, it was not possible to relate the electricity consumption data of 

exhaust fans to their production performance. For this reason, the main purpose was also to 

study the useful and useless energy consumption of extraction fans. In the case of exhaust fans, 

useful electricity consumption means that the exhaust fan was running while the machines were 

producing products; useless electricity consumption means that the machines were not 

producing any products while the exhaust fan was running. To convert indirect costs into direct 

costs, a few modifications and extensions to the cyber-physical system were necessary [13]. 
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Figure 5. Electricity consumption in 2020 

 

Figure 6. Construction of the extended cyber-physical system 

Figure 6 illustrates the architecture of the extended cyber-physical system and the direction of 

data flow. Here it can be seen that new equipment has been added (compressors and extractors) 

https://doi.org/10.24368/jates359


Vol. 13, No. 3, 2023 pp. 1-33 https://doi.org/10.24368/jates359 9 

jATES: Journal of Applied Technical and Educational Sciences License: CC BY 4.0 

and water consumption is also included as a measurement parameter, which can be monitored 

in the SCADA system [14]. Thus, the measured data of the consumption of additional resources 

(besides electricity) used in the production can be stored and monitored in the database of the 

SCADA system. 

At the beginning of the research, a separate database had to be created at the company to store 

historical data (Figure 7), as the data structures in the internal database of the SCADA software 

were not suitable for efficient and fast work. In addition, the conversion was also intended to 

allow the energy consumption data to be linked to other systems (e.g., ERP) and to allow the 

storage of data on extractor fans, compressors, and water consumption in the database. 

 

Figure 7. Database structure from 2021 

 Methods 

In this section, the data collecting and analysing methods will be introduced to get scientific 

results. 

2.1. Monitoring the company’s water consumption 

Water entering the company’s territory supplies two plants and the office buildings. We 

classified the incoming water into three main groups, the first is the so-called social water, 

within which we distinguished between wastewater and so-called domestic water consumption 
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[15]. The other large group is the water used during production, which appears in the form of 

water vapor, which is also part of social water. The third group includes the fire service water 

usage, which in the best case only takes place when there are fire drills in the factory area. 

The company uses almost the largest amount of water during production. Humidification during 

production is essential in furniture manufacturing, as the production of various furniture 

components requires a predetermined humidity and moisture content. The factory makes 

furniture elements from three types of wood: beech, birch, and oak. All three types of wood 

have the same required moisture level, so it is not necessary to change the amount or intensity 

of water vapour emission during the processing of each type of wood, but this can be done at a 

uniform rate and volume. On the other hand, it should be noted that different amounts of water 

vapor must be provided in different areas to achieve the minimum moisture content of the 

workpieces. For example, workpieces move relatively quickly in a production machine, while 

they are in the same place in the warehouse, thus, the humidification of the plant and storage 

areas must be ensured in a different way. For the data collection, it was not necessary to separate 

the amount of water vapour emissions in relation to the three tree species, but all emissions 

were collected and analysed together. The results related to water vapor emissions are presented 

in the following figures. 

 

Figure 8. Water vapor emissions from September to December 2018 

Figure 8 shows the amount of water vapor used in plants in a daily breakdown in the period 

from September 1 to December 31, 2018. It can be clearly seen from the columns of the diagram 

that the emission of water vapor occurs uniformly. Those with a value of zero are days that 

were weekends and holidays, so production was not running. This uniform use of water vapor 

can be observed until March 2020, when the shutdown caused by COVID-19 intervened. This 

period is shown in Figure 9. 
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Figure 9. Water vapor emissions during the first COVID-19 period (March 1 to June 30, 

2020) 

In Hungary, online working was introduced from March 15, 2020. As the diagram shows, the 

actual COVID-19 shutdown at the company occurred in April, which lasted for a month in a 

very strict manner. After this period, production returned to normal, and even on weekends 

(Saturdays and Sundays), work was in full speed. It is also noticeable that water use on 

weekdays has increased compared to the months at the beginning of the year. From this, we 

conclude that the loss of work and production in April was continuously made up on weekends 

to be able to fulfil the orders. 

