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Abstract 

Energy management is a critical enabler for reducing energy consumption and improved company 

competitiveness and sustainability. However, its improvement in industrial organizations is hindered 

by several barriers. Energy management offers multiple benefits beyond energy savings, such as better 

utilization of production resources, reduced operational costs, improved work environment. Similarly, 

the emergent industry 4.0 technologies are also claimed to improve efficiency and productivity in 

industrial processes and decision making. However, so far the potential synergies between industrial 

energy management and industry 4.0 technologies have been largely overlooked by research. In 

particular, there is a lack of study exploring the common areas of interaction between energy 

management and industry 4.0 at the shop floor level, particularly with regard to production resources 

and operational performance, calling for further in-depth research. 

This overarching aim of this thesis contributes to the area of industrial energy management and I4.0 

technologies by developing frameworks that decision-makers in industry could use to assess the 

implication of energy management services (EMS), energy efficiency measures (EEMs) on production 

resources and operational performance, as well as to understand what impact would industry 4.0 

technologies present in enabling or boosting such performances.  

To clarify the purpose and organization of this thesis, the structure is based on three main components. 

First, a qualitative investigation is conducted encompassing energy management practices, barriers, & 

drivers to energy efficiency, barriers to ESCOs in the energy-intensive industries in a developing 

economy. The study finds that energy-intensive companies lack comprehensive energy management 

practices and specialized energy professionals. Inadequate support from higher administration and 

bureaucratic complexity are major hindrances to energy efficiency. The most significant drivers for 

energy efficiency are energy cost-saving, rules and regulations, while lack of information is the biggest 

barrier to consulting energy service companies. 

The second component of the thesis is the development of a novel framework to help key industrial 

decision-makers in making better informed decisions regarding the adoption of energy management 

activities. This is accomplished by explicitly taking into consideration the characteristics of energy 

management services based on 25 attributes belonging to four categories such as implementation, 

impacted area, impact on production resources and productivity. In addition, further light was shed on 

the practical implementation of energy management activities by also placing focus on the link between 

the implications of their adoption on production resources and the subsequent impact on industrial 

operations. The framework is validated by a sample of selected energy management experts within 

Australian organizations, followed by an application in an industrial context.  
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The third and concluding pillar of this thesis highlights the role of I4.0 on EEM adoption with respect 

to production resources and operational performance. In doing this, a detailed framework is developed 

by integrating EEMs characteristics with production resources and operational performances in the 

shop-floor, further looking at industry 4.0 technologies for specific EEMs with the impact of production 

resources and operational performances. For the exploratory investigation in manufacturing companies, 

EEMs from crosscutting technologies and some industry 4.0 technologies such as Cyber Physical 

System, Artificial Intelligence, Internet of Things, and industrial robots are selected. By applying the 

framework, it has been found that leveraging machine data and hardware in a synergistic manner can 

unlock unexploited benefits beyond energy efficiency, such as improved OEE, labor effectiveness, 

reliability, and reduced operational costs. The specific case studies also have showed that AI is deemed 

important for boosting the benefits of programming HVAC and closed cycle process in water 

management, IoT seems to beneficially affect the adoption of motor systems by improving OEE and 

reliability.  

Despite the specific application, the framework stands out for its unique ability to assess the impact of 

specific industry 4.0 technologies on EEM at an operational level. This feature is particularly important 

for industrial decision-makers seeking to identify the potential benefits and challenges of adopting these 

technologies in their operations. By leveraging this framework, decision-makers can make informed 

choices on which technologies to invest in and optimize their implementation to achieve the greatest 

impact on EEM.  

Overall, the findings of the thesis represent an exploratory but important step towards energy 

management and industry 4.0 fields. By doing this study, we wished to highlight several intertwined 

issues in the field of energy management & industry 4.0 at industrial organizations. The study would 

benefit both academia and industrial decision makers related to the supply chain of energy efficiency 

solutions by emphasizing improvement opportunities in their energy management activities. 
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Chapter 1 
…………………………………………………………………………………………………………… 
This chapter first presents the general introduction to this thesis. The introduction is followed by aim 
and research questions, and thesis structure. 

1 Introduction 
 
1.1 Industrial energy efficiency and productivity benefits of energy efficiency  
 

Embedded within the core of development, energy plays a pivotal role that energizes industries, propels 

transformative ideas, and steers economic development. This intrinsic interplay between energy and 

development becomes even more evident while considering the projection of primary energy demand. 

Spanning the period from 2018 to 2050, a steady and substantial increase of more than 50% is 

anticipated, predominantly driven by non-OECD economies [1]. Among the various sectors, the 

industrial sector is expected to account for approximately 8000 Mtoe of final energy consumption by 

2050, reflecting a significant 30% surge from the levels observed in 2018 [1]. In fact, the industries 

accounted for a substantial energy consumption of 170 EJ in 2021, constituting over one-third of the 

total energy consumed across all sectors and underscoring its significant impact. Nevertheless, this 

considerable energy consumption carries profound environmental implications, particularly with regard 

to the industrial sector's substantial contribution to direct CO2 emissions. In fact, the sector's emissions 

amount to 9 Gt, representing a significant 45% of the total emissions generated by end-users [2]. 

In this context, ensuring energy efficiency has become a critical element in industrial processes. Energy 

efficiency serves as a crosscutting strategy for decarbonization and remains the most cost-effective 

option for reducing greenhouse gas emissions in the near term. Often referred to as the "first fuel" in 

clean energy transitions, energy efficiency offers swift and cost-effective solutions for mitigating CO2 

emissions while simultaneously reducing energy costs and enhancing energy security [3]. In fact, in the 

Net Zero Emissions by 2050 Scenario, energy efficiency stands as the largest measure to mitigate 

energy demand, complemented by measures such as electrification, behavioral change, digitalization, 

and material efficiency across all industries [4]-[5]. 

In recent times, scholars have increasingly recognized the significant role of energy efficiency in 

achieving a wide range of outcomes that have a positive impact on industrial processes. It has become 

evident that energy efficiency not only leads to energy savings but also contributes to various 

macroeconomic benefits, thereby enhancing overall productivity [6]. These benefits encompass shifts 

in energy trade balances, improved accessibility to energy, affordability of energy services, reduced air 

pollution, and fiscal improvements for both national and sub-national entities [7]–[10].  
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International Energy Agency (IEA) has coined the terms “multiple benefits” or “non-energy benefits 

(NEBs)” to describe this comprehensive set of outcomes associated with energy efficiency [11]. These 

NEBs highlight the broader socio-economic advantages that can be achieved through energy efficiency 

measures. The magnitude of these benefits can be quite substantial, with studies indicating a potential 

reduction in energy demand by up to 2.5 times through the implementation of energy efficiency 

measures [11]. Figure 1 presents the NEBs or multiple benefits of EE in industries.  

 

 
 

Figure 1. Productivity benefits stemming from EE (adopted from [11]) 

To date, among the various benefits associated with energy efficiency, only reductions in energy 

demand and greenhouse gas (GHG) emissions have been systematically measured. However, there is a 

growing body of evidence that highlights the immense value of the broader benefits in both economic 

and social terms. These multiple benefits extend to goals that are easily understood and personally 

relevant to the general public, making them particularly intriguing for policymakers. In fact, positive 

impacts in these areas hold the potential to generate substantial interest from both the public and 

policymakers, surpassing the attention typically given to energy savings alone. The added value 
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stemming from these broader benefits acts as a compelling economic and social indicator, capable of 

igniting a drive towards energy efficiency. 

However, despite the myriad of benefits associated with energy efficiency (EE), there has been a notable 

deceleration in the rate of improvements concerning Energy Efficiency Measures (EEMs) in recent 

times [12]. This stagnation can be attributed to various barriers [13]-[14], which have contributed to 

what is known as the “energy efficiency gap” [15], as previously explored in scholarly research [16]-

[17]. Extensive studies have been conducted at local, regional, national, and multinational levels to 

investigate the barriers hindering the adoption of energy efficiency in industrial settings [18]–[22]. 

Conversely, several studies have also identified drivers that propel the adoption of energy-efficient 

technologies [23]-[25].  

1.2 Industrial energy management and energy efficiency gaps 
 

Energy management and energy services are mostly studied through theoretically or conceptually, 

whilst energy management practices are studied in an empiric way [26]. Academic researchers have 

conducted studies on energy management practices and their characterization, focusing on various 

industries such as steel, textile, cement, paper & pulp, foundries, and SMEs [18], [27]-[29]. These 

studies have delved into a range of topics, including energy management practices, drivers and barriers 

to energy efficiency, barriers in consulting Energy Service Companies (ESCOs), and strategies for 

implementing energy-efficient technologies. Through their investigations, researchers have gained 

insights into the effectiveness of diverse energy management practices and their influence on energy 

consumption, cost savings, and the overall sustainability of industrial operation.  

However, the majority of studies have primarily focused on examining energy management practices 

within developed economies, leaving a significant research gap regarding the context of developing 

economies. The unique challenges, opportunities, and dynamics faced by industries in developing 

economies require specific attention and tailored approaches. Currently, there is very limited research 

that specifically addresses the energy management practices and requirements of industries in 

developing economies. Moreover, there has been a lack of integrated efforts to develop a comprehensive 

assessment model that can effectively guide industrial decision-makers in implementing targeted 

actions for energy management services. Such an assessment model would provide a structured 

framework for evaluating the current state of energy management services, identifying areas for 

improvement, and guiding the selection of appropriate energy management practices and services [30].  

Notably to mention that research in this field has highlighted the concept of the "extended energy 

efficiency gap" which encompasses technical and managerial components and reveals a significant 

disparity between the actual and potential energy efficiency levels in various industrial sectors. 

Furthermore, there is an untapped market potential known as the "energy service gap" attributed to the 
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high operating costs during the implementation phase of energy-efficient measures [31]. However, 

energy services offer a promising solution for improving energy efficiency in a market-centric manner. 

By addressing these gaps, researchers and practitioners can develop innovative strategies to optimize 

energy consumption, enhance operational performance, and achieve cost savings. Closing these gaps 

will contribute to sustainable and efficient industrial operations, leading to significant energy savings 

and environmental benefits [32]. 

Energy assumes a critical role as a production resource within the realm of industrial decision-making, 

where its cost holds significant importance in the formulation of production plans and strategic 

initiatives [33]. Therefore, it is essential to analyze energy in relation to other resources within the 

production system to fully understand its impact on shop floor operations and sustainable manufacturing 

[34]-[35]. Furthermore, in raising awareness about energy efficiency (EE), it is important to examine 

the nexus between energy and other production resources [36]. Assessing the impact of enhanced 

energy efficiency on resource utilization and efficiency beyond energy saving itself is of imperative 

importance. Research emphasizes the need for better integration of energy efficiency performance 

within production management [37]. By implementing an integrated performance monitoring system, 

not only can energy awareness be fostered, but its scope can extend beyond production activities to 

encompass the overall impact on production facilities. This aligns with previous research conducted on 

non-residential buildings. Such improved integration of monitoring systems can greatly support 

companies in their pursuit of ISO 50001 certification and their broader journey towards enhanced 

sustainability [38]-[39]. 

Recently, researchers have started to explore the synergies between EE and production resources [40]-

[41], However, very little research has been done on industrial energy management services (EMSs), 

production resources, and production performances inclusively, thus representing a major research gap. 

Furthermore, the integration of energy management with production systems remains largely 

unexplored, and there is a lack of comprehensive exploration of incorporating energy management into 

the industrial decision-making process. Therefore it is imperative to explore the domain of energy 

management to support industrial decision-makers pointing to the specified actions which are required 

to minimize the energy management lagging aspects, still keeping mind the multi-dimensional context 

and complexity of industrial energy management systems [42]-[43]. 

1.3 Industry 4.0 for industrial energy management 
 

The rapid advancements in industrialization have given rise to a paradigm-shifting known as the Fourth 

Industrial Revolution, often referred to as Industry 4.0 (I4.0). This transformative era marks a significant 

leap forward in manufacturing and production processes through the seamless integration of cutting-

edge technologies. At the core of I4.0 lies the convergence of cyber-physical systems (CPS), Internet 

of Things (IoT), big data analytics, artificial intelligence (AI), and industrial robotics, empowering 
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industries to achieve unprecedented levels of productivity while offering customization and adaptability 

[44]-[45]. Industry 4.0 signifies a fundamental transformation in the operational landscape of 

businesses, revolutionizing how machines, systems, and humans interact and exchange information. 

The interconnectivity of devices and the ability to collect and analyze vast amounts of data in real-time 

revolutionizes decision-making processes, enhances operational efficiency, and unlocks new 

opportunities for innovation and growth. Through intelligent automation, self-monitoring systems, and 

predictive analytics, I4.0 transforms traditional manufacturing into smart manufacturing, creating agile 

and responsive production systems. 

Notably, energy has played a critical role in driving industrial revolutions and has remained a central 

focus in the context of globalization. What is particularly interesting is the shared objective between 

energy management and I4.0, which is to increase efficiency [46]-[47]. Despite their distinct 

trajectories, both aim to optimize operations and maximize productivity. However, it is crucial to 

recognize that without the integration of energy management, I4.0 may fail to fully realize its potential 

and become limited in its ability to leverage the additional features offered by modern technology within 

industrial settings. By incorporating effective energy management practices I4.0, industries can unlock 

numerous benefits. Energy management strategies can be seamlessly integrated into smart 

manufacturing systems, enabling real-time monitoring, analysis, and control of energy consumption. 

This integration allows for the identification of energy-saving opportunities, improved resource 

allocation, and enhanced overall efficiency. 

Academic literature on I4.0 technologies has predominantly focused on the development of algorithms, 

models, and hardware, as evidenced by numerous studies [48]–[55]. More recently, scholars have 

recognized the need to explore the broader implications of I4.0 technologies, particularly in terms of 

sustainability [56]–[58] and technical perspectives [59]. Studies have also examined the role of I4.0 

technologies in supporting operational performance, particularly in the context of energy management 

and optimization strategies. The literature in this area has expanded, with a focus on topics such as the 

Internet of Things (IoT) in energy management within production systems, production performance 

through the integration of big data-based feedback in smart factories [48], [54], [60]–[62].  

Despite these efforts, many of these studies have been limited in their empirical evidence, especially 

when it comes to investigating the nexus of I4.0 technologies and industrial energy efficiency. In 

particular, the role of I4.0 technologies in driving energy efficiency in industrial settings remains largely 

unexplored. In fact, very limited studies have looked into the role of specific I4.0 technologies and how 

it can best leverage the industrial EEMs to improve operational performance. Furthermore, the scientific 

understanding about the implications of EEMs on production resources and operational performances 

have not been established inclusively at industrial context, thus representing a major research gap. 
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1.4 Aim and research questions 
 

The thesis aims at exploring the synergies between energy management and I4.0 through the lens of 

industrial energy efficiency. In doing this, this study first investigates the energy management practices 

at the industries; second, explores the implications of industrial EMS on production resources and 

productivity; third, examines the role of I4.0 technologies to improve the performance of specific EEM 

with the impact of production resources and operational performances.  

More in detail, the study has focused to the following research questions: 

(I) Research Question 1 (RQ1): What is the status of energy management practices and services 

in the energy intensive industries? What are the barriers and drivers to efficient energy management in 

industries? What are the barriers to energy service companies (ESCO) consultation at industries? 

(II) Research Question 2 (RQ2): How energy management services are connected to production 

resources and operational performance at the shop floor? Beyond energy savings, what are the 

implications of energy management services on production resources and productivity at industrial 

context? 

(III) Research Question 3 (RQ3): What extent the I4.0 can best support EEMs to enhance its 

performance with the implications of production resources and operational performances? What 

specific I4.0 technology provides the boost toward the improvement of operational performances? 

1.5 Thesis organization 
 

The thesis includes three main domains and appends articles as outcomes of three research questions 

(see Figure 1). 

Chapter 1 provides the introduction which discusses the research background, motivation, and overall 

research objective. Chapter 2 serves as a review of industrial energy management and assessment 

models in energy efficiency. During the literature review, particular emphasis is placed on exploring 

relevant frameworks within the industrial decision-making process that encompasses industrial energy 

management practices & services. The aim is to gain a deeper understanding of the various approaches 

and methodologies used in this context. 

In subsequent chapters, namely Chapters 3, 4, and 5, specific reviews are presented, focusing on 

individual studies that provide valuable insights into the subject matter. Each of these chapters delves 

into distinct aspects related to industrial energy management, offering a comprehensive analysis of the 

existing literature and research in the field. 

Chapter 3 focuses on addressing Research Question 1 (RQ1), which delves into the status of energy 

management practices and services within energy-intensive industries. The main objective is to gain a 
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comprehensive understanding of the current state of energy management in this domain. This involves 

a thorough examination of the practices and services implemented to enhance energy efficiency, as well 

as identifying the barriers and drivers influencing their successful adoption and implementation. 

Notably, a significant gap is observed in the literature, where discussions on energy management 

practices specific to energy-intensive industries in developing economies are lacking. Consequently, 

this study stands as a pioneering effort, being the first of its kind to delve into the energy management 

practices within these industries. Through this exploration, the critical importance of the energy 

management context is underscored, contributing to an enhanced comprehension of the challenges and 

opportunities inherent in fostering sustainable practices within these sectors. 

Moreover, beyond exploring energy management practices, the chapter takes a closer look at the 

challenges encountered by energy service companies (ESCOs) while offering consultation services to 

industries. Recognizing and understanding these hurdles is of utmost importance in formulating 

effective strategies that foster a conducive environment for ESCOs to thrive and actively contribute to 

energy efficiency improvements. Adopting a holistic approach, this chapter endeavors to provide a 

comprehensive view of the energy landscape within energy-intensive industries. In addition, by 

analyzing the drivers and barriers related to energy management, a thorough understanding of the 

opportunities and constraints is achieved.   

Chapter 4 is dedicated to addressing Research Question 2 (RQ2). The chapter introduces a 

comprehensive framework designed to support key industrial decision-makers and policymakers in 

making well-informed choices regarding the adoption of energy management services. This framework 

takes into account 25 attributes categorized into four key areas: implementation, impacted area, impact 

on production resources, and productivity. Moreover, the chapter sheds light on the practical 

implementation of energy management activities, emphasizing the crucial link between their adoption 

and the subsequent impact on production resources and industrial operational performances. By delving 

into these essential aspects, this framework offers valuable insights for both academia and industrial 

decision-makers involved in the energy efficiency solutions supply chain. In fact, it underscores 

opportunities for improvement in their energy management (EM) activities. Additionally, the 

framework serves as a useful tool for engineers within industrial organizations, helping them identify 

and emphasize improvement activities within the energy supply chain system. 

In Chapter 5, Research Question 3 (RQ3) is addressed, focusing on the extent to which I4.0 can best 

support EEMs to enhance their performance, with specific attention to implications for production 

resources and operational performances at shop floor level. More importantly, a novel framework is 

developed that investigates the relationship between a subset of I4.0 technologies and EEMs within 

selected manufacturing enterprises. In terms of scholarly contribution, the framework and its associated 

empirical exploratory investigation address a critical gap in the existing literature. In fact, to the best of 
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the author's knowledge, this study represents the first of its kind to highlight the nexus among I4.0 

technologies, EEMs, production resources, and operational performances within an industrial context. 

The findings from this investigation provide valuable insights into the potential benefits of integrating 

I4.0 technologies to enhance EE and optimize operational performance. By understanding the dynamic 

relationship between I4.0 and EEMs, industry leaders are equipped with essential knowledge to 

leverage the technologies effectively, driving improvements in operational performance and achieving 

energy efficiency within their respective sectors. 

Chapter 6 serves as the culmination of this thesis, providing a comprehensive summary and concluding 

remarks. It offers a cohesive overview of the key findings, insights, and contributions made throughout 

the research. In addition to the summary, Chapter 6 also outlines future research directions, identifying 

areas that warrant further exploration and investigation. These future research directions aim to fill gaps 

in knowledge, address emerging challenges, and build on the foundation established by this thesis. 

 

Figure 2. Graphical framework of this thesis 
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Chapter 2 
…………………………………………………………………………………………………………… 
 
This chapter discusses the definition of industrial energy management, and approaches to industrial 

energy management. In describing the approaches to industrial energy management, minimum 

requirement, maturity models, energy management matrix, and energy efficiency measures 

characterization frameworks are highlighted followed by discussion.     

This chapter is published in the following conference proceedings and journal: 

(i)   A. S. M. Monjurul Hasan and A. Trianni, “Energy Management: Sustainable Approach Towards 

Industry 4.0,” in 2020 IEEE International Conference on Industrial Engineering and Engineering 

Management (IEEM), 2020, Marina Bay Sands, Singapore. DOI: 10.1109/ieem45057.2020.9309939. 

(ii)  A. S. M. M. Hasan, A. Trianni, “A Review of Energy Management Assessment Models for Industrial 

Energy Efficiency,” Energies, vol. 13, no. 21, p. 5713, Nov. 2020, DOI: 10.3390/en13215713.   

2 Review of industrial energy management assessment models  

2.1 Industrial energy management definition 

 

Defining energy management is significant when it comes to the point at energy management modelling 

or energy system practices implementation. Energy management concept is specified by many studies 

that incorporate multiple arenas. The prime areas covered by multiple studies to define energy 

management are energy consumption, strategic aspect, the involvement of managerial perspective, and 

people relevancy (see Figure 1) [26].  

The German Federal Environment Agency defined energy management as the inclusion of planned and 

execution of actions to ensure predefined performance by a minimum amount of energy input [63]. B.L. 

Capehart has characterized the term energy management as the proficient and effective usage of energy 

towards maximization of profits and increasing reasonable positions [64]. O’Callaghan et al., defined 

the energy management as the application of resources in regards of supply, conversion and utilization 

which integrates monitoring, measurement, archiving, critical examination and analyzation, control and 

rerouting of energy as well as material flows through the systems for ensuring minimal energy usage 

and achieve meaningful goals [65].  

To define energy management, Bunse et al. focused on the inclusion of control, supervision and 

improvement activities towards energy efficiency [37]. On the contrary, Ates et al. strengthened on the 

combination of techniques, activities, and managerial processes that leads to reduce energy cost and 

anthropogenic emissions [66]. One of the studies by Abdelaziz et al. promoted energy management 

https://ieeexplore.ieee.org/document/9309939
https://www.mdpi.com/1996-1073/13/21/5713
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focusing on energy optimization strategy that incorporates compelling the energy demand [67]. A 

comprehensive definition of energy management has been proposed by Schulze et al. that incorporates 

all necessary energy management elements and energy management practices in the industries [43]. 

Figure 3. Key factors for successful energy management system [18], [28], [66], [68]

In academic literature, energy management is portrayed as a holistic combination of applying resources, 

conversion and application of energy [19], [23], [26], [43]. The system involves checking, auditing, 

recording, scrutinizing, and more importantly controlling the energy flows to ensure the minimum 

consumptions of energy but to achieve maximum energy productivity [19], [69]. Academicians have 

pointed some of the minimal prerequisites for implementation and operation of energy management in 

the industries [67], [66], [70], [28], [68]. Table 1 (adopted from Schulze et al. [43]) illustrates the 

requirements toward energy management with specifications whether the requirements are considered 

full, partly or not under consideration.
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Table 1. Minimal prerequisite for energy management in industries  

Minimum Prerequisite Abdelaziz et 
al. [67] 

Christoffersen 
et al. [68]  

Thollander and 
Ottosson [28] 

McKane et 
al. [70]  

Ates and 
Durakbasa 
[66] 

Long-term strategic plan; 
inclusion of energy policy; 
energy saving targets. 
 

     

Energy activities by dedicated 
responsibilities & actions 
 

     

Acquaintance of energy 
management team led by the 
energy manager 
 

     

Policies and proceedings  
 

     

Energy audit to explore energy-
saving features 
 

     

Planning & implementation of 
an explicit energy-saving 
program  
 

     

Identification of key 
performance indicators  
 

     

Meter and monitoring of energy 
consumption  
 

     

Energy reporting  
 

     

Top management commitment 
  

     

Employee engagement in energy 
management activities 
 

     

*Abbreviations: (Full Consideration);  (Partial Consideration);  (Not Considered).  
 
It becomes discernible by analyzing the minimum requirements for energy management from table 2 

that the sets of minimum requirements elucidated in the studies contrast in the number of elements as 

well as conformation of the individual features. Besides, it relics indistinctness on the conclusiveness 

of the list of minimum requirements whether it is suitable to describe a fully developed energy 

management. By analyzing earlier contributions on the topic, we can note the lack of a comprehensive 

conceptual framework about energy management. Therefore, in this thesis, this research gap is 

responded by complying a review of academic journal publications in the area of industrial energy 

management and use its results to propose future research avenues to explore further.   
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2.2 Approaches to energy management models 
 
There are research streams which are considered in academia as well as the industries to assess the 

energy management models. The streams can be categorized as “Minimum requirements”, “Maturity 

models”, and “Energy management matrixes” [26]. Furthermore, there is assessment tool namely 

“Energy Management Measures Characterization Framework”, so to shape the energy management 

aspects accordingly”. This is practice based, therefore basing on energy management practices with 

characteristics. 

 
2.2.1 Minimum requirements 
 
The ISO 50001 standard that deals with energy management issues is incorporated at the first stream 

and thus apprehends guidelines to enable energy management system [71]. Enabling the organizations 

towards energy efficiency is the primary purpose of ISO 50001 Energy Management System standard. 

The standard is reviewed and published by the ISO/TC 301 Technical Standardization Committee, 

Energy Management and Energy Saving in 2018 [71]. The protocol has a high level of hierarchical 

structure consists of ten chapters with a homologous architecture. The ISO 50001 standard is a 

consistent improvement framework which consists of “Plan-Do-Check-Act” at organizational practices.  

Table 2 presents the phases that are comprehended at ISO 50001 Energy Management System standard 

[71]. However, it does not apprehend the critical assessment of the enterprises’ effectiveness for a taken 

initiative of particular energy management practice. Besides, the initial stream incorporates primary 

endeavor to evaluate energy management, maintaining the limit of analysis [66], [68].   

Table 2. The continual phase of ISO 50001 Energy Management System Standard  

Phase Remark 

Plan To apprehend the organizational context; incorporation of energy policy; incorporation of energy 

management team; consideration of actions towards risks and opportunities; conduct of energy review; 

identification of significant energy uses & establishment of energy performance indicators; energy 

baseline; objectives & energy targets; necessary action plans to improve energy performance in 

accordance with the organization's energy policy. 

Do Implementation of the action plans; operation & maintenance controls, and communication; ensuring 

competence in energy domain i.e. energy performance in design & procurement. 

Check Monitor; quantify; analyzation; evaluation; audit & conducting management review of energy 

performance as well as energy management system. 

Act  Activities to address non-conformities and continuation for improving energy performance. 

 
2.2.2 Maturity models 
 
This second stream solicits a systematic perspective for assessing energy management in the 

organization [72] that includes the analysis for the requisite steps to enact energy management system 
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[73]. Continuous improvement options are one of the significant features of maturity model. Therefore, 

the maturity model is accepted and popular in academia as well as industries since the development of 

the Capability Maturity Model (CMM) [74], [75], [76]. The maturity models help the institutional 

enterprises surmount the austerity and enhance the quality by measuring institutional maturity based on 

particular or multiple domains with the help of predefined rules [77], [78]. . However, the maturity 

models are single dimensioned that focus either on objects maturity or process maturity, whilst the 

process maturity levels are dominant than the object-based model [79]. In one of the studies, Bojana et 

al. presented the maturity stages of energy management at activity levels [80]. Figure 4 (Source: [81]) 

exhibits the levels considered in maturity models for energy and utility management.    

 

Figure 4. The levels in maturity models for energy & utility management 

2.2.3 Energy management matrixes 
 
The Energy Management matrixes are incorporated with the third stream [82], [83] that confer multiple 

similarities with the maturity model. It offers an insight into the present approach to energy issues in a 

company and helps the management to improve energy efficiency by integrating feedback. It also shows 

the substantial improvement potential in energy efficiency that is achievable by technical activity alone. 

However, the application of the energy management matrix in a wider range of industrial organizations 

has acknowledged manifold activities towards improvement of energy management practice. In 

addition, it puts the hitherto isolated technologically-based attempts to improve energy efficiency in a 

more effective management framework, often for the first time. The high standpoint from an analytical 

perspective, maturity concept conversion into a sophistication level along with a self-appraisal approach 

based on organization’s perspective are the common points of energy matrixes with maturity models. 

Hence, no additional benefits are provided from these models in terms of approaches and aspects 

considered for reasoning. However, introducing assessment models have brought an amelioration that 

incorporates detailed activity list considered as energy management practices, whilst critical factors 

have not been addressed for evaluation [83], [84].    

  
2.2.4 EEMs characterization framework 
 
The EEM characteristics are delved by the fourth research stream [85]. The energy efficiency measures 

characterization framework is important to formulize in the context of information sharing both for the 

policy and decision-makers about energy efficiency measures. Thanks to improved knowledge and 

Initial Managed Defined Quantitatively 
Managed Optimized
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information on industrial energy efficiency measures. Indeed, the policymakers could have enhanced 

support to develop the operative policies for endorsing energy efficiency at the industries. In addition, 

the improved knowledge on energy efficiency measures characteristics can articulate in-depth 

comprehension of the bottlenecks that hindering the implementation of energy efficiency processes 

[86]. Indeed, this is an interesting fact for resolution and policy makers.       

Fleiter et al. exhibited detailed and thorough narratives of characterizations that facilitated 

understandings of the endorsement process for EEMs [85]. The framework encompasses twelve diverse 

features of energy efficiency measures which are emanated from the field of technical, relative 

advantage, and informational perspective. Worrell et al. characterized and grouped the energy 

efficiency measures into multiple attributes such as waste, emission, operation & maintenance, 

productivity, working environment, and other, where the secondary benefits are listed [7]. On the 

contrary, Trianni et al. devised a framework to explore energy management practices [86]. An inclusive 

view on energy efficiency measures integrating the recent applicable perspectives is encompassed in 

this framework for industrial decision-makers. Nonetheless, analytical factors of energy management 

activities are not portrayed comprehensively. Lung et al. affirm about the impact of additional savings 

& productivity benefits stemming from energy efficiency initiatives resulting in more compellingly. 

The authors focused on the methodology to characterize the attributes of productivity benefits as well 

as ancillary savings into a payback forecasting framework [87]. 

Another model has been proposed in a contemporary study by Trianni et al. in the domain of 

characterization framework to assess industrial energy management, focusing on the benchmarking of 

energy management practices [26]. In this model, three elements have been considered that are energy 

management practice lists followed by specific baseline for benchmarking the performances and 

optimal threshold adoption in the assessment. The notable aspects of this model are the energy 

management practice adoption evaluation and more comprehensiveness output compared to the other 

models. More importantly, it features elaborate energy management approaches and capabilities 

assessment to an indistinct evaluation of energy management practices. On the contrary, Sorrell [88] 

and Benedetti et al. [89] have considered three-dimensional classification framework focusing to energy 

service contracts. The framework of Sorrell is customer perspective based and consisted of “Scope”, 

“Depth” and “Finance” dimension. Benedetti et al. considered “Scope”, “Intangibility of the Contract”, 

and “Degree of Risk”.     

The synopsis of the existing management assessment models is presented in Table 3 
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Table 3. Synopsis of the existing energy management assessment models. 
 

Category Model Narration Remark Reference 

Minimum 

requirements 

Significant features: energy policy, energy saving goals 

(quantitative) or aspirations regarding energy-saving 

projects and their implementation. Energy efficient 

purchases, specific allotment of energy responsibility & 

tasks. Functioning engagement of stakeholders, 

specially the employees by apprising, persuading and 

educating. 

 

This model consider the energy 

management as a comprehensive 

management system. Focused on policy, 

energy saving goals and specific energy 

saving projects. However, the model does 

not integrate the energy manager concept. 

Furthermore, there is no clear guideline 

about top or mid-level management 

support to achieve energy savings. 

Though, involvement of employee to 

energy saving related work are suggested. 

