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Abstract: The diffusion of technologies within an economic system is an intricate process, influenced
by a variety of factors, including governmental policies, the characteristics of adopting companies,
and the technologies that can be adopted. This study aimed to investigate the relationship between
the implementation of environmental management systems (EMSs), such as ISO 14001, or energy
management systems (EnMSs), such as ISO 50001, and the adoption of energy recuperation technolo-
gies (ERTs), which are a subset of energy efficient technologies (EETs). To achieve this, our research
leveraged data from the 2018 European Manufacturing Survey, specifically a subsample of 798 com-
panies across five European countries: Croatia, Slovenia, Austria, Slovakia, and Lithuania. Due to
the investigation of relationships and the type of variables used, we employed a two-step ordinary
least squares (OLS) regression analysis. Our analysis uncovered that the current utilization of EMSs
and EnMSs within companies is significantly linked to the current use of ERTs. However, upon
further examination of the implementation timeline, it became improbable that EMSs or EnMSs have
a substantial impact on enhancing the adoption of these technologies in the short term. Moreover,
our results show that technological intensity and product complexity does not play a determining
role in the adoption of ERTs, but they did show that larger companies tend to invest more in ERTs,
which is in line with the findings of previous studies.

Keywords: environmental management system; energy management system; energy recuperation
technologies; survey

1. Introduction

Over the past few years, changes in the energy markets, such as the very high levels
of oil price volatility caused by the COVID-19 pandemic [1], etc., have had an impact on
industry [2], including manufacturing. In addition, the industry sector has significant
responsibility for the depletion of fossil fuels and CO, emissions, which could be mitigated
by energy efficiency strategies [3], measures, or technologies.

The paper focuses on energy recuperation technologies (ERTs), which are a subset of
energy efficient technologies (EETs). Here, ERTs are considered a group of technologies
used in manufacturing companies to recover kinetic and process energy (e.g., waste heat
recovery, energy storage). Examples of these technologies include the organic Rankine cycle
(ORC), able to generate electricity from low-temperature heat sources [4]; flue gas waste
heat recovery; waste heat recovery from cooling water; top-pressure recovery turbines that
recover energy from high-pressure steam and uses it to power the turbine [5]; equipping
robots with additional components capable of storing and recovering energy, specifically,
compliant elements connected in parallel with axles and regenerative motor drives [6]; and
the use of direct current (DC) sub-grids in industrial robot power flow, which is ideal for
recovering energy from the actuators with regenerative approaches [7].
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The relevant literature has predominantly focused on EETs as the subject of investiga-
tion. Therefore, if we only consider articles specifically dealing with ERTs, our theoretical
foundation will lack coverage of essential aspects related to the relationship between the
implementation of EMSs (or EnMSs) and the adoption of these technologies. This is why
this paper explores the EETs, while the results section concentrates on the examination of a
specific sub-group of EETs, namely, ERTs. This focus can be viewed as an added value of
the paper, as it analyses whether the previously collected findings related to EETs also hold
true for this subset of technologies.

Certainly, this might raise a question in the reader’s mind: why did we choose to
investigate ERTs rather than the entire category of EETs? The reasons primarily stem from
the practical considerations in conducting survey-based research, where we inquire about
the actual use of technology or measures.

In our pan-European survey (refer to Section 3.1 Data), to maintain objectivity and
prevent misinterpretation, the standard practice is to inquire about specific technologies
(e.g., industrial robots for manufacturing, 3D printing for prototyping) or organizational
concepts (e.g., methods for optimizing change-over time or reducing setup time, such
as SMED). Additionally, as the number of questions or items in the survey increases,
there is a decline in the willingness of respondents (i.e., firms) to participate. This places
constraints on the survey’s scope when inquiring about various technologies, preventing
us from typically covering the entire spectrum of technologies within groups like robots,
additive technologies, or efficiency technologies. Instead, we focus on the primary types or
subgroups. This represents a trade-off between obtaining internationally comparable data,
encompassing various industries and topics, and acquiring detailed responses.

The examination of the EETs in the manufacturing sector holds significance from both
environmental and economic standpoints. Industries are substantial energy consumers,
comprising 26% of the European Union’s total energy consumption [8]. Recognizing the
attributes of companies that propel the implementation of energy efficiency (EE) enhance-
ments is vital for policymakers in crafting efficacious measures [9].

EE in industrial firms has been studied from multiple views (from withdrawal propor-
tions to specific technological aspects), from the circular economy (CE) context (e.g., Ref. [10]) or
in the sustainable technologies framework (e.g., Ref. [11]). There is not enough understanding
of whether and why companies with different characteristics (e.g., size, production/product
characteristics, R&D activities) implement these technologies in different patterns. There is
widespread awareness of the obvious advantages of the adoption in terms of conservation
of energy (e.g., Ref. [12]), but there is a lack of knowledge about the sectoral (or other firm-
specific characteristics) distribution of EETs [13], one group of which (i.e., energy recuperation
technologies) is of core interest in our paper.