2.2. Monitoring the energy consumption and other parameters of production support 

equipment 

The next major topic of our research was the examination of the energy consumption and other 

parameters of the production support equipment, more precisely the compressors and exhaust 

fans operating in the plants. The use of compressors and extractors is essential because 

compressors provide the compressed air needed to operate some production machines. Exhaust 

fans are mainly responsible for keeping the environment of the machines clean and stable, 

because a large amount of dust and wood chips are generated during the processing of wooden 

furniture elements. This accumulated waste must be removed from the machining areas as 

efficiently as possible [16]. In the case of compressors, we also monitored the number of cubic 

meters of air produced and compared it with electricity consumption. In the case of exhaust 

fans, we managed to make major changes to the cyber-physical system. Thanks to our results, 

we are now able to monitor not only the electricity consumption and the area volume (m2) of 

workpieces produced for a single production machine, but we can also partially charge the 

electricity consumption of the exhaust fans directly to the production machines. These 

measured parameters are presented in Figure 10. 
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Figure 10. Measured parameters of a production machine and a compressor 

2.2.1. The energy consumption and compressed air emissions of compressors 

The compressor is the equipment responsible to produce compressed air. Compressed air is a 

secondary energy carrier, which is mainly used in industry for the mechanical operation of work 

machines, machine tools, and industrial robots [17]. The furniture company in our research also 

has several production machines that require compressed air to operate. At the beginning of the 

research, we had no information on the amount of compressed air emitted, and very limited 

information on the consumption of electricity, so together with the company's employees, we 

considered it important to examine the compressors operating in the plants. 

In the company's plants, there are several compressors that are connected to one compressor 

housing (Figure 11). Before the start of our work, only the compressor housings were equipped 

with sensors, which measured the electricity consumption data of all compressors in aggregate. 

In order to ensure a successful and efficient outcome of the study, it was agreed that additional 

sensors should be installed at each compressor. The sensors installed on the compressors can 

measure how many cubic meters of compressed air they generate and how much electricity they 

consume, broken down into equipment. 
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Figure 11. Construction of a compressor housing 

Regarding the compressors in the plants, it is also important to know that each of the company's 

two plants has a large compressor house, to which a total of 8 compressors are connected, 5 in 

plant A and 3 in plant B. In the two plants, not all compressors are running at the same time, so 

for example only three of the eight compressors are running at any one time and two are in 

standby or off mode. This is a method of efficiency and energy management because there is a 

load balancing device that monitors the operation of the compressors to ensure that they are 

roughly balanced: that there is no possibility of a compressor being over- or under-utilised. 

2.2.2. Exhaust fans energy consumption related calculation method 

The other large group of equipment we examined, in addition to compressors, were the exhaust 

fans. Our main goal with the exhaust fans was to be able to charge their electricity consumption 

to the production machines they support. In order to achieve our goal, it was also necessary to 

install sensors in the beginning. New sensors were installed for the shutters, which measured 

the state of the shutters (open or closed). In addition to the condition monitoring sensors, 

consumption sensors were also installed to measure electricity consumption. 
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Figure 12. Main part of extended system 

Figure 12 shows an exhaust fan device, which consumes electricity when it is working and 

exhausts air from three machines, when their shutters are open. In the example shown in Figure 

5, the first and the third shutter are open, the second shutter is closed. If a shutter is open, then 

a partial electricity consumption of exhaust fan will be added to the related machine’s electricity 

consumption data. If a shutter is not open, it means that the production machine is not in 

operation, so it does not need extraction and can be excluded from the calculation. 

Improvements also had to be made in the cyberphysical system (its SCADA and database 

management system) to display our newly measured values. Then, in the SCADA system, we 

connected the extractors to the supported production machines, and this made it possible for the 

energy consumption of the extractors to be charged to the given production machines. With 

this, we can determine how efficient the operation of a particular extractor was during 

production [19][20]. 

In this section, the formula for the exhaust fans’ partial electricity consumption will be defined. 

With our extended cyber physics system, we are now able to perform calculations in which we 

obtain energy consumption data that can be directly loaded onto the machines from the indirect 

energy consumption data of the exhaust fans. To achieve our goal, we need to know the partial 

electricity consumption of the extraction equipment for each shutter and production machine. 

We determined a formula that gives the partial electricity consumption to ith shutter in each 

period (10-minute): 

 𝐸𝑆𝑖
= {

𝐸𝐸𝑋𝑗
∗𝑡𝑖∗𝐶𝑖

∑ 𝑡𝑘∗𝐶𝑘
𝑙
𝑘=1

 →  𝑖𝑓 ∃𝑘 ∶ 𝑡𝑘 > 0

0        → 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (1) 

Equation (1) contains the following elements: 
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- 𝐸𝑆𝑖
: The partial electricity consumption of the 𝑖 shutter of 𝑗 exhaust fan (kWh). 