[68] 

PDCA cycle is the basis for instructions. Preconditions: 

management liability; policy; legitimate concern & 

obligations; energy audit; energy performance index; 

energy baseline; energy targets, and energy 

management blueprint; proficiency, training & 

consciousness; communication; archiving; energy 

services acquisition; operation & control; monitoring, 

measurement & analysis; compliance evaluation 

maintaining the legal necessities; in-house audit of the 

energy management system; aberration, corrective as 

well as precautionary action; archive governance; 

management review. 

ISO 50001 incorporates nineteen 

characteristics in the framework. 

Precisely, management commitment and 

energy manager are also inclined to the 

model. Moreover, the framework 

integrates the employee involvements and 

documentation and records for further 

assessment.     

[71] 

Alteration of the merest requirements from the (27)’s set 

by adding the metering of major proceedings; inclusion 

of dedicated energy manager at the industry. 

 

This model is an extended version of 

Christoffersen et al. [68]. The model 

integrates energy metering, energy policy, 

energy manager, saving target and saving 

projects focusing on energy.  

[66] 

Maturity 

models 

Five stages: preliminary, arrange, delineate, managed in 

quantitative form and reformed; Novel process avenues 

are regulated towards progress focusing on 

environmental aspect; Four maturity phases: practice 

enactment, standardization of practice, performance 

management and recurring phase for improvement. 

 

The model used CMMI as a reference 

framework and extended to environmental 

management context. It comprised of 

particular procedures for energy as well as 

resource management. No clear guideline 

about dedicated energy manager.    

[81] 

Instructions to attain improved energy efficiency & 

amenability with energy management standards 

especially ISO 50001. Energy management actions are 

The framework adapts manifold energy 

management practices based on PDCA 

cycle. Notably, top management support 

is incorporated in the framework. Energy 

[90] 
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categorized into five maturity phases subsequent to the 

PDCA cycle.  

management roles are characterized. 

However, no clear indication about energy 

manager inclusion in the process.  

Five levels: Emerging, Define, Integration, 

Optimization & Novelty; four sections on the basis of 

PDCA cycle, 16 pillars & 63 sub-pillars. The model 

allows 5 attribution promulgation for each sub-pillar to 

evaluate the maturity. 

Energy management review along with 

action plan are integrated to the 

framework. In addition, competence 

building feature is also included. 
[91] 

Primary features for the energy consumption 

management keeping alignment to ISO 50001. Five 

phases: initial, intermittent, planning, supervisory & 

optimal. 5 dimensions that are portrayed as requisite for 

success: consciousness, information and expertise 

(utmost significant); methodological proposition; 

energy performance management and archiving system; 

institutional architecture; alignment with strategy. 

The tool is not incorporated with inclusion 

of energy manager. 

[72] 

Incorporation with ISO 50001; knowledge base creation 

for self-assessment along with monitoring & 

improvement. The levels are depicted for each ISO 

50001 process instilled by Eric et al. [81]. 

The assessment tool includes top 

management commitment, and energy 

manager appointment with other manifold 

energy management practices.     

[80] 

Salient features are the assessment of compelling factors 

for energy management adoption, contribution towards 

a better understanding of suitable energy management 

configuration with the help of evaluation of maturity 

level.  

The model considers inclusion of energy 

manger, precisely a dedicated energy 

management team. In addition, top 

management support is integrated with the 

considered attributes in the model. 

[73] 

Incorporation of qualitative metrics; assessment model 

implies on PDCA cycle; inclusion of SWOT analysis 

tool, incorporation of global energy management team 

and external peers.  

  

Incorporates there application specific 

purposes which are descriptive, 

prescriptive, and comparative. Features 

with manifold energy management 

practices along with energy manager.      

[92] 

Consists of three features: (1) energy efficiency features 

(2) energy efficiency maturity levels; (3) 

implementation method which is accustomed from ZED 

scheme especially for SMEs. Seven dimensions: 

management obligation, arrangement and procedure, 

compliance of regulation and fiscal enticements, 

archiving system, product & procedure innovation, in-

house communication, and ethos. Consists of nineteen 

characteristics.  

Total number of nineteen energy 

efficiency characteristics are integrated in 

the model. In addition, management 

commitment is segregated into two 

sections in the form of strategic priority 

and energy policy.     
[93] 

Five levels of energy management matrixes to address 

six institutional aspects that are policy, organization, 

Top management support is fully 

integrated into the framework under [94] 



17 
 

Energy 

management 

matrixes 

motivation, information scheme, marketing & 

financing. 

 

policy section. Energy managerial role 

included in organizational structure. 

Five levels of energy management matrixes to assess six 

institutional issues that are energy management scheme; 

organization; staff inspiration; tracking, supervision & 

reporting systems; staff consciousness/ training & 

promotion, and financing. 

Energy manager feature is integrated with 

a proposition of organizational structure. 

Moreover, energy management is 

considered comprehensively in this 

framework.  

[82] 

Five levels of energy management matrixes to assess six 

institutional issues which are policy or specific 

guidelines, coordinating, training, evaluation of 

performance, communication, and financing. Valuation 

model exploring the subsequent aspects reflected as 

energy management practice: policy & legislation, 

energy blueprint, organizational formation; regulation; 

acquisition strategy, financing scheme, observation & 

analysis of energy consumption, setting of goal; 

identification of possible options; staff involvement & 

training; operational process; communications. 

The CarbonTrust guidelines comprised of 

five aspects. Inclusion of dedicated energy 

manager is not integrated to this model. 

However, the model incorporates senior 

management commitment to enhance 

energy efficiency related initiatives.  [83] 

Model exploring the succeeding features considered as 

energy management practice: energy director 

appointment, incorporation of energy team, apply of 

energy policy; collection of information & 

management, establishment of yardstick or threshold, 

analysis, assessing from technical perspective and 

energy audits; exploring and setting the scope, 

improvement option estimation, goal setting; define 

technical procedures and targets, roles & resources 

determination; formation of a communication plan, 

awareness raising, capacity building, inspire, trail and 

monitor; measurement of result, recapitulation of action 

plan; maintain internal recognition, and receiving 

external appreciation. 

The ENERGY STAR guideline clearly 

emphasizes on appointment of energy 

director with dedicated energy team. In 

addition, the model looks to establish 

baselines for measuring energy 

performance.   

[84] 

EEMs 

characterization 

framework 

Three main characteristics are considered. Each 

characteristic are divided into sub-divisions. The first 

character “Relative advantage” is attributed by internal 

rate of return, introductory expenses, reimbursement 

time, and benefits of non-energy. “Technical context” 

the second character is attributed by modification type, 

impact opportunity, gap among core processes, and 

Lifetime. The last character “Information context” is 

attributed by transaction expenses, planning and 

One of the salient features of this 

framework is inclusion of non-energy 

benefits. Energy manager is not integrated 

into the framework.   

[85] 
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execution knowledge, Dissemination progress, and field 

wise applicableness. 

Economic characterization consists of payback time, 

application costs. Energy is attributed with resource 

stream and energy saving. Environmental 

characterization is attributed by waste minimization and 

emission contraction. Production is attributed by 

productivity, working environment, and operation & 

maintenance. Implementation related attributes are 

energy saving strategy, types of action, implementation 

easiness, success probability, community engagement 

in corporate level, distance among key processes, and 

audit regularity. Interaction-related characterization is 

attributed by indirect effects. 

Corporate involvement is one of the 

notable attributes and considered as 

significant for industrial decision-makers. 

The need for analyzing energy efficiency 

measures as per different perspectives is 

highlighted; precisely having the aspects 

in grouped for providing more inclusive 

view on the pertinent outlooks 

distinguishing the energy efficiency 

measures. 

 

[86] 

 

2.3 Discussion  
 
The energy management frameworks were mainly researched to adopt energy management practices at 

the technical levels in the industries. However, the reviewed studies emphasized the energy 

management system, ISO 50001, and PDCA cycle, while some studies suggested holistic approaches 

towards industrial energy efficiency.  

The framework proposed by Christoffersen et al. was stood out on the Danish industries and emphasized 

on multiple factors, mostly energy policy, goals and capstone projects aimed at energy savings. 

Regulation, external relations, company characteristics and organizational internal condition are the 

main out-layers of the model to frame the energy management. However, the company size and energy 

intensity are two factors that can be considered to categorize the industries to apply or analyze the model 

[68]. The main features proposed by Christofferen et al. aligns with ISO 50001: 2011 standard though 

this model has been replaced by ISO 50001: 2018 [58].  

The earlier model encompassed energy management system implementation based on PDCA cycle and 

enlisted few prerequisites that include mainly management liability, policy, energy audit, energy 

performance indexing, energy management blueprint, documentation and so forth. One of the major 

changes in the recent model is the PDCA cycle modification. “Checking” was the center in the earlier 

version, whilst “Leadership” became the focus of all cycle components. Figure 5 (adopted from [71]) 

represents the revised PDCA cycle of ISO 50001:2018. In the minimum requirement segment, the 

model proposed by Ates et al. comprehended conventional streams towards energy management. One 

of the significant features is the inclusion of energy manager, whilst ISO 40001 (environmental permit) 

also act as an enabling feature along with ISO 50001 [66].   
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Figure 5. The PDCA cycle adopted in ISO 50001: 2018

Looking at the minimum requirement focused model, it is observed that all the energy management 

initiatives are not integrated into the frameworks. Christoffersen et al. [68] considered energy 

management as a comprehensive management system. However, the model does not integrate the 

energy manager concept. Furthermore, there is no clear guideline about top or mid-level management 

support to achieve energy savings. Though, the involvement of employee to energy-saving related 

works are suggested. Nonetheless, The ISO 50001 model is a significant protocol [95] along with the 

proposition by Ates and Durakbasa [66], manifold aspects are still to be explored regards of operational 

activities in the industrial energy management domain. For instance, the principles of sustainability and 

integral management need to be presented at the protocol. In addition, there is very little contribution 

on the risk management and opportunities of energy efficiency from an integral and strategic point of 

view, including the planning and control of product lines, process design, projects, and business 

approaches [95]. 

Notably, the fruitful operation of the energy management system requires the integrated deployment of 

planned, tactical and operational levels that align the business culture with sustainable attainment. In 

this context, the vision that the organization plans to form should be linked to energy efficiency strategy 

with organization’s survival plan in the market. Additionally, it is necessary to make explicit reference 

to newly adapted technical features through peer to peer energy management platform for optimizing 

the integration of energy management system component with the variable energy demand [96], [97]. 
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Moreover, an integrated perspective to control of operational features of each process are required to 

explore linked to energy efficiency [95].           

In the energy management maturity model segment, the model proposed by Ngai et al. based on 

capability maturity model integration (CMMI), an extension of capability maturity model incorporated 

five levels according to the behavioral exhibition of the industries [81]. The levels are determined by 

performance area of key processes [98]. The achievement goals of key process areas must be specified 

for individual level for further actions. Notably, the propositions of CMM framework has been applied 

at multiple process enhancement programs in order to achieve the desired quality in the production 

system [99]. One limitation of this model is inadequate implementation time, having only one factory 

for consideration. However, the authors have affirmed the acceptability of the model because of prior 

implementation of management practices. On the contrary, Antunes et al. emphasized the PDCA cycle 

to design the energy management framework [90]. Additionally, the authors implied the model with 

ISO 50001 and incorporated energy management practices also. Notable to mention that Finnerty et al. 

also designed the framework based on the PDCA cycle, keeping on focus on energy management 

practices [92].  

The model proposed by Introna et al. is comprised of five dimensions and enables the feature of self-

evaluation for the industries towards energy management practices. The dimensions are characterized 

by identifying the necessary elements in energy management consumption segment of the industries 

[72]. On the contrary, Jovanović et al. focused on ISO 50001 processes as well as PDCA phases, 

keeping the knowledge base in the model EMMM50001 [80]. The EMMM50001 establishes the 

relation to EUMMM maturity levels, maintaining ISO 50001 specifications and PDCA phases. Notably 

to mention that EMMM50001 links the CMMI criteria, also maintaining the ISO 50001.  

It can be observed that the majority of the maturity models emphasized on similar type of characteristics 

and areas to evaluate the energy management in an organization by a systematic set of commendations. 

However, the narrated models demand more time and resources to perform as per their characterization. 

In addition, looking at the scientific literature, all of the frameworks studied to see the requirements for 

providing a continuous development path following the PDCA approach and ISO 50001. Notably, few 

of the maturity models incorporate the implication of dedicated energy manager and top management 

support. In contrast, Antunes et al. [90] affirm on top management support whilst not integrating the 

energy manager in the framework. The framework by Introna et al. [72] also not complied with the 

energy manager. Nonetheless, Jovanović & Filipović [80] and Finnerty et al. [92] considered top 

management support along with the energy manager in their framework.             

Gordic´ et al. applied the energy management matrixes model in the Serbian car manufacturer industries 

and critically analyzed the existing energy management system with the model [82]. Notably to mention 

that the energy management matrixes models proposed by Gordic´ et al., Carbon Trust, and Energy Star 

https://www.sciencedirect.com/science/article/pii/S0959652615014079?via%3Dihub#!
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are encompassing all key areas to assess the energy management practices in the model, with having 

few modifications at the individual version. 

On the contrary, Fleiter et al. [85] and Trianni et al. [52] emphasized on characterization based model 

where both of the models are incorporated with specific attributes. The characterization scheme has 

some implications on policy design and assessment. However, formalization of the groups with 

categorized attributes enables the option towards relevant aspects identifying the energy efficiency 

measures. Besides, Trianni et al. contend a comprehensive scenario on EEMs focusing on the relevant 

aspects of industrial energy management [52]. One of the critical factors, “corporate involvement” for 

industrial decision-makers is also implied, hence allows additional feature and increase the applicability 

of the model. However, the authors acknowledge more compatible space for the SMEs within the 

model, as SMEs are sought to be entitled to more attention considering their cumulative energy 

consumption percentile [100].  

In a recent study, Tina et al. persuade the significance of SMEs and the policy implications in the 

peripheral of the industrial energy sector [100]. Referring to the SMEs, Prashar [93] proposes an energy 

efficiency maturity assessment framework that emphasizes on SMEs. Notably, the author argues that 

the common energy efficiency framework approach does not facilitate fully to the SMEs; hence 

customized maturity framework is significant. The author considered steel re-rolling mill sector of India 

as the contextual sphere for the proposed framework.  

Few of the studies on characterization the energy efficiency measure focuses on financial features. 

Notably to mention that these models do not frame the energy efficiency measures comprehensively, 

rather offer some framework without characterizing the energy efficiency measures in-depth. In one of 

the studies by Pye and McKane states that quantification of the accumulated benefits of energy 

efficiency scheme supports the enterprises perceive the monetary opportunities of EEMs financing 

[101]. The energy savings features act not as the singular primary driver for the industrial decision 

process; hence the authors persuade on energy savings to be viewed as a factor of the holistic approach 

towards energy efficiency programs.  

Skumatz studied the methods to find out the attributes of EEMs and established the scheme to measure 

both of the positive and negative secondary benefits stemming from industrial energy efficiency 

schemes [9], [102]. On the contrary, Mills and Rosenfeld provided a framework to understand multiple 

benefits of energy efficiency initiatives and grouped the attributes into the better interior environment, 

noise lessening, savings of labor & time, improved supervision of procedure, convenience, water 

savings and waste reduction, and benefits due to downsizing of equipment [103]. 

The majority of studies on energy efficiency measures, benefits, and initial characterization frameworks 

propose few interesting reflections. However, a lack of consistency on the attributes grouping within 

existing categories from the methodological perspective is observed. It is found that the same attributes 
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are grouped in different categories by different researchers. Moreover, the attributes are categorized and 

then aggregated again within other segments by different researcher. For instance, “reduced noise” & 

“improved indoor environment” are framed in two different categories in [103], whereas “reduced noise 

level” as categorized in “working environment” segment.  

On the other hand, the decision-making process is a grey area keeping mind about the stakeholders. 

Nonetheless, the earlier characterization framework did not incorporate the energy efficiency measure 

implications in a comprehensive way. To be precise, the inclusion of non-energy benefits is not 

incorporated into the characterization framework. Notably, the inclusion of non-energy features in the 

modeling factors would double the cost-effective potential for energy-efficiency enhancement, likened 

to an analysis eliminating those benefit [7]. However, few attributes (e.g. improved air quality, better 

worker safety, reduction of noise level, and improved working situation) are there in the characterization 

framework, which are difficult to quantify [102]. Therefore, speculation is required to articulate the 

benefits into a comparable cost figure, and hence the assessment turns out to be rather subjective [7].  

The study by Ngai et al. [81] features energy management with particular process areas in the 

manufacturing industries. In this study, few guidelines are offered to conduct analysis for organizational 

maturity improvement in terms of energy along with the management of utility resources. However, the 

integration of energy management into production process has not complied comprehensively. This is 

a significant avenue that needs be to address with utmost attention in future studies considering the 

technical implications offered by Industry 4.0. Notably to mention here that increasing the efficiency at 

the production processes is one of the salient features of Industry 4.0 [104]. The deployment of smart 

machinery offers diverse benefits which primarily includes manufacturing productivity and waste 

reduction [105]. Therefore, it is worth observing the energy management characteristics linked with 

production process through the lens of Industry 4.0.  

Nonetheless, energy management towards industrial energy efficiency has been widely discussed in 

academia, and several barriers are still persistent in the energy management domain. The identification 

of barriers is important because it hampers or slows down the adoption of energy efficiency measures 

[106]. Several studies have addressed the barriers which cover energy-intensive industries to SMEs and 

include regional, national and transnational perspectives [18], [27], [28], [107]–[110]. However, most 

comprehensive studies focusing on energy management have been discussed without really looking at 

the integration of energy management into production and operation management. An imperative 

avenue, therefore, lies to be further explored in future within this research domain.   
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Chapter 3 
…………………………………………………………………………………………………………… 
This chapter discusses energy management practices in energy intensive industries, barriers and 
drivers to industrial energy efficiency measures, and barriers to energy service companies (ESCO). 
 
This chapter is published in the following journal: 

A. S. M. M. Hasan, R. A. Tuhin, M. Ullah, T. H. Sakib, P. Thollander, and A. Trianni, “A comprehensive 

investigation of energy management practices within energy intensive industries in Bangladesh,” 

Energy, vol. 232, p. 120932, Oct. 2021, DOI: 10.1016/j.energy.2021.120932. 

3. Investigation of energy management practices within energy intensive industries  

3.1 Introduction 
 
After maintaining a Gross Domestic Product (GDP) growth rate of over six percent for the recent years, 

in the year of 2017-18, Bangladesh attained a GDP of nearly 8% and is set to become the 3rd fastest 

growing economy in the world [111]. With this continuous economic growth, Bangladesh is working 

towards a goal of entering into the league of middle-income countries by the year 2021. When this 

target is attained, the per capita annual income of the country is expected to be more than 2000 USD, 

and this requires a demand for sustainable energy supply in the country. An increased supply of energy 

is a must to go hand in hand with the accelerated efforts for the development and growth of a fast-

moving economy [27].  

There are scopes for improvement in the energy generation sector in Bangladesh and the country is yet 

to achieve its best in this sector [19]. Based on the GDP growth rate, it is forecasted that the energy 

usage in Bangladesh is going to be increased significantly over the coming years [112]. By 2030, the 

peak demand is expected to be 33,700 MW which is distinctively greater than the peak demand in 2010 

[113]. The number of industrial companies has notably increased after 1995, causing high energy 

demand throughout the country. The annual increase of 8% in electricity demand gives an estimated 

projection of 22,500 MW demand in 2021 where approximately 40% is consumed by the industries 

[114]. As indicated by recent governmental reports in Bangladesh [115], to sustain the status of lower-

middle-income country (for a per capita income of 2000 USD) in 2021, the total use of energy should 

be 105.5 Mtoe for a population of 171 million. Whereas the projected energy supply in 2021 would be 

of 88 Mtoe, indicating an apparent lack of energy supply in the existing setup of planning.  

The upswing of energy cost and sustainability have impelled industries to find other ways to address 

energy consumption. It is common knowledge that energy efficiency helps to build a bridge between 

economics, energy security [7] and environmental objectives [8]. Besides, energy efficiency analysis 

helps to figure out the possible sectors for energy consumption reduction without hampering energy 

https://www.sciencedirect.com/science/article/pii/S0360544221011804
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productivity [117]. Nonetheless, energy efficiency exploration assists the life cycle cost 

comprehensively in the production process [118]. Unfortunately, many developing countries are still 

indisposed to benefit the available opportunities offered in the energy efficiency domain due to lack of 

knowledge and awareness in energy management. Research has shown that the reduction in industrial 

energy usage can be obtained not only by a greater diffusion of more energy-efficient technological 

equipment [12], but also through a combination of more efficient energy behaviour and management of 

the energy resource in the industry  [13]. Therefore, it is of utmost importance to take the necessary 

initiatives in order to implement industrial energy efficiency measures and energy management 

practices in every possible sector [121].  

Several studies have been conducted at multiple demographic locations on industrial energy 

management practices and how effectively these are carried out. Thollander and Ottosson studied the 

Swedish energy intensive industries to explore energy management aspects [28]. Cagno et al. studied 

the barriers and drivers to industrial energy efficiency in the Netherlands [122]. In another study by 

Trianni et al. barriers to energy efficiencies in foundries at the European context are explored [21]. 

Rohdin and Thollander investigated the barriers and drivers to energy efficiency in the Swedish foundry 

industry [116]. Cooremans and Schönenberger focused on energy efficiency in the context of 

Switzerland [123]. Also, one study studied barriers to energy management in the Swedish pulp and 

paper industry [124].  

Notably, the majority of the previous studies have addressed energy management indistinctly and a 

comprehensive study is needed in this domain. Moreover, the past and contemporary studies discussed 

the developed economies mainly. To the best of author’s knowledge, yet only a minimal number of 

studies have addressed energy management and its practices comprehensively in developing countries, 

with just a few contributions carried out respectively on textile industries [19], SMEs [29], and Ghana’s 

largest industry park [25]. Also, researchers are starting to explore this topic in Bangladesh [27], but 

literature is far from being mature, offering ample room for further research. Considering the economic 

growth and industrial advancement in recent days at Bangladesh, this is the high time to look through 

the energy sector comprehensively and explore the energy domain. Besides, as a developing economy, 

the learnings can be suited to other emerging economies. In this context, there is a need for in-depth 

study investigating methods for improving the present energy management practices at the industry 

offering empirical knowledge in support of academia, industrial decision-makers as well as policy-

makers. 

This chapter aims at giving a contribution to this research domain by investigating practices for energy 

management and energy efficiency within the industries of Bangladesh, which are heavily energy 

reliant. In this study, four key research topics have been explored, which are:  
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• The probable outcomes of energy management practices in the industries of Bangladesh that 

are energy-intensive. 

• The current states of the industrial processes that are influenced by the actions and 

technologies related to energy efficiency. 

• The availability of a long-term energy strategy at the industries. 

• The barriers to implementing energy management practices at the industries. 

3.2 Literature background 
 
3.2.1 Energy Management Characterisation 
 
Energy management is an integral part of industrial production, including the logistics and 

environmental management system [125]. The cost reduction in operational management is the primary 

motivation to incorporate energy management into practice at the industries [126]. Energy management 

can be characterised as the proceedings to work specifically on energy-related issues of industry and 

considered as one of the key in-house activities for cost-effectiveness and energy efficiency 

improvement [28]. In this study, energy management is considered as applying to resources, conversion 

and utilization. It involves measuring, monitoring, logging, analysing, and controlling the energy flows 

through a system of an industry.  

Academics have addressed the definition of industrial energy management that varies from literature to 

literature, as it consists multiple factors. Schulze et al. [43] have compiled few of the selected definitions 

of industrial energy management. In one definition, industrial energy management is defined as the 

accumulation of planned & executed actions for guaranteeing minimum energy input for a 

predetermined performance. According to them, energy management is also the strategy of meeting 

energy demand whenever it is necessary. In another attempt, they termed energy management as “The 

judicious and effective use of energy” ensuring maximisation of profits and optimisation of energy 

efficiency [43].   

There are countries which have implemented an energy management system in various industries and 

got a good result in energy savings. In Denmark, about four hundred companies opted for an energy 

management system by 2001 and these companies used to consume 60% of the total energy in the whole 

country. The savings in energy that these companies made ranged from 24% to 62% [27]. Moreover, 

relevant scientific literature have presented that 40% of energy can be saved with the employment of 

proper energy management scheme in the industrial sector [127].  

In the research domain of energy usage and improving energy efficiency, the researchers focused on 

the diffusion of cost-effective technologies. However, combined approach of technology [15] and 

energy management practices have greater impacts to endure the industrial energy efficiency [128]. 
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Nonetheless, there are very little studies (see Table 4) that have actually focused on energy management 

practices in the industries till now.  

 

Table 4. Selected studies on energy management practices in the industries 

Study Research Focus Remark Reference 

Thollander and 

Ottosson  

 

Foundry, pulp and paper 40% mills and 25% foundries are successful in energy 

management. 

[28] 

Brunke et al. Iron & steel industry Companies are vigorously affianced in energy 

management and its practices, nonetheless there are 

scopes for improvement in prioritisation and 

awareness within the organisation.  

[18] 

Christoffersen 

et al. 

304 industrial firms Among the industries between 3% and 14% practice 

energy management. 

[68] 

Ates and 

Durakbasa  

Cement, paper & pulp, 

ceramics, ISI, and textile 

industries 

Degree of energy management solicitation is 22%. [66] 

Lawrence et al. Pulp and paper industry Specific energy consumption (SEC) is discussed in 

relation to industrial energy efficiency. Challenges 

emanate from a lack of information about how SEC is 

calculated. 

[129] 

Lawrence et al. Pulp and paper industry Presence of possible disparity between farm 

characteristics that are perceived as barriers to energy 

management. 

[130] 

Backlund et al. Energy intensive and 

non-energy intensive 

industries 

70% of industries have fulltime energy manager, 70% 

of industries imply to energy strategy 

[131] 

Sivill et al. Pulp & paper, basic 

metals, and petro- 

chemicals industries. 

Performance measurement in energy is the third 

development precedence in energy management. 

[132] 

Lawrence et al. Pulp & paper Energy management is not always implemented due 

to presence of barriers.  

[133] 

Sannö et al. Volvo CE- a 

multinational industrial 

corporation 

Introduction of energy management program led to 

more efficient energy management. The critical 

elements that characterise efficient energy 

management were found in the corporate group after 

the introduction of energy management program.  

[134] 

Andersson and 

Thollander 

Pulp and paper industry 25% of the mills apply best practice regarding the 

establishment of energy KPIs. 

[135] 

 

https://sciprofiles.com/profile/author/U1BOOU5IQXZtMHkzTHZleGFhaDFFbEpFdEpDZU9kenZmVUdoZGRJMldNTT0=
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Looking at the literature, it is observed that improved energy management addresses multiple issues. 

More importantly, the industries are eventually benefitting the benefits stemming from the adoption of 

energy management practices [126]. Nonetheless, most of the case studies or comprehensive ones are 

representing the developed economies. There are very few studies that exemplify energy management 

comprehensively for the developing economies. Therefore, it is significantly necessary to explore the 

research gap in this area considering the fact of growing energy consumption and economic 

development of those countries. 

3.2.2 Taxonomy of drivers and barriers to EE 
 
Since the inception of industrial energy management practices, multiple studies have been conducted 

to identify and characterise the drivers and barriers to industrial energy efficiency. Furthermore, it is of 

utmost importance that more efficient and innovative ways for the assessment of barriers and drivers 

are available so that the policymakers and other concern stakeholders can work together to adopt and 

implement the required energy-efficient measures (EEMs) [122].  

After reviewing a wide range of literature, it is found that the number of recent studies, highlighting the 

barriers to energy management outweighs the number of works that deal with the recent categorisation 

of drivers. Several works have studied the barriers to industrial energy management from the theoretical 

perspectives [17] as well as through different empirical investigations covering SMEs [13], and energy 

intensive industries [26]. These studies ensure the presence of different types of barriers, and these 

barriers do create various hindrances in the application of proper EEMs within the enterprises [23]. 

Furthermore, it is also clear from these studies that firm characteristics like firm size and sector affect 

the barriers to the implementation of the EEMs [22]. Table 5 comprises different barriers identified by 

[17] that have been considered in this study.   

Table 5. Barriers of energy efficiency based on empirical investigation  

Notation Barrier Category 

B 1 Inadequate support from preeminent administration Organisation 

B 2 Bureaucratic intricacy Government/Policy 

B 3 Insufficient data about energy expenditure allotment Market/information 

B 4 Technical ambiguity Competence 

B 5 Inadequate technical experts Organisation & competency 

B 6 Confined impact on energy management scheme Behavioural 

B 7 Insubstantial attention from concern government Government 

B 8 Lack of staff consciousness Awareness/ behavioural 

B 9 Complex synodical issues Organisation 

B 10 Insufficient data on energy efficiency options Information 

B 11 Imprecise fiscal code Economic 

B 12 Insufficient capital expense Economic 
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B 13 Vulnerability in energy framework (prices, slow rate of return) Economic 

B 14 Poor research and development Organisation & competency 

B 15 Other preferences for capital venture Economic 

B 16 Non visibility of demonstrated technology Technical 

B 17 Inadequate financial incentives Economic 

B 18 Complication in inter-divisional collaboration Organisation 

B 19 Ambiguity about latent costs Economic 

B 20 Time constraint or other obligatory work Behavioural 

B 21 Absence of competent managerial measures Organisation & competency 

 
On the contrary, a limited number of resources are available in exploring the drivers which facilitate 

the energy efficiency practice. Few contributions (e.g. see [25], [108], [136], [137]) have been made in 

classifying these drivers and their impact in the decision-making practice. In [137], Johansson et al. 

categorised the driving forces of energy efficiency in four categories: organisational, financial, 

informational and external. Authors of [22] tabulated some of the recent empirical studies to industrial 

energy efficiency. As for the taxonomy of the drivers to industrial energy efficiency, the issues are 

discussed by Thollander et al. focusing Swedish industry [28], Schulze et al. [43], Ates et al. focusing 

Turkish industry [66], and Thollander & Ottosson featuring paper and pulp industry [138]. Table 6 lists 

the drivers and their categorisation that are considered in our study. 

 

Table 6. Drivers based on empirical investigation 

Notation Driver Category 

D 1 Energy blueprint Organisation/ regulatory 

D 2 Cost saving due to less end usage of energy Economic 

D 3 Rules and regulations Policy 

D 4 Ambitious individuals Organisation & competency 

D 5 Arrangement for Energy Management Organisation 

D 6 Subsidies for energy efficiency schemes Economic 

D 7 Viable reduction in carbon emissions Social/awareness/behavioural 

D 8 Energy audit endowment Economic 

D 9 Suitable loan for investment with energy management Economic 

D 10 Assurance from preeminent management Organisation 

D 11 Organisational involvement in information and 

support 

Organisation 

D 12 Environmental benefits (other than CO2 reduction) Social/awareness/behavioural 

D 13 Owner's requirement Organisation 

D 14 Risk posed by ever increasing price of energy Market 

D 15 Global competition Market 

D 16 Long standing accords with immunity of taxes Economic 
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D 17 Assistance from energy professionals Technical 

D 18 Pressure posed by Non Governments Organisations 

and clients 

Social/awareness/behavioural 

D 19 Consultancy provided local jurisdiction Competency 

D 20 System of Green Certification Social/awareness/behavioural 

D 21 Taxes & Tariffs Economic 

D 22 Acquaintances within the energy sector Market 

D 23 External investment Economic 

 

Notably, most of the studies focusing drivers and barriers to industrial energy efficiency are conducted 

in the context of a developed economy. Unfortunately, the same cannot be said for the developing 

countries, specifically for Bangladesh. In recent time, only two studies featuring steel industry [2], and 

textile industry [3] have been conducted by Hasan et al. to explore the drivers and barriers towards 

industrial energy efficiency. Nonetheless, the studies are preliminary and require in-depth exploration. 

Therefore, a significant research gap exists in the energy management field in Bangladesh. Considering 

the present industrial growth of the country [139], certainly, there is a high demand to explore the energy 

management domain comprehensively.  

