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Abstract: European manufacturing companies are currently in a very difficult situation. On the one
hand, they have to strive for sustainable development. On the other hand, they have to face problems
related to the geopolitical situation and the pursuit of cleaner production (including restrictive
regulations on emissions). A significant increase in electricity prices means that companies have to
take steps to use electricity rationally without reducing the level of production or incurring other
additional costs. In this study, attention was paid to the influence of quality tools (QTs) in production
process (PP) management on increasing energy efficiency (EE). Based on the literature review, it
was found that the most frequently described QTs, i.e., SMED, TPM, Six Sigma, SPC, FMEA, 5S, or
Poka-Yoke, used to improve PP did not take into account their impact on the EE of the enterprises.
Therefore, the main purpose of this study was to examine this correlation and show that QTs can be
helpful in shaping the energy management system (EMS). Achieving the research goal was possible
thanks to surveys carried out among manufacturing companies. Using statistical tests, the existence
of a statistically significant correlation was proved between QTs and EMS elements.

Keywords: energy efficiency; energy management system; production processes

1. Introduction

The topic of effective energy use, especially by industrial enterprises, is still current,
especially in the present situation faced by energy markets around the world. For units
other than households, starting from 2018, there was an increase in electricity prices that
spread across the entire European energy market [1]. In the European Union (EU) countries,
the level of wholesale energy prices, the price as which sellers buy it, remains under
pressure from the high gas and coal prices and the costs of purchasing CO, emissions. For
example, in Poland, as much as 59% of the average energy price is due to the prices of
CO2 emission allowances resulting from the EU climate policy [2]. Despite this, according
to the International Energy Agency (IEA) in 2021, a significant increase was observed in
the consumption of such non-renewable raw materials as coal and oil, which resulted in
the second highest annual increase in CO, emissions in history (2 billion tons in absolute
value) [3]. The reason for this is seen in the increase in gas prices, which led to greater
demand for coal, despite the fact that the production of electricity from renewable sources
also recorded the largest growth in history, and its share in electricity production in 2020 in
the EU exceeded 22% [1,4].

Therefore, European enterprises are facing a challenge related to a significant increase
in electricity prices and must take steps regarding its rational use without the need to
reduce drastically the level of production or incur other additional costs. These types of
activities fall within the scope of the energy management system. As noted by numerous
authors, the broadly understood modern industrial production also covering logistics and
environmental issues cannot exist without an energy management system (EMS) [5-8].
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Already in the 1990s, it was noted that many investments in the energy efficiency (EE) of
enterprises were not implemented despite their apparent profitability, whereas their causes
could be seen in limited rationality, problems of the principal-agent, and ethics [9]. This is
also confirmed by the latest publications in this field, in which the authors assessed EE and
identified the occurring barriers [10,11].

The problem is that many enterprises, especially small- and medium-sized ones, do
not have an appointed EMS. However, they take many actions and use such methods in the
management of production processes (PPs) that can be included in it. Nevertheless, in the
scientific literature, there is a clear research gap in the analysis of the use of quality tools to
reduce energy consumption in production processes. Existing studies tend to focus more
on production optimization. Our research provides evidence that the implementation of
selected quality tools can be beneficial not only in terms of improving production processes
but also in reducing energy consumption. Therefore, the main goal of this study was to
examine the correlation between the use of selected quality methods and tools in PP and
EE and to show that these methods can be helpful in shaping EMS.

Achieving the research purpose required both qualitative and quantitative research.
Qualitative research is one that provides insight and understanding of a problem. It is
usually an unstructured, exploratory research method that investigates highly complex
phenomena that cannot be explained by quantitative research. This can be the basis for
generating ideas or hypotheses for subsequent quantitative research. Quantitative research,
on the other hand, is a form of research based on the methods of the natural sciences that
produces figures and hard facts. They aim to establish a cause-and-effect relationship
between two variables using mathematical, computational, and statistical methods. For the
purposes of this research, a qualitative research plan was developed, the main tool of which
was a questionnaire addressed to manufacturing companies. Ultimately, 111 enterprises
located in Poland participated in the study, of which the largest percentage (43%) were
large enterprises, while the remaining groups of enterprises (medium, small, and micro)
recorded an almost identical share in the study, amounting to approx. 20%. In the next
step, quantitative research related to the analysis of the collected data and the use of
statistical methods that allow the testing of qualitative features was used. For this purpose,
non-parametric (chi-square) tests were utilized, as they are carried out without relying on
population distribution or population parameters [12]. These methods are described in
Section 3.

In this work, the definition of energy efficiency was used, defined as an indicator,
which was the ratio of the results, services, goods, or energy obtained to the energy input [9].
Therefore, the reduction of energy consumption, by assumption, would cause an increase
in this indicator, assuming that the level of production (results) was maintained at the same
level. In this paper, terms such as “actions raising the EE” or “actions related to EE” are
used, which is synonymous with improving the use of energy in production processes.

Additional research objectives were also adopted to investigate the following:

e Ol. The reasons for implementing actions raising the EE are correlated with the
method/quality tools used in the improvement of PP.

e 2. The areas of implementing actions raising EE are correlated with the method /quality
tools used in the improvement of PP.

e  O3. The method/quality tools used in the improvement of PP have an impact on the
actions related to EE.

The conducted research is the basis for drawing wider conclusions, and based on them,
it can be acknowledged that quality methods in production management can be considered
as the missing EMS element.

2. Quality Management Methods in Production and Energy Efficiency—A Literature Review
2.1. Energy Efficiency in Research—A General Outlook

Starting from 1995, 74,407 (as at 27 October 2022) articles containing PP and EE
in the title, the summary, or specified by the authors” keywords were recorded in the
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ScienceDirect database. Most of these, more than 85%, were research articles (63,699), while
the second largest group (5521) were reviewing articles constituting approximately 7% of
all works in this field. However, when we correlated the terms Management Method and
EE in this search engine, our results were reduced to just more than half (35,927—as of
22 November 2022) in the form of studies issued since 1995. Here, also, a similar tendency
to the distribution of individual types of publications was noted. The participation of
research articles was in the range of 84-89%, while the share of reviews was between 7 and
10%. The table below (Table 1) contains data on these publications obtained by narrowing
the range of dates to the period 2010-2022.