In general, the adoption of technologies in an economic system is a complex process in-
fluenced by various factors. These factors include the characteristics of adopting companies,
the technology itself, and the company’s environment [14,15]. However, existing empirical
studies on the relationship between firm characteristics and the adoption of EETs provide a
limited view of the issue. For instance, Haider [16] found that firm size, age, and financial
performance are important factors influencing energy efficiency. Cantore [17] found that
internal management and organizational factors increase the likelihood of firms investing
in energy-efficient technologies. Costa-Campi [9] discovered that firms introducing organi-
zational innovations are more likely to innovate in energy efficiency. These studies, along
with others, do not provide a comprehensive understanding of EET adoption, particularly
regarding differences in firms’ characteristics. Additionally, there are indications that EET
adoption may differ depending on whether a firm has implemented environmental man-
agement systems (EMS) or energy management systems (EnMS) certifications [11,18-20].
Moreover, previous studies have often treated EMS and EnMS as a single variable or only
examined one of them when studying EET adoption. Therefore, our study aims to clarify
the relationships between EMS and EnMS implementation and EET adoption within a
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single study, while also examining the impact of firms’ characteristics such as size, industry,
technological intensity, and product complexity.

In this paper, we address the following questions: What is the nexus between the
implementation of EMS or EnMS and adoption of ERTs? Which firm’s characteristics do
enable the adoption of ERTs?

The answers to these questions could assist policymakers in gaining a deeper under-
standing of how EMS and EnMS function in the practical operations of manufacturing
companies. This understanding would enable them to incorporate these management
systems more accurately into the framework of policy support for the adoption of EETs.

The paper is organized as follows: Sections 1 and 2 offer a general description of the
context and literature review concerning the factors influencing EET adoption (Section 2.1),
with a specific focus on firm-specific factors (Section 2.2), including EMS (Section 2.3) and
EnMS (Section 2.4), plus defining ERTs (Section 2.5). This is followed by a description
of the data and methodology in Section 3. Section 4 applies two-step OLS regression
analysis and other analyses to proceed with the data and presents the main results of
the research. Section 5 concludes with a discussion of the contribution to the theory and
policy implications.

2. Theoretical Background
2.1. Factors That Aim to Interpret the Adoption of EETs

The adoption of EETs is influenced by numerous factors classified into four distinctive
categories: market failures, wider economic environment-specific variables, firm-specific
variables, and technology and investment [21]. In the literature, we were able to find studies
dealing with specific factors, such as internal management, organizational factors, and top
management, whose commitment is crucial for firms” investment in EETs [17,22]. The role
of governmental policies and regulatory stringency also affects EET adoption [23,24]. Orga-
nizational and financial factors, such as cost and risk considerations, financial performance,
and awareness, also influence EET adoption [19,20,25-27]. Other specific factors, including
efficiency, enforcement by parent organizations, ICTs, technological aspects, and the use of
EMS and EnMS, have also been researched [18,19,28-32]. For example, Fu (2018) found that
certified systems such as EMS and EnMS are important for sustainable process technology
adoption [11]. Finally, it has to be mentioned that the role and significance of these factors can
vary over time during innovation processes [33].

2.2. Internal Firm-Specific Factors and Adoption of EETs

As stated by Costa-Campi [9], the identification of the characteristics of firms that
drive the adoption of EE improvements in order that policy can be correctly designed is
one of the challenges of EE studies.

Previous studies have shown that the enhancement of EE varies based on these firm-
specific variables:

the size [9,16,22,34-36];

production type, degree of production automation [36];

the age [16];

sectoral characteristics associated with, e.g., energy intensity or environmental
regulation [35-38];

financial performance [16,19,35,39];

the share of energy costs, market share, and export orientation [35,40];

foreign ownership [35];

managers’ expectations of future demand [35];

internal management and organizational factors [17], people with great ambition and
entrepreneurial mind and the management sensitivity to the issue [34], knowledge
and commitment [41], tacit knowledge [39,42];

e the awareness ([19,41]; in the case of SMEs [39]), previous emphasis on energy effi-
ciency in the organization [36];
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EMS [18,43,44] (in the case of SMEs [20];

EnMS [18,45,46] (in the case of SMEs [17,19];

experience in the adoption of EETs, path dependency [17];

innovation in general [47], innovativeness [45], organizational innovations [9];
ICT tools and standardization [48].

2.3. EMS and Adoption of EETs

In previous studies, EMS, which is the core focus of our paper, has been researched
in a wide range of circumstances and relationships. Similar to ours, there is a group
of studies that investigated the influence of EMSs on the adoption of EETs/EEMs. For
example, Radonji¢ [43] conducted a study on selected manufacturing industries in Slovenia
and found that ISO 14001 [49] certification accelerates initiatives for adopting new and
cleaner technologies within certified firms. Similar findings were reported by Ikram [44]
for manufacturing in Pakistan. Johnstone [45] showed a positive effect of environmental
management systems on the likelihood of implementing technical measures to reduce
environmental impacts in some areas. Additionally, Uriarte-Romero [46] demonstrated
that EMSs indeed contribute to increased investment in energy-efficient technologies, at
least to a minimum extent.