3.2.3 Energy Service Companies (ESCOs) 
 
The concept of Energy Services Companies (ESCOs) was developed in the time of 1980s in North 

America. However, the actions and implementations related to ESCOs began at the close to 1980s and 

beginning of 1990s [140]. The idea of ESCO started to receive attention due to energy predicament 

resulting from the oil price hike in the early 1970s [141].  

Energy service companies (ESCOs) provide private services for efficient energy management by 

providing sufficient planning and equipment. The services offered by ESCOs include energy savings, 

energy efficiency and energy conversion [142]. Besides, the ESCOs also provide multiples types of 

services that include energy financing, energy and technical consultancy and assistance, equipment 

installation service along with operation and maintenance. In addition, energy service up-gradation, 

including monitoring as well as measurement are also incorporated in the features of ESCOs [143]. The 

ESCO model can be categorised based on their focusing feature (e.g. business or financing). Among 

the models, the commonly applied business models are “shared savings” and “guaranteed savings” 

[141]. However, the other models incorporate outsourcing of energy management which are found as 

significantly prevalent in ESCOs based in the European Union [144].     

ESCO industries had insured significant energy savings in many developed and developing countries 

[142]. Notably, the financing mechanism of ESCOs in the energy improvement sector had successfully 

delivered in the United States of America, Austria, Japan, South Korea [47] and several European 

countries [52]. As remittance of ESCO is related to the output achieved by energy savings, unlike 
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conventional firms, countries like Japan and United States of America have carried much research 

focusing on aspects of ESCO industries [146]. The surge in energy consumption has made the necessity 

of ESCO momentous, especially in energy-intensive sectors. However, the outcome of [141] suggests 

that the development of ESCO is dependent on the country’s affluence.  

However, many developing economies are still reluctant to facilitate of ESCOs. There are few 

significant studies to find out the hindrances to consult ESCOs in the developing economies. In China, 

the awareness of energy-saving potential, including inadequate support mechanism, is identified as a 

substantial barrier [147]. Public awareness, the credibility of ESCOs, and lack of knowledge regarding 

ESCOs are identified as significant barriers in India [147]. Funding public awareness is found as the 

foremost barrier in Africa (Egypt, South Africa and Kenya) [140]. In the Philippines, the lack of ESCO 

business concept is found as a significant barrier. However, in Brazil, energy efficiency marketing is 

identified as a significant barrier to consult ESCO [140]. 

It is unblemished by the ephemeral synopsis of the literature presented that energy management is 

significantly essential to imply energy efficiency in the industries. Very few studies are conducted until 

now, incorporating the comprehensive inquisition concerning energy management practices in the 

energy-intensive industrial sector. Based on the circumstances, we have focused on finding the 

unexplored factors of energy management affecting industrial energy efficiency comprehensively. 

Hence, in the next section, we present the methods and steps to explore the factors which are 

significantly affecting energy management in industries.  

3.3 Methodology 
 
This study was carried out through multiple case study investigation format based on Yin’s work [148]. 

A case study is effective when it addresses the question of ‘how’ and ‘why’. In this format, the 

researchers do not have any authority on the events [149]. The information was compiled, also thanks 

to the support of questionnaires in this study, to standardize the sequence questions were asked [150]. 

In context, the study is conducted in three steps mainly. An intensive literature review & practical cases 

were studied in the beginning to capitulate on state of the art about energy management and practices 

in the industries. Later on, the predesigned questionnaire was sent to the stakeholders working at 

different energy-intensive industries in Bangladesh. A total of thirty-six respondents’ feedbacks have 

been analysed, and data reliability was checked by the Cronbach’s alpha test. Finally, the findings that 

include energy management scenario, drivers and barriers to energy efficiency, energy efficiency 

potential, and barriers to energy services companies (ESCOs) are presented.   

The detailed methods are discussed below and presented in Figure 6. 
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Figure 6. Chronological steps of the methodology of this research 

3.3.1 Interview 
 
As outlined in the introduction, so far, only a handful of studies have been conducted comprehensively 

evolving in the theme of energy management at energy-intensive industries to the best of authors’ 

knowledge. Therefore, this study has considered energy management in a comprehensive way 

incorporating multiple aspects associated with industrial energy management. In this context, we have 

designed the semi-structured interview with support of a questionnaire divided into several sections to 

comply with the research gap. The incorporated sections refer to energy management; challenges and 

motivations for energy efficiency; options for energy efficiency in the industries; energy efficiency 

potential; and energy service companies (ESCOs). In this study, the questionnaire was designed as a 

closed format other than the segment named “Energy Efficiency Potential”.  

In the beginning, the participants were instructed to provide basic details such as revenue, energy end-

use, and the number of employees. The significant parts of the questionnaire started with energy 

management section. The broad categories of possible actions for improved energy efficiency were 
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covered in the energy management section. The classifications that are considered in this segment are 

the “organisation”, “information system”, “awareness”, “investment”, and “policy”- a matrix 

formulated by the UK’s Carbon Trust [83].  

The considered categories are linked with energy measurement and ascertained from academic literature 

for the relevant industries. In the “organisation” section, the questions precisely focused on energy 

manager and associated issues. The “information system” comprised of energy audits and its frequency 

related questions. The promotion of energy efficiency and training issues were asked in “awareness” 

section. The financial issues (e.g. payback, internal rate of return, net present value, and third-party 

financing) have been discussed at “investment” section. Finally, the policy matters were covered in 

“policy” segment. Additional success factors are also inclined with the categories devised from relevant 

literature in this study [70]. The weighting factors considered in this study are devised from relevant 

literature [18] for various sub-classes while portraying the energy management matrix. The factors for 

the individual aspect are presented below in Table 7. However, in the “investment” section, weighting 

factors have been considered for the payback time only to maintain the soundness of the quantification 

process. 

 

Table 7. The weighted values considered in energy management matrix 

Segment Issue Weighted value Notation 

Policy 

Inadequate policy/ goals are not properly written 0.25 A 1 

Long-term energy strategy (time: 1-3 years) 0.50 A 2 

Long-term energy strategy (time: more than 3 

years) 
1.00 A 3 

Organisation 

no energy manager or part-time energy manager  0.25 A 4 

Ad-hoc basis energy manager 0.50 A 5 

Dedicated full-time energy manager 1.00 A 6 

Information 

System 

Energy audits are conducted 1.00 A 7 

Frequency: Daily 1.00 A 8 

Frequency: Monthly - Weekly 0.50 A 9 

Frequency: Annually - Quarterly 0.25 A 10 

Type of energy: Steam and hot-water 0.25 A 11 

Type of energy: Fuel 0.25 A 12 

Type of energy: Electricity 0.25 A 13 

Allocation of Energy: Sub-metering 1 A 14 

Allocation of Energy: Per tonne 0.25 A 15 

Awareness 

Absence of promotional activities including 

training on energy efficiency  
0.25 A 16 

Some ad-hoc staff awareness training; 

newsletters/posters 
0.50 A 17 
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Regular activities on energy efficiency and its 

marketing value 
1.00 A 18 

Investment 

Payback time for less than 1 year 0.25 A 19 

Payback time between 1 and 2 years 0.50 A 20 

Payback time between 2 and 3 years 0.75 A 21 

Payback time for more than 3 years 1.00 A 22 

  

The next section covered the queries focusing barriers to industrial energy efficiency. The questions 

featured factors like technical, financial, organisational, and policy restraints. However, this section also 

covered the future challenges posed by the competitors. The following section inquired about the drivers 

to energy efficiency. The questions representing both the barriers and drivers to energy efficiency are 

presented in Table 5 and Table 6. The inclusion of the questions followed similar well-established 

approaches in research conducted in other sectors (e.g., studies focused on steel industries [2], textile 

industries [3], and cement industries [110]).  

The possibilities and opportunities for practicing energy efficiency were covered in the fourth section. 

In this part, specific questions featuring energy reduction were asked to the participants. Nonetheless, 

the concluding phase of the questionnaire focused on energy service companies (ESCOs). The potential 

barriers to ESCOs were asked in this section.  

3.3.2 Stakeholders for the investigation 
 
The questionnaire was sent to personnel who have a great deal of experience in their respective fields, 

such as plant managers or chief operating engineers. Notably, all the respondents considered in this 

study are working in the industrial sector for more than 15/16 years. As they are the key people in 

running the operations, their insights bring significant value to the study. The responses were considered 

through arithmetic means only, by a numbered Likert scale. The criterion for selecting the energy-

intensive industries was energy cost allocation. The companies having energy cost more than 8% of 

total revenue are considered as energy-intensive industries in this study. The list of industries that fulfills 

the criterion of this study was collected from the Bangladesh Export Processing Zone Authority. 

 

3.3.4 Data collection, analysis and findings  
 
Thirty-six (36) industries agreed to take part in this study out of eighty-four (84) companies. The 

response rate is satisfactory compared to other studies conducted at different scenarios and context. The 

reason behind the high response rate is an instruction from the higher authority and willingness to 

participate in energy management studies. In addition, the Sustainable and Renewable Energy 

Development Authority (SREDA), one of the controlling organisations of energy issues in Bangladesh, 

instructed the industries to participate in different energy studies [151]. Similar studies were conducted 
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for textile industries [19] and non-energy intensive manufacturing industries of Bangladesh [29]. The 

response rate for textile industries was 40%, and non-energy intensive industries were 23%. The 

participants were instructed to rate the perceived drivers and hurdles in the scale of "0 (Not important)" 

to "1 (Extremely important)". The feedback of the respondents was cross-checked later on via 

telephonic conversation. For the internal consistency of the study, Cronbach's Alpha parameter was 

used. Any value of alpha higher than 0.75 were considered as reliable [61].  

 

Table 8. Investigation approach at a glance 

Topic Remark 

No. of industries questionnaire was sent 84 

Total respondents 36 

Response rate 43% 

Respondent’s designation Plant manager/ Chief engineer 

No. of questions asked 64 

Outsourcing option No 

 

The influential issues on energy management practices are ranked and presented in the results and 

discussion section. The arithmetic means are considered only on the responses. Nonetheless, the 

discrepancies in perceptions are not taken into consideration in our study. In addition, the statistical 

frequency distribution has been incorporated to highlight the data analysis. In the statistical domain, 

the frequency table is one of the basic tools for presenting descriptive statistics and commonly 

applied into the dissemination of data [154]. The data representation in the frequency table or graphical 

visualisation is useful to analyse categorical data as well as screening data for data entry errors [155]. 

Analysis by correlation is also conducted to further explore the relation among the aspects of energy 

management, drivers and barriers to energy management, and barriers to energy services companies.  

A similar data analysis approach had been widely adopted by previous literature in the industrial energy 

efficiency and energy management domains. Hasanbeigi et al. focused on the Thai industry [156] and 

presented the barriers to industrial energy efficiency incorporating basic statistical analysis. In another 

study, Rohdin et al. investigated the barriers and drivers within the Swedish foundry industry [116] with 

a similar approach. Likewise, Trianni et al. explored barriers to industrial energy efficiency in European 

foundries [21]. Johansson studied the Swedish steel industry [14], whereas Backman focused on the 

SMEs [157]. 

 

3.4 Energy management practices 
 
There are standards and guidebooks in the industry and academia addressing the energy management. 

However, majority of them are covering only the technical and buildings perspectives. The ISO 50001 
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is a significant standard, though, it covers the energy management issues in a generic way. 

Comprehensive guidebooks on industrial energy management featuring technical perspectives as well 

as policy, managerial, and other issues are still lacking.  

In this study, Energy Management Matrix by Carbon Trust is applied to maintain the consistency with 

current energy management standards. The energy management matrix provides significant insights 

about any organisation's current position with respect to energy management [18]. The matrix was 

complemented with notable success factors towards energy management practices as like energy 

strategy, top management support, sub-metering issues and so forth. The companies were assigned 

points for each considered factor (e.g. policy, organisation, information systems, awareness, and 

investment). By doing so, we receive more granular understanding about actual situation of energy 

management in the energy intensive industries of Bangladesh.  

Here, we have presented the total sample results in Section 4.1, also analysing the frequencies of 

responses. In addition, we have performed a preliminary analysis of the correlations presented in 

Section 4.2 to further explore the energy management and associated aspects. 

3.4.1 Analysis of energy management matrix by average score and frequency of responses 
 
Figure 7 presents the energy management matrix along with frequency of responses and average value. 

By analysing the result, we can observe several interesting findings. Firstly, energy audits (average of 

0.78) represent the most implemented practice, followed by energy monitoring (frequency daily to 

annually/quarterly), all following under the category of “information systems”. However, the audits are 

conducted by in-house stakeholders in most cases. Notably, to overcome the energy efficiency gap, 

governmental industrial energy audit programs subsidising the enterprises are the most common policy 

[158]. We find in this study that, a gap still exists in this sector at Bangladesh between the governmental 

initiatives and industrial energy audits. In addition, a comprehensive energy audit on a detailed level is 

to be preferred in the industries to bring additional benefits as well as to encourage the industries to 

work continuously with energy efficiency by incorporating it into the organisation's management. The 

energy service companies (ESCOs) can contribute significantly into the energy audit program. We find 

that most of the companies are unaware about energy service companies and their offerings. Therefore, 

we recommend to incorporate the ESCOs at the industries to best leverage not only to the energy audits 

but also energy management in a broader umbrella.  
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Figure 7. Energy management matrix, with frequency of responses and average for the whole sample

Secondly, there are only a few practices with values higher or closer to 0.5, indicating that the vast 

majority of the companies barely implement the energy management practices proposed. In the 

industrial energy efficiency domain, two significant studies conducted by Backlund et al. [15], and Palm 

& Thollander [159], have distinctly stated that it is only possible to maximise the energy efficiency with 

the combined approach of energy efficient technical measures along with energy management & its 

practices, given that the sole diffusion of energy efficient technologies is not sufficient to harness the 

full energy efficiency features. Considering the recent industrial development [139], it seems urgent for 

a developing economy like Bangladesh to focus on industrial energy management comprehensively in 

order to ensure efficiency and sustainability at the industries.
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Thirdly, we find that almost entire of the sampled industries do not integrate full time energy manager 

into the organisational structure (only 1 out of 36 does). The energy manager should be considered as a 

dedicated post in the organisational structure to be responsible for monitoring and analysing energy as 

well as resource consumption so as to develop, get approved and implement consistent energy 

efficiency projects. However, today’s energy manager is a multifaceted character with modernised 

knowledge and expertise linking multiple fields beyond energy; including technology, environment, 

people, finance, personal & enterprise communication, and information technologies [160]. The 

integration of energy manager into the organisational structure with higher power could significantly 

contribute towards increasing energy efficiency and sustainability in a company. In this regard, the 

absence of energy manager is identified as one of the major barriers to comply energy efficiency 

measures in industries [161]. Moreover, a comprehensive energy management program incorporating 

energy manager along with other energy management practices is capable to bring a significant return 

on investment as well as improvement in terms of cost competitiveness, as earlier research shows [162]. 

Therefore, the inclusion of an energy manager becomes even more important for the energy intensive 

industries where a significant portion of overhead costs are attributed to energy cost.  

Currently, in the companies that took part in the study, either electrical or mechanical engineers are 

responsible for managing the energy issues (not comprehensively) in their plants. Though the concept 

of energy manager in the industries is relatively new in many countries, the necessity of an efficient and 

dedicated person to deal with energy issues have always been realised. In this regard, it thus seems 

important for concerned stakeholders (e.g. owners, policy-makers) to consider integrating dedicated 

energy managers in the industries. 

Fourthly, we can see that only a limited number of companies (10 out of 36) have implemented a long 

term energy strategy with an investment perspective longer than 3 years. This result is particularly 

critical as it may jeopardise the success of many valuable initiatives for improving energy efficiency, 

suggesting that, at least from the investigated sample in a developing economy, companies are far from 

considering energy efficiency investments with a strategic perspective, as suggested by Cooremans 

[163]. Furthermore, we have analysed the frequency of responses by individual category (e.g. 

awareness, organisation, investment, policy, and information system), as presented and discussed 

below.  

Awareness 

In the studied organisations, the segment that has very low value in frequency of responses and requires 

utmost improvement is "awareness" related to energy management. The concerned stakeholders at all 

levels are needed to be taught about energy management practices, including the capacity of intensifying 

the production. By looking at Figure 7, it can be seen that promotional activities are the most visible 
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gap that needs to be addressed immediately. However, the regular activities on energy efficiency & its 

associated value also demand the attention to be given adequately.   

Organisation 

The organisations need to consider energy efficiency conjecture, and thus the integration of dedicated 

energy engineer or energy manager into the organisational hierarchy is much crucial. Looking at Figure 

7, it can be observed that the industries suffer most due to lack of full-time energy manager.  

Considering the present industrial growth in Bangladesh, maintaining some standardisations specially 

the ISO 50001 seems one of the best ways to deal with energy management issues. Looking at the result, 

it can be seen that a significant gap exists in the energy management field comprising to “awareness” 

and “organisation”. The ISO 50001 becomes even more important when we tend to focus energy 

management from organisational perspectives. The ISO 50001 is expected to enable all the features and 

tools for the industries by which the local industries can examine their processes and systems related to 

energy performance [69], efficiency and intensity  [70]. In addition, by executing the standard ISO 

50001, the organisations will have the options to appliance a holistic energy management system that 

includes energy targets, objectives and policy [166]. The features of the standard ISO 50001 can also 

be modified based on the organisation’s requirement [167].  

Investment 

In the "investment" category of energy management matrix, it is found that 26 industries use payback 

time to calculate the profit, showing an overall lack of knowledge over the main techniques for 

conducting a proper investment analysis, which is however diffused also in other developed economies 

as previous research notes [168]. In fact, only seven industries calculate the net present value (NPV) as 

well as the internal rate of return (IRR). In doing this, only eight industries are found that consider 

investments with payback times longer than three years. Furthermore, it is found that energy-intensive 

industries are mostly short-term profit-oriented and focus on other prioritised financial investments. 

Therefore, the share of financial investment at large industries related to energy management needs to 

be increased.  

Policy 

The policy has a great significance when it comes to the issue of industrial energy efficiency measures 

implementation. By looking at Figure 7, it is observed that there remains a certain gap in the policy 

framework in the industries of Bangladesh. Most of the industries suffer due to long term energy 

strategy. Therefore, standardised policy framework should be established in a long term basis from the 

government as well as other concerned stakeholders, to implement industrial energy management 

system properly.  
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Nonetheless, the inception of policies for energy management, efficiency and auditing in Bangladesh 

was in 2015, based on previous energy policies. The National Energy Policy of 2004, was the first 

precursor in this context, where its preceding policies were concerned with deficiency of systematic 

development in the generation, distribution and transmission of energy, as well as data collection, 

utilisation and research of potential energy sources. Furthermore, the Sixth National Five-Year Plan 

(2011-2015) paid more attention to extenuating the mismatch between the supply and demand of 

electrical energy by importing energy from neighboring countries and Public-Private Partnership (PPP). 

This particular policy implicitly promoted energy efficiency through several key measures to support 

energy-efficient usage, such as fuel diversification, scheduling of demand, price revision, lowered taxes 

for importing power plant equipment, distribution of energy-efficient CFL bulbs, and so on, and made 

its place in the Seventh Five-Year Plan (2016-2020) of Bangladesh, as well. USAID (an American 

organisation) completed a country-wide program in 2012, which was titled "Catalysing the Energy 

Efficiency in Bangladesh" targeting the increase of energy efficiency in the industries [169]. 

However, a comprehensive approach is still lacking to address the standardized policy framework that 

incorporates specific focus on industrial energy management. The existing policies do not have clear 

guidelines about top management integration with energy efficiency measures, presence of energy 

manager, monetary fines for not complying, tiering of energy auditors, and more importantly awareness 

program among the employees about energy efficiency. As a result, the task of implementation becomes 

more challenging due to the weakened ability of enforcement [170]. According to a study conducted in 

Italy and the United Kingdom, even after having an effective technical policy, governments often 

introduce several neoclassical approaches that do not target the energy efficiency plan [171].     

Information System 

The provisions of energy cost through sub-metering and energy audit are essential to achieve energy 

management profoundly. Our findings show that 21 industries among 36 earmark their energy in terms 

of a tonne. However, the number of industries use sub-metering are 5. Interestingly, none of the 

industries allocates the energy cost in terms of the square meter or employee basis. Notably, all the 

industries rely on electricity for activities. Besides, there are five industries that consider natural gas as 

fuel. Notably, 28 industries had gone through the energy audit (not in a comprehensive manner). 

3.4.2 Correlation analysis of Energy Management  
 

A preliminary analysis of correlations has been performed to highlight some possible relationships 

between practices within the Energy Management Matrix. Considering the exploratory nature of the 

study and the limited number of investigated companies, we have limited our following comments 

exclusively to the strongest correlations, highlighted in Table 9 (red, “very strong” >=0.8; yellow, 

“strong” >=0.7). From this first analysis, we can see that the correlation is overall low, therefore with 
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interviewees not seeming to link a number of possible relationships between practices in the EMM. 

This may mean that companies are lacking to see at the proposed practices with a (either positive or 

negative) synergic approach, thus with the implementation of some practices fostering (or hindering) 

the adoption of others. Again, this result seems to show that companies are not taking a holistic view 

over energy management as an integrated approach, rather implementing practices in a scattered way.  

Further, we can note that some correlations have been highlighted within the same categories. In 

particular: 

o No energy manager or part-time energy manager with limited authority and energy 

manager reports to ad-hoc committee, not fully responsible for energy consumption : 

(0.84) 

o Energy Monitoring (Frequency: Monthly - Weekly) and Energy Monitoring 

(Frequency: Annually - Quarterly): (0.81) 

o Absence of energy efficiency promotion and no training of officials and some ad-hoc 

staff awareness training; newsletters/posters: (0.74) 

 

In particular, we can observe that the lack or limited authority of an energy manager (A 4) represents a 

potential issue, where the energy manager also reports to the ad-hoc committee (A 5). This issue 

particularly has impact on barriers to energy efficiency (such as the organisational one on long decision 

chain, or the low rank of energy efficiency in the organisational chart), as discussed further. 

Furthermore, we have noted that another two practices within the information systems category present 

higher correlation coefficients, such as Energy Monitoring (Frequency: Monthly – Weekly, A9) and 

Energy Monitoring (Frequency: Annually – Quarterly, A10). Such finding may reflect the capability of 

some companies to scale up to higher frequency for accounting once started to implement the energy 

monitoring practices. Therefore, it seems to represent an interesting finding related to the lower inertia 

of more deeply implementing a very important set of energy management practices such as energy 

monitoring, which is essential for increased knowledge and decision-making. Additionally, we have 

observed a strong correlation between absence of promotional activities including training on energy 

efficiency (A 16) and some ad-hoc staff awareness including training, newsletters/ posters (A 17). The 

correlation seems to reflect how the staff awareness and trainings on energy efficiency measures are 

affected by absence of promotional activities including training on energy efficiency. 
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Table 9. Total sample analysis of correlations. Significant values are represented in bold 

    Policy Organisation Information System Awareness Investment 

    A 1  A 2  A 3 A 4 A 5  A 6  A 7  A 8 A 9 A 10 A 11 A 12 A 13 A 14 A 15 A 16 A 17 A 18 A 19 A 20 A 21 A 22 

Policy 

A 1  1.0
0 0.51 0.47 0.21 0.20 0.22 0.15 0.32 0.02 0.12 0.27 0.13 0.13 0.13 0.07 0.25 0.07 0.29 0.07 0.08 0.03 0.26 

A 2   1.00 0.42 0.44 0.36 0.11 0.11 0.16 0.02 0.14 0.07 0.12 0.11 0.03 0.04 0.33 0.20 0.24 0.06 0.19 0.03 0.11 
A 3   1.00 0.18 0.08 0.10 0.03 0.15 0.15 0.12 0.37 0.29 0.27 0.11 0.02 0.13 0.17 0.02 0.15 0.15 0.07 0.27 

Organisation 

A 4    1.00 0.84 0.19 0.19 0.22 0.24 0.33 0.32 0.13 0.15 0.36 0.30 0.11 0.02 0.14 0.03 0.16 0.26 0.07 
A 5      1.00 0.13 0.29 0.18 0.30 0.29 0.27 0.03 0.13 0.30 0.28 0.12 0.08 0.08 0.07 0.08 0.23 0.26 
A 6       1.00 0.09 0.04 0.25 0.32 0.06 0.07 0.03 0.07 0.20 0.25 0.34 0.06 0.04 0.08 0.29 0.09 

Information 
System 

A 7        1.00 0.13 0.16 0.13 0.02 0.02 0.09 0.02 0.18 0.37 0.09 0.66 0.13 0.08 0.15 0.04 
A 8        1.00 0.15 0.13 0.09 0.25 0.04 0.10 0.29 0.16 0.12 0.09 0.06 0.12 0.14 0.13 
A 9         1.00 0.81 0.05 0.02 0.05 0.27 0.05 0.09 0.11 0.27 0.15 0.40 0.41 0.16 

A 10          1.00 0.02 0.02 0.09 0.02 0.09 0.06 0.08 0.19 0.16 0.26 0.46 0.13 
A 11           1.00 0.14 0.48 0.62 0.24 0.34 0.27 0.16 0.09 0.05 0.20 0.45 
A 12            1.00 0.07 0.16 0.01 0.09 0.01 0.14 0.10 0.20 0.14 0.17 
A 13             1.00 0.42 0.20 0.25 0.34 0.06 0.04 0.08 0.10 0.32 
A 14              1.00 0.48 0.26 0.21 0.11 0.10 0.41 0.23 0.17 
A 15               1.00 0.30 0.44 0.12 0.29 0.15 0.10 0.05 

Awareness 

A 16                1.00 0.74 0.53 0.16 0.02 0.03 0.23 
A 17                 1.00 0.17 0.12 0.06 0.04 0.24 
A 18                  1.00 0.09 0.05 0.00 0.02 

Investment 

A 19                   1.00 0.12 0.14 0.13 
A 20                    1.00 0.28 0.26 
A 21                     1.00 0.31 
A 22                      1.00 
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3.5. Barriers to energy efficiency

3.5.1 Analysis of barriers by average score and frequency of responses

Figure 8 reports perceived barriers to energy management initiatives, including average values and 

frequencies of responses. The outcomes demonstrate "Inadequate support from preeminent 

administration" and "Bureaucratic intricacy" as significant hindrances to energy efficiency in energy-

intensive industries of Bangladesh. The other noteworthy distinguished barriers were "Insufficient data 

about energy expenditure allotment" and "Technical ambiguity". 

The high ranked barriers that have emerged, namely “Inadequate support from preeminent 

administration (average score: 0.90)” and “Bureaucratic intricacy (average score: 0.83)” point out the 

administrative hurdles affecting the enterprises. In both cases, more than 30 out of 36 interviewees 

deemed those barriers at least important (34/36 and 32/36, respectively), and none of the participants 

marked this issue as “not important”. Indeed, this expresses the significance of administration support 

to adopt energy efficiency measures in the industries. This is interesting as well as an unique finding 

considering the fact that, being a developing economy, financial constraints are not deemed as major 

barriers towards energy management in the energy intensive industries. 

Figure 8. Perceived barriers –frequency of responses
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Relating our findings to previous literature, we can note that here the bureaucratic issues are perceived 

with much greater relevance compared to other barriers such as financial ones and other priority of 

several distinct barriers for improved energy efficiency are observed, substantially differing from earlier 

studies, although conducted in different economies and industrial contexts. In fact, in the present study, 

inadequate financial incentives present an average score of 0.34, with none of the respondents pointing 

them as extremely important. Rather, previous studies conducted in Sweden indicated that the "Access 

limitation of capital" and "Insufficient budget", as well as "Technological risks", as the significant 

hindrances for them [116]. When looking at Swedish Iron and Steel industries [18], authors show that 

the technical risks and limited access to capital are the most substantial obstacles. A similar study (not 

limited to energy-intensive industries only) was conducted in Ghana, showing the most prevalent 

barriers being financial; such as "Access limitation of capital", "Insufficient budget" and "Other 

priorities for investment" were the high ranked barriers [25].  

Another study conducted in Turkey identified “Financial supports” as a significant barrier towards 

energy management and efficiency programs [66]. Also in comparison with previous research within 

textile industries [19], “Inadequate capital expenditure” was identified as the most significant barrier, 

which is indeed different from our present findings. In the United Kingdom, study identified other 

primacies for capital investment, inadequate time, inappropriate technology as the reasons for not 

implementing industrial energy efficiency measures [172]. Similar type of financial aspects that include 

poor return rate, longer payback time have been identified for the Australian firms [109]. In [23], the 

authors classified the barriers into several categories (e.g., behavioural, organisation technological, 

economic) and investigated the influence of the drivers to the barriers in a comprehensive manner, 

finding the economic barriers as the most influential. Another previous study [122] conducted for the 

Dutch industries shows that the enterprises are in agreement about the most important barriers, as well 

as about underlying mechanisms. Interestingly, study conducted in India, another emerging economy, 

identified financial barrier towards industrial energy efficiency measures [173].  

Furthermore, our interviewees highlighted the lack of adequate data about energy expenditure allotment 

as major barrier (average score: 0.76). Again, the relevance of this barrier does not find major 

confirmation in earlier literature in developing economies, whilst discussed in other developed 

European countries focusing SMEs [11], and foundries [12]. However, the present findings confirm 

earlier results from technical ambiguity observed within steel industries in Bangladesh [27] again 

perceived as quite relevant (average score: 0.74). But, we can observe many dissimilarity in the findings 

between steel industries and present study, where the technical ambiguity, together with uncertainty 

over energy prices were identified as the imperative barriers to energy efficiency measures, whilst here 

we have observed bureaucratic issues. 
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Additionally, our investigation revealed that staff awareness presents a medium relevance, with an 

average score of 0.65 and 23/36 enterprises deeming it as at least important. Our findings here differ 

from earlier literature conducted in Malaysian manufacturing firms pointing out “Commitment from 

higher management”, “Energy awareness” and “Knowledge gap” as the prominent barriers. However, 

this study also emphasized concern for reducing CO2 among the stakeholders [175]. In another study 

focusing on cement industries [110], “Lack of staff consciousness” is identified as the most imperative 

barrier towards energy efficiency measures. The discrepancy of our findings compared to earlier 

literature could be attributed to a number of reasons, including working environment, production nature, 

and other contextual factors. We acknowledge that the moderating effect of some contextual variables 

could represent a valuable opportunity for future research. 

Notably to observe that the barriers of low ranked (lack of time and absence of competent managerial 

measures, with average scores of 0.20 and 0.16, respectively) are also referring to organisational internal 

framework at present relating energy management and its practices.  

In a nutshell, we can observe that sampled companies tend to blame external stakeholders for not 

receiving adequate support, rather than highlighting major internal hurdles preventing them to more 

systematically implement energy management and energy efficiency initiatives. In this case, we can 

find confirmation in earlier literature. However, here we are limiting our analysis to the perceived 

barriers, not discussing in depth possible misalignments with real barriers, as previous research pointed 

out at [168]. 

3.5.2 Correlation analysis of barriers 
 

By looking at the major correlations Table 10 (red, “very strong” >=0.8; yellow, “strong” >=0.7), we 

find several interesting very strong correlations, in particular: 

• Insufficient data on energy expenditure allotment (B 3) and confined impact on energy 

management scheme (B 6): (0.83) 

• Insufficient data about energy expenditure allotment (B 3) and technical ambiguity (B 4): 

(0.85) 

• Technical ambiguity (B 4) and inadequate technical experts (B 5): (0.81) 

• Technical ambiguity (B 4) and insubstantial attention from concern government (B 7): (0.80) 

• Technical ambiguity (B 4) and confined impact on energy management scheme (B 6): (0.82) 

• Inadequate technical experts (B 5) and confined impact on energy management scheme (B 6): 

(0.91) 

• Inadequate technical experts (B 5) and Insubstantial attention from government (B 7): (0.95) 

• Inadequate technical experts (B 5) and lack of staff consciousness (B 8): (0.83) 
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• Confined impact on energy management scheme (B 6) and Insubstantial attention from 

government (B 7): (0.96) 

• Insubstantial attention from government (B 7) and lack of staff consciousness (B 8): (0.91) 

• Insubstantial attention from government (B 7) and complex synodical issues (B 9): (0.88) 

• Lack of staff consciousness (B 8) and complex synodical issues (B 9): (0.95) 

• Confined impact on energy management scheme (B 6) and lack of staff consciousness (B 8): 

(0.82) 

• Confined impact on energy management scheme (B 6) and complex synodical issues (B 9): 

(0.82) 

• Non visibility of demonstrated technology (B 16) and inadequate financial incentives (B 17): 

(0.84) 

 

Acknowledging the limited size of the sample and the exploratory nature of the investigation, we opt to 

comment over the major trends in the correlations, suggesting that further research with enlarged sample 

size could deepen such preliminary considerations. By observing the correlation, we can see that 

insufficient data on energy expenditure allotment (B3) seems to present a strong relationship with 

impact of energy management scheme (B6) and technical ambiguity (B4). This seems to indicate that 

the lack of data on energy expenditure is effectively connected to poor decision-making into companies, 

with limited understanding on the impact that proper energy management would have, also related to 

greater difficulties in terms of perceived compatibility of technologies. One possible reason for 

insufficient data on energy expenditure might be the transparency issue on expenditure from 

management towards employee.  