Table 1. List of the number of publications in the period 2010-2022 of selected areas.

Y Process Production x EE Management Method x EE
ear Total Review Research Total Review Research

2010 1275 91 1094 539 43 452
2011 1774 124 1510 739 56 628
2012 2070 147 1797 915 76 795
2013 2509 176 2158 1196 88 1031
2014 3026 212 2617 1565 119 1382
2015 3598 286 3131 2000 164 1755
2016 4112 337 3501 2208 212 1887
2017 5067 430 4386 2727 236 2393
2018 5612 469 4789 2956 265 2543
2019 6290 421 5524 3276 219 2913
2020 7651 617 6581 3698 311 3198
2021 9318 872 7868 4565 461 3837
2022 11,134 995 9329 5337 497 4501

The quantities presented in Table 1 are significant and require the experience and
valuable time of a literature researcher for their review. Nevertheless, just over 5500 of
these works were published in the form of open access and open archive, and we focused
on these works.

2.2. Energy Efficiency in Production Processes—A Review of Research Studies

Among the numerous publications (more than 3.5 million in ScienceDirect) in the field
of PP, those that prevail present new solutions, production methods, and improvements
affecting productivity or speed or a reduction in costs and necessary material and intangible
resources. It is noted, in fact, that a small percentage of these publications (approx. 2%)
examined issues related to the effectiveness of energy use in production companies. This
issue can be presented in various ways, which is also reflected in the literature. The basic
trends appear, namely technical and economic.

The technical aspect includes the analysis of a specific process and testing the effec-
tiveness of energy use by introducing improvements in the process, such as the field of
lean, new production methods and the use of other resources or modern solutions in the
field of intelligent industry. The works with a technical aspect also include those in which
the research was based on measuring the parameters of the machines, devices, or entire
systems/processes and those used in quantitative research.

On the other hand, the economic aspect concerns the energy efficiency research for
entire production companies or for the processes implemented in them. This aspect takes
into account the key performance indicators (KPI), occurring barriers, and energy efficiency
indicators implemented mainly due to surveys or case studies and uses methods in the
field of science method management and quality (primarily statistical, quantitative, and
qualitative methods). At the same time, it is noted that some of the works covered both
technical and economic aspects [13]. Examples of publications presenting these issues are
included in Table 2.
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Table 2. EE and PP terms in publications—examples.
Publication PP
with Terms: Technical Issue Economical Issue
4.0 Industry (IoT,
New production machlne le.armng, Indicators, KPI, .
Improvement of . simulation, . Management/ quality
. method, materials, . R Barriers systems
EE energy efficiency . digital twin, method
devices, etc. .o of measure
artificial neural
networks, etc.)
[13-17] [18-21] [22-29] [11,30-33] [13,34-36] [37-41]

This study omitted articles in which EE companies were discussed in the context of
obtaining energy due to ecological sources. We focused on those in which specific PPs and
their impact on EE or those in which qualitative methods affecting production activities in
the context of EE were presented.

2.3. Energy Efficiency Tools and Methods

Due to the fact that the number of industrial enterprises is still growing, there is a need
to reduce the energy consumption of their production and the corresponding greenhouse
gas emissions. In this context, EE has become a key factor of sustainable production success,
and the methods of achieving it represent an elementary point on the way to obtaining it.
At the same time, energy management, and especially its effectiveness, requires a thorough
assessment of the entire production process through a multi-disciplinary approach covering
several departments, such as management, quality, IT, production, and technical office [42].
Therefore, methods and tools aimed at supporting energy assessment and cooperation of
stakeholders and in improving EE in the manufacturing processes are important current
research areas [39,43]. Although the implementation of EE is increasingly applied and
recognized by decision-makers around the world as one of the most effective ways of
alleviating rising energy prices, counteracting potential environmental threats, and in-
creasing energy security, it is the choice of which tools will be used to obtain it that is the
challenge [44]. Assessment methods and tools are necessary in activities related to energy
management because they allow decision-makers to identify the possibility of improving
and tracking the impact of their decisions on energy consumption [45]. These tools can help
industrial companies in addressing both the knowledge and the organizational barriers
related to the implementation of energy consumption reduction means [46]. They allow
the monitoring and analysis of energy consumption in the enterprise and its production
processes, and they are the first step towards increasing EE [39]. Several studies empha-
sized that the implementation of these methods and tools turned out to be profitable, and
high indicators of implementation in the field of improving EE were recorded [41,47,48]. In
addition, energy assessment tools and methods increase the transparency of energy con-
sumption in real time and improve energy awareness. They allow one to analyze various
aspects of production (technologies, raw materials, time, etc.) and to assess their impact on
EE [49]. In addition, assessment methods and tools provide production companies with a
complete, pragmatic method of measuring, controlling, and improving EE in production
systems [39]. Experience has shown that an important problem when choosing the right
tools aimed at improving efficiency is the diagnosis of the energy consumption itself [50].
The authors of another work also agreed with this opinion, proposing a critical analysis
of the existing energy management system (EMS) using energy audits and the implemen-
tation of technological and economic enforcement studies which served as the basis for
the design, implementation, and valuation of various energy sources (steam, hot water,
compressed air, electricity, and water) [40,51]. Identifying places and effective reduction
of energy and emission consumption requires a systematic approach. For this purpose,
an EMS helps effectively to reduce energy consumption and CO, emissions. In another
work, a structured EE system (Structse®) which allowed for the detailed measurement
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and tracking of energy efficiency, as opposed to measuring ordinary energy consumption,
was introduced [52]. Structse® provides full transparency and the possibility of further
improvement, up to the limits of the best available technology. The need to use funds and
appropriate performance indicators to compare energy consumption profiles by machines
and processes and to compare their EE with competition efficiency in the industrial envi-
ronment were also noticed by other authors [53]. Focusing on this challenge, they proposed
methods supporting production companies in the development of energy efficiency indica-
tors. For this purpose, a seven-stage production development method was proposed, for
which key performance indicators (E-KPI) were developed. These indicators allowed the
interpretation of the cause-and-effect relationships and, thus, supported the companies
in their operational decision-making processes. As a consequence, the proposed method
supported the identification of weaknesses and areas of improvement in energy efficiency
related to production management and operations. The use of system thinking may also
be an important solution in improving energy efficiency. In this case, subsequent authors
proposed a framework consisting of four stages—motivation, abilities, implementation,
and results—as well as a feedback loop [54]. The implementation of four stages will lead to
positive feedback for future EE implementation. The deliberate consideration of energy
consumption and resources arouses increasingly more interest in production companies.
However, especially in small- and medium-sized enterprises (SMEs) oriented to implement
activities aimed at improving the efficiency of energy use, difficulties exist due to various
obstacles, such as unattractive depreciation terms, inefficient data collection, lack of ways,
lack of transparency, or large workload (staff/time) [55]. The transfer of attention from
energy-saving technologies to the dissemination of energy management practices may
increase the potential for improving energy efficiency in this case. As demonstrated in
another work, the specific potential of electricity (the amount of MWh of energy saved for
one energy efficiency) was higher in the case of behavioral activities than technological
activities [56]. What is more, this study showed that EE related to behavioral changes had
a shorter return time. This research is not intended to reject the current use of industrial
EE achieved by distributing technology but rather to contribute to a better understanding
of how the full potential of energy efficiency can be achieved by taking into account not
only the relationships between human and machine and between human and human but
also the process approach, including quality management, which is focused on continual
improvement using knowledge.