It has to be mentioned that there are also studies of EMSs that aim to explore whether
the implementation of an EMS has an influence on environmental or financial performance
that focuses on researching EMSs within the context of energy management practices or
that specifically examine the relationship between EMSs and factors such as Industry 4.0,
but these studies are out of the scope of our paper.

2.4. EnMS and Adoption of EETs

Based on the literature review and in line with the findings of Bunse [48], it is evident
that studies rarely address the effectiveness of EnMS. Furthermore, we discovered only a
few studies that specifically examined the relationship between EnMSs and the adoption of
EETs/EEMs or the environmental performance of companies. The identified studies, such
as that of Introna [50], generally assume that an EnMS can offer numerous advantages,
including reductions in energy consumption and costs, improvement of corporate image,
and environmental impact reduction. However, there are also authors, like Franz [51], who
argue that EnMSs primarily function as energy accounting systems and that the actual
management of energy sources is not yet widely implemented in the industry. Another
perspective is presented by [52], who proposed that EnMS (ISO 50001 [53]) should be seen
as a method or tool to achieve ten factors for successful in-house energy management
practices. Finally, Cooremans [54] concluded that the better the EnMS (understood in a
broader sense than just ISO 50001), the higher the likelihood of making positive decisions on
energy-efficiency investments. Despite these conflicting views, according to McKane [55],
ISO 50001 has the potential to impact 60% of the world’s energy use, encompassing not only
the industrial sector but also commercial and institutional sectors. Demonstrated savings
indicate that energy intensity improvements of more than 2.5% per year are attainable,
while in the manufacturing industry, energy efficiency can be significantly improved by
an impressive 18 to 26% based on proven technology, leading to a reduction in sector CO,
emissions by 19 to 32% [56].

This paper focuses on energy recuperation technologies (ERTs), which are a subset of
energy efficient technologies (EETs). Here, ERTs are considered a group of technologies
used in manufacturing companies to recover kinetic and process energy (e.g., waste heat
recovery, energy storage). Examples of these technologies include the organic Rankine cycle
(ORCQ), able to generate electricity from low-temperature heat sources [4]; flue gas waste
heat recovery; waste heat recovery from cooling water; top-pressure recovery turbines that
recover energy from high-pressure steam and use it to power the turbine [5]; equipping
robots with additional components capable of storing and recovering energy, specifically,
compliant elements connected in parallel with axles and regenerative motor drives [6]; and
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the use of direct current (DC) sub-grids in industrial robot power flow, which is ideal for
recovering energy from the actuators with regenerative approaches [7].

2.5. Energy Recovery Technologies (ERTs)

Here, energy recovery technologies (ERTs) encompass a group of technologies em-
ployed in manufacturing companies to capture kinetic and process energy, such as waste
heat recovery and energy storage. Examples of these technologies include recovering waste
heat from gas or water, including the organic Rankine cycle (ORC); utilizing top-pressure
recovery turbines; or enhancing robots with additional components capable of storing and
recovering energy.

Waste heat utilization technologies in the industry are categorized as passive or active.
Passive technologies involve the direct use of heat at the same or lower temperature levels,
including heat exchangers and thermal energy storage. In contrast, active technologies, such
as sorption systems, mechanically driven heat pumps, and ORC, transform waste heat into
another form of energy or to a higher temperature, enabling diverse applications beyond
direct heat reuse within the industry [57]. ORC is particularly attractive for small-scale
power production and exploiting low-temperature heat sources [58]. Its main components
include a pump system, an evaporator, a turbine/expander, and a condenser [59]. Top-
pressure recovery turbines (TRTs), like those used in the iron-steel industry such as blast
furnace top pressure turbines, generate electrical energy by utilizing the pressure energy of
gas without combustion, offering an alternative to pressure reduction by expanding blast
furnace gas obtained as a by-product [60].

Another application of ERTs lies in robotics, where the energy efficiency of industrial
robots can be enhanced by replacing traditional drives with regenerative drives. These
drives convert braking energy into regenerative electric energy, returned to the system
when needed, rather than dissipating it as heat [6].

3. Materials and Methods
3.1. Data

The systematic literature review conducted by [61] confirmed that surveys and/or
interviews with managers are the most commonly employed method for gathering data on
drivers for industrial energy efficiency. Similarly, our research is based on data obtained
from the European Manufacturing Survey (EMSurvey), specifically the sub-samples for
Austria [62], Lithuania [63], Slovakia [64], and Croatia and Slovenia [65], which covers
mostly the central European region.

The EMSurvey is a collaborative European survey project conducted by Fraunhofer ISI
that investigates various aspects of manufacturing companies (NACE codes 10 to 33) with
more than 20 employees across 17 European countries. The survey is designed in a manner
that most questions are used uniformly across all countries. The primary respondents are
production managers, executive officers, or owners of the facilities, and they are contacted
either electronically or by post. The data used in our study were independently collected in
all mentioned countries between the end of 2018 and the spring of 2019, resulting in a total
sample size of 798 cases (see Table 1).