- 𝑗: Identification of the related exhaust fan. 

- 𝑖: Identification of the related shutter. 

- 𝑙: The number of shutters of jth exhaust fan, and 1 ≤ 𝑖 ≤ 𝑙 

- 𝐸𝐸𝑋𝑗
: The total electricity consumption of the 𝑗 exhaust fan (kWh). 

- 𝑡𝑖: The number of minutes (maximum 10), when the 𝑖 shutter was open. 

- 𝐶𝑖: The capacity of the 𝑖 shutter (m3/h). 

After we get the indirect electricity consumption values (above), they are added to the related 

machines’ electricity consumption values (below). Then we get the direct values, which contain 

the indirect (partial) consumption values: 

 𝐸𝑖 = 𝐸𝑀𝑖
+ 𝐸𝑆𝑖

 (2) 

Equation (2) contains the following elements: 

- 𝑖: Machine (or shutter) identification (these are equivalent in this case). 

- 𝐸𝑖: Direct electricity consumption (with indirect value) of 𝑖 machine. 

- 𝐸𝑀𝑖
: Electricity consumption (without indirect value) of 𝑖 machine. 

- 𝐸𝑆𝑖
: Indirect electricity consumption value of 𝑖 machine. 

The SCADA system was extended with equation (1) and (2), which was implemented in the 

form of programming. Thanks to our calculations, we obtained the direct energy consumption 

values. 

The system will include large machine lines connected to an exhaust fan via not just one, but 

several (the maximum number will be 20 in 2022) shutters. In such cases, the indirect fractional 

consumption will first be summed and then the sum added to the direct consumption of the 

machine. In this case, equation (2) is modified as follows: 

 𝐸𝑖 = 𝐸𝑀𝑖
+ ∑ 𝐸𝑆𝑗𝑘

𝑘  (3) 

Equation (3) compared to equation (2) jth contains the partial consumption of all. 

 Results and discussions 

After the introduction of data collecting and analysing methods, the related results will be 

discussed in this section. 
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3.1. Water consumption: examination of the amount of water used during fire service 

control 

As we introduced the related method in the section 2.1, one problem of the data has been 

identified while monitoring the company’s water consumption. 

It is a national fire safety requirement and rule that all companies (not just industrial companies) 

should have the possibility to carry out fire safety inspections and fire drills. Consequently, the 

amount of water used for fire drills in the factory area is separate from the amount of water used 

for measurement. These exercises usually take place several times in the spring and summer 

months. During the research period, fire service water consumption was largely consistent, but 

there were occasional outliers. One of these events took place in May 2018, where we proposed 

an actual operative intervention with the help of our data collection. This period and event are 

illustrated in Figure 13. 

 

Figure 13. Fire service water consumption from May to October 2018 

Figure 13 shows that at the beginning of the examined period, the amount of water consumption 

gradually increased, while there was no firefighting practice. Two possibilities have been 

identified as causes of the unjustified water use: one is the existence of a broken pipe and the 

other is a malfunctioning meter. The second solution was the correct one, the malfunctioning 

meter had sent false data to the system. The faulty meter was then replaced, and it was found 

that the new meter had a lower initial value than the old one, but this “error” could be corrected 

simply by overwriting the negative initial value in the database. After that, the data from the 

water use by fire service was consistent. The extension of our system also helped to solve the 

problems detected in water consumption, as we now knew and displayed not only one data per 

day, but 144 data per day. 
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In this way, the data problem related to the water consumption can be easily eliminated with 

the cyber-physical system. 

3.2. Results related to energy consumption and compressed air emissions of 

compressors 

In the section 2.2.1, the method of using compressors in the factory was introduced. In the 

following, we are focusing on the compressors useless and useful energy consumption in 

relation to their compressed air production. 

We prepared several reports on the energy consumption of each compressor and the amount of 

compressed air generated. Such a report can be seen in Figure 14. In the figure, the horizontal 

axis is the date. The vertical axis on the left shows the energy consumption in kWh: these are 

the green and red bars. The green bars show the useful energy consumption, which for 

compressors means that they produced compressed air during the period. The red columns show 

the useless energy consumption when the compressors were running but not producing 

compressed air. The vertical axis on the right shows the amount of compressed air generated, 

which is illustrated by the blue dashed line on the graph. This value is given in Nm3, which is 

the Normal Cubic Meter. Normal Cubic Meter means one cubic metre of Gas at reference 

conditions of 0°C and 1,01325 bar [18]. 