After analyzing the rules, methods, and concepts of improvement of EE in PP, presented
in the above studies, the question arose: Do production companies actually use the selected
methods of EE improvement, and if so, in what areas and what reasons do they follow?

In recent years, many literature reviews have been carried out on topics related to
energy management. At the same time, these studies focused mainly on modeling and
analyzing the production systems, tools for calculating emissions, and sustainable develop-
ment, as well as tools and techniques of comparative analysis [16,57-64]. However, we did
not find studies that focused on determining whether and which quality management tools,
alone or in combination, contribute to improving EE. In some research papers, this is only a
side topic, or there is a mention of the lack of such research [65-68]. Therefore, we agree
with the authors that there is a lack of comprehensive analysis of quality methods and tools
to improve energy awareness and assess their impact on EE [49,65,69]. Quality methods,
such as SMED, TPM, Six Sigma, SPC, FMEA, 55, and Poka-Yoke, which are used to improve
the PPs do not take into account their impact on the EE of companies [4-6,38,68,70-79].
This study takes into account this aspect. In view of the above, the purpose of the presented
research is to verify the correlation between the use of selected quality tools and methods
in the PP and EE of enterprises and to show that these methods can be helpful in shaping
an EMS.
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3. Materials and Methods

The presented research is the result of analysis of the scientific literature and identifica-
tion of the cognitive gap in the area in question. This gap results from the approach taken
by researchers of this issue that is slightly different to that presented in this study. Available
publications contain the characteristics of barriers, indicators, and methods used as EMSs,
but they do not examine the impact of their broad use in enterprises, the improvement
methods in the field of quality management on EE, or the EMSs, if defined. Figure 1
presents the procedure used in this research.

Literature review

Technical Issue Economical Issue in the area Survey research and

in the area of PP and EE
of PP and EE statistical analysis

Analysis of qualitative methods affecting production activities in the context of EE

I
An attempt to determine selected methods and tools in the field of quality in PP and EE

in shaping EMS in the form of questions

Selection of the research sample

Summary and verification of survey results

Statistical analysis of survey results

Verification of hypotheses

Summary

Figure 1. The procedure of this research.

The stages of the study included the following;:

1. Analysis of scientific literature, which aimed to obtain the most concise summary of
information from the largest possible number of available literature sources using the
systematic literature review method [80] and to identify the research gap.

2. Preparation of a research tool in the form of a questionnaire, containing a total of
13 basic questions and a record. Depending on the thematic answers chosen by the re-
spondents, there were 3 transition paths through closed and semi-open questions (the
principle of redirection to the appropriate question number after a specific answer).
The research entities were manufacturing companies based in Poland; therefore, the
questionnaire was prepared in Polish.

3. Implementation of surveys. This stage was relatively long (from March to August,
2021) despite the fact that the computer-assisted web interview survey method is very
helpful in this type of research [81]. The questionnaires were filled in directly by the
respondents or by the interviewer based on the answers of the study participants
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(data were not collected independently from available online literature sources). The
data collection stage was key, and its extension was determined by the need to obtain
a minimum of 100 good quality surveys (i.e., containing full data) for data analysis.
The questionnaire provided full anonymity of respondents, which included those
responsible for production, quality, or EMS/EE. No sensitive data were collected.
The link to the examination was made publicly available using social media and
email contacts and was often preceded by a telephone conversation. As a result,
111 correctly completed surveys were collected.

Data analysis using available and properly selected statistical methods, which took
into account the so-called cleaning data collected in the previous stage. It consisted
of format, completeness, reasonableness, and limit checks and allowed subsequent
correcting or eliminating of suspect records [82,83]. Several activities were carried out
on the material prepared in this way, including:

e development of response statistics, including a breakdown of the percentage of
individual responses and the percentage of all responses;
examination of the frequency of multiple-choice questions;
creation of cross tables presenting the distribution of attendance and the percent-
age shares of individual categories;
extraction of aggregated variables;
demonstration of the lack or existence of a relationship between variables using
the chi-square test of independence.