The EMSurvey questionnaire consists of different questions, and we selected those
specifically related to EETs, EMSs, and EnMSs. The used questions were worded as follows:
“Which of the following technologies are currently utilized in your factory?” and “Which of
the following organizational concepts are currently implemented in your factory?”. Within
these questions, the respondents were given the option to select either “yes” (if they use) or
“no” (if they do not use) for each individual technology or organizational concept listed.
From the listed technologies, we used in our study

e Technologies to recuperate kinetic and process energy (e.g., waste heat recovery, energy
storage) (further “ERTs”).

From the listed organizational concept, we used in our study

o  Certified environmental management system (e.g., EN ISO 14001) (further “EnMS”).
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e  Certified energy management system (e.g., EN ISO 50001) (further “EMS”).
Table 1. Basic characteristics of the sample (n = 798).

Country Name Frequency Percent
Lithuania 199 24.9
Slovenia 127 15.9
Croatia 105 13.2
Slovakia 114 14.3
Austria 253 31.7
Total 798 100
Small Medium Large
<50 employees 50-249 employees >250 employees
EMS 26 47 39
EnMS 27 55 50
ERTs 69 90 64

3.2. Regression Analysis

Based on the objective of our study, which focuses on examining the relationship
between the use of EMS and EnMS and the adoption of ERTs, regression analysis emerged
as a suitable statistical tool.

Figure 1 presents the proposed model, comprising one dependent variable—"ERTs”"—
referring to technologies for recuperating kinetic and process energy, and two independent
variables—”EMS” and “EnMS”. The model emphasizes that, according to the existing
literature, organizations that have implemented EMS or EnMS are more likely to invest
in technologies aimed at conserving natural resources, such as the recuperation of kinetic
and process energy. However, as previous research has indicated, the size of a company
can influences its ability to invest in these technologies, with smaller companies often
facing resource constraints. Drawing inspiration from the study by [18], which compared
efficiency gains between certified (ISO 14001, 50001, 9001, etc.) and non-certified firms, we
included “Certified Quality Standards” (ISO 9001 [66]) (CQS) as additional independent
variable in the model (Figure 1).

RESEARCH MODEL 1

RESEARCH MODEL 2

Independent variable: Dependent variable: Independent variable: Dependent variable:
e EMS N ® ERTs (currentuse) e EMS | N ® ERTs (planned use)
e ENMS l_‘/’ e EnMS _‘/>
. CQS e CQS
Controls: Controls:
® Size of firm e  Size of firm

Complexity of the product
Industry (NACE code)
Industry technology intensity

Complexity of the product
Industry (NACE code)
Industry technology intensity

Figure 1. Research model 1 (left) and research model 2 (right).

The second model (Figure 1) is derived from the first model, with the only change
being the dependent variable, which was modified from its current use to planned use
in the near future (i.e., within the next three years). The rationale behind this model is
that if an EMS (or EnMS) is utilized within an organization and is considered to enhance
the implementation of ERTs, there should be a significant relationship between these
management systems and the planned use of the technology.
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According to the posed research questions (see Section 1. Introduction), we formulated
the following hypotheses for the statistical testing:

H1la: Firms that have implemented an EMS (e.g., ISO 14001) are more likely to adopt ERT5.
H1b: Firms that have implemented an EnMS (e.g., ISO 50001) are more likely to adopt ERTS.
H2: There are firm characteristics that significantly relate to the adoption of ERTS.

All calculations were performed with the SPSS statistical software (version 29).

3.3. Years of Implementation Comparison

The second part of our analysis involved a detailed examination of implementation
years, which is unique in this research area. The analysis focused on comparing the years of
initial implementation for an EMS (or EnMS) and ERTs in each company (Tables A1 and A2
with years are found in Appendix A). This straightforward time sequence analysis helps
identify cases where an EMS (or EnMS) is implemented prior to ERTs and determines the
time delay between them, measured as the difference in implementation years. This analysis
enables us to investigate the possibility of a causal relationship between system usage and
technology adoption.

3.4. Testing Differences among Company Groups

To validate or challenge the findings of the previous analysis using the available
survey data, a third analysis was conducted. This analysis involved testing the differences
between groups of companies using statistical methods. Taking inspiration from [18], the
companies were divided into four groups:

Group A: Companies without EMS or EnMS;
Group B: Companies with EMS but no EnMS;
Group C: Companies without EMS but with EnMS;
Group D: Companies with both EMS and EnMS.

Chi-squared tests were employed to examine the differences between these groups
in terms of their use of ERTs. The same tests were conducted to assess the planned use
of these technologies. It was hypothesized that significant differences in the percentage
of companies using or planning to use these technologies would support the notion of
a significant relationship between the use of management systems and the adoption of
technologies. Moreover, significant differences in the planned use of technologies could
indicate that these systems could facilitate the implementation of such technologies. This
last analysis considered the current certification status of companies (i.e., their current use
of management systems) and its potential influence on the future use of technologies.

As the previous analysis (see Section 4. Results) did not provide a clear understanding
of the relationships between management systems and technology adoption, an additional
test was conducted to explore the reverse relationship. This test investigated the differences
in the planned use of an EMS (or EnMS) based on the division of the sample into two groups
according to their use of ERTs:

e  Group X: Companies without ERTs;
e  Group Y: Companies with ERTs.