To corroborate out considerations over poor decision-making in industry, our exploratory investigation 

shows that technical ambiguity (B4) presents a strong correlation also with inadequate technical experts 

(B5), lack of attention from government (B7). Here, one significant finding is that the technical 

uncertainty is perceived greater when technical expertise is lacking. These findings find confirmation 

in earlier literature focused on developed countries [174] also relating such difficulties with deficit of 

energy expertise in the industries. Nonetheless, we observe strong impact for inadequate technical 

experts with lack of attention from government as well as lack of staff consciousness on energy 

management. Indeed, the government is pointed as a significant stakeholder to build local expertise and 

adopt technical modifications comprehensively in society, however not yet acknowledging the role of 

other potential stakeholders in offering valuable vocational training and expertise over energy 

management, as observed in other industrial contexts [22]. The impact of government concern becomes 

even more important when it comes to imply the rules and regulation into organisational process, which 

also refer to our findings presented in Table 10. Interestingly, lack of attention from government (B7) 
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seems also connected to lack of staff consciousness (B8). This correlation again indicates the 

importance of governmental attention to make the staff aware on energy management issues.  

However, the found correlation between confined impacts on energy management scheme (B6) with 

lack of staff consciousness (B8) points out to the organisational internal context. In contrast with studies 

conducted in the European foundries [21], lack of influence of energy manager and low priority given 

to energy management is also observed as possible relationship.
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Table 10. Total sample analysis of correlations. Significant values are represented in bold 

  B 1 B 2 B 3 B 4 B 5 B 6 B 7 B 8 B 9 B 10 B 11 B 12 B 13 B 14 B 15 B 16 B 17 B 18 B 19 B 20 B 21 

B 1 1.00 0.70 0.32 0.23 0.32 0.29 0.29 0.28 0.31 0.25 0.19 0.21 0.12 0.09 0.18 0.09 0.00 0.02 0.17 0.21 0.23 
B 2   1.00 0.57 0.47 0.48 0.52 0.45 0.38 0.38 0.33 0.31 0.28 0.26 0.14 0.09 0.06 0.09 0.09 0.04 0.19 0.16 
B 3     1.00 0.85 0.75 0.83 0.72 0.59 0.50 0.46 0.49 0.44 0.41 0.25 0.20 0.21 0.05 0.17 0.25 0.35 0.35 
B 4       1.00 0.81 0.82 0.80 0.70 0.63 0.59 0.57 0.58 0.59 0.44 0.41 0.34 0.20 0.31 0.24 0.33 0.30 
B 5         1.00 0.91 0.95 0.83 0.75 0.69 0.61 0.65 0.61 0.44 0.37 0.20 0.01 0.13 0.24 0.28 0.30 
B 6           1.00 0.96 0.82 0.82 0.74 0.56 0.43 0.32 0.20 0.22 0.12 0.14 0.31 0.26 0.25 0.12 
B 7             1.00 0.91 0.88 0.82 0.66 0.48 0.44 0.32 0.34 0.18 0.22 0.41 0.25 0.25 0.13 
B 8               1.00 0.95 0.86 0.60 0.37 0.40 0.33 0.39 0.17 0.22 0.38 0.18 0.31 0.09 
B 9                 1.00 0.86 0.63 0.44 0.38 0.28 0.33 0.15 0.19 0.31 0.15 0.25 0.19 
B 10                   1.00 0.78 0.47 0.50 0.37 0.39 0.19 0.23 0.33 0.21 0.28 0.10 
B 11                     1.00 0.78 0.78 0.66 0.59 0.34 0.35 0.45 0.12 0.11 0.13 
B 12                       1.00 0.84 0.73 0.65 0.44 0.36 0.48 0.10 0.06 0.19 
B 13                         1.00 0.88 0.76 0.48 0.46 0.59 0.14 0.02 0.04 
B 14                           1.00 0.83 0.55 0.49 0.55 0.04 0.00 0.21 
B 15                             1.00 0.64 0.56 0.57 0.07 0.01 0.24 
B 16                               1.00 0.84 0.66 0.11 0.07 0.15 
B 17                                 1.00 0.77 0.21 0.24 0.00 
B 18                                   1.00 0.22 0.20 0.15 
B 19                                     1.00 0.40 0.17 
B 20                                       1.00 0.40 
B 21                                         1.00 



48

3.6. Drivers for energy efficiency

3.6.1 Analysis of drivers by average score and frequency of responses

The ranking of drivers is presented in Figure 9, representing the inclusive average scores and 

frequencies of responses. "Energy blueprint (average score: 0.91)" that refers to long term energy 

strategy, "Cost saving due to less end usage of energy (average score: 0.85)" and "Rules and regulations 

(average score: 0.82)" were recognised as the noteworthy drivers to energy efficiency in the industries. 

29 out of 36 interviewees deemed energy blueprint at least very important. On the contrary, 28 

interviewees considered cost saving due to less energy usage as at least very important. Notably to 

mention that none of the participants considered both of these aspects as not important. The other vital 

drivers were "Ambitious individuals", followed by "Arrangement for Energy Management".

Further, the highly ranked drivers point out three significant dimensions which are strategical, financial 

savings, and lastly regulatory issues. Indeed, the identified facts are very critical to drive and implement 

not only energy management but also many relevant issues in the broader umbrella of energy. Moreover, 

the findings also ascertain and emphasize multi-dimensional approaches to industrial energy 

management [36]. In many cases, energy management are not considered comprehensively in the 

industries. However, our findings point out the importance to consider multi-dimensional facts towards 

industrial energy management.   

     

Figure 9. Perceived drivers- frequency of responses

Long standing accords with immunity of taxes
Consultancy provided local jurisdiction

Suitable loan for investment with energy…
Global competition

Pressure posed by Non Governments…
Acquaintances within the energy sector

Subsidies for energy efficiency schemes
Organizational involvement in information…

Risk posed by ever increasing price of energy
System of Green Certification

External investment
Assistance from energy professionals

Environmental benefits (other than CO2…
Owner's requirement

Taxes & Tariffs
Energy audit endowment

Assurance from preeminent management
Ambitious individuals

Arrangement for Energy Management
Viable reduction in carbon emissions

Rules and regulations
Cost saving due to less end usage of energy

Energy blueprint

Not Important Fairly Important Important Very Important Extremely Important

0.91
0.85
0.82
0.77
0.73
0.71
0.69
0.68
0.67
0.65
0.64
0.62
0.60
0.59
0.57
0.55
0.53
0.49
0.45
0.41
0.33
0.29
0.21

Avg. score
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The evidences of this study suggest that a well-designed energy blueprint and regulatory practices could 

accelerate the journey towards energy efficiency improvement, at the industries in Bangladesh. 

Furthermore, the concept of energy management being relatively new in the country, there is a clear 

lack of arrangement for energy management practices.  

One significant fact is observed that “acquaintances within the energy sector” and “pressure posed by 

non-government organisations & clients” are not highly ranked in the list. However, none of the 

participants has marked these as “Not Important”. Indeed, this is an interesting finding which is 

contextually significant and indicates the importance of external organisation’s pressure, particularly 

the NGOs to conform sustainability in an organisation [176]. Besides, we can observe that none of the 

participants considers the “loan standing accords with immunity of taxes” as extremely important. 

In accordance with our findings, previous studies also demonstrated the significance of energy strategy 

to energy efficiency measures at the industries. Cagno et al. pointed out energy strategy as one of the 

most important drivers to energy efficiency in the study featuring the Dutch metalworking industry 

[122]. In a previous study focused at the Swedish industries, energy efficiency policy program is also 

identified as a significant driver to energy efficiency initiatives [177]. Paramonova et al. discussed the 

importance of energy policy in the study featuring electricity intensive industries [178]. However, in 

previous research featuring Swedish foundry industry [116], the presence of ambitious people, as well 

as long-term strategic energy policy are the most effective means of improved energy management.  In 

earlier study conducted in Ghana, "Lowered cost for lowered energy usage" emerges as the highest 

perceived driver [25]. In Thailand's manufacturing industry, the reduced production cost was identified 

as the highest-ranked driver [156]. The study conducted by De Groot et al. [108] focused on the Dutch 

industries have identified the financial savings due to less energy usage and the implementation of 

policies such as subsidies and fiscal arrangements as major driving forces toward the adoption of 

energy- efficient technologies in the industries. The economic feature, precisely, “Cost reduction from 

lower energy use” were pointed out as the most important driver in Swedish paper and pulp industry 

[124]. However, in the Italian manufacturing industries, importance of allowances as well as energy 

interventions financing are identified as significant drivers [136]. The study conducted in another Asian 

country such as Korea also reflects the financial issues – specifically cost savings  – as the major driver 

towards energy efficiency management [179]. Interestingly to observe that most of the drivers are 

financial in nature irrespective of industry type. A possible explanation for this similarity is the business 

and profit driven nature of the industries irrespective of geographical locations. 

3.6.2 Correlation analysis of drivers 
 
By preliminarily looking at the correlations in Table 11 (red, “very strong” >=0.8; yellow, “strong” 

>=0.7), we can see that: 
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• Overall low correlation 

• A few correlations within the same categories. In particular: 

o Arrangement for Energy Management (D 5) with subsidies for energy efficiency 

schemes (D 6): (0.99) 

o Subsidies for energy efficiency schemes (D 6) with assurance from preeminent 

management (D 10): (0.71) 

o Energy audit endowment (D 8) with Assurance from preeminent management (D 10): 

(0.72) 

o Viable reduction in carbon emissions (D 7) with environmental benefits (other than 

CO2 reduction) (D 12): (0.71) 

o Long standing accords with immunity of taxes (D 16) with Assistance from energy 

professionals (D 17): (0.75) 

We can see by observing the major trends in correlation matrix that the arrangement for energy 

management (D5) seems to represent a potential impact on energy efficiency schemes in the industries 

(D6). This indicates that energy efficiency related activities may be increased if there is adequate 

structured process and supporting mechanism. The finding is also confirmed in earlier literature [180] 

focused on energy management in production system. 

In contrast, subsidies for energy efficiency schemes (D6) may have potential impact with assurance 

from management (D10), which also indicates the impact of support mechanism within organisational 

framework to promote energy efficiency measures. Nonetheless, we find a high correlation coefficient 

between carbon emission reductions (D7) with environmental benefits (D12), which is reasonable by 

considering the multiple benefits stemming from the adoption of energy efficiency solutions [7]. 

Moreover, the correlation between long standing accords with immunity of taxes (D16) and assistance 

from energy professional (D17) seems to reflect the beneficial financial benefits related to technical 

expertise able to support companies in analysing the best energy efficiency solutions.
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Table 11. Total sample analysis of correlations. Significant values are represented in bold 

  D 1 D 2 D 3 D 4 D 5 D 6 D 7 D 8 D 9 D 10 D 11 D 12 D 13 D 14 D 
15 

D 
16 D 17 D 

18 D 19 D 20 D 21 D 
22 

D 
23 

D 1 1.00 0.40 0.17 0.00 0.25 0.26 0.29 0.24 0.14 0.31 0.01 0.29 0.31 0.27 0.03 0.18 0.19 0.02 0.14 0.13 0.13 0.01 0.25 
D 2   1.00 0.40 0.22 0.35 0.37 0.58 0.51 0.48 0.29 0.08 0.36 0.23 0.26 0.07 0.29 0.31 0.03 0.03 0.00 0.01 0.15 0.19 
D 3     1.00 0.53 0.13 0.29 0.12 0.10 0.19 0.26 0.13 0.03 0.03 0.05 0.02 0.14 0.11 0.10 0.07 0.06 0.22 0.38 0.01 
D 4       1.00 0.60 0.64 0.51 0.53 0.34 0.53 0.34 0.28 0.11 0.05 0.19 0.16 0.33 0.12 0.28 0.23 0.00 0.09 0.21 
D 5         1.00 0.99 0.64 0.63 0.48 0.69 0.46 0.66 0.33 0.43 0.46 0.65 0.71 0.47 0.53 0.39 0.30 0.22 0.36 
D 6           1.00 0.69 0.62 0.46 0.71 0.46 0.64 0.29 0.37 0.47 0.65 0.72 0.46 0.53 0.42 0.32 0.20 0.31 
D 7             1.00 0.58 0.62 0.69 0.51 0.71 0.39 0.47 0.36 0.57 0.50 0.21 0.32 0.20 0.13 0.05 0.25 
D 8               1.00 0.54 0.72 0.45 0.69 0.43 0.50 0.36 0.61 0.46 0.23 0.29 0.26 0.14 0.06 0.23 
D 9                 1.00 0.50 0.23 0.58 0.25 0.40 0.45 0.35 0.42 0.25 0.35 0.19 0.20 0.15 0.25 

D 10                   1.00 0.59 0.61 0.39 0.53 0.47 0.55 0.54 0.40 0.46 0.36 0.23 0.15 0.25 
D 11                     1.00 0.63 0.51 0.49 0.57 0.49 0.39 0.37 0.26 0.33 0.03 0.10 0.09 
D 12                       1.00 0.58 0.77 0.60 0.80 0.59 0.44 0.37 0.27 0.14 0.08 0.07 
D 13                         1.00 0.63 0.52 0.53 0.49 0.57 0.45 0.45 0.19 0.16 0.22 
D 14                           1.00 0.56 0.66 0.46 0.43 0.41 0.33 0.25 0.25 0.07 
D 15                             1.00 0.57 0.59 0.69 0.68 0.56 0.55 0.51 0.27 
D 16                               1.00 0.75 0.63 0.53 0.38 0.27 0.24 0.18 
D 17                                 1.00 0.71 0.74 0.42 0.28 0.18 0.30 
D 18                                   1.00 0.77 0.68 0.53 0.53 0.24 
D 19                                     1.00 0.55 0.46 0.47 0.22 
D 20                                       1.00 0.67 0.65 0.26 
D 21                                         1.00 0.69 0.42 
D 22                                           1.00 0.43 
D 23                                             1.00 
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3.7 Energy efficiency potential 
 
The questionnaire of this section focused to know about the deflation of energy usage considering all 

accessible cost-effective technologies at the industries. Majority of the respondents expressed that 5%-

6% energy could be conserved with the current technology. Energy efficiency related questions were 

asked to the participants and usage of energy could be abbreviated by 8%-10% by energy management 

scheme according to the respondents. The very last query was tied in with rating the noteworthiness of 

considering a structured perspective for the evaluation options for enhanced energy efficiency. Every 

participant in this study gave the highest score in this part. However, the respondents suggested 

considering a system perspective for energy efficiency in the industries. 

Relating our findings to textile industries in Bangladesh [19], the improvement indicator is quite 

significant due to the energy-intensive nature of the industries. This could result in a major reduction in 

net usage and improvement in energy efficiency. However, there is a significant difference of opinion 

among the stakeholders as per awareness and policy is concerned. Hence, all the stakeholders agree that 

overall decisions for assessing the options of energy efficiency is much critical and should be considered 

from a system perspective.  

The "Energy Efficiency and Conservation Masterplan up to 2030" and "Energy Efficiency Action Plan" 

were prepared by the Sustainable and Renewable Energy Development Authority (SREDA) of 

Bangladesh, with a target to save 5.3 Mtoe per year, which costs more than a hundred billion Bangladesh 

Taka (1 USD = 84 Bangladeshi Taka approximately) every year [151]. Guidelines and agenda for the 

stakeholders at both residential and industrial level, for energy efficiency and management, were 

proposed, including provisions to provide incentives, tax exemptions, and subsidies to promote the 

usage of energy-efficient equipment [19]. SREDA, in collaboration with GIZ (a German organisation), 

published the Energy Auditing Regulations (EAR) in 2016, which considered the environmental issues 

like global warming, pollution, population, and transportation, that have a direct impact on the economy 

[151].  

3.8 Barriers to Energy Service Companies 
 

3.8.1 Analysis of ESCOs by average and frequency of responses 
 

The barriers to counseling with ESCOs were explored in this research. The participants were requested 

to rank the hindrances in this regard from "0: Not important" to "1: Extremely important". The ranking 

of the barriers as per their inclusive average scores and frequencies of responses are presented in Figure 

10.  
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Figure 10. Barriers to counseling ESCOs as per the participants- frequency of responses

The study finds that "Inadequate information about ESCO" is the most significant barrier for consulting 

ESCOs followed by "Exaggerated payment for service" and "Deficit of competent manpower in the 

energy management sector". Looking at the result, it can be seen that the industries suffer more in the 

domain of information and payment issues while incorporating the ESCOs. In fact, most of the 

industries are unaware of ESCO concept. The energy-related issues are taken care of by in-house 

electrical or mechanical engineers generally. Considering the present economic growth and industrial 

transformation, there remains a good business prospect in Bangladesh for the ESCOs, if necessary 

information and supports are provided to the industries. 

By looking at the frequency of responses, we can note that 33/36 enterprises expressed their concern at 

least as important about competent energy management specialist. Indeed, this is a noteworthy point, 

keeping in mind that the participants are having a significant amount of industrial experience. 

Nonetheless, we should acknowledge that very limited literature has addressed the barriers engaging 

with ESCOs for energy efficiency and energy management initiatives. More importantly, the concept 

of ESCO is relatively new in Bangladesh [19], which represents an interesting novelty element of the 

present study. However, when looking at other industrial contexts, a study on the Swedish Policy 

Program (PFE) indicates that energy efficiency measures are more dependent on management and 

operations of technologies, rather than the technology itself [178]. Hence, the ESCOs could become a 

major stakeholder in energy efficiency, having the potential to make significant contributions by 

following the similar successful approaches from developed countries [73]. Similarly, previous studies 

conducted in Italy show that ESCOs present a valuable potential in terms of services offered to drive 

energy efficiency into companies: however, their potential is yet to be clearly acknowledged by the 

industry [22]. The preliminary findings of our study seem to suggest that the primary barriers can be 

overcome through the services of the ESCOs. This indicates a potential gap in the energy marketplace 

of Bangladesh, offering the first-mover's advantage.

Reliability issue

Lack of standard measures for energy audit

Inadequate stakeholders

Deficit of competent manpower in energy
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Exaggerated payment for service

Inadequate information about ESCO
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0.85

0.78
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3.8.2 Correlation analysis of barriers to ESCOs 
 
By looking at the major correlations in Table 12 (red, “very strong” >=0.8; yellow, “strong” >=0.7), we 

do not observe any significant finding. Despite this, we can find a slightly interesting relationship 

between deficit of competent manpower in energy management sector with inadequate stakeholders 

and lack of standard measure for energy audit with reliability issue. A possible explanation for both of 

the findings can be drawn:  

• The first reflects how the inadequate stakeholders may affect to form expertise in energy 

management sector.  

• The second indicates how the reliability issue may affect standard measures of energy audit. 

It should be noted that the studied industries mostly conduct in-house energy audit, as earlier discussed. 

Therefore, there reliability issue may arise due to energy audit conducted by external stakeholders. 

However, with our data sample size, caution must be applied, and further research with enlarged sample 

size could deepen such empirical evidence and explore these preliminary findings.  

 
Table 12. Total sample analysis of correlations. Significant values are represented in bold 

  

Inadequate 

information 

about 

ESCO  

Exaggerated 

payment for 

service 

Deficit of 

competent 

manpower in 

energy 

management 

sector 

Inadequate 

stakeholders 

Lack of 

standard 

measures for 

energy audit 

Reliability 

issue 

Inadequate 

information about 

ESCO  1.00 0.09 0.34 0.11 0.17 0.13 

Exaggerated 

payment for service   1.00 0.18 0.25 0.18 0.31 

Deficit of competent 

manpower in energy 

management sector     1.00 0.50 0.38 0.20 

Inadequate 

stakeholders       1.00 0.47 0.35 

Lack of standard 

measures for energy 

audit         1.00 0.53 

Reliability issue           1.00 
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3. 9 Summary 
 
This chapter was designed to investigate energy management and its practices, together with barriers 

and drivers to energy efficiency as well as barriers to ESCOs, in the context of energy intensive 

industries in a developing Asian economy which, to the best of our knowledge, have been largely 

overlooked so far. As major remark, our empirical findings show that the concept of energy 

management and energy efficiency is relatively new in the investigated industries, with lack of 

awareness and information systems deemed as quite critical for companies. This is particularly critical, 

as awareness on the importance of energy management and energy efficiency constitute a stepping stone 

for any further improvement project. In addition, we have observed that absence of energy manager or 

limited authority of energy manager has impact on barriers to energy efficiency. Nonetheless, the 

significance of energy monitoring has been pointed out, which is essential for increased knowledge and 

decision making. 

Furthermore, our investigated sample revealed an above-average potential of energy efficiency: this 

important result call for a greater effort by research, policy-making and industry to boost industrial 

energy efficiency within developing economies, where too little (e.g. small educational projects, 

financial loans) has been made so far. Nonetheless, industries are still lagging behind in the 

implementation of energy efficiency solutions and energy management practices. Interestingly, the 

present study has pointed out that in the investigated context, companies may be challenged, beyond 

the well-known technical and economic barriers, also by organisational ones. Further, thanks to a 

preliminary correlation analysis, we have pointed out in the study several potential correlations among 

barriers and drivers that could give policy-makers valuable insights on the major obstacles and leverages 

to promote industrial energy management and energy efficiency. Our preliminary results seem to 

suggest that further policy-making efforts should be placed to better integrate energy management into 

industries’ organisational structures. Likewise, research should further address organisational barriers 

and drivers by understanding their role in the decision-making process of adopting an EEM. 

Additionally, our exploratory findings in a developing economy suggest that research has not yet 

thoroughly addressed the supply chain of energy services, to better understand the role of ESCOs in 

designing, delivering and managing EEMs. 
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Chapter 4 
…………………………………………………………………………………………………………… 
 
This chapter presents a novel framework of industrial energy management services particularly 

showing the impact of energy management on production resources and operational performances 

beyond energy savings.  

This chapter is published in the following conference proceedings and journal: 

(i)  A. S. M. M. Hasan, M. Raza, M. Katic, A. Trianni, “Towards a Framework Linking Industrial 

Energy Efficiency Measures with Production Resources”, IEEE International Conference on Power & 

Energy System (ICPES), pp. 856–860, 14-17 December 2021, Shanghai, China. DOI: 

10.1109/ICPES53652.2021.9683855 

(ii)  A. S. M. M. Hasan, A. Trianni, N. Shukla, and M. Katic, “A novel characterization based framework 

to incorporate industrial energy management services,” Applied. Energy, vol. 313, p. 118891, May 

2022, DOI: 10.1016/J.APENERGY.2022.118891. 

4. A novel characterization based framework to incorporate industrial Energy 
Management Services  

4.1 Introduction 
 
Energy efficiency is increasingly being considered as a major contributor towards energy, economic 

and overall sustained market performance for industrial organizations [181]–[183]. Thus, being able to 

recognize, characterize and measure energy efficiency becomes a core capability for such organizations 

to hold [181]. It comes as no surprise, then, that literature has begun to place a focus in this space. For 

instance, Patterson [184] investigated the use of thermodynamic energy efficiency indicators 

encompassing physical and economic issues. Further examples include the energy efficiency index, 

commonly used as an indicator for measuring energy efficiency in buildings [185], and specific energy 

consumption (SEC), a widely used measure for energy efficiency within different industrial processes 

[186], [187], particularly concerning the production of commodities such as steel or cement. 

Nevertheless, when dealing with manufacturing processes characterized by both large differentiation in 

the production processes and the variety of final products, energy efficiency measurement and 

benchmarking may become particularly challenging. Hence, the adoption of energy efficiency measures 

(EEMs) could represent a valuable indicator of whether a company is effectively improving its energy 

efficiency [188].  

The implementation rate of EEMs has been quite low in recent years [181]. In 2020, the improvement 

rate of energy efficiency has been much lower (0.8%) than global climate and energy goals [181], [183]. 

However, the rate of improvement needs to double from current levels to match the gain outlined in the 

https://ieeexplore.ieee.org/abstract/document/9683855
https://www.sciencedirect.com/science/article/abs/pii/S0306261922003178
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IEA Net Zero Emissions by 2050 Scenario [4]. Notably, the slow rate of progress in this domain not 

only has implications on energy itself, but also towards the environment, consumers and businesses 

[12]. Previous literature [7] has highlighted that a low adoption of energy efficiency technologies and 

practices imply e.g. reduced lighting, higher noise level, reduced air quality, increase of waste and 

emissions, increased equipment wear and tear, reduce machines’ reliability and availability. At broader 

level, considering the heavy reliance on fossil fuels for primary energy, lower rate of energy efficiency 

is adversely impacting the energy security and resource depletion [181], as well as leading to higher 

emissions of GHG, with adverse impact on climate change [189]. Indeed, as well captured by a report 

from IEA around capturing the multiple benefits of energy efficiency, the low adoption of energy 

efficiency has implications that go beyond individual level, thus with sector-wide, national and 

international perspectives [11]. In fact, a low rate of energy efficiency hinders the achievement of SDGs, 

in particular, SDG 7 (affordable and clean energy) [190] and SDG 9 (industry, innovation, and 

infrastructure) [191].   

The low implementation rate of EEMs reveals the existence of a large “energy efficiency gap” [15], 

[31], demonstrating a significant potential for energy efficiency that is yet to be fully explored. 

However, what this gap also brings to light is the presence of a number of barriers [16], [17] that seem 

to be acting against their effective adoption. Thus, a deeper understanding of the barriers to industrial 

energy efficiency is crucial in order for organizations to adopt EM services as well as better grasp the 

manner in which barriers are rooted within them [192]. This has also been considered in the academic 

domain where, Sorrell et al. [172], for instance,  investigated the occurrence of economic, behavioural, 

and organizational barriers. Cagno et al. [17], on the other hand, developed an approach to assess 

barriers to industrial energy efficiency according to seven categories including awareness, technology-

related, information-related, economic, organisation, behavioural and competence-related. Indeed, 

literature has extensively investigated barriers to industrial energy efficiency with a wealth of empirical 

studies, focusing on both developed [18], [122], [161] and developing economies [25], [110], as well 

as exploring the moderating role of a number of contextual factors such as industry sectors [27], [29], 

[133] and firm size [174]. 

Despite a considerable focus on technical application [193], literature concerning the energy efficiency 

gap has also started to consider management issues [178]. In this case, theoretical and empirical 

contributions on themes including energy management practices and energy management services 

(EMSs) have begun to emerge. Authors including Trianni et al. [26], for instance, have developed a 

framework for benchmarking the adoption of energy management practices. Fleiter et al. [85] provided 

a detailed characterization of EEMs by integrating twelve features, emanating from technical, relative 

advantage and informational aspects, including energy management issues. In contrast, Sorrell [88] 

focused on energy service contracts, encompassing a customer perspective. Additionally, Benedetti et 
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al. [89] developed a three dimension classification-based framework to highlight energy service 

contracts. 

Considering such research interest, studies also reveal that, among other barriers, EMSs are not being 

adequately conveyed to industrial decision makers, often attributed to a lack of information and detail 

over the EMS characteristics themselves [17], [172]. It seems very little efforts are given to both 

describing them and providing an assessment model for facilitating better industrial decision making 

[29]. Thus, it appears that research should pay greater attention to comprehensively describe EMSs and 

understand their impact on production performance. As such, the common avenues (e.g. relationship 

and impact) between EM and production systems, as well as industrial decision-making procedures in 

this respect, remain a key issue. In particular, a comprehensive investigation of the nexus between EMSs 

and operational aspects in industrial organizations is not only crucial in terms of providing decision-

support, though also helps to take into consideration the multi-dimensional nature of the industrial 

sector as a whole [42], [43]. Hence, it appears that a comprehensive identification and characterization 

of indicators relating to the impact of EMSs on production systems, particularly at the shopfloor, as 

well as their interactions with other operational features, is a fruitful endeavour for both theory and 

industrial decision makers. 

Given the preliminary background, the present study aims at contributing to this research gap by 

exploring the following research objectives: 

• Characterizing the EMSs in regard to industrial context. 

• Developing a framework for assessing industrial EMSs in regard to production resources and 

productivity attributes within an operational context.  

By offering the framework, we intend to highlight not only the EMSs themselves, but also the nexus 

between the EMSs, production resources and other production features (including production 

availability, resource management and utilization as well as production process time) in industrial 

organizations. The framework would benefit both academia and industrial decision makers related to 

the supply chain of energy efficiency solutions by emphasizing improvement opportunities in their EM 

activities. Moreover, the framework would also assist engineers operating within industrial 

organizations by helping highlight the improvement activities in the energy supply chain system.  

4.2 Literature background 
 
The methodology adopted to analyze existing frameworks that focus on industrial EM and EM services 

is summarized in Table 13. To date, it seems that theoretical and conceptual studies are commonplace 

when it comes to industrial EM and energy services. In fact, the idea of EM practices has indeed been 

addressed through comprehensive studies. However, we observed little attention to energy services and 

their characterization.  
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Table 13. Literature review criteria 

Title Remark 

Research area Energy efficiency; Industrial energy management services; Energy 

management; Energy service framework. 

Search string Energy management services; Energy services framework; Industrial 

energy management; Characterization.  

Type of Publication Academic journals, conference proceedings, and book chapters indexed 

in Scopus and Web of Science.   

Publication language English 

Availability Full text available online 

Relevance Articles focusing on energy management services; industrial energy 

efficiency proceedings at the institutional perspective 

Time period Emphasis has been given to select articles published from the year 2000 

until now. 

 
4.2.1 Energy management service concept 
 
Energy management is a comprehensive approach which takes into consideration a wide variety of 

factors including energy consumption, strategic aspects, managerial issues and people engagement [26]. 

When it comes to energy services, this phenomenon acts to overcome barriers as well as implement EM 

and energy-efficient technologies [145]. Energy service is a comparatively new term referring to 

contractual arrangements featuring energy efficiency at the industrial level. It also includes a financial 

support scheme towards the adoption of cutting edge technologies [140] and associated services to best 

support and intervene in industrial plants [145].     

Energy service definitions observe a wide focus on themes including integrating energy consumption, 

commodities, economic features and many more. For example, Greening at el. [194] focused on the 

manufacturing side, keeping an economic perspective in order to denote energy services. On the other 

hand, Sorrell et al. [88] emphasized the customer perspective, specifically in the context of 

multidimensional services. Fell [195] referred to energy services as the activities associated towards 

energy for obtaining desired end services. In contrast, the definition provided by Bertoldi et al. [145] 

was more comprehensive, focusing on a wide range of energy services including audit, statistics, project 

design, implementation, management, operations and maintenance of energy performance contracts 

[145].  

By looking at the available definitions, in this paper we refer to energy management services as the 

activities, featuring energy management, to save energy by applying EEMs in industrial organizations. 

It covers multidimensional activities including technical and non-technical measures, methodological 



60 
 

approaches, processes, analysis and support aspects, including the financial scheme, keeping focus on 

industrial EEMs and objectives.  

4.2.2 EMS model 
 
This section presents an overall review on the existing frameworks of EM, energy services and EMSs. 

Table 14 presents existing frameworks in the domain of EM and its services.  

 
Table 14. Synopsis of the existing framework focusing EM and energy services 

Authors & 

Years 
Model Narration 

Remark 
Reference 

Sorrell 

(2007) Consisted of three variables: 

“Scope”, “Depth”, and “Finance”. 