The chi-square test of independence was used in the study, which is most often used

in qualitative research based on a nominal scale [84]. The procedure for the chi-square
independence test is as follows:

The null hypothesis is accepted (Hy—the variables X and Y are independent):

Hp: P(X'=x;, Y =yj) =P(X =x3, 0) P(o, Y = yj) 1)
versus the alternative hypothesis (H;: X and Y variables are not independent):

Hy: P(X = x;, Y = y) # P(X = x;, ) P(o, Y = ;) @)

where the values of the examined features X and Y are x; and Vi, respectively, and
the symbol o means that the variable from this item is not taken into account in the
current distribution.

The null hypothesis is verified. The null hypothesis is verified first by creating an
independence table, called the contingency table, with the number of rows r and the
number of columns s. Then, the table is filled with empirical numbers nj; (i=12...,
r,j=1,2,...,s), which denote how many elements in the sample had the values of
features x; and y;. Then, the boundary numbers n;. and 1 are determined. Based
on these numbers, theoretical numbers are calculated for each combination (i, j) of
features X and Y using the formula:

- ng  Nnj
njj = n(n’ * n]) =nx* (wi xw,) 3)
The test of the x? statistic is calculated according to the formula:
2
rs (- i)
=Yy = @)
i=1j=1 1ij

However, if the null hypothesis is true, then this statistic has a chi-square distribution

with the number of degrees of freedom equal to (r — 1)(s — 1). Then, using the inequality
X* > X% a(r—1)s1), the right-hand critical area is determined. The critical value X% (;—1)(s—1)
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is read from the chi-square distribution table for k = (r — 1)(s — 1) degrees of freedom and for
a predetermined level of significance &, maintaining the relation P(x? > x> X (r—1)(5—1))= &
If the value of x> meets the condition x> > x? o, (—1)(s—1), the null hypothesis Hy is rejected,
while if the value x? meets the condition x? < x2 «,(—1)(s—1), there are no grounds to reject
the hypothesis of non-independence of the examined variables. This stage was carried out
in free RSTUDIO 2022.07.2 build 576 based on R.

5. Interpretation of the results of the study and the development of final conclusions
referring to existing scientific research.

The attempt to fill the research gap required answers to specific research questions:

Question 1. What are the methods and quality tools most commonly used in enter-
prises in the field of PP management? This question is related to the specific objectives O1,
02, and O3. In order to answer the above question, basic tools and quality methods, i.e.,
Poka-Yoke, SMED, TPM, Six Sigma, SPC, FMEA, and 55, were distinguished in Question
11 of the survey as well as accommodating the possibility of respondents adding their own
answers. The concepts listed in the survey’s question were briefly described to minimize
the risk of rejecting a given answer due to the lack of knowledge of the nomenclature. Of
course, respondents in this case had the ability to mark more than 1 answer.

Question 2. What are the reasons for implementing EE? This is related to the specific
objective O1. On the basis of a literature review, several groups were distinguished here:
the implementation of a strategy focused on optimizing the use of machines and equipment,
the implementation of the pro-quality ambitions of the company in the field of processes
and products, the need to adapt to the regulations, the need to increase process efficiency,
and the need to reduce costs. In the survey structure, it was Question 7 in which more than
1 answer could be marked.

Question 3. What are the areas of implementing EEs in the studied enterprises?
This is related to the specific objective O2, and the following areas were distinguished
here (Question 8): technology renewal, raising the technological competence of the staff,
creating incentive systems that encourage creative problem solving, and implementation of
improvement ideas. Here, also, a place was provided for respondents to enter an additional
answer. Only 1 of the respondents used the last option but did not identify the area, adding
only “in none of the above areas”. For this question, respondents could also mark more
than 1 answer.

Question 4. Do enterprises take actions related to increasing EE? This question is
related to the specific objective O3, and it was included in the questionnaire under number
5. This was presented as a typical binary variable, so respondents had to choose one of two
options (yes or no).

These questions became the basis for putting forth the following hypotheses of this work:

Hypothesis 1: Tools and methods of quality management in PP affect EMS elements used in enterprises.

Hypothesis 2: The reasons for implementing EEs are correlated with the methods and quality tools
used by enterprises in the field of PP management.

Hypothesis 3: The areas of the implementation of EE increases are correlated with the methods and
quality tools in the field of PP management.

Hypothesis 4: The quality management tools and methods used in PP are correlated with the
actions related to EE.
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4. Results
4.1. Quality Methods and Tools in Production Companies
The first research question was posed: What are the methods and quality tools most

commonly used in enterprises in the field of PP management? The results are presented in
Figure 2.

60

50

40

30

20

0
Poka-Yoke SMED TPM  Six Sigma FMEA 55 Do not
know

Figure 2. Quality tools/methods used in enterprises—density.

After analyzing the results, it can be stated that 27% of respondents of the examined
enterprises did not know whether they use the mentioned methods. However, 47% replied
in the affirmative that the 55 method was used, and 35% recorded the use of TPM.

The first research hypothesis, which is “Tools and methods of quality management in
PP affect EMS elements used in enterprises”, was examined in the next step.

At the same time, based on the literature, elements such as persons/teams responsible
for energy management, monitoring the costs of energy consumption, conducting periodic
analyses and reports on energy consumption, developing energy-saving recommendations,
developing EE programs, and providing records of EE activities were distinguished. Re-
spondents were asked about which EMS elements occur in the examined enterprises in the
13th survey question (the results are presented in Table 3).

Table 3. Matrix: quality tools/methods and EMS elements.