Chi-squared tests were used to assess the differences between these groups in terms
of their planned use of EMS (or EnMS). The hypothesis here was that significant differ-
ences in the percentage of companies planning to use EMS (or EnMS) would support
the unconventional idea that the use of ERTs could facilitate the implementation of EMS
(or EnMS).
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4. Results
4.1. Regression Analysis

For the evaluation of the proposed model 1 (see Methodology, Figure 1), a two-step
OLS regression analysis was conducted. Firstly, the control variables were included,
followed by the introduction of EMS, EnMS, and CQS as independent variables, with ERTs
as the dependent variable. In model 1, this dependent variable was specified as the current
use of ERTs.

Table 2 reveals that the current use of EMS has a statistically significant relationship (at
an alpha level of 0.05) with the current use of ERTs. The model demonstrates significance,
and all VIFs (variance inflation factors) were below 2. However, in the case of the current
use of EnMSs, the relationship with the current use of ERTs was significant only at an alpha
level of 0.1 (but not at an alpha level of 0.05), even though these technologies are designed
to save energy. The presented results also confirm that company size plays a significant
role in the current use of ERTs, with a higher percentage of larger companies utilizing these
technologies compared to smaller ones.

Table 2. Results of two-step OLS regression analyses.

Standardized Coefficients Collinearity Statistics

Step Beta Sig. VIF
1 (Constant) 0.844

Complexity of the product —0.034 0.545 1.026

Industry (NACE) 0.022 0.745 1.505

Industry technology intensity 0.041 0.546 1.487

Size of the firms 0.214 0.000 1.041

Country —0.057 0.325 1.069
2 (Constant) 0.834

Complexity of the product —0.047 0.402 1.035

Industry (NACE) 0.027 0.693 1.512

Industry technology intensity 0.038 0.572 1.489

Size of the firms 0.157 0.010 1.186

Country —0.043 0.460 1.079

EMS (e.g., ISO 14001) * 0.130 0.033 1.198

EnMS (e.g., ISO 50001) * 0.099 0.093 1.119

CQS (e.g., ISO 9001) * —0.007 0.906 1.030

Remark: * currently used.

Following the evaluation of model 1, we proceeded to test model 2 (see Section 3.
Materials and Methods, Figure 1), where the planned use of ERTs instead of their current
use was examined as the dependent variable. This model yielded non-significant results,
suggesting that the relationship between the current use of EMS, EnMS, and the planned
use of ERTs may not be as commonly assumed, meaning that the use of these systems may
not necessarily enhance the implementation of such technologies.

To either support or challenge these findings and explore the potential enhancing
relationship between these systems and technology implementation, the subsequent sub-
chapter analyzes and compares the initial implementation years of these systems and
technologies in individual companies.

4.2. Years of Implementation Comparison

In this part, the comparison of the initial implementation years of the management
systems (EMS or EnMS) and ERTs in individual companies is provided. The rationale
behind this analysis is based on the assumption that if there is an enhancing relationship
between the use of these management systems and the adoption of ERTs relevant in the
short term, the year of adoption of ERTs should closely follow the year of management
system implementation.
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The survey data representing the “first year of use” of the EMS and technologies (see
Appendix A Table Al) revealed that half of the companies (18 out of 36) implemented
the technology before the EMS, so there was no rationale to analyze the enhancement
relationship. Furthermore, in cases where an EMS was installed prior to the technologies,
there was typically a significant delay (more than 8 years in most companies) between the
implementations (see Appendix A, Table A1, years highlighted in bold). Based on these
results, it is challenging to envision an enhancing relationship between the use of an EMS
and the adoption of ERTs in the short term. It also prompts us to consider whether the
opposite relationship could be plausible.

Similar to EMS, we conducted an analysis of the implementation years for EnMSs.
Table A2 (see Appendix A) demonstrates that most companies (32 out of 38) first introduced
the ERTs and then an EnMS, so there is no rationale to analyze the enhancement relationship.
Additionally, in the small subset of companies that implemented EnMSs prior to the
technologies, in half of them, there was a considerable delay (over 5 years) between
implementations. Therefore, also in the case of EnMSs, it is difficult to imagine an enhancing
relationship between the use of an EnMS and the adoption of ERTs in the short term. These
findings raise the same question as with EMSs, namely, whether the relationship could be
the opposite (remark: this question is analyzed in the following Section 4.3).

These findings are somehow further supported by the box plots (Figures 2 and 3,
which visualize the same data from Tables A1l and A2 (see Appendix A)) that illustrate
the distribution of implementation years for both management systems and technologies.
In the case of EnMS (Figure 3), there was a noticeable time delay in their implementation
compared to the ERTs.

Frequency Histogram

16

14 - B Frequency EMS
1(2) : Frequency ERTs
8 .

6 .

4

2 .

0 T T T T T T T T

1980 1985 1990 1995 2000 2005 2010 2015 More Bin

Figure 2. Distribution of implementation years for EMSs and ERTs.