Emphasized the customer perspective; 

limited to energy service contracts analysis; 

lack of focus on operational issues in 

industrial systems  

[88] 

Benedetti et 

al. (2015) 

Consisted of three dimensions: 

“Intangibility”, “Scope”, and 

“Risk”.  

Proposed dimensions are applicable to 

energy services; difficult to comprehend 

dimensions for all types of energy services. 

[89] 

Kindström 

& Ottosson 

(2016) 

“Service ladder” concept is applied; 

service category is divided into four 

steps; energy efficiency potential & 

service complexity are the two 

dimensions considered.  

Model emphasizes energy service type and 

highlights the business model; lack of focus 

on environmental benefits.   

 

[196] 

Trianni et 

al. (2019) 

EM practices & services are 

characterized; attributes are 

designed based on EM practice, 

energy efficiency improvement 

type, target of EM practice, and 

positioning in the industrial EM 

settings. 

Model is more focused on EM practice 

characterization and less towards energy 

services; authors acknowledge lack of 

attention towards SMEs within the model. 

 

[26] 

Sa et al. 

(2015) 

Five types of strategies and 

programs are incorporated; features 

are reliability, efficiency, cost, 

funding, and awareness.  

Characterization and classification of EMS 

is lacking; lack of focus on operational 

issues. 

 

[30] 

Fleiter et al. 

(2012) 
Includes twelve features referring to 

technical, relative advantage, and 

informational aspects.  

 

Energy services are not integrated 

comprehensively; environmental attributes 

are not considered; inadequate inclusion of 

productivity benefits featuring machine, 

and human resources.  

[85] 

Trianni et 

al. (2014) 

Framework consists of 

characterization of economic, 

EEMs are not conceptualized through an 

energy service perspective; operational 
[86] 
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environmental, production, 

implementation, and interaction 

related. 

performance metrics are inadequately 

considered.   

 

Bertoldi et 

al. (2005) 

Six strategies are proposed to foster 

the development of energy services, 

accreditation system, financing 

mechanism, contract 

standardization, and development of 

third-party financing network.  

Study enlists energy services limited to third 

party financing, energy performance 

contract, and project financing; lack of 

focus on the impact of production resources 

and operational performance. 

  

[145] 

Kalt et al. 

(2019) 
Conceptualization of energy service 

cascade model. Components are 

defined as ‘structures’, ‘functions’, 

‘services’, ‘benefits’ and ‘values’.   

Lack of focus on industrial energy services; 

inadequate focus on industrial energy 

management linking with operational issues 

(e.g. production resources, operational 

performance).  

[197] 

Katic & 

Trianni 

(2020) 

Production resources and 

operational performances are 

discussed in terms of energy 

efficiency measures. 

Attributes of production resources and 

operational performances are not 

elaborately characterized.  

 

[41] 

 
The literature review demonstrates that the majority of narrated models place an emphasis on business 

models, focusing on the customer perspective. Sorrell [88], for instance, focused on energy service 

contracts incorporating three variables including scope, depth, and finance. However, the model is not 

comprehensive and mainly focuses on energy service contracts. Benedetti et al. [89], on the other hand, 

focused on energy service contracts considering three dimensions. Nonetheless, it is quite difficult to 

understand the relevance of the proposed dimensions for all types of energy services. Kindström & 

Ottosson [196], in contrast, focused more on the energy service type, incorporating the concept of a 

“service ladder”.    

Recently, a characterization-based framework has been derived by Trianni et al. [26] that features EM 

practices. However, the model is not specifically focused on EMSs. Similarly, Sa et al. [30] suggested 

strategies towards energy management. The models by Fleiter et al. [85] and Trianni et al. [86] 

articulated EEMs  and contributed to characterizing EEMs. Though, a comprehensive characterization 

is lacking in either study. Meanwhile, Bertoldi et al. [145] presented strategies to foster energy service 

development. Nonetheless, it appears a mapping of energy services linking operational management is 

lacking as well.      

The exploration and analysis of the existing models sheds light on several challenging and intertwined 

issues. Firstly, there is no clear characterization or identification of energy services, specifically 

industrial EMSs. Considering the significance of energy in the industrial perspective, it is important to 
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prioritize industrial EMSs and their characterization to best support industrial decision makers and other 

stakeholders in the market. 

Secondly, most of the models have discussed energy service contracts and its customer perspective. 

None of the models examined have clearly referred to the impact of energy services and their 

implementation in industrial organizations. Moreover, from a strategic point of view, there is very little 

attention paid towards energy efficiency opportunities, integrating the planning as well as control of 

production systems, projects and process design.      

Thirdly, none of the models examined have integrated energy services with operational management 

features. For example, the aim of energy services (e.g. improve energy efficiency and better utilization 

of energy resources) should be integrated in the model with operational management. It is also important 

to note that the successful implementation of EMSs require integrated approaches that combine 

operational and strategical considerations, keeping aligned with other sustainability indicators. That 

being said, the organizations that plan to adopt EM should link their operational activities with their 

energy efficiency strategy, focusing on the long term objectives concerning sustainable competitive 

advantage [36], [198], [199]. Moreover, it is necessary to have clear benchmarking for newly adopted 

technical measures through an EM lens to optimize energy demand [96]. In this context, a synthesized 

approach towards EMSs is required, integrating the operational features linked to industrial energy 

efficiency [36].  

Fourthly, none of the frameworks analyzed in the EM and services domain have considered the 

technical features of Industry 4.0 (e.g. real time control and monitoring of machines, use of simulation 

tools during production planning and the use of Internet of Things in production systems). Researchers 

predict that exponential progress will be observed in  achieving industrial energy efficiency through the 

adoption of Industry 4.0 technical features, also extensively impacting production processes [200]. 

Notably, EMSs have already influenced production systems in a larger context. Though, this focus must 

remain until we have further grasped the energy efficiency and Industry 4.0 nexus. On top of that, 

energy productivity investment must be associated with EM practices and services [15], [159], [161]. 

Energy services are acknowledged as a very basic solution; however, little effort has been paid towards 

characterizing them. More importantly, energy service models aimed at supporting industrial decision 

makers and featuring detailed actions for better EM are still lacking. Therefore, it is important to 

consider EMSs, keeping in mind the composite nature of industrial energy systems.  

Lastly, EMSs have implications towards asset management [36], [193]. In this context, EMSs 

incorporate the feature of device control to optimize energy consumption. For example, manual toggling 

of devices based on requirements is a standard procedure of EM. In recent times, the inclusion of 

electro-mechanical equipment within industrial organizations brings retrofit benefits which allows for 

device monitoring that is linked to a specific maintenance scheme, facilitated by the adoption of EM 
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and energy services [193]. Moreover, EM and its services improve accuracy as well response in 

industrial processes [200], [45]. Unfortunately, the majority of energy services-related studies have 

sidestepped this retrofit aspect while articulating various frameworks. In this context, attention needs 

to be paid towards including asset maintenance into the EMS framework. 

In summary, we acknowledge that previous studies have investigated several important factors 

connected to EMS. However, a comprehensive characterization framework is still lacking at industrial 

level with some key research gaps. In this context, the paper proposes a novel framework of energy 

management services for key industrial decision-makers and policymakers to comprehensively evaluate 

the application effect of energy management services. The proposed framework, detailed in the 

following section, encompasses a novel characterization of industrial EMS, as well as the impact of 

EMS on production resources and operational features. 

 

4.3 A novel framework to characterize EMS 
 
This section presents a detailed characterization framework (see Table 16) incorporating EMSs, their 

impact on production resources as well as operational attributes. In order to develop a framework 

integrating the characterization of EMSs, a thorough collection of industrial EMSs is required. 

Therefore, a collection, review, and selection of EMSs, as well as the methodological steps to develop 

the framework, have been presented in Figure 11. The first task in building the framework involves 

listing the EMSs. It should be mentioned that the services are not listed in a random fashion. Rather, 

we carefully selected the EMSs from relevant papers which are indexed in Scopus and Web of Science. 

While doing this, we predominantly placed an emphasis on the industrial management perspective. 

Notably, the categorization of EMSs presented in the study is inspired by the UK carbon Trust [83]. In 

this case, we define the framework based on an attribute value system that helps to incorporate the 

industrial decision makers’ perspective while assessing an EMS.  
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Figure 11. Flow chart of methodological steps 

In our framework, the attributes are grouped into four categories: “implementation”, “impacted area”, 

“impact on production resources” and “productivity”. Later, each of the categories are sub-divided. The 

categories are selected based on the approach of knowledge representation science [201], which carries 

a few assumptions. First, we considered the perspective of industrial decision makers whilst selecting 

the EMSs. Therefore, besides the impacted area and impact on production resources, categories like 

implementation and miscellaneous are integrated to adequately support the needs of industrial decision 

makers. Secondly, the categories were integrated by the aggregation of simple attributes which are 

neither short nor lengthy. Finally, and most importantly, attentions were paid to minimize the overlap 

among categories.  

 

4.3.1 Implementation attributes 
 

The link between implementation-related attributes and EMSs is something that remains quite nascent 

in extant literature. To help include implementation-related attributes into our study, we based this part 
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of the framework on the learnings from Cagno et al. [202] and Trianni et al. [86]. This helped to facilitate 

more fine-grained insights concerning EMSs and their implementation-related information, given the 

aim of this feature is to help key industrial personnel to gain a holistic and comprehensive outlook while 

assessing the impacts of EMSs. That being said, by implementation we refer to activity type, 

applicability, ease of service and frequency of an EMS, described below:  

(a) Activity type: It is important to know the EM activity type to differentiate decision maker’s 

behaviour [203]. For example, simple repair or retrofit might be easier to implement compared to 

machinery purchase [204]. Therefore, based on Trianni et al. [86], it is necessary to differentiate 

between new, retrofitting, optimization and simple management procedures. In this framework, this 

feature thus differentiates if an EMS constitutes: (1) new activity; (2) optimization of an existing 

service; (3) retrofitting or (4) simple management procedure.      

(b) Applicability: The applicability of EM activities is often discussed in the literature. Thus, taking 

inspiration from Fleiter et al. [85], two distinct features are considered in this framework including 

EMSs applicable to (1) all technologies and (2) a specific technology. The first feature is applicable 

industry-wide, whilst the second is applied to specific processes or technical fields. Distinguishing 

between these two features is useful, as it allows for a better understanding of the deployment of an 

EMS.  

(c) Ease of service: This feature refers to the ease in which an EMS can effectively be implemented or 

deployed. Based on Wolfinghoff [205], by ease of service, we refer to the following categories: (1) 

easy: require minimal effort to implement an EMS; (2) difficult: major efforts are required and (3) 

dependent: interconnected with other processes and requires support from them for implementation. 

(d) Frequency: The implementation of an EMS can be one-time or periodic. Therefore, based on 

Wolfinghoff [205], this feature can be classified as (1) one time implementation or (2) periodic 

implementation. 

4.3.2 Impacted area  
 
An identification of the impacted area in the industrial process is necessary to offer adequate support 

for decision makers in assessing an EMS. In order to include this aspect in our framework, we have 

incorporated the attributes related to impacted area based on the work of Fleiter et al. [85]. Here, we 

have considered the inclusion of impact on input and output processes in this framework, itself seldom 

observed in EMS adoption considerations. Moreover, the impact of EMSs on the input and output 

processes allows us to look over the industrial system, not only from a technical point of view, but also 

from other perspectives (e.g., administrative and supply chain).    
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(a) Input: In this framework, by “input” as an attribute, we are referring to not only technical aspects, 

but rather considering the whole industrial process. This may consist of aspects including 

administrative, supply chain and raw materials, among others. It is important to highlight the impact of 

EMSs on the overall inputs of the industrial processes, keeping in mind that a decision maker could be 

interested in understanding the gravity of EMS adoption beyond the technical aspects. In this context, 

this feature determines if an EMS has an impact on the inputs of a particular production process [206], 

[207]. 

 

(b) Production process: The energy efficiency characterization model by Fleiter et al. [85] incorporated 

the issue of EEMs linked to core technical processes and ancillary processes. By taking inspiration from 

Fleiter et al. [85], the production process in this framework is divided into two sub-categories i.e. (1) 

core technical process and (2) ancillary process. For both of the sub-categories, this feature refers to the 

impact of an EMS on a core technical or ancillary process. 

 

(c) Output: This feature refers to the impact of an EMS on the output of the production process.  

 

4.3.3 Attributes related to impact on production resources 
 

Energy management has significant implications on production processes, thus requiring a more 

detailed illustration of their linkages [61]. The association between production features and EM is also 

discussed by Sa et al. [30] and Shrouf et al. [60]. Referring to the context, Trianni et al. attributed 

“productivity” and “operation and maintenance” as two key production features characterizing EEMs 

[86]. Moreover, Trianni et al. [40] studied the non-energy benefits of integrating EEMs and production 

resources. 

The impact of production resources are categorized into seven segments i.e., machineries and devices 

[40], capital [208], energy [208]–[210], utilities and building [211], human resources [212], materials 

and resources [40], [208] and waste [40], [208]. Later on, taking inspiration from previous studies, some 

of the categories are divided further to show in-depth significance featuring the production resources. 

For instance, Finman [8] and Worrell et al. [7] suggested that wear and tear on machinery is impacted 

by implementing EEMs. In addition, EEMs and its impact towards engineering control are also 

discussed by Finman [8] and Nehler [213].  

The detailed description of category and sub-categories of production resources are presented in Table 

15. 
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Table 15. Categories, sub-categories of production resources 

Category Sub-category Remark 

Machineries 
and devices 

Wear and tear on 
machinery 

The damage that inevitably occurs due to continuous usage of machinery 
[214]. In this study, this term refers to the impact of an EMS on the wear and 
tear of machinery. 
 

Control & monitor 

Refers to the process of assessing performance as well as taking necessary 
steps to ensure that machines are working properly in a production plant 
[215]. This feature refers to the impact of EMSs on the control and monitor 
of machines. 
 

Regular 
maintenance 

Refers to the impact of EMSs on scheduled maintenance work of machines 
and devices in a production plant [215].  
 

Lifetime 

This relates to the total time span of a machine or device in which it is in a 
workable state. By this feature, we differentiate the impact of an EMS on the 
lifetime of a machine. 
 

Capital 
This refers to the monetary resources entitled in the industrial processes [45]. 
In this study, it differentiates if an EMS has an impact on monetary resources. 
 

Energy 
Generation 

Refers to the generation of electrical power from primary energy sources 
[216]; here it differentiates if an EMS has an impact on energy generation. 
 

Consumption This feature differentiates if an EMS has an impact on energy consumption. 
 

Utilities & 
building 

HVAC system 

Refers to heating, ventilation and air-conditioning systems applied in the 
industrial premises [217]. This differentiates the impact of EMS on HVAC 
systems. 
 

Layout 
This refers to the physical arrangement of industrial facilities (e.g. machines 
and devices, equipment and service departments) [218]. 
 

Human 
resources 

Manager 

Refers to the person who is responsible in managing the production resources 
(e.g. staff, machine and raw materials) in industrial plants. This feature refers 
to the impact of an EMS on managerial position holders. 
 

Staff 
Refers the impact of an EMS on the staff  who are working within the 
organization under the supervision of a manager [219]. 
 

Material & 
resources 

Raw materials Refers to the impact of an EMS on raw materials in the industrial system. 
 

Natural resources 
Refers to the impact of an EMS on the natural resources in the industrial 
system. 
 

Waste 

Refers to the industrial waste produced during industrial activities. This 
category includes hazardous, non-hazardous, and emissions as waste [52], 
[53]. By this feature we differentiate the impact of EMSs on waste. 

 

4.3.4 Productivity attributes 
 
In industrial systems, productivity is one of the more significant parameters to consider. This can be 

articulated as a relationship between output (e.g. goods, service) and input (e.g. labour, capital, energy) 

[8]. Improving productivity has always been the goal in industrial systems. Several studies have 

identified the linkage between energy efficiency and improved productivity [10], [101]. Pye and 

McKane [101], for example, have discussed productivity even beyond energy efficiency, providing a 
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link to investment decisions. However, taking inspiration from Finmann and Laitner [8] and Worrell et 

al. [7], we have incorporated three attributes under the umbrella of productivity i.e. availability, 

reliability, and process cycle.   

(a) Availability: As with Brall [220], by availability we refer to the ratio of actual production time and 

total planned production time. By this feature, we determine the implications of EMSs on availability; 

classified as: (a) strongly positive; (b) positive; (c) negative or (d) not available.  

(b) Resource utilization and management: Based on Sueyoshi & Goto [221], this feature points to the 

management of production resources and how efficiently the resources are being utilized during the 

various phases of industrial operations. In this study, the impact of EMSs on resource management and 

utilization is listed as (a) strongly positive; (b) positive; (c) negative or (d) not available.     

(c) Throughput: By considering “throughput”, we refer to the frequency of production within the 

industrial environment. Throughput is a measurement of comparative effectiveness of operational 

activities. It represents the output rate in the industrial context and quantifies how quickly products can 

be produced or developed [222]. In this framework, the impact of an EMS on throughput is classified 

as (i) strongly positive; (ii) positive; (iii) negative or (iv) not available.     

(d) Process cycle time: The process cycle time refers to the total time (beginning to end) in the industrial 

production process [223]. By this feature, we refer to the impact of an EMS on process cycle time 

classified as: (i) strongly positive; (ii) positive; (iii) negative or (iv) not available.       

In Table 16, considering previous studies [26], [86], we have provided an application of the novel 

framework to an extensive list of EMSs. This was accomplished by including values determined from 

literature that consider some of the features of EMSs and their corresponding impact on production 

resources. In this regard, we would like to acknowledge the list is not intended to be exhaustive. 

However, deemed broad enough for a detailed explanation of the features of the proposed framework. 

Of course, it is important to note that the novel framework has been designed to support industrial 

decision-makers in the understanding of the features of EMSs and their impact on production resources, 

therefore attempting to offer a set of valuable perspectives to characterize and assess them. Hence, for 

the specific decision-making process of adopting a particular EMS in each context, more tailored and 

detailed information about the considered EMS and its impact on the specific production resource is 

deemed necessary for accurate decision-making. Furthermore, in a specific application within a 

company, or with respect to a single EMS, the effective values of the impacts on operations may vary, 

also subject to a number of contextual factors (e.g., sector, firm size, energy intensity type).
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Table 16. The characterization framework incorporating the industrial EMS 

  
Notatio

n 

  
Energy 

Management 
Services 

 
 
 
 
 
 
 

Cate
gory 
(1) 

 

  Implementation  Impacted area Impact on production resources 
 

Productivity 
 

Refe
renc
e (a) 

Acti
vity 
type 
(2) 

Applica
bility 
(3) 

Ease 
of 

Serv
ice 
(4) 

Freq
uenc

y 
(5) 

Inpu
t (6) 

Production process 

Output 
(6) 

Machineries 

Capi
tal 
(6) 

Energy Utilities & building Human resources Material & 
resources 

Waste 
(6) 

Availab
ility (8) 

Resour
ce 

manage
ment & 
utilizati
on (8) 

 
 
 
 
Throug
hput (8) 

Process 
cycle time 

(8)  

Reference 
(b) 

Core 
technic

al 
process 

(6) 

Ancilla
ry 

process 
(6) 

Wear 
& tear 

on 
machin
ery (6) 

Con
trol 
& 

mon
itor 
(6) 

Regular 
mainte
nance 

(6) 

Lifetim
e (6) 

Generat
ion (7) 

Con
sum
ptio

n 
(7) 

HVAC 
system 

(6) 

Layout 
(6) 

Man
ager 
(6) 

Staff 
(6) 

Raw 
mat
erial
s (6) 

Natural 
resourc
es (6) 

EMS 1 
Project 
Identification 
& appraisal 

O 
[18] 

N A Dep O N/A N/A N/A N/A N/A N/A N/A N/A H N/A N/A N/A N/A H L N/A N/A N/A N/A N/A N/A N/A 
  

EMS 2 

Project 
technical 
design & 
efficiency 
upgrade 

O 

[18]
, 
[224
], 
[225
] 

N S Dep O/P H H* H* H H* L H H* H Y Y H H H H H H H SP* SP SP SP* 

[87], [213] 
[99] 

EMS 3 

Project 
implementati
on & 
management 

O 

[18]
, 
[224
] 

N S Dep O H H H H H* M H H M Y Y* H L H* H* H* H M* SP SP P SP  [18], 
[101] 

EMS 4 Third-party 
financing  E 

[18]
, 
[161
], 
[145
], 
[140
], 
[226
], 
[88]
, 
[196
], 
[227
] 

N A Dep O M N/A N/A M N/A N/A N/A N/A H* N/A N/A N/A N/A M L N/A N/A N/A N/A N/A N/A N/A 

 [18], 
[225] 

EMS 5 

Operation & 
maintenance 
of production 
equipment to 
reduce energy 
use 

T 

[18]
, 
[228
], 
[229
] 

P S E P                   H H* H H H* H* H* H M N/A Y H L H H H M H* SP P* P P* [85], 
[103], 
[213]  

EMS 6 Guarantee of 
performances O/T 

[18] 
N S Dep O H H M H H H H H L N/A N/A N/A N/A H M M N/A N/A SP SP P P 

  

EMS 7 
Purchases of 
fuel/ 
electricity 

E 
[18] 

N A E P M H L N/A N/A N/A N/A N/A M Y N/A N/A L L L M N/A H P N/A N/A N/A 
  

EMS 8 Insurance 
coverage E 

[18] 
N S Dep O L N/A N/A N/A N/A N/A H H* H N/A N/A N/A N/A L L N/A N/A N/A P* SP P P [7], [10], 

[230] 

EMS 9 Energy advice T/I 
[88] 

N A Dep P N/A M L N/A H H M H N/A Y* Y* H N/A H H N/A N/A M* P SP P SP 
[231] 

EMS 
10 

Energy audits 
& analysis T 

[7], 
[15]
, 
[24]
, 
[88]
, 

N A Dep P N/A H* M* N/A H H M H M* Y Y H N/A H M N/A N/A H* P P* P SP 
[137], 
[232], 
[233]  
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[38]
, 
[43]
–
[45] 

EMS 
11 Ventilation T 

[88] 
O S E O H* M L M* M M M H M* N/A Y H M* H H N/A H N/A P P P P 

[234], 
[202], 
[205] 

EMS 
12 Space heating T 

[235
], 
[88]
, 
[224
], 
[236
], 
[237
] 

O S E O M M L M N/A N/A N/A H M* N/A Y H M* H H N/A H N/A P P P P 

 [234] 
EMS 
13 

Steam/hot 
water T 

[89] 
O S E O M L L L N/A N/A N/A N/A M N/A Y N/A N/A M H N/A M N/A P P P P 

  

EMS 
14 Cooling T 

[88]
, 
[237
], 
[89] 

R S E O H M L M H M M M M N/A Y H M H H N/A H N/A P P P P 

  

EMS 
15 

Industrial 
lighting T 

[235
], 
[88]
, 
[224
], 
[236
], 
[237
], 
[238
] 

R S E O L L L L N/A N/A N/A N/A M* N/A Y H H* M H N/A H N/A P P P P 

 [128] 

EMS 
16 

Energy 
performance 
contracting  

O 

[161
], 
[145
], 
[88] 

N A Dep O/P H H M H M H M M H* Y Y* H N/A H H H N/A H P SP P SP* 
 [213], 
[239] 

EMS 
17 

Data 
collection 
about energy 
saving 

I 

[228
], 
[229
] 

P A E P N/A L L N/A N/A N/A N/A N/A L N/A Y N/A N/A H M N/A N/A N/A P P P P 

  

EMS 
18 

Data 
collection 
about carbon 
mitigation 
policies 

I 

[228
], 
[229
] 

P A E O L N/A N/A N/A N/A N/A N/A N/A L N/A N/A N/A N/A H L N/A N/A N/A P P P P 

  

EMS 
19 

Establishment 
of EM 
institution 
with 
dedicated 
staffs   

O 

[228
], 
[229
] N A Dep O M L L N/A N/A N/A N/A N/A H N/A N/A N/A N/A H* H* N/A N/A N/A SP P P P 

 [55], [56] 

EMS 
20 

Set-up 
organization’s 
internal 
regulations 
about energy 
saving & 
carbon 
reduction 

P 

[228
], 
[229
] N A Dep O H* H H M N/A N/A H N/A L* N/A N/A N/A N/A H* M* H N/A H SP SP P SP 

[19], [240] 
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EMS 
21 

Modification/
adjust of 
current energy 
consumption 
trend by 
incorporating 
cleaner 
energy  

T 

[228
], 
[229
] O S Diff P H H M N/A H M M N/A H Y Y H N/A H L H H H SP SP N/A SP 

  

EMS 
22 

Investment on 
production 
facilities 
upgradation to 
ensure energy 
savings 

E 

[225
], 
[228
], 
[229
], 
[241
] 

N S Diff P H* H* H* H H* H* H* H* H* N/A Y* M H H M H H H* SP* SP* P SP 

[10], [17], 
[242] 

EMS 
23 

Investment at 
new 
production 
facilities for 
minimization 
of energy 
usage & 
carbon 
emissions 

E 

[225
], 
[228
], 
[229
], 
[241
]  

N S Dep O H* H* H* H H* H H H H N/A Y* M H H M H H H* SP* SP P SP* 

[10], [17], 
[242] 

EMS 
24 

Installation of 
monitoring 
devices for 
highly energy 
consuming 
equipment  

T 

[228
], 
[229
] N S E O N/A M M N/A L N/A M H H N/A Y N/A M H L N/A M M P P P P 

  

EMS 
25 

Eco-
designing  T 

[228
], 
[229
] 

R S Diff O H H H H M L N/A H H N/A Y M M M M H H H* P P N/A P 

 [243] 

EMS 
26 

Modification 
and 
development 
of energy 
efficient 
products 

T 

[228
], 
[229
], 
[244
] 

R S Diff O H H* H* H H* L N/A N/A H* N/A Y N/A N/A M L H N/A H* SP* SP P SP [128], 
[209], 
[233], 
[245] 

EMS 
27 

Training & 
seminar to 
raise energy 
savings 
awareness 
among 
employee    

A 

[228
], 
[229
] P A Dep P M H* H* M N/A N/A M H M N/A Y H N/A H* H* N/A N/A H P P P SP 

[123] 

EMS 
28 

Engage 
employees in 
energy-saving 
activities in 
daily basis 
(such as 
lighting, air-
conditioner, 
etc.) 

A 

[228
], 
[229
] 

P A Dep P M L M L N/A M* M H* L N/A Y* H N/A H H* N/A N/A H* P P* P P 

[202], 
[246], 
[247] 

EMS 
29 

Energy 
savings pilot 
project 

T/O 

[228
], 
[229
] 

N S E P H H H M H L M H M Y Y M N/A H H H N/A H P P N/A SP 

  

EMS 
30 

Benchmarkin
g O 

[189
], 
[248
] 

P A E P H* H* H* H L N/A H* H L N/A Y M L H M H M H P P* SP SP 

[60], [189] 

EMS 
31 

Energy policy 
& regulation 
information 
collection & 
analysis  

I 

[145
], 
[196
], 

P A Diff P M L L L N/A N/A N/A N/A L N/A Y* N/A N/A H L N/A N/A N/A P P N/A P 

 [250] 
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[249
] 

EMS 
32 

Optimization 
& control of 
operational 
parameters 

T 

[241
] O S Dep P H H* H H H M H H H N/A Y H N/A H M M N/A H SP SP P SP 

 [26] 

EMS 
33 

Optimization 
of logistic 
services 
focusing 
energy usage 
reduction 

T 

[228
], 
[229
], 
[244
] 

O S E O M M M H N/A N/A M M H N/A Y* M N/A H M M N/A H P P N/A SP 

 [26] 

EMS 
34 

Optimization 
in energy 
procurement 

E 
[241
] O S E O H L L M N/A N/A N/A N/A H Y Y N/A N/A H L M N/A M P P N/A P 

  

EMS 
35 

Energy 
performance 
monitoring 
and 
evaluation  

I 

[43]
, 
[88]
, 
[244
] 

P A E P N/A M* L N/A N/A M* M* N/A N/A Y Y* N/A N/A H L N/A N/A M P* P P P [42], [43], 
[60], [88], 
[251] 

EMS 
36 

Energy 
efficiency 
capital 
budgeting 

E 

[42] 

N S Dep O H H H H M L M N/A H* Y Y H N/A H L H N/A H SP* SP* P SP [7], [8], 
[10], [87] 

EMS 
37 

Procurement 
of green 
energy  

E 

[30]
, 
[229
], 
[244
] 

N S E O M L N/A M N/A N/A N/A N/A H Y N/A N/A N/A L L H N/A H P P N/A P 

  

EMS 
38 

Cleaner 
energy   T 

[225
], 
[241
] 

N S Dep O M L N/A M N/A N/A N/A N/A H Y N/A N/A M L L H M H P P N/A P 

  

EMS 
39 

Energy 
performance 
reporting 

I 
[252
] P A E P N/A L L N/A M N/A M M N/A N/A Y* L N/A H* L N/A N/A L P* P P P 

[178] 

EMS 
40 

Procurement 
of energy 
efficient 
equipment 

E 

[68]
, 
[253
] 

N A E O H* H H H* N/A N/A H H H* N/A Y H L M L M H M* SP* SP* P SP [7], [8], 
[10], [87]  

EMS 
41 

Procurement 
of energy E 

[241
] N A E O M L L M N/A N/A N/A N/A H Y N/A N/A N/A L L H N/A H P P N/A P 

  

EMS 
42 

Maintenance 
(preventive/pr
edictive)  

T 

[224
], 
[225
] 

P A E P H* H* H H* H* L H* H* M N/A Y H N/A H* H* N/A H M SP SP SP SP [42], [60], 
[178] 

EMS 
43 

Evaluation of 
energy 
savings 

I 

[224
], 
[225
] 

P A E P N/A L L N/A L L L N/A N/A N/A Y* N/A N/A H L N/A N/A L P P P P 

 [251] 

EMS 
44 

Property/ 
facility 
management 

O 
[224
] P A Dep O L L L L L L H* H L N/A Y H L H M H M N/A SP* SP P P 

 [145] 

EMS 
45 

Follow up 
energy 
efficiency 
projects 

O 

[225
], 
[241
] 

P A E P L L L N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A H L N/A N/A N/A P P N/A P 

  

EMS 
46 

Demand side 
management T 

[227
], 
[241
], 
[254
] 

O A Diff P H H H H H H H N/A M Y Y* H* N/A H H H M H P P N/A SP [60], 
[251], 
[255] 
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EMS 
47 

Project 
financing E 

[145
] , 
[38] 

N A Diff O H N/A N/A M N/A N/A N/A N/A H* N/A N/A N/A N/A H L H N/A N/A P P P P 
  

EMS 
48 

Production 
scheduling T 

[61] 
O A E P H H H H H H H* H M Y Y* H N/A H H H H M* SP SP N/A SP 

 [60], [37] 

EMS 
49 

Marketing of 
energy 
efficiency 
actions 

A/I 

[43] 

R A E P L N/A N/A L N/A N/A N/A N/A L N/A Y N/A   H H N/A N/A N/A P P N/A N/A 

  

EMS 
50 

Measurement 
of 
emission/GH
G/CO2 

I 

[30]
, 
[254
] 

R A E P L L L L L L N/A N/A N/A Y Y N/A N/A M L N/A N/A H P P N/A P 

  

 
(1) Reference (a) refers to the literature backup of energy management services. 
(2) Reference (b) refers to the literature backup of asterisk (*) marked 
(3) Organization (O); Economic (E); Technical (T); Policy (P); Information (I); Awareness (A) 
(4) New activity (N); Optimization of an existing service (O); Retrofitting (R); Simple management procedure (S) 
(5) All technologies in general (A); Specific technologies (S)  
(6) Easy (E); Difficult (Diff); Dependent (Dep) 
(7) One time implementation (O); Periodic implementation (P) 
(8) High (H); Medium (M); Low (L); Not-available (N/A). 
(9) Yes (Y); No (N); Not-available (N/A). 
(10) Strongly positive (SP); Positive (P); Negative (N); Not-available (N/A) 



74 
 

4.4 Framework validation 
 

The framework is validated in order to demonstrate its potential for assessing industrial EMSs. By 

validating the framework, we can test its ability in describing additional information about industrial 

EMSs to support industrial decision making. In this case, the on-field validation includes a consideration 

for contingency factors assuming high relevancy, not targeting comparative exploration of cases [148]. 