Poka-Yoke SMED TPM Six Sigma SPC FMEA 58
N n 18 10 23 24 12 15 33
Persons/teams responsible ° Y% 24.7 13.7 315 329 16.4 20.5 45.2
for energy management Y n 8 13 16 11 9 11 19
s % 21.1 34.2 421 28.9 237 28.9 50.0
N n 5 8 10 9 6 9 14
Monitoring the costs o % 143 229 28.6 25.7 17.1 25.7 40.0
of energy consumption Y n 21 15 29 26 15 17 38
s % 27.6 19.7 38.2 342 19.7 224 50.0
N n 11 5 19 20 9 11 23
Conducting periodic analyses and reports of ° % 18.0 8.2 31.1 32.8 14.8 18.0 37.7
energy consumption Ye n 15 18 20 15 12 15 29
s % 30.0 36.0 40.0 30.0 24.0 30.0 58.0
N n 15 14 19 19 13 15 35
Developing energy-saving recommendations ? % 192 17.9 244 244 16.7 19.2 449
Ye n 11 9 20 16 8 11 17
€ % 33.3 27.3 60.6 48.5 242 33.3 51.5
N n 18 14 23 26 12 17 37
Developed EE program o % 21.7 16.9 27.7 31.3 14.5 20.5 44.6
P prog y n 8 9 16 9 9 9 15
s % 28.6 32.1 57.1 32.1 32.1 32.1 53.6
N n 19 15 30 31 17 19 42
Records of EE activiti ° % 21.6 17.0 34.1 35.2 19.3 21.6 47.7
ecords o activities Yes n 7 8 9 4 4 7 10

% 30.4 34.8 39.1 174 174 30.4 43.5
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In order to verify the H1 research hypothesis, a zero hypothesis was proposed:

Hyp—there is a statistically significant relationship between the quality methods used
in enterprises in PP management and the occurrence of EMS elements.

In relation to the alternative hypothesis:

H;—there is no statistically significant relationship between the quality methods used
in enterprises in PP management and the presence of EMS elements.

The data were tested with a chi-square test, and the results are presented in Table 4.

Table 4. Chi-square test results for relation: quality tools/methods and EMS elements.

Pearson’s Chi-Square Tests

Conducting Develobi
Persons/Teams Monitoring Periodic eE‘:e(r)Plflg
Responsible the Costs of Analyses and Saviiy Developing Records of EE
for Energy Energy Reports of Recomme:én da- EE Program Activities
Management Consumption Energy tion
Consumption ons

Chi-square 0.181 2.380 2.194 2.571 0.553 0.795

Poka-Yoke df 1 1 1 1 1 1
p 0.670 0.123 0.139 0.109 0.457 0.373
Chi-square 6.401 0.142 12.930 1.227 2.974 3.492

SMED df 1 1 1 1 1 1
p 0.011 0.706 0.000 0.268 0.085 0.062
Chi-square 1.232 0.966 0.945 13.368 7.958 0.203

TPM df 1 1 1 1 1 1
4 0.267 0.326 0.331 0.000 0.005 0.652
Chi-square 0.179 0.801 0.099 6.252 0.006 2.687

Six Sigma df 1 1 1 1 1 1
[4 0.672 0.371 0.753 0.012 0.936 0.101
Chi-square 0.855 0.105 1.531 0.868 4.269 0.044

SPC df 1 1 1 1 1 1
p 0.355 0.746 0.216 0.352 0.039 0.834
Chi-square 0.983 0.150 2.194 2.571 1.587 0.795

FMEA df 1 1 1 1 1 1
4 0.321 0.699 0.139 0.109 0.208 0.373
Chi-square 0.231 0.962 4.545 0.411 0.680 0.132

55 df 1 1 1 1 1 1
p 0.631 0.327 0.033 0.521 0.410 0.716

Several important conclusions were drawn. First, the people/teams responsible for
energy management were influenced by the SMED concept (p = 0.011). This conclusion is
actually not surprising. The SMED methodology is a set of techniques and tools that enable
shortening of the changeover times of machines, devices, and production processes. SMED
results in a very large shortening and simplification of the changeover process, which is
also associated with improved EE. Managers’ view on the use of the SMED method from
the point of view of improving efficiency may become the first element contributing to its
improvement (as seen by the results of reducing energy consumption in the visualization
tables, this can significantly affect the motivation for further improvement). In this case,
it can also affect the monitoring of energy consumption costs. In this area, according to
the respondents, no management concept had a significant impact. On the other hand,
with regard to monitoring the costs of energy consumption, no management concept had a
significant statistical impact. However, it was shown that the SMED concept (p = 0.000) and
the 5S concept (p = 0.033) had an impact on conducting periodic analyses and providing
reports on energy consumption. The 5S concept in the surveyed enterprises was indicated
as the basis for identifying places where its use should be improved. The introduction of
transparency and order in the workplace will make it possible to carry out inspections
and draw appropriate conclusions regarding the state of energy use. Another conclusion
was the statistically documented impact of the TPM concept (p = 0.000) and the Six Sigma
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concept (p = 0.012) on the development of recommendations for energy-saving operation
and the impact of the TPM concept (p = 0.005) and SPC (p = 0.039) on the development of an
energy efficiency implementation program. Application of these concepts led to an increase
in the efficiency of the machine park with the precise configuration of the machines and
devices to the needs and specificity of the company’s production processes. This allowed
for the elimination of energy waste and losses, increased the life of the machine park,
reduced overproduction, and ensured greater PP stability. In contrast, the record of energy
efficiency projects was not significantly affected by any management concept.

4.2. Reasons for Implementing EE Activities in Enterprises

Another research question posed in this work was related to the reasons that the
companies are guided by implementing the EEs. The analysis of the responses for this
variable is shown in Figure 3.

58
45
39
28
22
i I
0

implementation of a implementation of need to comply with need to increase  need to reduce costs

8 &8 8 & 3

[}
o

strategy (optimizing pro-quality regulations process efficiency
the use of ambitions (processes
equipment) and products)

Figure 3. Reasons for EE actions—density.

A density analysis of the responses given to this question allowed us to conclude that
the most common reasons for the implementation of EE activities were the need to reduce
costs (52%) and the need to increase process efficiency (41%). The results in relation to the
quality and tools used by enterprises in the field of production process management are
presented in Table 5.