4.3. Testing Differences among Company Groups

The numbers in the upper part of Table 3 (underlined) reveal that the lowest percentage
of companies using ERTs (17.5%) was found in the group without management systems,
while higher percentages (31.6% and 25%) were observed in the groups using EMSs and
EnMSs, respectively. The highest percentage (48.3%) was observed in the group using
both systems (EMS + EnMS). The chi-squared test confirms the statistically significant
differences among these four groups of companies in terms of their usage of ERTs. This
analysis suggests that the “intensity” of the relationship (identified in the regression analysis
and supported by these numbers) may increase with the number of management systems
used by a company.
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Frequency
18 4
16

14
12 - Frequency ERTs

B Frequency EnMS

10 A

T l. II II T T

O N B O
1

1980 1985 1990 1995 2000 2005 2010 2015 More Bin

Figure 3. Distribution of implementation years for EnMSs and ERTs.

Table 3. Statistical differences among four groups of companies based on current and planned use
of ERTs.

Four Groups of Management Systems *

Current Use of ERTs No EMS or EnMS EMS EnMS EMS + EnMS Total

No Count (% within group) 151 (82.5%) 67 (68.4%) 6 (75.0%) 15 (51.7%) 239 (75.2%)
Yes Count (% within group) 32 (17.5%) 31 (31.6%) 2 (25.0%) 14 (48.3%) 79 (24.8%)
Total Count (% within group) 183 (100%) 98 (100.0%) 8 (100.0%) 29(100.0%) 318 (100.0%)
Planned use of ERTs

No Count (% within group) 163 (88.1%) 88 (89.8%) 8 (100%) 25 (86.2%) 284 (88.8%)
Yes Count (% within group) 22 (11.9%) 10 (10.2%) 0 (0.0%) 4 (13.8%) 36 (11.3%)
Total Count (% within group) 185 (100%) 98 (100%) 8 (100%) 29 (100%) 320 (100%)

* Significant chi-squared test for differences between groups in the case of “current use of ERTs”. Non-significant
chi-squared test for differences between groups in the case of “planned use of ERTs” (p = 0.709).

Similar to our regression analysis (Section 4.1), an additional analysis was conducted
here, focusing on the planned use of ERTs instead of current use (see Table 3, bottom part).
Numbers in the bottom part of the Table 3 illustrate that the percentage of companies
planning to use the technologies was similar (around 11%) in each group, regardless of
whether they had management systems or not (note: we excluded the EnMS group due
to the limited number of companies available for this specific analysis). The chi-squared
tests indicated no statistically significant differences among the four groups of companies
in terms of their planned use of ERTs (p = 0.709). If a causal or enhancement relationship
existed, we would expect to observe differences between the groups. Thus, it appears that
the presence of an EMS or EnMS does not influence the planned use of ERTs.

The final analysis aimed to test the aforementioned unconventional idea that the
current use of ERTs can support the implementation of an EMS (or EnMS). To shed more
light on this, we divided the sample into two groups: companies that currently use ERTs
and those that do not. Differences between these groups based on the planned use of
EMSs (and separately of the planned use of EnMSs) were analyzed using the chi-squared
test (Table 4). The test revealed a significant difference in the case of the planned use of
EMSs, but not in the case of the planned use of EnMSs. The results regarding EMSs do not
dismiss the possibility that the current use of ERTs influences the adoption of EMSs, but
the percentages in the upper part of the Table 4 show that this was not the case, because on
the contrary to our hypothesis, a significantly higher percentage of companies currently
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not using ERTs (18.5%) were planning to use EMS compared to the group of companies
currently using these technologies (8.6%).

Table 4. Statistical differences among two groups of companies based on planned use of EMSs
or EnMSs.

Currently Using ERTs *

Planned Use of EMS No Yes Total

No Count (% within group) 203 (81.5%) 74 (91.4%) 27 (783.9%)
Yes Count (% within group) 46 (18.5%) 7 (8.6%) 53 (16.1%)
Total Count (% within group) 249 (100.0%) 81(100.0%) 330 (100.0%)
Planned use of EnMS

No Count (% within group) 402 (84.8%) 153 (86.9%) 555 (85.4%)
Yes Count (% within group) 72 (15.2%) 23 (13.1%) 95 (14.6%)
Total Count (% within group) 474 (100.0%) 176 (100.0%) 650 (100.0%)

* Significant chi-squared test for the difference between groups in the case of “planned use of EMS” (p = 0.023);
non-significant chi-squared test for the difference between groups in the case of “planned use of EnMS” (p = 0.293).

5. Discussion and Conclusions

According to our results, the current use of EMS and the current use of EnMS demon-
strates a significant relationship with the current use of ERTs, but it is very unlikely that
EMSs or EnMSs enhance the adoption of ERTs in the short term. A more detailed discussion
of the relationship is found in the following subchapters.