 

Figure 14. Compressor energy consumption and amount of generated compressed air in 

February 2020 

The example shows that in February, the total volume of emitted cubic meters of air is 55,164 

m3, the useful energy consumption is 8,339 kWh, and the useless consumption is 139 kWh. 

Where 0 values are visible, there were weekend days when there was no production, or another 

compressor was in operation. This compressor works quite efficiently as its useless power 

consumption is very minimal. In the database, we can also filter the periods down to 10 minutes, 
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so we can examine the operation of the compressors even more precisely. Thanks to this, during 

our analysis we came across a compressor that did not work efficiently. The consumption data 

of this compressor are shown in Figure 15. It can be seen that this compressor had a much 

higher useless energy consumption, so it was on but not producing compressed air. 

 

Figure 15. Consumption of an inefficient compressor broken down into shifts 

This high level of useless operation could have been caused by breakdowns, neglect of 

maintenance, or simply by the people working on the shift being irresponsible and leaving the 

compressor on. We report our discovery to the company’s management, who took the necessary 

steps to ensure the compressor was working properly. 

The efficiency of compressors is mathematically described by the specific energy consumption 

index. Thanks to this, a new KPI was added to our system, which compares the consumption 

ratio of compressed air and electricity generated by a given compressor (Nm3/kWh), so it shows 

how many cubic meters of compressed air a given compressor can generate using 1 kWh of 

electricity. The specific energy consumption performance indicator shows how efficiently the 

compressors use electricity. The following figures show the performance of a given compressor 

in a given period. 
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Figure 16. Energy consumption and amount of air cubic metres generated by a compressor in 

September 2020 

 

Figure 17. Specific energy consumption of a compressor in September 2020 

Figure 16 and Figure 17 show the consumption of electricity and cubic meters of air and the 

specific energy consumption of one compressor of one plant. If we look at both figures, we can 

see that this compressor is working efficiently, as the performance indicator value is consistent 

during operation almost throughout the month. At 0 values, the compressor was not in use. 

3.3. Exhaust fans energy consumption related results 

In the section 2.2.2, the methodology was defined about the conversion of the extractors’ 

indirect energy consumption (from the viewpoint of production) into direct values to the 

machines. In this section, a sample calculation will be introduced about the working about the 

extractors. After that, the data analysis' results will be presented about the live operation of the 

factory’s extractors and their connected machines. 
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3.3.1. Illustration of methodology through a sample calculation 

We provide a sample calculation with given and sample values. A given exhaust fan’s constant 

values related to the shutters: 

- Shutter 1 capacity [S1]: 36,550 m3/h 

- Shutter 2 capacity [S2]: 14,500 m3/h 

A given exhaust fan electricity consumption: 

- In the first 10 minutes [T1]: 18 kWh 

- In the second 10 minutes [T2]: 17 kWh 

“Shutter 1 is open” status (we indicate the first 10 minutes with T1 and the second 10 minutes 

with T2): 

- In [T1]: 2 min 

- In [T2]: 4 min 

“Shutter 2 is open” status: 

- In [T1]: 3 min 

- In [T2]: 5 min 

Measured electricity consumption by machines: 

- In [T1]: 

- EM1: 25 kWh 

- EM2: 10 kWh 

- In [T2]: 

- EM1: 30 kWh 

- EM2: 13 kWh 

Proportionate electricity consumptions of the exhaust fan per shutters and time frames (indirect 

consumption values): Substituting these values in equation (1), the following results are 

obtained: 

- 𝐸𝑆1,𝑇1 = 11.29 𝑘𝑊ℎ (Within first 10 minutes) 

- 𝐸𝑆2,𝑇1 = 6.72 𝑘𝑊ℎ (Within first 10 minutes) 

- 𝐸𝑆1,𝑇2 = 11.36 𝑘𝑊ℎ (Within second 10 minutes) 

- 𝐸𝑆2,𝑇2 = 5.64 𝑘𝑊ℎ (Within second 10 minutes) 

Calculated direct electricity consumptions (machine) and indirect consumption values (exhaust) 

per time periods: Substituting these values in equation (2), the following results are obtained: 

- 𝐸𝑀1+𝑆1,𝑇1 = 36.29 𝑘𝑊ℎ 
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- 𝐸𝑀2+𝑆2,𝑇1 = 16.72 𝑘𝑊ℎ 

- 𝐸𝑀1+𝑆1,𝑇2 = 41.36 𝑘𝑊ℎ 

- 𝐸𝑀2+𝑆2,𝑇2 = 18.64 𝑘𝑊ℎ 

In this way, we get the direct electricity consumption values, which contain the indirect 

consumptions of exhaust fans. 