Next, the second hypothesis (The reasons for implementing EEs are correlated with the
methods and quality tools used by enterprises in the field of PP management) was verified.

In order to verify the second research hypothesis, a statistical zero hypothesis was adopted:

Ho—there is a statistically significant relationship between the reasons for implement-
ing EE and the methods and quality tools used by enterprises in the field of production
process management.

An alternative hypothesis was also proposed:

Hj—there is no statistically significant relationship between the reasons for imple-
menting EE and the methods and tools used by enterprises in the field of production
process management.

In order to verify the hypothesis, the chi-square test was again used. The results of the
analysis are presented in Table 6.
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Table 5. Matrix: quality tools/methods and reasons for EE actions.

Poka-Yoke = SMED TPM Six Sigma SPC FMEA 5S

N n 9 6 13 16 7 12 29
Implementation of a strategy 0 % 12.5 8.3 18.1 22.2 9.7 16.7 40.3
(optimizing the use of equipment) Y n 17 17 26 19 14 14 23
€s % 43.6 43.6 66.7 48.7 35.9 35.9 59.0
N n 19 16 28 29 16 18 40
Implementation of pro-quality ° % 21.3 18.0 315 32.6 18.0 20.2 44.9
ambitions (processes and products) Y n 7 7 11 6 5 8 12
es % 318 318 50.0 27.3 227 36.4 545
N n 22 18 30 32 12 24 42
Need to comply with regulations o % 26.5 21.7 36.1 38.6 14.5 28.9 50.6
n 4 5 9 3 9 2 10
Yes % 143 17.9 32.1 10.7 32.1 7.1 35.7
N n 14 11 13 18 3 13 27
Need to increase process efficiency ° 0]/10 211 éz 116 ; 12967 217%3 %g 119 é7 4%9
Yes % 26.7 26.7 57.8 37.8 40.0 289 55.6
N n 14 9 10 13 4 10 22
o % 26.4 17.0 18.9 24.5 7.5 18.9 415
Need to reduce costs . 12 14 29 2 17 16 30
Yes % 20.7 24.1 50.0 37.9 29.3 27.6 51.7

Table 6. Chi-square test results for relation: quality tools/methods and reasons for EE actions.

Pearson’s Chi-Square Tests

Implementation Implementation
of a S‘tr;‘itegy of Pro-.Q'uahty Need to Comply Need to Increase Need to Reduce
(Optimizing the Ambitions with Reeulations Process Costs
Use of (Processes and & Efficiency
Equipment) Products)

Chi-square 13.632 1.078 1.743 0.444 0.506

Poka-Yoke df 1 1 1 1 1
p 0.000 0.299 0.187 0.505 0.477
Chi-square 19.142 2.057 0.187 1.629 0.863

SMED df 1 1 1 1 1
p 0.000 0.152 0.665 0.202 0.353
Chi-square 26.230 2.660 0.147 17.025 11.777

TPM df 1 1 1 1 1
p 0.000 0.103 0.701 0.000 0.001
Chi-square 8.226 0.231 7.516 1.368 2.304

Six Sigma df 1 1 1 1 1
p 0.004 0.631 0.006 0.242 0.129
Chi-square 11.299 0.259 4.269 21.926 8.551

SPC df 1 1 1 1 1
p 0.001 0.611 0.039 0.000 0.003
Chi-square 5.216 2.561 5.533 1.260 1.174

FMEA df 1 1 1 1 1
p 0.022 0.109 0.019 0.262 0.279
Chi-square 3.551 0.653 1.864 2.305 1.160

55 df 1 1 1 1 1
p 0.059 0.419 0.172 0.129 0.281

Based on the results, the following conclusions can be drawn:

e  The concepts of Poka-Yoke (p = 0.000), SMED (p = 0.000), TPM (p = 0.000), Six Sigma
(p =0.004), SPC (p = 0.001), and FMEA (p = 0.022) affected the implementation of the
strategy focused on optimizing the use of machines and devices.

e  No concept had an impact on the implementation of its own pro-quality ambitions in
the field of processes and products.
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e  Six Sigma (p = 0.006), SPC (p = 0.039), and FMEA (p = 0.019) affected the need to adapt
to the regulations.

e TPM (p =0.000) and SPC (p = 0.000) affected the need to increase process efficiency;
TPM (p = 0.001) and SPC (p = 0.003) affected the need to reduce costs.

The strategy can be defined as a long-term plan, containing the main goals and tasks
of the organization, the directions of action, and the allocation of funds necessary to
achieve the defined goals. The unique configuration of resources in the company affects
the implementation of the adopted goals. In the surveyed enterprises, the strategy focusing
on optimizing the use of machinery and equipment had a fundamental impact on shaping
the competitive advantage in the market. In this case, the application of concepts such
as Poka-Yoke (p = 0.000), SMED (p = 0.000), TPM (p = 0.000), Six Sigma (p = 0.004), SPC
(p =0.001), and FMEA (p = 0.022) could significantly affect not only the product itself but
also the financial condition of the company. For enterprises, the search for the most effective
use of energy may now become the key to the survival and development of the company
on the market. The FMEA method was also noteworthy. Respondents indicated that it
enabled them to adapt to market requirements. This method provided great opportunities
to identify potential sources of waste, including the waste of energy use.

4.3. Analysis of the EE Areas

The answer to the question “What are the areas of implementing EEs in the studied
enterprises?” was another step in this research work. The results are shown in Figure 4.
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40
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25
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Figure 4. EE activity areas—density.

In this case, raising the technological competence of the staff in increasing EE area
had the largest (42%) significance for the respondents, while in the scope of motivational
systems, the smallest percentage of indications (24%) was obtained.

In order to examine the third research hypothesis, a matrix was prepared containing
the correlated respondents” answers, as seen in Table 7.