5.1. Implications for Theory
5.1.1. EMS

When examining the relationship between EMS implementation and EETs/EEMs,
as demonstrated by [20] in the context of Swedish manufacturing SMEs, EMSs serve as
drivers for EET/EEMs, although their significance may vary based on firm size [45]. In our
sample of 798 European manufacturing firms, it was established that EMSs do exhibit a
significant relationship with one group of EET, namely, ERTs. Despite our initial assumption
that this relationship suggests EMS implementation enhances EET adoption, additional
regression analysis between the current use of an EMS and the planned use of ERTs did
not demonstrate a significant connection. This finding, in our interpretation, supports an
opposing notion that there is either no, a weak, or a long-term enhancement relationship.

To understand the nature of the relationship between EMSs and ERTs, we further
analyzed the implementation years of the system and technologies. Based on our findings,
it is challenging to envision an enhancing relationship between the use of an EMS and the
adoption of ERTs. This is evident from the fact that in cases where an EMS was installed
prior to the technologies, there was a significant delay (more than 8 years) between the
two implementations.

Based on these findings, we raised a counterintuitive yet valid question: Could it be
that the use of ERTs enhances the implementation of EMSs? Our results regarding EMS
do not dismiss the possibility that the current use of ERTs influences the adoption of EMS,
but they show that in the contrary to our assumption, a significantly higher percentage of
companies currently not using ERTs are planning to use an EMS compared to the group of
companies currently using these technologies.

It is important for readers to note that our investigation focused solely on ERTs,
which represent production-oriented measures for recovering kinetic and process energy
(e.g., waste heat recovery, energy storage) (see Section 1, Introduction). Our study did not
cover a broader spectrum of EETs/EEMs. Therefore, it is not surprising that our results
diverge from studies such as the research of [67] on ISO 14001-certified Brazilian companies,
which identified a reduction in power, gas, and fuel oil consumption as a major certification
benefit. Similarly, Zobel (2016) found, based on Swedish manufacturing companies, that
ISO 14001 adoption and certification led to improved energy efficiency concerning fossil fuel
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usage, but not electricity consumption, with varying results depending on the fuel type [44].
Additionally, Johnstone [68] demonstrated a positive effect of environmental management
on the likelihood of implementing technical measures to reduce environmental impacts in
some areas, although not uniformly across all domains. One explanation of the discrep-
ancies between our results and presented studies is that ERTs (used in our study) are not
low-cost energy efficiency measures, as outlined by Tholander [20], which can be adopted
at an operational level within organizations. Instead, they represent capital-intensive
investments in production processes often associated with strategic decisionmaking.

5.1.2. EnMS

Similarly to EMS, the regression results for EnMSs indicate a significant relationship
between the current use of the system and the current use of ERTs, but only on an alpha level
of 0.1 (not on an alpha level of 0.05, as in EMSs). Equally to EMSs, there was no significant
relationship between the current use of an EnMS to planned use of the technologies. This
does not align with the observations made by [45], among others. To verify if these findings
are supported by other survey data, we analogously examined the implementation years, as
in the case of EMSs. Our findings indicate that, in most companies, EnMS implementation
could not facilitate the adoption of technologies. This is because either the technologies
were implemented prior to the EnMS or there was a substantial time delay between their
implementations, rendering any significant short-term influence unlikely.

We have also explored the possibility of an opposite relationship, namely, whether the
use of ERTs enhances the implementation of EnMSs. Our results suggest that it is highly
unlikely that the current use of ERTs influences the introduction of EnMSs.

In addition, readers need to consider that our investigation focused solely on one
type of EETs, i.e., ERTs, and it did not encompass a broader range of EETs/EEMs. Thus,
it is not surprising that our results differ from studies such as Schulze’s [46], who, based
on a sample of 236 German companies, found a positive relationship between the extent
of EnMS implementation and firms’ energy efficiency, or Cantore [17], who intriguingly
demonstrated, based on a sample of firms in Vietnam, the Philippines, and Moldova, that
EnMSs may even impede the diffusion of EETs.

5.1.3. EMS versus EnMS

Based on the research gap found in the literature, we raised the following question:
Are the relationships between the use of EMS and EnMS with respect to ERTs different?

Schiitzenhofer [18] conducted a study on 45 large Austrian firms and found that
ISO-certified firms, which have implemented ISO 50001, ISO 14001, or other ISO standards
like ISO 9001, achieved a 165% increase in efficiency compared to non-certified firms.
However, their deeper analysis of ISO-certified firms did not reveal significant differences,
preventing them from distinguishing which management system is more effective. In line
with our findings, it appears that the use of EMS (e.g., ISO 14001) and the use of EnMS
(e.g., ISO 50001) has a significant relationship with the use of ERTs. However, our analysis
of the implementation years leads us to conclude that EMS or EnMS are unlikely to enhance
the adoption of ERTs in the short term. Finally, our results show that we could not dismiss
the existence of opposite relation (i.e., the relationship between the current use of ERTs
and planned use of management system) in the case of EMSs, but we could in the case
of EnMSs.