The presented methodology has been validated in live operation: both the complex input data 

obtained during operation and our calculations have been verified and can be said to give correct 

results. 

3.3.2. Results of real operational calculations 

The results of the calculations are stored in the database every 10 minutes, and we have also 

extended the data displays of the production machines. 

Figure 18 shows the electricity consumption of the machines and the sub-consumption data of 

the exhaust fans electricity connected to them. The data comes from one week in August 2020. 

We consider it important to first illustrate a report made from 2020 data, because at this stage 

of the research it was not yet possible to measure the operation of all the shutters in the plant. 

For this reason, the diagram shows "missing" (light green and light red) columns related to 

exhaust fans, highlighted with black square. In the diagram, the green bars represent the useful 

energy consumption during operation when the machines are producing products, so the 

operation of the machine and exhaust fan is profitable for the company. The red bars represent 

useless energy consumption when the machines did not produce products, therefore the 

operation of the machine and extractors is a loss for the company. For each column, the lighter 

green (useful) and the lighter red (useless) indicate the consumption values indirectly consumed 

by the extractors, and thus ultimately charged directly to the machine by our methodology. The 

numbers in blue represent the production volumes (m2). Only the machines that were the largest 

consumers of electricity in a given week are shown in this graph. Figure 19 shows the 

corresponding metering values from Figure 18. 
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Figure 18. Useful and useless energy consumption of production machines and exhaust fans 

 

Figure 19. Measurement values related to Figure 18 

After August 2020, the installation of new sensors for the shutters of additional extraction fans 

began. There are 6 exhaust fans working in the two plants of the company, 3 per plant. After 

the newly installed sensors provided enough data for further analysis to the database, we were 

able to prepare new analyses. The following figures (Figure 20 and Figure 21) show more recent 

statements relating to the consumption of extractors and production machines already in 2022. 

 

Figure 20. Useful and useless energy consumption of production machines and exhaust fans 

in October 2022 
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Figure 21. Measurement values related to Figure 20 

Figure 20 shows the useful (green column parts) and useless (red column parts) energy 

consumption of the largest energy-consuming production machines and the exhaust fans that 

directly support them. The figures in blue are the total volumes (m2) produced by the machines 

in one month. The main difference compared to Figure 18 is that much more machines are 

shown with their extractor sub-consumptions (light green and red). Figure 21 is a summary 

table showing the sub-consumption values and quantities produced (m2) for each production 

machine and its associated extractor, as in Figure 19. 

A new efficiency index has also been added to the system, which is related to the consumption 

of electrical energy of the hoods. The values in the Figure 22 diagram show how many kWh of 

electricity were consumed to produce 1 m2 of wood (or piece of furniture). In the future, 

management may target a value to be kept to during production, but here again, it is worth 

considering, for example, the size of the timber and the power level of the machine while 

processing the workpieces. 

 

Figure 22. Specific energy consumption of machine A_M2 (kWh/m2) in October 2022 
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Thanks to our research and development, we were also able to assign the related production 

machines to the individual exhaust fans in the system, and proportionally allocating the 

consumption of the exhaust fans to each associated production machine. 

 

Figure 23. Total consumption of exhaust fans in October 2022 

 

Figure 24. Exhaust fan consumption ratio by machines 

Figure 23 shows all exhaust fans and their consumption in October 2022, while Figure 81 shows 

the consumption ratios of all exhaust fans projected onto individual production machines. 
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Figure 24 shows that the total consumption is much lower than the consumption of all exhaust 

fans (Figure 23). The reason for this is that not all exhaust fans (and all shutters) have yet been 

assigned production machines in the system, so these data are missing. In addition, the "empty 

runs" that are necessary, for example, to start and stop the extractors, must be taken into account. 

However, these are part of the technological process, since we cannot "save" the start-up and 

stop phases, which are associated with higher consumption for such large extractors. 