In the light of Hypothesis 3 (The areas of implementing EEs are correlated with the methods
and quality tools used by enterprises in the field of PP management), a statistical zero hypothesis
was constructed:

Ho—there is a statistically significant relationship between areas of implementing EE
and the methods and quality tools used by enterprises in the field of production process
management.

In relation to the alternative hypothesis:

H;—there is no statistically significant relationship between the areas of the imple-
mentation of EEs and the methods used by enterprise methods and quality tools in the
field of production process management.
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Hj was examined by available statistical methods (i.e., performing chi-square tests),
and the results are presented in Table 8.

Table 7. Matrix: quality tools/methods and EE activities areas.

Poka-Yoke SMED TPM Six Sigma SPC FMEA 5S
N n 17 13 20 23 12 19 38
Technology renewal ° % 21.8 16.7 25.6 29.5 154 244 48.7
4 v n 9 10 19 12 9 7 14
es % 27.3 30.3 57.6 36.4 27.3 21.2 424
N n 12 9 17 19 7 15 27
Technological ° % 18.8 14.1 26.6 29.7 109 23.4 42.2
competence of the staff Y, n 14 14 22 16 14 11 25
es % 29.8 29.8 46.8 34.0 29.8 234 532
N n 17 15 29 27 16 15 38
Incentive systems ° % 20.2 17.9 345 32.1 19.0 17.9 45.2
y v n 9 8 10 8 5 11 14
es % 333 29.6 37.0 29.6 185 407 51.9
N n 26 23 39 35 21 26 52
N £ th ° % 23.6 209 35.5 31.8 19.1 23.6 47.3
one of them v n 0 0 0 0 0 0 0
s % 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 8. Chi-square test results for relation: quality tools/methods and EE activities areas.
Pearson’s Chi-Square Tests
Technology Renewal Technological Incentive Systems None of Them
8y Competence of the Staff ¥y
Chi-square 0.388 1.840 1.953 0.309
Poka-Yoke df 1 1 1 1
p 0.533 0.175 0.162 0.579
Chi-square 2.625 4.079 1.724 0.264
SMED df 1 1 1 1
4 0.105 0.043 0.189 0.608
Chi-square 10.377 4.874 0.057 0.547
TPM df 1 1 1 1
p 0.001 0.027 0.812 0.460
Chi-square 0.508 0.238 0.060 0.465
Six Sigma df 1 1 1 1
p 0.476 0.626 0.807 0.495
Chi-square 2.136 6.277 0.004 0.235
SPC df 1 1 1 1
4 0.144 0.012 0.951 0.628
Chi-square 0.128 0.000 5.965 0.309
FMEA df 1 1 1 1
P 0.720 0.997 0.015 0.579
Chi-square 0.369 1.318 0.359 0.889
55 df 1 1 1 1
p 0.544 0.251 0.549 0.346

The analysis of the results we received led to the following conclusions. The TPM
concept (p = 0.001) significantly affected the area of technology renewal policy. The compet-
itiveness of enterprises in the modern economy was strongly conditioned by innovation,
that is, by the ability to develop and implement new technological and organizational
solutions and new products. Most enterprises in Poland are practically unable to introduce
innovative solutions. This is mainly due to the high costs of developing and implementing
innovations. However, new technologies are a necessity for competitive global economies.
In this area, it is important to notice the need to change or modernize manufacturing
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processes. In the examined cases, the TPM concept had a significant impact on the develop-
ment of the technology renewal policy (p = 0.001). Thanks to its use, companies could see
the losses generated by the resources involved in a given process. In this case, the use of
energy should become a basic element to which managers will pay attention.

On the other hand, in the area of improving the technological competence of personnel,
the SMED (p = 0.043), TPM (p = 0.027), and SPC (p = 0.012) concepts had a significant impact.
The application of these concepts was based not only on training operators so that they
are able to handle minor repairs on their own but also on providing them with the tools
needed to do so. The maintenance of movement learns to change its operation from reactive
to preventive and then to predictive. Managers, on the other hand, learn about changes
in the improvement strategy or energy use standards. The staffing is based on continual
cooperation between production and maintenance. The goal is to eliminate waste in the
production process, improve everyday work, or find root causes of failures that generate
energy costs.

In the area of creating motivational systems encouraging the solution of problems
in creative ways and implementing improving ideas, the FMEA concept (p = 0.015) had
a significant impact. Increasingly, human resources was recognized as an important and
unique—because it is difficult to copy—asset and a factor responsible for the efficient use
of energy. Without properly selected, well-educated and continually learning, effectively
motivated, and properly rewarded employees, a modern organization is not able to meet
the challenges of the globalization era. The modified FMEA method seems to be a good
solution for quickly diagnosing potential threats and using them to create incentive systems
that encourage creative problem-solving and the implementation of ideas that improve the
use of energy. It is also a good way to record information about potential threats, monitor
them, and record actions taken to minimize their potential negative effects.

4.4. Analysis of the Correlation of EE and Tools/Quality Methods

The last of the research hypotheses examined the following: “The quality management
tools and methods used in PP are correlated with undertaken activities related to EE”.

In order to compare the structure (percentage) indicators, the Z-test was used in
this case. The results of the answer distribution, taking into account this correlation, are
provided in Table 9.

Table 9. Matrix: quality tools/methods and EE activities.

Does the Company Undertake Actions Related to Increasing EE?

No Yes Z-Test

n % in Row n % in Row Statistic p-Value
Poka-Yoke 7 26.9 19 73.1 3.328 0.001
SMED 2 8.7 21 91.3 5.603 0.000
TPM 3 7.7 36 92.3 7.473 0.000
Six Sigma 7 20.0 28 80.0 5.020 0.000
SPC 2 9.5 19 90.5 5.246 0.000
FMEA 5 19.2 21 80.8 4.438 0.000
55 14 26.9 38 73.1 4.707 0.000

An analysis of the results allowed us to state that in any case when applying any con-
cept, the company was significantly more likely to take action related to EE improvement.
Therefore, generally speaking, companies that used selected quality management methods
were also focused on increasing energy efficiency and taking action in this area.