In conclusion, our findings show that the current use of EMSs and the current use
of EnMSs are significantly associated with the use of ERTs, but it is very unlikely that
EMSs or EnMSs enhance the adoption of ERTs in the short term. However, it is challenging
to define the essence of this relationship based on our survey data. An explanation for
our results could lie in certain common characteristics of the companies that were not
covered in our research, such as energy consumption. This argument is supported by
Schiitzenhofer’s [18] findings, which indicate that firms with a higher share of energy
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consumption in their processes are more likely to have a management system in place and
implement more EEMs.

5.1.4. Contextual Factors

Despite our primary focus on EMS and EnMS, a few contextual variables were also
included in our regression models. These variables were considered relevant in previous
studies (e.g., company size) or were deemed potentially relevant based on the available
survey variables (e.g., product complexity, technological intensity of industry).

Regarding company size, it is one of the most widely investigated factors in the EET
literature (e.g., Refs. [9,16,34,35]), and its effect is considered supportive of EET adoption.
Our regression analysis confirms that larger companies tend to invest more in ERTs com-
pared to smaller firms. It is worth noting that the validation of these results by other
studies adds validity to our research, particularly in terms of the data used from EMSurvey
(Section 3.1 Data).

The second factor we investigated, the complexity of products, has not been extensively
studied in EET/EEM research. However, a study by Bayo-Moriones [69] on the relationship
between the use of 55 (a workplace organization methodology), contextual factors, and
performance showed a positive relationship between the use of 5S and certain contextual
factors, including the type of product manufactured. Our research did not indicate the
significant impact of product complexity on the adoption of ERTs.

The last factor, the technological intensity of industry, has not been directly examined
in EET/EEM studies. However, similar concepts such as sectoral characteristics (related to
factors like energy intensity or environmental regulation) have received a primary focus
(see e.g., [35,37,38]). For example, Hrovatin [35] found that the likelihood of investment
is significantly influenced by industry-specific characteristics, which capture the effect
of industry differences in environmental regulation and other conditions. Based on our
results, technological intensity does not play a determining role in the adoption of ERTs,
nor does industry (examined according to NACE codes).

5.2. Implications for Practice

The findings have practical implications for policymakers seeking to understand the
relationship between EMS and EnMS implementation in companies and the adoption of
specific EETs, namely, ERTs, within manufacturing companies. This understanding can
guide policymakers in designing more effective policies to enhance energy efficiency and
environmental quality. However, it is important to note that this research focuses solely on
ERTs (one group of EETs/EEMs) and therefore cannot provide general recommendations
for modifying support for EMS or EnMS implementation in manufacturing companies.
Despite this limitation, policymakers should be aware that the evidence suggests that EMS
or EnMS implementation is unlikely to enhance the adoption of ERTs in the short term.

5.3. Limitations of the Research

It is important to acknowledge that our research has certain limitations. Firstly, it
focuses specifically on one group of EETs, i.e., ERTs, that are specifically defined in the
survey as “technologies to recuperate kinetic and process energy (e.g., waste heat recovery,
energy storage)” and that are directly associated with the production phase. Secondly, the
research sample is limited to manufacturing companies (NACE 10-33) that have more than
20 employees and are situated in five European countries.
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Appendix A

Table Al. Delay between EMS and ERT Implementation.

Year of Implementation Year of Implementation Delay between EMS and
of EMS of ERTs ERT Implementation
(Year) (Year) (Years)
2007 2015 8

2004 2016 12
2000 2015 15
2000 1997

2019 2018

2018 2015

2017 2015

2007 2012 5

2000 2015 15
2013 2017 4

2015 2000

2011 1990

2009 2009

2000 2015 15
2004 2013 9

2018 2010

1998 2015 17
2001 2012 11
2010 2010

2015 2015

2010 2007

2016 2003

2007 2015 8

2004 1998

2010 2011 1

2000 2017 17
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Table Al. Cont.

Year of Implementation Year of Implementation Delay between EMS and
of EMS of ERTs ERT Implementation
(Year) (Year) (Years)

2009 2016 7

2005 2005

2005 2000

2005 2017 12

2016 2016

2012 2012

2008 2017 9

2012 1980

2002 2015 13

2008 2007 8

Bold numbers indicate that the EMS was implemented before ERTs.

Table A2. Delay between EnMS and ERT Implementation.

Year of Implementation Year of Implementation Delay between EnMS and
of EnMS of ERTs ERT Implementation
(Year) (Year) (Years)
2011 2008

2008 2008

2001 2010 9

2017 2016

2003 2003

2016 2016

2018 2016

2019 2018

2017 2015

2017 2012

2017 2009

2017 2013

2015 2015

2015 2010

2016 2003

2018 2015

2000 2017 17
2013 2018 5

2012 2005

2010 2002

2010 2010

2016 2010

2014 2013

2016 1998

2005 2005
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Table A2. Cont.

Year of Implementation Year of Implementation Delay between EnMS and
of EnMS of ERTs ERT Implementation
(Year) (Year) (Years)

2014 2015 1

2011 2008

2012 2001

2014 1990

2015 2016 1

2001 2004 3

2016 2013

2015 1980

2014 2007

2015 2000

2013 2003

2015 2010

2010 2010

Bold numbers indicate that the EnMS was implemented before ERTs.
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