The exploratory nature of the study has called to validate the framework through a case study approach 

[148]. Semi-structured interviews have been conducted based on an interview protocol [256]. This 

approach was deemed necessary to encompass a comprehensive set of features associated with EMS 

adoption, an understanding of which proves particularly complex. 

When it comes to sample size, previous research deemed a sample consisting of 6 to 10 participants to 

be acceptable for the initial validation of exploratory studies, keeping a focus on theoretical perspective 

rather than statistical aspects [257], [258]. In this study, 10 participants are interviewed. Our interviews 

have been conducted involving industrial experts within Australia. The interviewees were selected 

based on their relevant experience in industrial EM. More in detail, the interviewees were initially 

contacted via e-mail, asking for their availability and willingness to participate in the research. We also 

collected secondary information on their firms. Semi-structured interviews were conducted with each 

participant, using an interview protocol [256]. We asked to interview individuals that are able to provide 

valuable insights regarding the provision and implementation of EMSs into industrial companies and 

their potential impact on production resources [256]. The duration of each interview was approximately 

45 to 50 minutes.  

Table 17 presents detailed information concerning the sampled interviewees.  All interviewees 

presented an experience and working tenure within industrial energy efficiency and energy management 

of at least 10 years (in some cases up to almost 30 years), therefore giving sufficient confidence of the 

reliability of the considerations and insights provided [259]. In addition, their position within their 

companies (such as Chief Technical Officer, Senior Resource Management Advisor, Principal Carbon 

Management, etc.) places them in an ideal position to provide a broader view over EMS adoption with 

implications on other production resources, particularly interesting for the purposes of the study.
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Table 17. Data of the sampled experts on industrial EM towards on field validation 

ID Interviewed 

designation 

Main activity of interviewee Experience of 

interviewee  

Activities of concern 

organization  

EM status in firm 

S1 Senior 

Resource 

Management 

Advisor 

 

Involved in energy efficiency programs & 

sustainable energy. 

13 years of working 

experience in energy 

efficiency field. 

Biological and physical 

removal processes for 

wastewater treatment.  

Dedicated energy manager; consults EMS with external 

stakeholders; no standalone EM policy but follows short & 

long term EM goals; organize training for employees on 

need basis; energy audit is conducted; external contractor 

involved to support the audit services. 

S2 Chief 

Technical 

officer 

Consultation on energy procurement, bill 

management & reporting, operational data 

analysis & dash boarding, energy efficiency 

opportunities, energy/carbon intensity foot 

printing and emission reduction. 

Nearly 30 years of 

working experience in 

energy field. 

Technical solution 

provider for electricity 

and heat. 

No dedicated energy manager; consults EMS with external 

stakeholders; no standalone EM policy; In-house EM.  

S3 Resource 

Management 

Advisor 

Involved in energy efficiency programs; 

especially in value chain for renewable assets 

from implementation to operation, optimization 

and maintenance. 

12+ years of working 

experience in energy 

efficiency field. 

 

Treatment of 

wastewater. 

 

Full time energy manager; short & long term EM goals; 

organize training for employees on need basis; energy audit 

is conducted. 

S4 Chief 

Technical 

officer 

Consultation on EM & reporting, operational data 

analysis, energy efficiency opportunities. 

 

More than 17 years of 

working experience in 

energy efficiency field.  

Energy advice; energy 

resources management 

and utilization; Carbon 

footprint management 

and emission reduction. 

Full time energy manager; short & long term EM goals; 

organize training for employees to raise awareness about 

energy; energy audit is conducted. 

 

S5 Co-founder & 

energy 

Involved in consultation activities, mainly, EM 

programs consisting of asset management, 

monitoring and analytics system. 

10+ years of working 

experience in the field 

of energy efficiency. 

Managing resources, 

specially the assets in the 

No dedicated energy manager; consults EMS with external 

stakeholders; no standalone EM policy; In-house EM. 
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productivity 

specialist 

industrial premises using 

smart integrated device. 

S6 General 

Manager 

Responsible for key functions to drive 

commercial outcomes, digital innovation & 

enterprise transformation in energy sector. 

More than 10 years of 

working experience in 

the field of energy. 

Managing of energy 

infrastructures; energy 

service provider.  

Dedicated energy manager; consults EMS; EM policy 

along with short & long term EM goals; organize training 

for employees on need basis; energy audit is conducted. 

 

S7 Co-founder & 

Managing 

Director 

Involved in energy connectivity programs; energy 

advice; sustainable energy analyst.  

12+ years of working 

experience in the field 

of energy. 

Energy provider; 

fabrication services to 

the mining & resources. 

No dedicated energy manager; consults EMS with external 

stakeholders; in-house EM. 

 

S8 Associate Responsible for energy policy preparation; 

technical assessment of clean energy technologies 

& energy efficiency projects. 

16+ years of working 

experience in EM field. 

Consultation and 

financing on energy 

procurement. 

Dedicated energy manager; consults EMS; short & long 

term EM goals; organize training for employees on need 

basis; energy audit is conducted. 

 

S9 Chief 

Executive 

Officer 

Involved in EM projects; consultation on energy 

efficiency opportunities. 

13+ years of 

experience in EM & 

technology field. 

Energy efficient solution 

provider; energy advice; 

policy; energy system 

analyzation. 

No dedicated energy manager; consults EMS with external 

stakeholders; no standalone EM policy; In-house EM. 

 

S10 Principal 

Carbon 

Management 

 

Responsible for EM projects; implementation of 

clean energy technologies; consultation on energy 

efficiency scopes. 

More than 13 years of 

experience in energy & 

sustainability field. 

Extraction & processing 

of minerals, oil and gas. 

Full time energy manager; consults EMS with external 

stakeholders; short & long term EM goals; organize 

training for employees on need basis; energy audit is 

conducted. 
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Interviews were aimed at collecting information regarding the participants’ respective organization, 

including the company profile (general company description and number of employees); product and 

process (information about products produced, main production processes and production volume); EM 

(information about integrating a full-time Energy Manager, external consultation about EM, EM policy, 

training and energy audits) and several judgements about the framework in terms of completeness, 

usability and ease of use. Completeness is projected as a cluster of properties to identify whether: (i) 

the categorization is clear; (ii) the attributes cover all relevant performance aspects; (iii) the attributes 

are distinct; and (iv) attributes are sufficiently levelled. On the other hand, usability aimed to test the 

attributes for identifying the impact of EMS adoption; better organization of EMSs; valid help to 

manage the EMSs and select suitable EMSs based on organizational strategy. Finally, in the ease of 

usage section, we have investigated the ease in which the participants perceived the usage of the 

framework to be and, ultimately, its worth in application when it concerns industrial organizations.    

The results of the on-field validation of the framework are presented in Table 18. Referring to 

completeness, it was largely confirmed in a positive manner. Notably, the interviewees marked no 

overlapping, referring to the categorization of the attributes. Interviewees S2, S4, S5 and S6 highlighted 

the relevance, particularly referring to the completeness of the attributes. Some interviewees seemed to 

have some prior knowledge of the attributes incorporated into the framework, but as a comprehensive 

opinion, the framework helped them to better shed light on what they had in their observance already.  

Table 18. Results of the on-field validation 

 
*Legend: (Positive evaluation);  (Positive evaluation, further suggestions proposed);  (Negative 
evaluation).  
 
 
On the other hand, focusing on usability, S1 recognized the attributes as a useful instrument to leverage 

EMSs, stating that: “the attributes are comprehensively articulated for providing support to find out the 

 

ID 

Completeness Usability Ease of Use 

Categorization Attributes Identification Applicability Valid & quick 

help 

Ease of use Worth to 

adopt 

S1        

S2        

S3        

S4        

S5        

S6        

S7        

S8        

S9        

S10        
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nexus among EMS and operational aspects, precisely to the production resources”. The other 

interviewees, notably S3, S6, S7, S8, and S9, also highlighted the usability of the framework. In 

contrast, a Chief Technical Officer (S4) related the applicability perspective to the consideration of non-

energy benefits, stating that “financial issues should be incorporated in [a] quantified way to better 

elaborate the nexus between capital resources and EMS. This might help the industrial managers and 

decision makers to deeply adopt the framework”. Nonetheless, this does not reflect any flaw of the 

framework since the aim was not to quantify non-energy benefits, but rather to show the impact of 

industrial EMS adoption and their respective operational aspects. On the other hand, when it comes to 

ease of use of the framework, all of the interviewees provided a positive response. 

In sum, all of the interviewees evaluated the framework quite positively overall. The interviewees have 

clearly acknowledged the usefulness towards assessing the EMS in an industrial context. In short, the 

model is appreciated by the interviewees in terms of approach as well as aptitude of being adopted in 

industrial firms.  

4.5 Case Study 
 
A case study is presented in this section aiming to demonstrate an on-field application of the framework. 

A water treatment company was selected in this context, considering the multi-dimensional as well as 

intensive nature of energy consumption at operational stages during water treatment. In a water 

treatment plant, the total energy consumption is attributed to operational energy and energy embodied 

in infrastructure [260]. In the recent years, researchers have started exploring EM within water treatment 

plants, considering the significance of the water-energy-GHG nexus [261].    

The water treatment company considered in this study is located in Australia. We have carefully 

selected the case study ensuring the relevance of EEMs in the specific company, the presence of a 

number of technologies (such as industrial pumps, HVAC, lighting and electric motors) for which 

energy management and energy efficiency issues could be considered, as well as the knowledgeability 

of the respondent over industrial energy efficiency issues within the company. Therefore, in the case 

study considered for the framework, the firm is a large multi-site energy intensive industrial company 

with a number of similarities with manufacturing industries in terms of cross-cutting technologies in 

place. This helps to provide a level of concept generalizability and transferability, also towards 

production and manufacturing industries. 

The plant has around 2,700 employees (with additional contractors) and an annual turnover of 2.03 

billion USD. Water treatment, sewage transport and treatment, recycling of water, bio-solid and biogas 

generation from sludge and storm water services are the main activities of the company. The company 

supplies 1.34 billion litres of water to homes and businesses; recycles 70 million litres and treats 1.31 

billion litres of wastewater on a daily basis. The monthly average of stationary fuel consumption in the 
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company is 71,674 litres whilst transport fuel consumption is 2,428,691 litres. Apart from these primary 

energy sources, the approximate annual electricity consumption is 365 GWh.  

The interviewee leads the EM activities and is responsible for energy efficiency projects, energy 

procurement and inclusion of sustainable energy. The interviewee has been working in the industrial 

EM domain for nearly 14 years and is profoundly knowledgeable within this sector. Being a part of the 

management team, the interviewee is involved in operational decision-making processes, which is 

critical for this study.  

By looking at the adopted EMS, we can highlight the company’s strengths and critical areas. Firstly, 

we observe significant commitment to EMSs, energy advice, energy procurement, operation and 

maintenance as well as optimization of operational parameters. Secondly, the framework highlights 

adequate focus on project-based services, in particular project implementation and management, energy 

saving pilot projects and investments on new production facilities. Lastly, the model highlights data 

collection on energy savings, energy efficiency capital budgeting, engaging employees when it comes 

to energy saving activities and regulation for energy savings as key areas where the company has scope 

to improve.  

4.5.1 Energy management status 
 
We observe that the company is primarily focusing on technical and energy performance-related EMSs. 

A good overall approach to EM activities is observed given the company is also aligned with ISO 50001 

guidelines. Additionally, top management is involved in EM activities, whereas the mid-level 

employees are also a part of strategic and operational decisions. However, considering the holistic 

perspective of EM, the company still has scope for improvement, particularly when it comes to policy 

and awareness. The key points concerning energy management in the company are presented below: 

• Adoption of EMSs consider administrative processes. The productivity benefits are often 

neglected while decisions are taken to adopt an EMS. 

• The EM training appears quite limited in the company. Training on EM is offered to individuals 

on an as-needed basis.  

• Energy audits are conducted once every four years on targeted areas.  

• The EMS is mainly oriented towards the water purification and treatment process. However, 

the company is also engaged and connected to external stakeholders (i.e., Australian Alliance 

for Energy Productivity and the Water Services Association of Australia) to improve energy 

efficiency activities.  

The adopted EMS are both internally and externally implemented. The examples of internally 

adopted EMS are “investment on production facilities”, “optimization”, etc. In contrast, 
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“energy advice”, “energy strategy development”, “energy procurement”, etc. are often 

externally adopted.   

 
4.5.2 Impacted area on production process 
 
The impacted area due to the adoption of an EMS is generally considered in the company. In particular, 

the technical management team carefully adopt any EMS considering its possible impact on core 

technical processes. This highlights an interesting and common tendency from the management 

perspective to think over core technical processes due to change or adoption of any technical activity. 

Concerning the water purification and treatment activities, we find the core technical process and 

ancillary processes are impacted due to several EMSs. For example, the operation and maintenance of 

production equipment to reduce energy usage significantly influence the production process. Again, the 

optimization in energy procurement does not seem to directly impact the core technical process; 

however, influencing the overall input system. It is also important to note that the impact depends on 

the severity and activity type of the EMS. 

4.5.3 Impact on production resources and productivity 
 

The detailed impacts on production resources and productivity stemming from the adoption of EMSs 

in the company are presented in Table 19. By looking at the detailed impact on production resources, 

we find that not all the production resources are being impacted simultaneously. Rather, the impact 

level is varying case by case, depending on several factors (e.g. type of activity). 

The impacts of EMSs on production resources have not been considered comprehensively while 

adopting any EMS in the company. In fact, the impact on utilities and buildings, human resources as 

well as material and resources are largely overlooked. By looking at the production resources, it seems 

that while adopting EMSs, energy has been the only key focus.  

However, a few interesting insights are observed with the application of the framework, concerning 

machinery in particular. For instance, electrical motors and pumps are one of the highest consuming 

apparatuses in a water treatment plant [261]. To increase the efficiency, experts often suggest the use 

of efficient motors. With efficient motors, the operational team observed a high impact on machinery, 

leading to better control of machinery, reduced maintenance as well as improved lifetime of the 

machine. Again, with another EMS such as project management, the company observed increased hours 

of staff involvement. The company also observed an impact on capital resources due to project 

management. Nonetheless, the impact for such cases generally depends on several issues (e.g. project 

type, volume of activities and intensity of labor involvement).  

“Investment on production facilities to minimize energy usage and carbon mitigation”, is recently 

adopted on a broader scale, and the company has observed a significant impact on waste. In fact, in this 
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case, collected sludge from the water treatment process is being used to produce biofuel, which has 

significantly improved not only the process cycle but also has a positive impact on materials and 

resources.  

Some additional comments were also received during the discussion encompassing the impact on 

production resources. For example, in recent times the company adopted a few pilot projects related to 

energy savings. While implementing these projects, the company observed a positive impact on their 

energy consumption and productivity on a broader scale. However, what is concerning here is that often 

such pilot projects are not converted into larger projects due to several barriers (i.e., lack of local 

technical experts and other priorities). This indicates the organizational barriers to industrial EM [29], 

[110], [122] which remains to be discussed and addressed.   

Unfortunately, it is observed that productivity features are also neglected while adopting the EMSs. In 

fact, availability and throughput have been largely overlooked. However, the interviewee acknowledged 

multiple productivity benefits indistinctly due to EMS adoption, as shown in Table 19. 

For example, the company observed a significant amount of energy consumption reduction for the 

aerators by optimizing the power usage, which eventually improved the process cycle and resource 

utilization. The interviewee has also acknowledged the benefit of using real-time monitoring devices 

integrated with state-of-the-art systems in the plant. Considering the volume of data generated by 

different technical apparatuses, the advance database system also offers critical capabilities to look into 

the data [262]. By monitoring and analyzing the operational data collected through the monitoring 

device for the electrical pump and aerator, the technical team uncovered several options to improve the 

operational performance, with credit to I4.0 and its technical features. 

Again, when it comes to production scheduling or planning, simulation technology, a technical feature 

of I4.0, is identified as a quite significant and powerful tool in the digital manufacturing process. This 

stems from its capabilities in product validation, including system design and configuration by 

experimental methods [60]. Simulation also helps to reduce costs by optimizing product development 

cycles [60]. While applying the framework, the interviewee discussed the application of a simulation 

tool for production planning in the plant. Such a tool not only helped to save on costs prior to the 

implementation of any new technology, but also ensured effective resource management and utilization.        

The water treatment plant has also adopted preventive maintenance (EMS 42), including condition 

assessment via a technical asset register system.  Preventive maintenance increases the lifetime of a 

machine and improves the machine performance [263]. The interviewee has acknowledged that 

preventive maintenance has significantly improved the performance of electrical motors and pumps 

(e.g. reduced start-up time and defect elimination). Further, it has also reduced sudden or unplanned 

outage of the motors and pumps leading to increased availability of the machine. In fact, overtime cost 

due to additional involvement of labour is also reduced due to improved performance of the machine. 
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In general, preventive maintenance incurs a positive impact on the production process overall due to 

improved performance of the electrical motor and pumps. 
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Table 19. Impact on production resources and productivity attributes due to EMS 

Notation Energy Management Services 

Production resources Productivity 

Machine Capital Energy Utilities & 
building 

Human 
resources 

Material & 
resources Waste Availability 

Resource 
utilization & 
management 

Throughput  Process 
cycle  

EMS 2 Project technical design & 
efficiency upgrade H M             +   + 

EMS 3 Project implementation & 
management   M     H       +     

EMS 5 
Operation & maintenance of 
production equipment to reduce 
energy use 

H       M     +/-- +     

EMS 9 Energy advice L   Y           +   + 
EMS 10 Energy audits & analysis     Y M         +     

EMS 20 
Set-up organization’s internal 
regulations about energy saving & 
carbon reduction 

    Y       L   +     

EMS 21 
Modification/adjust of current 
energy consumption trend by 
incorporating cleaner energy  

    Y     M M   +     

EMS 23 
Investment at new production 
facilities for minimization of 
energy usage & carbon emissions 

    Y     M H   ++ + + 

EMS 24 
Installation of monitoring devices 
for highly energy consuming 
equipment  

M   Y           +   + 

EMS 27 
Training & seminar to raise 
energy savings awareness among 
employee    

        L       +     

EMS 29 Energy savings pilot project     Y           + +   
EMS 30 Benchmarking M                   + 
EMS 32 Optimization & control of 

operational parameters M             +     + 

EMS 35 Monitoring & evaluation of 
energy performance                  +     

EMS 36 Energy efficiency capital 
budgeting   M                   



84 
 

EMS 39 Energy performance reporting                 +     
EMS 40 Procurement of energy efficient 

equipment   M Y       L ++     + 
EMS 41 Procurement of energy   M                   
EMS 42 Maintenance 

(preventive/predictive)  H   Y   M     ++ +   ++ 
EMS 43 Evaluation of energy savings                 +     
EMS 46 Demand side management           M           
EMS 48 Production scheduling M             + +     

 
(1) High (H); Medium (M); Low (L); 
(2) Yes (Y); No (N); 
(3) ++ (Strongly positive); + (Positive); -- (Negative)
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4.6 Discussion 
 
The study presents a novel framework which allows industrial decision makers to assess EMSs based 

on the impact of operational features within industrial organizations. Considering the complexity in 

operational activities, this framework not only provides support towards energy intensive industries, 

but also significantly contributes to SMEs and other industries which are in the nascent stage of EM. In 

many cases, industrial decision makers do not consider the impact of EM on production activities and 

overlook its associated benefits [36], [159], [202].  By considering the framework in their decision-

making processes, industrial decision makers can visualize the overall impact of EM on production 

resources and productivity attributes within an operational context - helping to select the appropriate 

services to adopt at their respective organizations.  

From a theoretical standpoint, it should be acknowledged that the EMSs encompassed within the 

framework are independent from each other. However, in a few cases, they are performed concurrently. 

By observing the framework, the listing of the EMSs is not pointing to specific cross-cutting technical 

sectors, rather focusing comprehensively on the industrial EM domain. Another important point is that 

the framework mainly focused on the “soft” aspects of EM, meaning excluding co-generation, waste 

heat recovery and related EMSs. The reason behind such an exclusion is in enabling us to focus more 

on the managerial and decision-making attributes. This is particularly useful for an assessment of 

impacts on production resources, of which seems to be neglected in previous frameworks [26], [85]. 

In our framework, we have observed 22 EMSs, the act of which can be considered a novel endeavor 

itself. Again, 13 services are categorized as periodic; nine services are labelled as optimization types 

and six are listed as a retrofitting type activity. The EMS could even be exemplified in a few cases 

considering the concurrent features of operational performance [61]. In contrasting our findings with 

another characterization framework by Trianni et al. [86], we observe a high number of new activities 

(34). Similarly, when it comes to the applicability of the EMSs, 27 services are found to be applicable 

within industrial process. This indicates that the EMSs are generally applicable for all industrial sectors, 

also affirmed by industrial experts during the validation phase and the application of the framework. 

Similarly, when it comes to the ease of implementation concerning activities, 25 EMSs are categorized 

as easy to implement whereas 18 EMSs are categorized as dependent, referring to implementation 

dependency with other services and processes.  

Despite the growing attention towards industrial energy efficiency, the impact of EM on production 

processes remains to be adequately addressed [40], [37]. Hence, our findings provide a significant 

contribution in the energy efficiency and sustainability field by looking at the production processes 

through the lens of EMSs. By looking at the framework, it can be perceived that 23 EMSs are 

significantly impacting industrial input processes. Again, when it comes to the impact on a core 

technical or ancillary process, 21 EMSs are found to have a significant impact. These findings highlight 
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the nexus between EM and production processes in the industrial operational context [264]. When it 

comes to the industrial output, the majority of cases are related to the aspects of optimization, project-

oriented and production based, subsequently also affirmed by industrial experts during the validation 

and application phase of the framework development.   

One of the salient features in the framework is the inclusion of the impact of EMSs on production 

resources. In this case, the production resource of industrial machinery appears to be particularly 

intertwined with EMSs [40]. For example, 16 EMSs are found to significantly impact the wear and tear 

of industrial machinery. Following this, in terms of machine lifetime, there are 14 EMSs which have a 

significant impact on this factor. Indeed, a few of the EMSs (e.g. project technical design and efficiency 

upgradation, investment on production facilities upgradation as well as preventive or predictive 

maintenance) are not only impacting the machine lifetime, but also the regular maintenance activities. 

When looking at the regular maintenance of machinery, 13 EMSs are identified to have a high influence. 

One important point to be noted here is that the positive linkage between maintenance activities and 

EMSs is also supported by scientific literature in the framework [7], [10], [101]. However, considering 

the way EMSs are implemented, we expected to find a significant relation between control and 

monitoring of machinery and a few of the EMSs, particularly for maintenance activities, demand side 

management and production scheduling. In fact, the aforesaid EMSs are significantly impacting all the 

considered features in the machinery portion of the framework.  

While considering economic issues through the lens of industrial energy management, researchers have 

largely been concerned with “implementation cost” and “payback time” [86], [265]. However, capital 

investment decisions in industrial organizations also depend on several circumstances (e.g. business 

opportunity evaluation, savings and available technologies) [193]. Considering energy management 

service cost, it is essential to assess the economic factors to affirm the choice of an optimum solution. 

Cost-benefit analysis is an accepted approach in organizations to compare economic sustainability of a 

probable strategy and potential actions [266], [267]. However, the proposed study aims at showing the 

existence of a number of implications on production resources that may be important when considering 

the implementation of an EMS. This is accomplished by proposing a framework to support decision-

makers in highlighting them in the first place – acting as a potential first step towards their full 

quantification, possibly also in economic figures, supported by appropriate metrics.  

The adherence of EM and economic issues, in our case the “capital”, is acknowledged both in academia 

and industry. However, very little studies have focused on the impact of EM on monetary resources. 

An investigation of the nexus between capital and EMSs is a critical exercise, considering the 

relationship with business opportunities and expansion activities. Moreover, such an understanding can 

help facilitate the selection of EMSs that are worth adopting for a particular industry and business type. 

Indeed, the decisions linked to capital resources are dependent on various circumstances including 
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energy price, environmental factors, subsidies and market issues. As predicted in this study, a high 

relationship exists for 21 EMSs with regards to capital resources. Notably, EMSs contribute to ensuring 

guaranteed savings or shared savings [145] in terms of energy as well as monetary value. This was, to 

an extent, addressed in a recent study on energy services, where Nurcahyanto et al. [144] highlighted 

several aspects relating to financing mechanisms. However, the specific impact on capital resources 

and particular EMSs was not considered in this study.  

On the contrary, EMSs like data collection, engagement of employees and marketing of energy 

efficiency actions are identified as having a lower impact on capital. By looking at energy as a 

production resource from an EMS perspective, we should remember that managing energy is not just a 

technical challenge. Rather, the idea is to best implement the technical changes whilst maintaining 

minimum disruption and economic limits [193]. Therefore, the impact of EM will always have a 

significant impact on energy consumption within industrial organizations. For instance, in the 

framework we observe that there are a total of 37 EMSs available which are linked with energy 

consumption. Here, we should keep in mind that most industries, especially manufacturing companies, 

are operating in a competitive age. Therefore, a small reduction in energy consumption cost could also 

critically impact the whole production and value chain system. However, while looking at “energy 

generation”, on the other hand, the framework suggests that this is not deeply affected by EMSs, with 

only 17 of them incurring a notable impact.  

In terms of utilities and buildings, EMSs also appear to particularly related, especially to HVAC. By 

looking at the framework, we observe that 20 EMSs have a strong relationship with HVAC systems. 

For example, demand side management, production scheduling, operation and maintenance of 

production equipment as well as efficiency upgradation all have a clear impact on production systems. 

Besides HVAC factors, the physical layout of industrial organizations have an impact on energy 

consumption, especially at the manufacturing floor [211]. It is important for industrial organizations to 

have a physical layout that ensures efficient flow of material and production activities within their 

operational context [264]. However, when we think of offering EMSs, it does not seem to impact too 

much on the industrial physical layout where only four of the EMSs are observed to have a high impact. 

This reduced impact on plant layout by EMSs seem reasonable considering that EMSs are basically 

representing energy efficiency improvement activities within industrial machineries and operations. As 

such, production design and layout is not as severely impacted in most cases.   

Concerning industrial processes and the supply chain, the role of managers cannot be understated. In 

fact, the paradigm of sustainability in industrial organizations and their adoption relies intensely on 

managerial and top management positions [193]. When looking at the framework, it is observed that 

managers have a significant association with EMSs. To be precise, 38 EMSs are significantly impacting 

managers in the industrial context. However, when looking at the industrial production chain through 
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the lens of sustainability, this association appears reasonable given managerial context and EM are both 

intricately linked to the strategic and operational layers in industrial processes, especially at the process 

layer in production plants [264]. For instance, project implementation and management, production 

facilities upgradation as well as setting up internal regulations about energy saving all appear 

significantly dependent on managerial issues and coordination. On the other hand, the level of impact 

concerning EMSs on line staff might not be as visible as the managerial positions. However, we 

highlighted 18 EMSs that have a high impact on industrial staff. Interestingly, a few of the EMSs 

including maintenance, establishment of an EM institution, project implementation and management 

are equally impacting both the managers and staff. This indicates that the impacts of EMSs on human 

resources depends on EMS characteristics (e.g. service complexity, strategy and organizational setup).   

With respect to the relationship between EMSs and material and resources, there appears to be an 

inclusive impact, particularly on the raw materials. There are 20 EMSs that have a high impact 

relationship with raw materials. For example, while considering eco-designing as an EMS, this allows 

industrial managers and decision makers to rethink their industrial process, hence offering resource 

efficiency at the design stage [264]. Again, when it comes to energy efficiency capital budgeting, it 

allows industrial decision makers to consider budgetary expenditure concerning several industrial 

processes. Interestingly, budgetary issues have a significant impact not only on the industrial processes, 

but also the raw materials used in the industrial production system. On the other hand, the vast majority 

of EMSs do not seem to deeply impact the natural resources that are used in the industrial processes. 

We highlighted only 13 cases that observe a significant relationship between EMSs and natural 

resources used in industrial organizations.           

As stated in Section 4.3, in this study we have considered waste in a broader perspective and hence 

incorporating hazardous, non-hazardous and emissions inclusively. In this case, 23 EMSs are identified 

to have a significant impact on the waste stream in industrial organizations. It is important to note that 

when industrial firms adopt or invest in EM activities to ensure efficiency, we often observe a reduction 

of waste or CO2 emissions [7]. For instance, an energy audit allows us to inspect and analyze the 

industrial energy consumption and highlights the energy efficiency improvement options [4] eventually 

leading to a reduction of waste and emissions in most cases. On the other hand, while looking at other 

EMSs concerning, for example, engaging employees in energy saving activities on a daily basis or 

optimization of logistic services to reduce energy usage; it is obvious that there is a high potential 

towards reduction of waste due to lesser consumption of energy for adopting such services in industrial 

firms.  

Several studies [7], [8], [10] have pointed out the issue of industrial EEMs and productivity benefits. 

Indeed, this provides an avenue for opening up the Pandora’s box in exploring the nexus between EM 

and industrial productivity. In this context, we can appreciate that the factor of “availability” is impacted 
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by the majority of EMSs. In fact, 41 EMSs are significantly impacting this factor. This insight was 

facilitated by the detailed knowledge on EMSs by virtue of the developed framework. Additionally, 

when it comes to the nexus between production reliability and EMSs, the vast majority of EMSs seem 

to have an impact on production reliability.       

All the production resources and productivity features considered in the framework have significant 

importance within the industrial production system. However, the impact on production resources and 

productivity attributes due to the adoption of EMSs can vary case by case. In fact, while looking at the 

framework theoretically as well as the case study application, we have observed that not all of the 

attributes are impacted simultaneously at the same level. Rather, we find that every EMS is impacting 

the attributes based on individual perspective, which is expected. For example, the level of impact on 

the attributes for EMS 2 (projects technical design and efficiency upgrade) and EMS 9 (energy advice) 

are different. Likewise, the impacts of EMS 26 (modification and development of energy efficient 

products) on production resources are dissimilar in many cases compared to EMS 23 (investment at 

new production facilities for minimization of energy usage and carbon emissions). This can be 

attributed to the fact that different levels of impact on production resources and productivity features 

reflect different contextual variables (e.g. energy intensity, sectors and firm size) within industrial 

organizations.   

The same logic can also apply in the broader pursuit of minimizing the energy efficiency gap in the 

context of industrial organizations. Despite the notion that EM helps reduce the energy efficiency gap 

[15], [268], the extent to which this can be achieved also depends on several contextual phenomena 

(e.g. industry type, firm size and energy consumption nature). Therefore, a one- size– fits- all approach 

is not appropriate when it comes to energy savings or energy efficiency gap minimization. An 

organization might experience different proportions of energy savings, thus leading to the minimization 

of the so-called energy efficiency gap. However, in a recent study, Hasan et al.[199] suggested that 8-

10% of energy savings could be possible with the adoption of energy management practices in industrial 

organizations.      

Whilst looking at the barriers to industrial EM, this framework could also open a few avenues for 

discussion, which are modelled by previous researchers [18], [43]. For example, previous studies have 

highlighted various barriers that hinder an explicit consideration for supporting process-related 

decisions in the context of EM [16], [17]. Therefore, while looking at the implementation of EMSs, 

companies may broaden their decision-making perspective by integrating the impact of EEMs on the 

production resources. Observing such a mindset is important, considering that energy is a crucial factor 

for ensuring resource efficiency, sustainability and competitiveness in the market. Indeed, this 

introduces a significant, yet initial, finding that has emerged through the comprehensive knowledge on 

EEMs and production resources gained in this framework.  
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On a separate note, it should be mentioned here that the fourth industrial revolution, Industry 4.0, also 

focuses on energy efficiency to minimize the production cost in industrial organizations [269]. 