5. Discussion and Conclusions

Industrial production is considered one of the largest sectors in terms of energy
demand, which significantly contributes to global greenhouse gas emissions. The latest
report of the UN intergovernmental climate change team (IPCC) emphasized that the
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increase in greenhouse gas emissions in the world causes rapid climate change. Already in
2030, the average temperature in the world will reach a decisive 1.5 °C threshold above the
level before the industrial era, which will not only reduce food production and increase the
sea level but also lead to extreme climate phenomena (IPCC, 2018). Thus, EE in industry
has become an important target for industrial enterprises. There is and there will continue
to be a need for a systematic approach to reducing energy consumption in enterprises. The
existing methods presented in various works focus on optimizing specific technological
processes and do not include the entire production system [13,24,38,79,80]. In addition, they
are based on a detailed quantitative analysis of processes, which requires a much work in
the data acquisition phase. These processes are most often capital-intensive and burdened
with a high risk in the return of invested capital. Experience shows that the transformation
of the profitable potential of energy savings, in particular the possibility of improving
the use of energy in all sectors, in investments encounters many barriers and unforeseen
transaction costs [9,11,29]. Hence, there is great resistance to changes within decision-
makers themselves. Enterprises do not always produce large amounts of products. There is
an erroneous conclusion that in the production system any of the EE improvement elements
can be used in this case. This way of thinking is confirmation that the heart of the case
has been omitted and is incomprehensible. The concept of improving EE is not only about
imitating the right tools and methods in a specific production system [10,23,33]. It boils
down to developing rules appropriate for a given enterprise and compulsory compliance
with them in order to achieve high EE in the production processes that permanently
increases value for clients and society. This, of course, means increasing competitiveness
and profitability. Therefore, the research presented in this work, which takes into account
the EE context in relation to the methods and quality tools used in PPs, shed new light
on this issue. In the literature, there are numerous representative examples of energy-
saving methods [85-88]. However, the presented study provides specific guidelines to
businesses on how to reduce the energy intensity of production processes by implementing
selected quality tools. The strategy of using quality management methods is presented
as an alternative to expensive and complicated EE apprenticeships from the technology
side. Theoretical considerations, followed by empirical research and analyses of the results
obtained, allowed the formulation of the following statements and contributions: there
are significant differences in the assessment most commonly used in methods and quality
tools in the field of PP management. After analyzing the results, it can be stated that
27% of respondents of the surveyed enterprises did not know whether their methods
are used. However, 47% answered in the affirmative that a 55 method was used, and
35% recorded the use of TPM. From the point of view of the surveyed companies, the
reasons for implementing EE activities are the need to reduce costs (52%) and the need
to increase process efficiency (41%). This indicates the existence of a higher awareness of
the importance of costs and activities undertaken by enterprises in the area of energy use.
The need to reduce costs is influenced by the TPM (p = 0.001) and SPC (p = 0.003) concepts.
As part of the modification/implementation of the activities that improve the efficiency
of energy use in this case, the area of raising the technological competence of the staff in
order to increase EE had the largest (42%) importance for respondents, while in the field
of motion systems, the smallest percent of indications were obtained (24%). In the area of
raising technological competences of the staff, TPM (p = 0.027), SPC (p = 0.012), and SMED
(p = 0.043) had the most significant impact. Enterprises that indicated the motivational
system as an element of increasing the efficiency of energy use emphasized the significant
concept of FMEA (p = 0.015), encouraging creative problem-solving and implementing
ideas in improving the studied area. Regarding the correlation of the tools and methods
of quality management in the production processes with the undertaken actions related
to raising EE, the analysis of the results allowed us to state that, in each case, when using
any concept (Poka-Yoke, SMED, TPM, SIX SIGMA, SPC, FMEA, 5S), the company was
more commonly following operations related to EE. At the same time, it was found that
the TPM concept was the most often presented method when making decisions regarding
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the effectiveness of energy use. This was justified based on the activities of the elimination
of interference during the operation of individual machines, devices, or other equipment
components that had an impact on the effectiveness of a given production area. It was
a valuable source of information that, properly used, became the basis of the activities
optimizing the energy use in production processes.

Therefore, in the context of the purpose of this work, which was verification of the
correlation between the use of selected quality tools and methods in the PP and EE of
enterprises and showing that these methods can be helpful in shaping EMS, it was achieved.
It has been confirmed that the use of selected methods/quality tools in the PP may affect
certain EMS areas, and their relationship with EE activities is noticed.

The conclusions drawn from the research have significant international relevance, as
they contribute to the understanding of the relationship between the use of quality tools
and methods in production processes (PP) and energy efficiency (EE) in enterprises. The
study highlights the novel approach taken in exploring these tools and their impact on
shaping an energy management system (EMS).

The research findings provided valuable insights into the effectiveness of selected
quality tools, such as 55, TPM, and SPC, in improving production processes and reducing
energy consumption. The study demonstrated that these tools can be viable alternatives to
costly and complex energy efficiency apprenticeships from a technological perspective.

Moreover, the research highlighted the importance of raising technological competen-
cies and implementing motivational systems in enhancing energy efficiency practices. The
findings emphasized the significant role of concepts such as FMEA and creative problem-
solving in driving improvements in the studied area.

The analysis revealed a positive correlation between the adoption of quality man-
agement methods and tools in production processes and the implementation of energy
efficiency measures. Regardless of the specific concept used, companies are more likely
to undertake operations related to energy efficiency when utilizing these tools. The TPM
concept, in particular, emerged as a prominent method for optimizing energy use by
addressing interference and enhancing effectiveness in production areas.

Therefore, the research’s key messages lie in the exploration of how selected quality tools
and methods can contribute to shaping an energy management system and improving energy
efficiency practices within the enterprises. These findings have global implications for organiza-
tions seeking innovative approaches to energy management and production optimization.
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