Since the beginning of the research, we have achieved significant results with our work in 

relation to exhaust fans. However, the development cannot stop here, as there are still plenty of 

opportunities to carry out further research and obtain new results that are also useful for 

production. It is essential that each shutter of each extractor is equipped with a sensor, which is 

also connected to the cyber-physical system, and that the production machines missing from 

the system are assigned to them. A further objective could be to investigate the electricity 

consumption of the extraction fans for specific production processes and for specific types of 

wood, also in relation to the machines. If these developments were to be carried out in the 

future, it would be possible to reach a level where it would be possible to estimate very precisely 

the indirect cost of producing a specific product or group of products in terms of the electricity 

used [21][22]. 

3.4. Energy efficiency improvements for cost optimization and energy consciousness 

In addition to monitoring the use of production resources (electricity, water, compressed air), it 

is important for us to achieve increasingly efficient, optimal factory operation and management. 

In addition, we can also fulfil an expectation that was pointed out to us several times as a 

shortcoming during our research: it was the presentation of electricity losses due to useless 

operation as concrete costs. This certainly constitutes an economic aspect of our research. 

However, avoiding such wasteful activities, extra costs and losses can only work if we focus 

on energy consciousness in production. We assessed the circumstances of this and carried out 

a research and development project, as a result of which we encourage everyone from 

operatives working next to the machines to managers (and ultimately researchers) to operate 

more energy-consciously. To carry out this research, we have upgraded our cyber-physics 

system and are displaying to workers in near real time their own or other workers' energy 

efficiency. 

Nowadays, energy consciousness plays an extremely important role in operations, which proves 

the relevance and importance of this part of our research [23]. 
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3.4.1. The financial aspect of energy consumption 

In Hungary, there is an Industry 4.0 model factory where production losses were measured in 

terms of the number of units of a particular brand of car, because the managers said that the 

workers were not able to estimate the amount of money that was being shared with them for 

information. In fact, nowadays a person who is not necessarily competent (i.e., not an electrical 

engineer or a professional) cannot imagine in real life what a loss of 10-100-1000 kWh might 

cost a company. For this reason, the sample company's managers saw it better to express the 

value of a car. Around 2015, the price of a car of that make was set at 2.5 million HUF, so if 

they wrote out that they had lost 4 cars for that year, which meant 10 million HUF. In order to 

be able to do the same for the furniture industry company, we must first know the amount of 

energy consumption expressed in HUF (or EUR). The situation is further complicated by the 

fact that we did not have to assess the losses incurred in production, but the deficits in resource 

management (mainly energy). We were able to use the cyber-physical framework presented 

earlier, but instead of business intelligence software, we used a self-developed web application 

to display the data and published and deployed it to the cloud. 

As we are business informatics experts, it was definitely one of our goals to look at the financial 

side of resource use. We set another goal in this regard, which was to get to know the company’s 

financial losses resulting from the electricity consumption. In this way, much more tangible 

information can be provided to the company's employees than "just" how many kWh usages 

was useless (non-productive) during the periods (especially at the end of the months). 

The application was based on the existing data collection and display framework. Losses due 

to electricity consumption were known at annual / monthly / daily / shift / 10-minute intervals, 

but the losses were only defined in kWh. The application can combine the collected 10-minute 

electricity consumption with the hourly rates received from the electricity provider. Since the 

prices are received in EUR, the application multiplies them with the daily exchange rate of the 

Hungarian National Bank, and in this way, we get exactly how many HUF each machine or 

piece of equipment wasted in a given month, day or even a shift. Example calculations made 

by the application are presented in the following figures. Since it is a test operation, we can 

only retrieve the data for a selected month (May 2020). During the development of the 

application, it was considered that the data for this one month was sufficient, as for research 

purposes it is not important for us to know what the electricity price was at that time, but to 

understand the structure of the data set. As a result, we were able to develop an application for 

it that can extract the values from it. 
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Figure 25. The costs of the operation of a selected production machine in a given month, 

broken down by hours 

 

Figure 26. The cost of energy consumption of a specific equipment (with loss-making 

operation) 

Figure 25 shows the cost of unprofitable operation of a production machine and its supporting 

equipment. It is noticeable that during this period it operated at a relatively unprofitably (Figure 

26) compared to the total costs. 

We have also examined the data from an economic and financial perspective, so that the 

consequences and costs of inefficient operation can be more easily understood by the company's 

management and even by its other employees. 