Therefore, the impact of EM is critical in organizations for adopting technical features associated with 

Industry 4.0. More importantly, EM acts as an expeditor for improved energy performance when 

applying optimization techniques focusing on energy productivity. Nonetheless, queries might arise on 

the implementation of EMSs within industries due to its multidimensional nature. From the energy 

productivity perspective, it is obvious that energy efficiency should be incorporated with certain 

technical features, and clearly, with the adoption of EMSs.  

Moreover, whilst looking at Industry 4.0 through the lens of EM and production resources, we find 

several significant factors in the industrial context, precisely relating to real-time monitoring of the 

device or industrial machines. For example, in our framework, “energy” is considered as one of the 

production resources. When we opt for adopting an EMS (e.g. modification and development of energy 

efficient products, eco-designing and energy saving pilot projects), it certainly has an impact on 

production resources. Though, in this case the possible effect is energy consumption reduction. With 

the help of Industry 4.0 technologies, key decision makers can easily monitor or evaluate the impact of 

EMSs within the entire production system.  

4.7 Summary 
 

The novel framework presented in this chapter aims to characterize industrial EMSs by considering 

their impact on industrial operational features. To the best of the author’s knowledge, very little studies 

have focused on industrial EMSs at the same level of detail as accomplished in this framework. 

Furthermore, there is no prior study that has highlighted the attributes featuring an “impact on 

production resources” in a comprehensive manner. This is particularly critical for industrial decision 

makers as it highlights the nexus between production resources and operational aspects. An additional 

element of novelty is ascertained by having highlighted the need to analyse EMSs as per their diverse 

perspectives (e.g. resource management and impact on productivity). In particular, undertaking a 

characterization of the attributes allows to provide an inclusive view of relevant EMS perspectives and 

results in the consideration of a more specific mechanism underpinning the selection of the EMS to be 

endorsed.  

When it comes to the framework itself, there are three main features that signify its novelty: firstly, the 

detailed reference list of EMS; second, the detailed impact of EMSs, integrating operational features; 

and finally, in terms of usage, the relationship matrix characterizing the attributes adopted in the 

framework. In addition, the validation phase of the framework includes an industrial expert’s feedback, 

further to an application of the framework within an energy intensive industry.  
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In a general sense, the output of the developed framework is more inclusive than existing EM schemes 

or a mere appraisal of the maturity level, given the meticulous assessment of the EMSs involved in the 

decision-making process. By considering the framework, industrial organizations have the ability to 

highlight any significant factors impacting their operational performance, paving the way towards a 

detailed strategy for EM. It is for this reason that a comprehensive set of EMSs are developed with a 

defined set of attributes. Such an approach thus allows for the consideration of several important 

viewpoints to assess EMS adoption, specifically the capabilities and organizational perspectives, and 

suggest specific actions for each EMS.  

The proposed framework also signifies the relevant concerns in EM supply chains within the industrial 

decision making and policy making process. The framework could be effectively useful in developing 

EM practices within industrial organizations, adapting to their specific needs. In fact, the framework 

could be applicable for stakeholders working in the energy efficiency value chain system and wishing 

to develop their approach to EM. In addition, the proposed framework could also provide support in 

designing policies towards more effective promotion of industrial EM by acting on a set of articulated 

attributes. 
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Chapter 5 
…………………………………………………………………………………………………………… 
 
This chapter investigates the role of Industry 4.0 technologies in terms of improving performance of 

industrial energy efficiency measures with the impact of production resources and operational 

performances.  

This chapter is published in the following conference proceedings and journal: 

(i) A.S.M.M. Hasan, A. Trianni, “Towards a Framework to Assess the Impact of Industry 4.0 

Technologies & Services on Production Resources”, IEEE International Conference on Industrial 

Engineering and Engineering Management (IEEM), 07-10 December 2022, Kuala Lumpur, Malaysia 

DOI: 10.1109/ieem55944.2022.9989725 

(ii) A. S. M. M. Hasan, A. Trianni, “Boosting the adoption of industrial energy efficiency measures 

through Industry 4.0 technologies to improve operational performance”, Journal of Cleaner 

Production, vol. 425, p. 138597, Nov. 2023, DOI: 10.1016/J.JCLEPRO.2023.138597 

5. Boosting the adoption of industrial energy efficiency measures through Industry 4.0 
technologies to improve operational performance  

5.1 Introduction 
 
Industry accounts for 25% of the global gross domestic product and employment, as well as 42% of the 

world’s electricity consumption [270]. To achieve decarbonization, EEMs are regarded as “first fuel” 

and crucial for a financially viable energy transition [11]. Energy efficiency (EE) provides a broad set 

of benefits in multiple areas (e.g. production, work environment, operation and maintenance, waste) 

beyond just energy savings, known as NEBs [7]–[10]. However, despite numerous claimed benefits of 

EE, the rate of improvements related to EEMs have slowed down in the recent past [12], contributing 

to a “energy efficiency gap” [15]. 

Therefore, looking at "energy" in a broader spectrum within industry is crucial to raise awareness about 

EE among key industrial decision makers [33], in particular the implications of EEMs on shop floor 

activities [36]. In fact, assessing the impact of EEMs on production resources and operational 

performances is of absolute importance in the adoption of industrial EEMs considering the nexus among 

energy and other production resources (e.g. material, capital, machine, waste) [40].  

Simultaneously, the industrial sector is undergoing a technological transformation, which is called the 

fourth industrial revolution or I4.0 [271]. I4.0 refers to a set of technologies such as cyber physical 

system (CPS), Internet of Things (IoT), artificial intelligence (AI), big data which are designed to 

improve the efficiency of industrial systems [46], [272]. I4.0 technologies are claimed to improve the 

https://ieeexplore.ieee.org/document/9989725
https://www.sciencedirect.com/science/article/pii/S0959652623027555?via%3Dihub
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better utilization of industrial production resources, in particular, usage of energy in the upstream and 

downstream in the industrial value chain [47], [273]. The spectrum of benefits of I4.0 technologies seem 

to go beyond improved productivity, up to process innovativeness and better collaboration [200], [274], 

[275].  

Studies have started to highlight the implication of I4.0 technologies in terms of sustainability [56]–

[58] and technical perspective [59]. Earlier literature featuring I4.0 technologies also have focused on 

developing algorithms, models, and hardware [48]–[55]. Similarly, research has explored the impact of 

I4.0 on quality management practices, product and service performance [276]–[278]. However, the 

existing studies in this area have been lacking sufficient empirical evidence, particularly with regards 

to the limited focus on industrial EE when examined through the lens of I4.0 technologies. Yet there 

are very little studies investigating the role of specific I4.0 technologies and how it can best leverage 

the industrial EEMs to improve operational performance. Furthermore, the scientific understanding 

about the implications of EEMs on production resources and operational performances has not been 

established extensively within the industrial context, thus representing a major research gap as detailed 

in the following section. 

Given the initial background, the study aims to assess the contribution of I4.0 technologies in the 

adoption of EEMs with impact on production resources and operational performances. To support the 

study, an innovative framework is developed which has been investigated into selected manufacturing 

enterprises with respect to a subset of I4.0 technologies and EEMs. The research questions of this study 

are as follows:  

• In terms of techno-economic considerations, what are the impacts of EEMs on production 

resources and operational performances beyond energy and monetary savings? 

• What I4.0 technology seems to be the most impactful for the specific EEM? Here, the emphasis 

on selecting the specific I4.0 technology as not all of the technologies support the adoption of 

specific EEM. 

• What are the production resources and operational performances most affected by the 

implementation of I4.0 technology in support of the specific EEM adoption? 

To the best of author’s knowledge, this study is the first attempt to highlight the nexus among I4.0 

technologies, EEMs, production resources, and operational performances in the industrial context. In 

fact, this study presents two distinctive features that contribute to its novelty. Firstly, it provides an 

empirical investigation into the role of I4.0 in relation to specific EEM, offering valuable insights into 

their implications on production resources and operational performances. In terms of academic 

contribution, the proposed framework and the related empirical exploratory investigation aim at 

addressing a critical gap in the existing literature, towards enhancing an understanding of the potential 

synergies between the implementation of I4.0 technologies and industrial energy management (EM) at 
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operational level. We argue the framework could be also beneficial to practitioners and industrial 

decision-makers to unveil the effective contribution of I4.0 technologies with respect to industrial 

sustainability. More specifically, the framework could help key decision makers in pointing out the EE 

improvement opportunities within their companies. Furthermore, the developed framework is designed 

to support decision-makers in better assessing and selecting suitable EEMs, thereby potentially 

contributing towards the establishment of a robust EM system which is at the very backbone of ISO 

50001 certification for businesses [171], [279]. In fact, by utilizing the framework, organizations could 

more effectively assess different EEMs and select the most suitable based on their overall impact on 

production resources and operational performance, including improved EE and EM. 

 

5.2 Literature background and research gaps 
 
By looking at previous studies on the topic (summarized in Table 20), there are two major streams of 

literature. On the one hand there is a set of studies more specifically investigating the features of EEMs 

and their impacts on EE and beyond (e.g., NEBs). On the other hand, other studies are focusing on the 

contribution of I4.0 to improve industrial operational performance.  

The first stream regards a basic attempt to assess impact of industrial EEMs on the production resources 

[280], [281], limiting the analysis to few cross cutting areas only. Other studies highlight the EEMs’ 

implication at operational performances [282], [283]. However, only few of the operational KPIs are 

discussed in the studies. The impact of EEMs beyond EE has been investigated by a growing number 

of scholars. For instance, Skumatz and Dickerson [9], Pye and Mckane [101], Mills and Rosenfeld [103] 

have argued about the multiple benefits (e.g. improved maintenance, waste reduction) beyond energy 

savings concerning EE, thus suggesting a link between EE performance and some operational 

performances. However, a comprehensive view of operational performances is lacking in those studies. 

Cagno et al. [202] have argued about NEBs in terms of EEMs adoption, nonetheless, too little attention 

is paid to operational performances inclusively. Similarly, Nehler and Rasmussen [10] have discussed 

NEBs in terms of EE investment perspective, however the evidence is lacking in terms of operational 

parameters (i.e. equipment effectiveness, resource utilization) in industries. Other studies have offered 

a more thorough characterizations of EEM/energy management services (EMS). Fleiter et al. [85] and 

Trianni et al. [86] attempted to provide a thorough characterization of EEMs to support their adoption 

in industrial companies. However, such studies have not explicitly explored the connection with other 

operational performance and production resources. More recently, Hasan et al. [33], whilst contributing 

to the literature by starting to highlight an EMS characterization with respect to production resources, 

it is however lacking a thorough perspective over operational performance. Moreover, in such previous 

studies a clear mention about I4.0 technologies is largely missing. 
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A second stream focuses at the I4.0 technologies to support operational performance. Here literature is 

quickly under expansion, with several contributions in EM and optimization strategy. Shrouf and 

Miragliotta [60] discussed EM in production systems with some mention around IoT. Wang et al. [62] 

argued about the production performance improvement in smart factory integrating big data based 

feedback, nonetheless, overlooking the operational performance broadly. On the contrary, Bukataet al. 

[48], Faheem and Gungor [54] have discussed about energy optimization strategies. However, such 

studies have not demonstrated the nexus between EE and operational performance metrics. Matsunaga 

et al. [284] have investigated industrial production processes in smart manufacturing system, however 

empirical consideration of the production resources and performances are lacking in terms of EE.  

Literature has also investigated several technical features (e.g. algorithms, models) of I4.0 technologies 

[285]–[287] with a broad focus on sustainability. Nonetheless, previous studies have not highlighted 

the impact of technologies on production performance also including specifically EE. Tortorella et al. 

[288] have argued about the role of I4.0 in lean manufacturing system, nonetheless little attention is 

paid to an EE perspective. Tonelli et al. [289] highlighted the methodological perspective to improve 

operational performance, however the scientific evidence is not conclusive and lacking of elaborate 

consideration of operational metrics. Similarly, Dalenogare et al. [277] have analysed the potential 

benefits of I4.0 technologies in terms of operational performances. 

The study of the extant works shed light on several complex and intertwined major research gaps, thus 

supporting current and future research in this area. First, EEMs are not comprehensively considered in 

relation to their impact on production resources other than energy. Considering the correlation amongst 

energy consumption and production activities in industrial organizations [40], understanding the 

implications of EEMs on production resources would be crucial for improved decision-making in the 

operations. In addition, the majority of EEM models seem to emphasize the economic perspective 

relating to NEBs. This can induce some issues when it comes to understanding the impact of EEMs on 

an organization’s operations more broadly, i.e., with NEBs extending far beyond an economic 

performance [202]. 

Second, previous models have not or barely discussed the effect of EEMs on operational performance 

in an industrial context. Here, integrated strategies that coordinate operational and strategic level 

concerns with other sustainability metrics are necessary for the efficient implementation of EEMs [36]. 

In light of this, organizations should assess EEMs operational performance with a focus towards 

sustainability [198], [199] to obtain a better understanding on operational activities within industrial 

organizations [36]. 

Third, previous literature specifically on EEMs features has not extensively encompassed the features 

offered by I4.0 technologies (e.g., production and machine performance observation through real time 

monitoring using sensors, production planning through the help of simulation tools). I4.0 technologies 
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are claimed to offer increased EE that also positively impact on the production activities [200]. Indeed, 

there has not been sufficient focus on integrating EEMs and I4.0 from the perspective of industrial 

operational performance.  

Fourth, the inclusion of I4.0 technologies in the form of digital control in industrial organizations could 

bring additional benefits to EEMs, as there might be implications on e.g., asset management through 

EM and associated services [36], [193]. Unfortunately, the majority of researchers have not explored 

this research stream to date, and none of them with a specific empirical study. 

In a nutshell, the present study builds upon earlier literature streams by investigating the role of I4.0 

technologies in boosting the improvement of operational performance by the adoption of EEMs 

affecting a set of production resources. In order to support the investigation, a new framework has been 

designed and presented in Section 5.4, encompassing major operational performance, production 

resources, EEMs and I4.0 technologies. 
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Table 20. Synopsis of existing frameworks focusing on EEMs and EE features of I4.0 technologies within industrial organizations.  

*Legend: (Full Consideration);   (Partial Consideration);   (Minor Consideration); (Not Considered).  
 

 
 
 

Authors and 
year 

Study focused area 

Model Narration 

 
 

Remark 
Reference 

Impact 
assessment of 

EEMs on  
production 
resource 

Impact 
assessment of 
EEMs on 
operational 
performance 

I4.0 into 
EE 

NEB Characteriza
tion of 

EEM/ EMS 

Supports in 
decision 
making 

about EEM  

Mills and 
Rosenfeld 
(1996)  

      Additional benefits of EEMs are discussed in several 

categories (e.g. indoor environment improvement, 

reduction of noise)  

Industrial EEMs are not 

specifically considered. [103] 

Pye and 
Mckane 
(2000)  

      
Environmental compliance cost reduction, reduced 

production costs, improvement of capacity utilization, 

reliability issues are considered in NEB. 

Little discussion about reasoning 

to the potential benefits beyond 

energy savings. 
[101] 

Worrell et al. 
(2003)         

Economic assessment has been signified; additional 

benefits are categorized into several categories (e.g. 

waste reduction, production and quality improvement) 

Authors acknowledge the 

complexity to estimate the 

magnitude of benefits.    
[7] 

Skumatz and 
Gardner 
(2005)  

      
NEBs are considered in three categories, which are 

“Net positive and negative”, “Comparison efficiency 

to standard equipment”, and “Net of free riders”. 

Authors acknowledge the 

incompleteness of the benefit. [102] 

Lung et al. 
(2005)        Focuses on secondary savings and production benefits 

quantification. 

Lack of focus on operational 

performance. [87] 

Fleiter et al. 
(2012)        

Encompasses technological, comparative advantage, 

and informative features in NEB.  

Energy services are not integrated. 
[85] 

Trianni et al. 
(2014)        

Attributes are characterized into financial, production, 

environmental, implementation, and interaction 

category.  

Not holistic; Not specific focus on 

operational performance metrics  [86] 
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Ford and 
Despeisse 
(2016) 

      
Discusses the implications at sustainability concerning 

from I4.0 technologies, in particular, additive 

manufacturing are highlighted. 

Not holistic; operational 

performance and production 

resources are not considered. 

[290] 

Kulatunga et 
al. (2017)        

Presents methods for improving energy balance by 

minimizing energy waste in the industries using 

algorithm. 

EM practices are not integrated in 

the model. 

[285] 

Nienke et al. 
(2017)       

Presents EM 4.0 roadmap integrating the usage of 

energy data; guided by four maturity levels and 

integrated by energy consumption data during 

production. 

Lack of focus at EM. [286] 

Peralta et al. 
(2017)       EE is discussed in regards of IoT nodes highlighting 

IoT and fog computing technology in smart factories 

Not specific consideration of 

organizational performance 

metrics. 

[287] 

Bauerdick et 
al. (2017)       

Highlights the controlling and monitoring of machine 

at production system based on energy data monitoring. 

Not holistic; not specific 

consideration of operational KPIs. 

[291] 

Junker and 
Domann 
(2017) 

      
Focuses I4.0 technologies in context to EM; proposes 

an EM system to collect energy consumption data in 

the manufacturing industries. 

Not holistic; production resources 

and operational performance are 

not discussed 

[292] 

Wagner et al. 
(2017)       

Highlights the implications of IoT and services in 

terms of Lean production system;  impact matrix is 

focused on data acquisition and processing, machine 

to machine communication, and human machine 

interaction perspectives 

Lack of focus on operational 

performance indicators and 

production resources. 

 

[293] 

Beier et al. 
(2018)        Highlights the implication of IoT on sustainable 

development attributes (e.g. resource efficiency, 

sustainable energy, transparency). 

Operational performances metrics 

and production resources 

implications are lacking. 

[294] 
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García and 
García (2019)       Discusses the impact of I4.0 technologies at 

production and maintenance management; 33 

production management tasks and 26 maintenance 

management tasks are considered to show the impact 

of I4.0 technologies. 

Incomprehensive model; lack of 

consideration at EE and 

production resource. 

[283] 

Kamble et al. 
(2020)       

Investigates the implications of I4.0 technologies and 

lean manufacturing practices for manufacturing 

companies in India. 

Not comprehensive; little focus on 

organizational performance 

metrics. 

[295] 

Ghobakhloo 
(2020)       

Interpretive Structural Modelling (ISM) is presented to 

show several relations between I4.0 and sustainability 

Insufficient integration of overall 

operational performance metrics.  

[200] 

Nara et al. 
(2021)        Potential impacts on sustainability are presented 

concerning I4.0 technologies; model is contextualized 

based on Brazil’s plastic industry. 

Lack of consideration at 

operational performance and 

production resources. 

[282] 

Cagno et al. 
(2022)       Highlights the impact of EEMs on production 

resources at shop floor level; attributes are divided into 

production, social, and environmental categories;  

Not comprehensive; operational 

performance missing; I4.0 features 

are missing. 

[280] 

Favi et al. 
(2022)        Uses industrial metabolism concept to focus energy 

flow; economic factors and sustainability are 

highlighted at industrial context.  

Incomprehensive focus on 

operational resources and 

performance.  

[296] 

Tumbajoy et 
al. (2022)       

Simulation based assessment in manufacturing 

process for I4.0 technology; particular focus on overall 

OEE 

Not comprehensive; lack of focus 

at labour effectiveness and other 

operational KPIs. 

[297] 

Vogt et al. 
(2022)       

Investigate the cyber physical production system to 

compare performance in heating, ventilation, and air 

conditioning (HVAC) system at manufacturing unit; 

four schemes are considered ranging from time based 

control to model predictive control. 

Not specific focus on other cross 

cutting areas (e.g. electrical motor, 

compressed air); lack of focus on 

production resources. 

[298] 
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Hasan et al. 
(2022)        

Discusses the impact of EMS on production resources 

at shop floor level; 25 attributes are divided into 4 

categories which are implementation, impacted area, 

production resources, and productivity.  

Limited focus on operational 

performance; I4.0 technologies are 

not integrated. [33] 

Arana-Landín 
et al. (2023)       

Discusses the impact of I4.0 technologies on quality 

management of production process; influence on EE. 

  

Not holistic; limited focus on 

production performance 

attributes; NEBs are not 

considered while considering 

productivity feature.   

[299] 
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5.3 Research methods 
 
The methodological steps for developing the framework are presented in Figure 12. The initial task in 

constructing the framework involves identifying the production process and production resources. It is 

important to note that the selection of production resources is not arbitrary; instead, a meticulous 

assessment of the enterprise's internal resources is conducted [41], [281]. Likewise, while identifying 

the operational performances, particular emphasis is placed on the industrial manufacturing context. 

The following step entails defining the attributes of the production process, production resources, and 

operational performances. In this process, we conducted an analysis of pertinent literature from 

reputable sources such as Scopus and the Web of Science database. Following the attribute definition, 

the study progresses to the selection of cross-cutting technology areas and the corresponding EEMs. 

The cross-cutting technology areas are selected based on their extensive adoption and significant energy 

consumption within industrial sectors. Furthermore, the identification of EEMs relies on the utilization 

of two databases: the Industrial Assessment Centers (IAC) database of the United States Department of 

Energy (US DoE) [300], [301] and the Scopus database. The identified EEMs also possess an 

Assessment Recommendation Code (ARC), which serves as a unique number used within the IAC 

database. In selecting the EEMs, our emphasis primarily lies in the industrial management perspective 

within the context of the industrial production processes [86]. 

The subsequent step in the theoretical development of the framework involves a meticulous 

identification of the application of I4.0 technologies within the energy domain. This identification 

process heavily relies on a comprehensive review of relevant literature from Scopus and Web of Science 

database. By drawing insights from the literature, the framework aims to capture and understand the 

diverse array of ways in which I4.0 technologies can be applied to enhance EE. 

The next step encompasses the validation of the framework with a selected group of industry experts 

based on their experience in industrial EE activities. The interviewees are carefully selected based on 

their expertise, particularly focusing on individuals who have a minimum of ten years of experience 

working in the EE domain at industries. Semi structured interviews are conducted using a predetermined 

structure and protocol (Appendix A), commencing with a comprehensive overview of the framework 

to establish effective contextualization. The validation was carried out with 9 experts from November 

2022 to January 2023. To this end, previous literature has acknowledged that a sample size of 6–10 

could be accepted with a theoretical perspective for the primary validation of exploratory studies [257], 

[258]. In this study, a qualitative approach was followed to validate the framework whereby semi-

structured interviews were used. Each interview lasted for about an hour and have been recorded. Table 

21 presents detailed information about the sampled interviewees. The purpose of the interview was to 

obtain information on the participants' companies, products, and processes as well as their opinions on 

the framework's inclusiveness, usability, and convenience. Inclusiveness is defined as a group of 
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features to decide whether the categories are clear; attributes are distinct and covering all important 

metrics. Usability intended to evaluate features for determining the correct labelling of EEMs; valid in 

helping manage the EEM in accordance with organizational strategy. Lastly, in the convenience section, 

the ease to use this framework is considered along with its perceived worth to adopt in industrial 

organizations.  

The final step of the study includes the application of the framework in the industries. In doing that, a 

sample of companies have been chosen to help address the significant variety inherent in the industrial 

sector. Discussion were carried out according to a pre-defined structure and protocol, starting with a 

general description of the companies to provide an effective contextualization. To allow for a degree of 

flexibility in conducting the discussion (see Appendix B for detailed discussion topic), considering the 

scope of the investigation and the critical effect that specific contexts might have, the semi-structured 

approach was adopted [148], [256].  

In this application phase, information regarding the relevance of I4.0 technologies and EEMs were 

asked, also in terms of EEMs previously implemented. Furthermore, the roles of I4.0 technologies to 

boost the performance of EEMs are discussed thoroughly, as different subset of I4.0 may impact 

differently with respect to EEM. Besides, the impact of production resources and operational 

performances stemming from I4.0 with respect to EEMs are carried out.
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Table 21. Data of the interviewed experts and their organizations 

 
ID Designation Job description Experience of 

interviewee in 
EE field (years) 

Activities of 
concern 
organization  

EM status in firm 
Dedicated 
Energy 
Manager 
(Yes/No) 

EM policy (long 
term/ short term) 

Energy Audit Conduction 
(6 months/yearly/more 
than one year interval) 

EM training for staff 
(Yes/No) 

C1 Senior Advisor 
(resource 
management) 

Supervision of EE programs  13  Water 
treatment  

Yes Short term Yearly Yes 

C2 Chief Technical officer Supervision of EE programs 30  Energy 
solution 
provider 

No  Short term Not applicable No 

C3 Chief Technical officer Supervision of operation 
management 

17  Apparel 
manufacturer  

Yes 
 

Long term Yearly Yes 

C4 Specialist (energy 
productivity) 

Engage in EM programs  10+  Industrial 
production 
management  

No Short term Yearly Yes 

C5 General Manager Engage in driving solutions, 
digital innovation and enterprise 
transformation in energy sector. 

10+  Energy 
services 
provider  

Yes Long term Yearly Yes 

C6 Managing Director Involved in EM programs; 
energy advice  

12+  Energy 
services 
provider 

No Short term Yearly Yes 

C7 Senior Manager Supervision of production 
management 

15+  Apparel 
manufacturer 

No  Short term Yearly Yes 

C8 Deputy Manager Responsible for production 
management, involved in EM 
programs 

12+  Consumer 
goods 
manufacturer 

Yes Long term and short 
term 

Yearly Yes 

C9 Assistant manager Responsible for production 
management. 

10  Steel 
manufacturer 

Yes Long term and short 
term 

Yearly Yes 

 

 



104

Figure 12. Flow chart of methodological steps

5.4 Novel framework encompassing EEM to production resources and operational performance

The detailed description of the attributes upon which the framework is designed is presented in the 

following section. As a foundation, we have taking inspiration by previous studies of Fleiter et al. [85]

and Trianni et al. [86] to select and describe the attributes. Here, the attributes are not selected randomly, 

rather we adhered with the learnings from knowledge representation science [201] for the 

characterization exercise. For example, the categories were proposed with the aim of characterizing any 
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EEM based on a broad range of attributes. Following similar approaches in literature [85], [86] we have 

considered the perspective of key industrial decision maker’s in implementing any EEM. In fact, to 

assess the EEM properly, industrial decision makers require adequate details on several attributes 

including energy, economic, environmental, machine and labour effectiveness, productivity, and others.  

The attributes in this framework are divided into three categories: operational performance, production 

resources, and production processes. The categories are further grouped into subcategories. This 

framework integrates categories by combining simple attributes that are neither brief nor extensive. 

Additionally, emphasis was given to reduce the overlap among the different groups. 

 

5.4.1 Production process 

To adequately support key decision-makers in their evaluation of EEMs, it is important to identify the 

affected areas in industrial production processes. In this framework, by taking inspiration from Fleiter 

et al. [85], two major areas are considered to show the implications of EEMs, namely the (i) core 

technical process and (ii) auxiliary processes. 

5.4.2 Production resources 

Production resources can be categorized in diverse ways. For example, capabilities, assets, knowledge, 

information, processes, stocks, and trust are frequently mentioned by organization theorists [302]. On 

the other hand, economists emphasize factors of production, including land, labour, capital, knowledge, 

ideas, capabilities, and skills [303]. Similarly, accountants focus on information, materials, and 

machines [212]. However, a notable distinction is the classification of resources as intangible (such as 

knowledge) or tangible (such as capital), as well as transformational (like energy) or transformed (such 

as raw materials) [41]. In this study, production resources are defined as internal to the firm and 

possessing a tangible nature. This selection is guided by the practicality of identifying and managing 

resources that can be easily identified. Moreover, this conceptualization establishes a solid foundation 

for evaluating the implications of EEMs in the manufacturing enterprises. 

EEMs have a substantial impact on industrial production processes [40], necessitating a more thorough 

explanation of their connections [61]. Taking inspiration from earlier studies, the impact of production 

resources due to EEMs are divided into 7 sub-categories in this framework: (i) machinery [40], (ii) 

capital [208], (iii) energy [208]–[210], (iv) utilities and building [211], (v) human resources [212], (vi) 

materials and resources [40], [208] and (vii) waste [40], [208]. Table 22 presents a thorough description 

of attributes with a focus on production resources. 

5.4.3 Operational performance 

Operational performance is a key and well-known indicator of industrial production process efficiency. 

In manufacturing organizations, operational performance is an important consideration, given its impact 
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on bringing effectiveness in production, quality, customer satisfaction, and increasing revenue [304], 

[305]. Bayraktar et al. [306] argued that, to measure operational performance, several attributes are 

necessary. Therefore, researchers have encompassed several indicators to measure operational 

performance. For example, Corbett and Van Wassenhove [307] focussed on cost, quality, and delivery 

time to express operational performance. In contrast, Samson and Terziovski [308] focused on 

“productivity”, “quality”, and “performance” to express operational performance. Similarly, Jabbour et 

al. [309] and Slack [310] included quality, cost, flexibility, delivery, and production speed to measure 

operational performance in companies. On the other hand, Jacobs and Chase [311] incorporated 

operation time (combination of setup time and runtime), production speed/velocity, throughput rate, 

efficiency, productivity, and utilization to characterize operational performance. However, in this 

framework we have tried to emphasize machine effectiveness and labour effectiveness inclusively. 

Therefore, two distinct attributes are encompassed, namely overall equipment effectiveness (OEE) and 

labour effectiveness to show detailed performance metrics. Notably, OEE [312], [313] and labour 

effectiveness [314] as distinct KPIs are largely diffusing in industries to show operational performance 

with greater detail. 

Detailed descriptions of attributes grouped into division and sub-division, focusing on operational 

performance are presented in Table 22.
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Table 22. Defined attributes of production resources and operational performances 

Division Sub-division Remark 

Production 

resources 

Machine Refers to any device that run by electrical, mechanical, or chemical energy at industrial environment [7], [8], [10]. 
 

Capital Financial resources available for use in the industrial processes [45].  
 

Energy Refers to energy forms (i.e. electricity). 
 

Utilities & building This attribute includes the physical arrangement of industrial facilities and HVAC system [218]. 
 

Human resources Manpower working at the organization [219]. 
 

Material & resources Input goods/ inventory that are used for production in the industries. 
 

Waste & emission Emissions and industrial waste (hazardous and non-hazardous) which are produced during industrial activity.  
 

Operational 

Performance 

Overall Equipment 

Effectiveness 

Availability The proportion between the equipment's actual operation time and its total scheduled operation time [220]. 
 

Performance Refers to how well the equipment are working as designed for industrial activity [315].  
 

Quality Ratio of production at desired condition and total produced goods in the industrial context [316].  
 

Labour 

Effectiveness 

Performance  Ratio of actual productive working time and scheduled working time of the human workforce [314]. 
 

Quality Ratio of labour input divided by man-hours [317].  
 

Operation Time 

Setup time Required time for preparing the manufacturing processes & system for production [318]. 
 

Run time 
The actual operating time for producing output in the industrial system. It is calculated by subtracting setup time & downtime 

from planned production time [318]. 
 

Throughput Rate of production in industries over a predetermined period of time is referred to as "throughput" [222]. 
 

Productivity 
Resource utilization Refers to how production resources are managed and how well they are used across the many stages of industrial operation. 

 
Efficiency Ratio of actual production in standard hours and actual production time [311], [319]. 

 
Reliability Refers to a system whether it can perform correctly as designed in a defined environment [7]. 

 
Flexibility How operation responds to any external issues (e.g. change in supply demand, disruption in machine) [310], [320]. 

 
Production speed Ratio of flow time and value added time in industrial system [311]. 

 
Operational cost Ongoing expenditure (e.g. equipment running cost, inventory cost) for regular activities in the industries [319], [321].  
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5.4 EEMs and Industry 4.0 technologies for energy efficiency 
 
5.4.1 Selected cross cutting technologies 
 
The presented framework can be applicable for any suitable EEM. Nonetheless, for the application four 

cross cutting technologies have been considered (i.e. electrical motors, compressed air system and 

HVAC and water systems), based on their wide diffusion and the fact they present major areas of energy 

consumption in industrial production processes [86].  