3.4.2. Energy-conscious working in plants 

In addition to achieving the objective of calculating the costs of unprofitable operations, we 

also started another task, which we also solved with a web application. This application checks, 

monitors and displays a key performance indicator that can inform the operators on the 
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production line about their current performance and alert them if something is not right and 

needs their intervention. The key parameter we have chosen is the amount of kWh needed to 

produce one m2 of furniture board, as this is the ratio that best describes the efficiency of 

production and the one for which we have measured data. For this ratio, a threshold value must 

be determined for each production machine, below which the performance can be considered 

unprofitable, and intervention is required or expected. 

When we defined the main requirements for energy consciousness, the primary goal was to 

make the operators more energy efficient by paying more attention to their work, so that they 

could produce less wasteful operations and improve their energy efficiency. In practice, the 

subsystem is used to encourage workers to work more energy consciously [24]. This is also 

important because the company must comply with the ISO 50001 standard. 

The application provides the possibility to see the values of the selected efficiency indicator 

(kWh/m2) for the operator's machines in near real time. The system will continuously show the 

evolution of the indicator for the operator's machine and even alert him if it is not performing 

properly (for example: he should turn off the machine because it is not producing). 

The appearance of the home page is simple and clean, as an operator must see the essence, they 

should not be distracted by any design elements, but the different colours will be important 

during use. The application works in near real time, which means that after logging in a 

production machine receives real performance indicators every 10 minutes, but here we have 

sped up the process and generate example data every few seconds to show the application in 

action. We have started an example run with example data that can illustrate both efficient and 

loss-making operation. Figure 27 shows the efficient operation. 

 

Figure 27. Efficient operation (the value is above the limit) 
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Random values between 1-5 are generated for the efficiency ratios every 5 seconds. In the 

example, the limit was set to 2.5. It can be seen that the efficiency ratio was below the limit, 

but if the most recently measured values are correct, the kWh/m2 ratio is acceptable, then there 

is nothing special for the worker operating the machine. In Figure 28, we can already see a more 

wasteful operation (we switched the random number generation between 1-3). The operator can 

already see from the background colour of the application that he is operating the producer's 

machine wastefully, intervention may be necessary. 

 

Figure 28. The latest ratio shows wasteful operation (below limit) 

Figure 29 shows that the most recently measured values were below the limit, so it is necessary 

to intervene in the operation. The intervention may be to put the machine in a standby state or 

stop it, or start production, if possible. Here, in addition to the red background colour, the 

operator also receives a message warning him about wasteful operation. We have defined a 

threshold value (specifically three), which means that it still "accepts" indicators resulting from 

3 measured values below the limit, so the background colour will only be yellow, but if a value 

below the limit is received after that, it will already turn red and the also a warning message. 

 

Figure 29. Indication of prolonged wasteful operation 
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Figure 30. Return to the correct operation 

If the wasteful operation of the machine returns to an acceptable level above the limit, we 

automatically return to the default state and the operator no longer receives a warning (Figure 

30). 

Overall, it can be said that by developing the application, our common goal with the company 

was to try to get the operators to work more energy-consciously, thus achieving efficient 

operation with less energy loss. In addition, additional user groups (managers) also benefit from 

the development. 

 Summary 

In the last few years, a cyber-physical framework has been implemented at a furniture 

manufacturing company to monitor in near real time the electricity consumption data related to 

machines and equipment. Where necessary, various calculations were used to convert indirect 

consumption into direct consumption, so that the consumption of the exhaust fans was passed 

on to the production machines and thus directly connected to production costs. By examining 

the water consumption on a daily basis, we discovered anomalies in the system and proposed 

solutions to them. From an efficiency perspective, we have also compared the compressors' 

production and consumption, so that they can be aligned with a new key performance indicator 

in usage in the company. We analysed the energy efficiency from several perspectives. First, 

we compared the consumption with the electricity prices and, especially for the useless 

consumption data, we highlighted how much unnecessary costs the unprofitable operation 

generated for the company. On the other hand, we focused on educating employees about 

energy consciousness. With the help of our application, a person operating a production 

machine can see in near real time how efficiently the machine he handled worked in the last 10 
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minutes. If the operation of the machine was not efficient, the application initially warns the 

worker about this, but if the wasteful operation continued, it suggested operative intervention. 

We can continue the development of the system and, with it, the creation of further scientific 

results. This ensures progress towards better energy efficiency and optimal operation. 
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