Within cross cutting technologies, electrical motor systems are responsible for two thirds of industrial 

power consumption, given their broader range of applications [322], [323]. In fact, electrical motors 

account for 30-80% of industrial energy globally [324]. Generally, an electrical motor is efficient with 

a rating above 80%. However, with the adoption of best-practice EEMs, savings of 11-18% could be 

obtained [322]. 

The usage of compressed air is largely applied in industrial manufacturing processes and accounting 

of a relevance share of energy consumption in various contexts [325]. Nonetheless, the efficiency of 

compressed air systems is often quite low and studies [86], [230] show that compressed air driven tools 

utilize 10–15% of the energy input. Though, with the help of EEMs, about 56% of savings could be 

achieved for compressed air systems [326]. 

The Heating, ventilation, and air conditioning (HVAC) system has a considerable share on energy 

consumption within industrial production processes. More importantly, HVAC systems do not only 

have implications on production processes, rather also providing a comfortable environment within 

industrial premises. In buildings, HVAC systems are accountable for about 50% of total energy 

consumption [217]. Nonetheless, with the help of adequate EEMs, 40% of energy could be saved within 

a HVAC system [327], [328].  

Finally, the significance of the water system in industrial processes can be appreciated considering the 

nexus between energy, water and production activities. Though, although the impact of pumping 

systems on industrial water systems is apparent, little research has explicitly looked at EEMs within 

water systems in industry. Studies have started to mention a better utilization and management of 

resources in industrial organizations stemming from the adoption of EEMs in water system [261], 

however lacking a thorough empirical evidence. 

5.4.2 EEMs identification in selected cross cutting technologies  
 

Extant literature has widely discussed EEMs in terms of industrial applications, commercial buildings, 

hospitals and others. However, little work has been done towards specifically assessing industrial EEMs 

with respect to operational performance and production resources. Therefore, we have considered a 
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total of 13 EEMs under four main cross-cutting technologies along with the application presented as 

Table 23. The EEMs have been identified based on Scopus and Web of Science indexed journals, 

reports and technical notes by the US Department of Energy [300], [301]. In doing this, we mainly 

emphasized the industrial management perspective within industrial production process [86].   

By taking inspiration from earlier studies [26], [86] this was performed by using data from literature 

that discussed some of the characteristics of EEMs and how they relate to the effects on production 

resources and operational performance. This is to acknowledge that the list does not encompass EEMs 

in detail. Nonetheless, it was believed to be large enough for a broader overview of EEM features. Of 

course, the framework is designed to understand EEMs and their implications on production resources 

and operational performance holistically. Therefore, we attempt to present a set of valuable perspectives 

to characterize EEMs. However, the actual impacts on operational performance may differ for a 

particular application of EEM within a company based on industrial sector, firm size, and the nature of 

energy consumption. Therefore, more tailored and detailed information are required to consider EEMs 

and their implications on specific production resources for accurate decision-making processes.
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Table 23. The framework incorporating industrial EEMs, production resources and operational performance 

Area AR
C 

Energy Efficiency 
Measure 

Refere
nce 

Cat
ego
ry 

Production process Production resources Operational Performance Refere
nce 

Core 
technical 
process 

Ancill
ary 

proces
s 

Ma
chin

e 

Cap
ital 

Ene
rgy 

Utilitie
s & 

buildin
g 

Huma
n 

resour
ces 

Materia
l & 

resourc
es 

Waste 
& 

emissi
on 

Overall Equipment 
Effectiveness 

Labour 
Effectiveness 

Operation 
Time 

Thro
ughp

ut 
Productivity 

Reli
abil
ity 

Fle
xibi
lity 

Produc
tion 

speed 

Operat
ional 
cost 

 

Availa
bility 

Perfor
mance 

Qua
lity 

Perfor
mance  

Qua
lity 

Setup 
time 

Run 
time 

 
Resour

ce 
utilizat

ion 

Efficie
ncy 

    

EMS 2.4
111 

Utilize energy 
efficient belts 

[329], 
[330] O H M H M H N/A M L M P/ N* P* P* P/ N* P/ 

N P* P P P P* P P* P D 
[67], 
[322], 
[323] 

EMS 2.4
112 

Installation of soft 
start 

[330], 
[331] O L L H L M N/A M L N/A P* P P P N/A P* P P P P* P P P* D [323], 

[332] 

EMS 2.4
146 

Usage of  
adjustable 
frequency drive or 
multiple speed 
motors on existing 
systems 

[64], 
[330], 
[331], 
[333], 
[334], 
[322] 

MS
D H M M M H N/A M L M* P* P* P P P P P P P P* P P N/A D 

[322], 
[335], 
[336]  

EMS 2.4
154 

Avoid rewinding 
motors more than 
twice 

[64], 
[330]–
[332] 

M/
R L L H* L L N/A H L N/A P* P* N/A P N/A N/A P P P P P P N/A D [64], 

[331] 

CA 2.4
224 

Upgradation of 
control mechanism 
for compressor 

[301], 
[337]–
[339] 

HW L L H M M Y H M L P P* P P P P P P* P P* P P P* D [333], 
[340]  

CA 2.4
235 

Removal of 
unneeded 
compressed air 
line 

[301], 
[341], 
[342] O M L N/A M M Y L L L N/A P P P N/A P P P P* P P P P D* 

[342], 
[343]  

CA 2.4
236 

Elimination of 
leaks in air line 

[301], 
[333], 
[337] 

O H* M N/A H H* N/A L M M N/A P* P P N/A P P P* P* P* P P P D* [342], 
[343] 

HVAC 2.7
226 

Usage of 
Computer aided 
programs for 
optimizing 
performance 

[64], 
[301], 
[333], 
[344], 
[345] 

O L L L L M Y M L L P P N/A P N/A P P P P P P P P* D 

[345]  

HVAC 2.7
234 

Usage of heat 
pump for space 
conditioning  

[301] 
HW L L L M H* Y L L L P N/A N/A N/A N/A N/A P N/A N/A P P P P N/A 

  

HVAC 2.7
243 

Air circulation 
improvement with 
destratification  
fans or other 
methods 

[301], 
[333], 
[346] HW L L L L M Y H* M N/A P P N/A P N/A N/A P N/A P* P P P P* N/A [333], 

[346], 
[347]  

W 3.4
111 

Usage of closed 
cycle process to 
minimize waste 
water production 

[301], 
[348] CC M M L M M N/A L M M P P N/A N/A N/A P P P P* N/A P P P D 

[349]  

W 3.4
154 

Elimination of 
leaks in water lines 
& valves 

[12], 
[351], 
[38]  

RD L L N/A L M N/A L H H P P P P N/A P P P P* P P P P* D 
[351] 

W 3.4
155 

Sub-metering/ 
quantification of 
water usage 

[301], 
[349], 
[352], 
[353] 

RD L N/A N/A L L N/A L M M P N/A N/A P N/A N/A N/A N/A P P P N/A N/A D 

  
In the framework, the asterisk (*) refers to the literature backup. 
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(1) Electrical Motor Systems (EMS); Compressed Air (CA); Heating-Ventilation-Air Conditioning (HVAC); Water (W)  
(2) Operation (O); Hardware (HD); Motor System Drive (MSD); Maintenance/Repair (M/R); Closed Cycle Water Usage (CC); Reduction (RD) 
(3) High (H); Medium (M); Low (L); Not-available (N/A). 
(7) Yes (Y); No (N); Not-available (N/A). 
(8) Strongly positive (SP); Positive (P); Negative (N); Not-available (N/A) 
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5.4.3 I4.0 technologies for energy efficiency  
 

The foundation of I4.0 has been laid by the advanced automation system (e.g. robotics, smart sensors) 

as well as set of information technology and communication networks (e.g. Internet of Things, artificial 

intelligence, machine learning) consisting of data collection and analyzing system [354], [355]. A short 

description about various I4.0 technologies is presented in Table 24. 

Table 24. Short summary of selected I4.0 technologies 

Technologies Description 

CPS Connect physical and computational process in order to monitor system.  

IoT Industrial ecosystem that integrates intelligent machines with autonomous functionality, 

advanced analytical features with predictable nature, and human-machine interaction 

[356]. 

Big data Technologies that collect as well as analyze large volume of data.  

Cloud 

technology  

Virtual storage system for programs, applications, and data.   

AI System that involves creating machines capable of performing tasks based on knowledge 

presentation, natural language processing, machine learning, data driven reasoning, 

computer vision and robotics. 

Simulation and 

modelling 

Technologies that replicate the real-world process and systems virtually 

Visualization 

technology 

Augmented Reality: a set of technology that superimposes Human Computer Interaction 

(HCI) techniques, allowing users allowing users to interact with virtual objects in real-

time.  

Virtual Reality: application of technology to create an interactive world through the use 

of computer-generated visuals and sounds, allowing users to interact with virtual objects 

in real-time. 

Automation and 

industrial robots 

Machinery and equipment that computerize operational procedures; allows humans and 

machines to function collectively 

Additive 

manufacturing 

Process of joining materials in successive layers to make objects from 3D model data  

Block-chain A digital ledger technology that records transactions across a network of computers and 

ensures that the data stored within it is secure, transparent, and immutable. 

 
 

One of the salient features of I4.0 is the better decision making process due to its interconnected 

advanced and intelligent machines [104]. The deployment of smart machinery offers diverse benefits 

which primarily includes manufacturing productivity and waste reduction. In addition, it enhances the 

efficiency and overall productivity of the production resources [357].  
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In the domain of Industry 4.0 and energy management, literature has highlighted the technical 

parameters (e.g. vertical integration, virtualization, flexibility, automation, and traceability), in 

particular, interconnection of technical parameters. In fact, studies have highlighted three aspects in 

energy, which are (i) predict, monitor, and management (ii) strategies to improve efficiency (iii) 

technology innovation [273], [358]. Table 25 presents the application of I4.0 in energy domain. In 

developing the Table 25, we have considered cyber physical system and AI considering their wide 

spread application in the industrial energy management. Being said that, any I4.0 technology is 

applicable for the attributes presented in Table 25. 
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Table 25. Applications of I4.0 in energy efficiency domain 

Industry 4.0  

Applied methods 
to enhance energy 

productivity 
Description 

Application of Industry 4.0 into energy domain Reference 

System design 

Efficiency  

Forecasting 

Metering & monitoring Benc
hmar
king 

Management Energy 
harvesting 

Energy 
data 

visualisa
tion 

Reporting  

Major 
technolog

ies 

Technology 
components 

Energy 
supply 
chain 

network  

Energy 
system  

Energy 
consumpt

ion 

Energy 
performance 

Energy 
consumpt

ion  

Energy 
performa

nce  
 Allocation Scheduling 

Control & 
optimizatio

n 

Collaboratio
n with other 
production 
resources 

    

Cyber-
physical 
systems 

Distributed 
control 
system; 

actuators; 
sensor 

networks 

Data monitoring 
and acquisition 

Process of review, evaluation, and 
digitization of data from the system. M H P Y Y Y Y P M M H H N/A Y Y   

Value stream 
mapping 

Method of acquiring data of applied 
energy in each process H M* SP Y Y* Y Y SP H* H N/A M* N/A N/A N/A [207] 

Real time control 
Control of energy flow & machine 
status over time H H* P* N/A N/A Y* Y* P H H H H N/A N/A N/A 

 [46], 
[359]–
[361] 

AI 
Algorithms; 
optimization 
techniques 

Optimization 
algorithms 

Manage and control WSN 
communications and functionality  N/A M P* N/A N/A N/A M P N/A N/A M N/A Y N/A N/A [54] 

NSGA-II & 
NRGA 
evolutionary 
algorithms 

Algorithms to balance and schedule 
of loads based on energy   

N/A H P N/A N/A N/A N/A P M H M N/A Y N/A N/A   

Energy-aware load 
balancing and 
scheduling  

Apply fog nodes to analyse energy 
consumption; achieving load balance 
& scheduling   

N/A H* SP N/A N/A N/A N/A P H H* H M* Y N/A N/A  [362] 

Evolutionary 
algorithms  

Algorithm to solve single-objective 
manufacturing scheduling problems 
by energy awareness 

N/A H SP Y Y N/A N/A N/A M H H M Y N/A N/A   

Ant colony 
optimization 
algorithm 

Algorithm that reduces the weighted 
energy consumption  N/A M SP Y Y N/A N/A P H H H H Y N/A N/A   

Genetic algorithm 
Algorithm that optimize energy cost 
in the unit process by creating a set of 
jobs  

N/A H* SP Y Y Y Y P H H* H* H N/A Y N/A [363] 

Particle swarm 
optimization 

Focuses on task-related priorities to 
achieve the optimized solution in 
manufacturing clusters  

N/A H SP Y Y N/A Y P H H H M Y N/A N/A   

Branch & bound 
algorithms 

Focuses on energy consumption 
minimization by applying power-
saving modes and energy-efficient 
order of tasks 

N/A H* P Y Y* N/A N/A P H H H* M N/A N/A N/A 
[48], 
[364], 
[365] 

Asterisk (*) refers to the literature backup. 
(1) High (H); Medium (M); Low (L); Not-available (N/A). 
(2) Yes (Y); No (N); Not-available (N/A). 
(3) Strongly positive (SP); Positive (P); Negative (N); Not-available (N/A)
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5.5 Validation and application of the framework 
 
5.5.1 On-field validation  
 
As presented in Table 26, interviewees identified no significant overlap in the categorization of 

attributes with regard to validation. In fact, the framework received very positive comments from every 

interviewee. Moreover, the interviewees made it very evident that they understood the value of 

evaluating EEMs. In conclusion, the model is acknowledged by the interviewees for both its approach 

and potential for adoption in industrial organizations. 

 

Table 26. On-field validation result 

 

ID 

Inclusiveness Usability Convenience 

Category Attributes Labelling Application Valid & 

prompt help 

Easiness to 

use 

Adoption 

C1        

C2        

C3        

C4        

C5        

C6        

C7        

C8        

C9        

Key 

comments 

about the 

framework 

“The framework helped to 

identify the impacts of EE 

which are not taken into 

consideration in decision 

making phase”  

“The framework has brought a new perspective 

to look at operational performance through EE; 

previously the impacts of EE were overlooked; 

useful framework to assess the EEM and digital 

technologies”   

 

“Broader knowledge 

over operational 

performance is certainly 

helpful, however was 

not available before” 

Further 

suggestion 

Sub-categorization of EEMs 

should be included. 

 

Proposed mixed impact (positive & negative) in 

the mapping matrix 

 

*Legend: (Positively evaluated);  (Positively evaluated with further suggestions proposed);  (Negatively 
evaluated).  
 
5.5.2 Case Studies within industrial companies 
 

The application of the framework for the selected industrial companies is thereinafter presented. The 

application is crucial to understand the framework applicability across multiple industries. Three 

different industrial organizations are considered for the application, referring to crucial sectors in the 
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manufacturing sector such as (i) electronic appliances, (ii) textiles, and (iii) food and beverage. Within 

the exploratory nature of the present investigation, energy consumption represented a key factor in 

sampling industries. Textile and electronic manufacturing company are both energy intensive 

industries. Whilst in electronics significant electricity consumption can be noted, in textile industry a 

large amount of energy is primarily used for raw material processing, dyeing & printing, finishing 

process, and HVAC [366]. The food and beverage industry also has several units that consumes a large 

amount energy, primarily due to the large use of heat within the production processes.  

While applying the framework, the noteworthy EEMs and I4.0 technologies are discussed together with 

further details emerged in the discussion, leading to a comprehensive mapping matrix encompassing 

impact of EEMs and I4.0 technologies. Ultimately, the framework has allowed a holistic assessment of 

EEMs with a clearer understanding of the effective role of specific I4.0 technologies in boosting specific 

operational performance affected by the adoption of selected EEMs. 

5.5.2.1 Company A: Electronic appliance manufacturer 
 

The participating company is ISO 9001 and ISO 14001 certified. The company is located at Bangladesh 

and has been operating since 1972. The mill has the capacity to produce annually 72 million electronic 

appliances that include refrigerator, compressor, television, and washing machine. The annual turnover 

is 803 million USD. Electricity is the primary energy source in the plant; annual energy consumption 

is 365 GWh. Process energy, HVAC, and water are the main sectors that consumes the large portion of 

energy. The company has implemented several energy efficiency measures in electrical motor system, 

compressed air, HVAC, and water system. However, for the purpose of this study only four energy 

efficiency measures are considered for the discussion.  

One of the considered EEMs is “usage of AFD adjustable frequency drive (ARC 2.4146)” in electrical 

motor system. In this manufacturing plant, AFD is used in the conveyer belt system, pump & blowers 

unit, and compressor unit. While applying the framework for ARC 2.4146, we have observed that 

“machine” and “energy” are the impacted production resource. In addition, overall equipment 

effectiveness and reliability is also improved. For example, utilizing AFD is helping to reduce the wear 

& tear on electrical motor by a soft start and stop, which has resulted stress reduction of the motor and 

associated equipment in the plant. These features have helped to reduce the frequency of machine 

breakdowns and repairs, leading to downtime reduction. Furthermore, the plant manager acknowledged 

improved precision and accuracy of electrical motor by providing greater control of their speed and 

torque. 

The plant has also installed dryer (ARC 2.4222) to remove moisture in the CAS. Moisture can cause 

corrosion which leads to equipment damage and efficiency reduction of the system, and can also cause 

problems with certain processes that require dry air. Installation of dryer thus have impact on machine 
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and improves the OEE significantly. Similarly, the usage of computer aided program (ARC 2.7226) in 

HVAC significantly improves reliability, and decrease waste thus leading to reduced operation cost. 

Again, when it comes to closed cycle process in water system (ARC 3.4111), it has significant impact 

“material & resources”. In fact, the plant manager has acknowledged a significant reduction in water 

requirement demand in the production process due to the reuse of desalinated water. The operational 

cost was also reduced to 2-3% stemming from the reduced demand of desalinated water.  

However, when asked about further boosting the operational performance by I4.0 technologies, smart 

sensors and artificial intelligence (see Table 27) seem to improve more thoroughly the operational 

performance with real time monitoring and controlling of machine temperature, pressure, flow, and 

vibration. For instance, while using AFD in EMS, sensors help to monitor the current flowing through 

the motor and further adjust the frequency of the electrical power supplied to motor. Additionally, the 

vibration and temperature can also be precisely monitored. Nonetheless, with the help of AI, the OEE 

can be much more improved. In fact, AI analyse the real time data of motor speed, current, temperature 

in order to determine if maintenance is required, thus leading to prevent unplanned downtime in the 

plant, increased reliability and flexibility [367]. Moreover, AI helped to optimize energy consumption 

in the plant by adjusting the frequency of electrical power supplied to the motor, thus leading to 

reduction of operational cost [368].     

Similarly, AI is equally creating positive impact for computer aided programs in HVAC system and 

usage of closed cycle process in the water system. For example, AI-based algorithms are used to analyze 

data from sensors to detect and diagnose faults in HVAC system, control the temperature and airflow 

in the shop floor based on the time of day, weather, and occupancy. Again, considering water system, 

the similar features are equally applicable. Such features significantly optimize the operation of the 

HVAC system to reduce energy consumption and improves the OEE, OLE, system reliability, and 

reduce operation cost. In fact, with the help of sensors and AI platform, the manufacturing plant has 

saved 5% of water and other materials consumption compared to the previous years. On the other hand, 

by looking at industrial robots (see Table 27), it has impact on material and resources for the EEMs, 

however, not creating significant implication compared to sensors and AI.   
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Table 27. Impact of I4.0 technologies on EEMs with the consideration of production resources and operational performances at Company A (electronic 
appliance manufacturer) 

 
 
 

I4.0 
technology 

Cross 
Cutting 
Area 

Energy Efficiency 
Measure 

Production Resources Operational Performance 

Machine Capital Energy 
Utilities 
and 
building 

Human 
resources 

Material 
and 
resources 

Waste and 
emission OEE OLE Operation 

Time Throughput Reliability Productivity Flexibility Production 
speed 

Operational 
cost 

 
 
 

 
Sensor 

EMS Usage of  adjustable 
frequency drive  M / H   M / N.O.         +/++       +/ ++   +/ ×   +/ × 

CA 
Installation of 
dryers at air-line  M / H 

  
  

    
  

  
+/++       +/ ×         

HVAC Usage of Computer 
aided programs      

M / N.O. M / H   
  

M / H +/++ +/++   
 

+/++       +/ ++ 

W 
Usage of closed 
cycle process in 
water  

          M / H M / N.O.           +/++ +/ ×   +/ ++ 
 
 
 
 

AI 

EMS Usage of  adjustable 
frequency drive  M / H   M / H         +/ +++       +/ ++   +/ ++   +/ ++ 

CA 
Installation of 
dryers at air line M / H 

  
  

    
  

  
+/ +++        +/ ++         

HVAC Usage of Computer 
aided programs      

M / H M / H 
    

M / H +/ +++ +/ +++     +/ ++       +/ ++ 

W 
Usage of closed 
cycle process in 
water 

          M / H M / H           +/++ +/ ++   +/ +++ 
 
 
 
 

IR 

EMS Usage of  adjustable 
frequency drive  M / H   M / N.O.         +/ ++       +/ ×   +/ ×   +/ × 

CA 
Installation of 
dryers at air line M / H 

            
+/ ++       +/ ++         

HVAC Usage of Computer 
aided programs    

  
M / N.O. M / H     M / N.O. +/ × +/ ×     +/ ×       +/ × 

W 
Usage of closed 
cycle process in 
water 

  
    

    M / N.O. M / N.O.           +/ × +/ ×   +/ × 

 
Note: In the impact matrix, first part shows the impact of EEM without considering I4.0 technology, second part shows the impact of EEM with the integration of specific I4.0 technology   

(1) High (H); Medium (M); Low (L); Not-observed (N.O). 

(2) Strongly positive (+++); Positive (++); Mildly positive (+); Negative (-); Not observed (×)
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5.5.2.2 Company B: Textile & apparel manufacturer  
 

The textile and apparel manufacturing firm has been in operation since 1982 in Bangladesh, producing 

outdoor and athletic clothing, textiles, footwear, and gear, with an annual turnover of 2.21 Billion USD. 

The primary energy source used in the plant is electricity, with an annual consumption of 305 GWh. 

The textile plant has spinning, weaving and/or knitting, and wet processing that includes preparation, 

dyeing and/or printing, and finishing section. Spinning demands the greatest share of electricity (40%) 

followed by weaving (19%). The other energy consuming activities include wet-processing preparation, 

dyeing and printing, and finishing. 

As a part of the EM system, the plant avoids rewinding motors more than twice (ARC 2.4154). It is 

common practice to rewind a motor after failure in motor windings [369]. However, rewinding can lead 

to a decrease in efficiency [324]. Therefore, it is found economically convenient to replace a motor 

below 20 hp with a new high efficiency motor, instead of rewinding it [324], [370]. While implementing 

ARC 2.4154 (see Table 28), “machine” is observed as critical consideration within production resource. 

By avoiding rewinding motors more than twice, a significant improvement in machine effectiveness is 

observed, as well as reduced maintenance compared to motors that have been rewound multiple times.  

Similarly, the use of air filter (ARC 2.4227) in CAS is applied in the plant (see Table 5) which is crucial 

for removal of contaminants (i.e. particulates, condensate, and lubricant). Different types of air filters 

are used based on the level of air purity required in the system [342]. While applying this EEM, we 

have observed a critical implication, particularly on the “machine”. Again, while looking at the 

operational performances, a strong positive impact on equipment effectiveness, particularly on machine 

performance and quality was observed. It seems logical as the filter protects the machine from 

unexpected dust and contaminants, which is crucial for machine performance [371], [372]. Further, the 

operation cost is also minimized due to less equipment maintenance.  

This textile industry has a considerable water consumption. Optimizing the water consumption is very 

important, being water a scarce and precious commodity. Utilizing optimization techniques in water 

system holds utmost significance considering resource utilization and sustainability perspective [373] 

in an industrial context. The investigated plant uses flow control valves to optimize water consumption 

(ARC 3.4156) in the production process. Whilst applying the EEM, it is observed that material and 

resources are significantly impacted (see Table 28). In fact, by controlling the water flow better 

utilization of resources are acknowledged by the plant manager.  

Again, when asked to boost the operational performances further for the applied EEMs with the help of 

Industry 4.0 technologies, IoT and AI seem to have critical implications. Interestingly, in one of the 

new production units, IoT technologies have allowed to avoid rewinding of motors more than twice by 

monitoring the real-time operational performance of the motor through the use of smart sensors. The 
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sensors monitor the current flowing through the motor, temperature, pressure, flow, and vibration and 

send the data to the AI system for further analysis. The AI system then uses this data to determine if 

maintenance is required and can take action to prevent unplanned downtime in the plant, increase 

overall equipment effectiveness, reliability, flexibility, and optimize energy consumption (see Table 

28). In fact, we can appreciate the significant improvement (from mildly positive (+) to strongly positive 

(+++)) in OEE, flexibility, and reliability with the help of AI.     

Similarly, AI significantly improves CAS system performance in the plant. As mentioned earlier that 

the plant uses filter in CAS to remove contaminants. Generally, by using a filter, some air pressure 

drops in the system may negatively affect productivity. However, AI is used to analyse the real time 

data of the system and determining the optimal conditions for the air filter to operate efficiently. In 

addition, AI based platform monitors the pressure, flow rate, and other relevant parameters in the CAS 

and use this information to determine the most efficient operating conditions for the filter, when 

cleaning or replacement are needed. Additionally, AI based platform is also helping to optimize energy 

consumption in the CAS by adjusting the air flow rate and pressure as needed. All these features are 

inclusively impacting to improve reliability (see Table 6); from mildly positive (+) to strongly positive 

(+++)). Additionally, the operational cost has been reduced thanks to reduced energy consumption (see 

Table 28).  

5.5.2.3 Company C: Food processing company  
 
The food processing plant located in Australia processes various food items including vegetables, meat, 

and rice, employs 436 workers and presents an annual revenue of 52.3 million USD. The energy 

consumption of the plant is estimated to be 63 GWh per year. The main energy-consuming units in the 

plant include refrigeration, heating and cooling systems, processing equipment such as mixers and 

grinders, lighting, and compressed air systems. 

One of the EEMs applied in the plant is energy efficient belt utilization (ARC 2.4111) in electrical motor 

system. Literature have discussed several EEMs relating to the “utilization of energy efficiency belts 

and improved mechanism[s]” which include the use of either synchronous, flat, or cogged belts, or other 

mechanisms as high frequency gears, direct coupling motor and drive, etc. [322], [323]. Whilst applying 

the framework for ARC 2.4111 (synchronous belts), we have observed that machine, and energy are 

critically considered as production resources (see Table 29). Again, due to the implementation of the 

EEM, the overall effectiveness of equipment is significantly improved (see Table 29). However, 

additional retrofitting was required, and the volume of maintenance work also increased, resulting in 

additional worktime. In addition, whilst looking at the other operational performance metrics, we have 

observed a positive impact on production speed and reliability in operational processes.  
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Similarly, as a part of EM system, the plant does the cleaning and maintenance of refrigerant condenser 

and towers (ARC 2.7211) on a regular basis. Here, IoT technology such as smart thermostat, sensors, 

and actuators are integrated in the HVAC system in the plant since mid of year 2022. In the participant 

plant, IoT-enabled sensors are used to check and monitor the performance of condenser and tower by 

looking at the debris and dirt build-up as well checking for any signs of corrosion or damage. The 

maintenance team further uses the sensor’s data to take measures about cleaning of HVAC equipment. 

The regular cleaning of HVAC systems has provided more consistent and reliable temperature and 

humidity control in the shop floor. This has reduced the risk of respiratory problems among workers, 

leading to a healthier and improved labour effectiveness (see Table 29; mildly positive (+) to positive 

(++)). Interestingly, the plant manager acknowledged an improvement of working conditions, measured 

through a reduction of sick leave applications in the last quarter of year 2022 compared to the previous 

year.
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Table 28. Impact of I4.0 technologies on EEMs with the consideration of production resources and operational performances at Company B (textile and 
apparel manufacturer) 

 
I4.0 

technologies 
Cross 

Cutting 
Area 

Energy Efficiency 
Measure 

Production Resources Operational Performance 

Machine Capital Energy 
Utilities 
and 
building 

Human 
resources 

Material 
and 
resources 

Waste and 
emission OEE OLE Operation 

Time Throughput Reliability Productivity Flexibility Production 
speed 

Operational 
cost 

 
 
 

IoT 

EM 
Avoid rewinding 
motors more than twice M / H   M / N.O.         +/++       +/++   +/ ×     

CA Usage of compressor 
air filter  M / H         M / H   +/++       +/ × - / ×     +/++ 

W 
Usage of flow control 
valves to optimize 
water use  

          M / H 
  

        +/ × 
  

    +/++ 

 
 
 

AI 

EM 
Avoid rewinding 
motors more than twice M / H   M / H         +/ +++       +/ +++ 

  
+/ +++     

CA Usage of compressor 
air filter  M / H         M / H   +/++       +/ +++ - / ±     +/++ 

W 
Usage of flow control 
valves to optimize 
water use  

          
M / H M / H 

        
+/++ 

      
+/ +++ 

 
Table 29. Impact of I4.0 technologies on EEMs with the consideration of production resources and operational performances at Company C (food processing 
company)  

 
 

I4.0 
technologi

es 
 

Cross 
Cutting 
Area 

Energy Efficiency 
Measure 

Production Resources Operational Performance 

Machine Capital Energy 
Utilities 
and 
building 

Human 
resources 

Material 
and 
resources 

Waste 
and 
emission 

OEE OLE Operation 
Time Throughput Reliability Productivity Flexibility Production 

speed 
Operational 
cost 

 
 
 
 

IoT 

EM Utilize energy 
efficient belts M / H   M / H         +/ +++ - / -     +/++     +/++   

CA 
Maintain minimum 
pressure level for 
compressed air 

M / H   M / H     M / H M / H +/++       +/ +++       +/++ 

HVAC 

Cleaning and 
maintenance of 
refrigerant 
condensers and 
towers 

M / H 

  

  M / H M / H   

  

+/++ +/++ 
              

Note: In the impact matrix, first part shows the impact of EEM without considering I4.0 technology, second part shows the impact of EEM with the integration of specific I4.0 technology;  
(1) High (H); Medium (M); Low (L); Not-observed (N.O.). 
(2) Strongly positive (+++); Positive (++); Mildly Positive (+); Negative (-); Mixed (±); Not observed (×)
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5.6 Discussion  
 
The academic contribution of this study is developed based on two distinctive features mainly. First, 

this study has represented a novel attempt to explicitly consider EEMs impact on production resources 

& operational performances. Second, the study highlights the contribution of specific I4.0 technologies 

to boost performance of EEM at industrial context. To comply both features, the present research has 

done it by developing a framework to assess EEMs of based on the implications of a wider variety of 

production resources and operational performance metrics, further integrating I4.0 technologies for 

specific EEMs. The application of the framework in selected EEMs and I4.0 technologies allowed 

several interesting insights compared to extant literature.  

5.6.1 Impact of EEMs on production resources and operational performances  
 
It should be remarked that the EEM characteristics are theoretically independent from each other, even 

though they might appear alongside each other in a few cases [86]. An initial observation, by looking 

at the framework (Table 23), is that EEMs appear to be significantly impacting core technical processes. 

In fact, this findings signifies the relation between EEMs and production process in industrial 

organizations [264]. For what concerns the production process, the majority of EEMs are related to 

electrical motors and compressed air, subsequently also acknowledged by energy efficiency experts 

during the validation phase of this framework. 

By analyzing the framework and corroborated by the empirical findings of our investigation, we can 

observe that EEMs have critical implications on production resources at several levels. However, the 

implications depend on type of EEMs as well as cross cutting technologies. For majority of the cases, 

the impacted production resources are machine, energy, material & resources, and waste & emission. 

For example, usage of adjustable frequency drive is generally implied for energy savings in the 

electrical motor system. However, this EEM intervenes with the other machine in the sphere of 

production unit and impacts significantly. Likewise, maintain minimum pressure level in compressed 

air is referred as EEM, however, this EEM interposes in the overall manufacturing system and impacts 

on energy, material & resources, and waste & emission. Again, while looking at cleaning & 

maintenance of refrigerants condensers and towers in HVAC, we may observe an impact on utilities & 

buildings, and human resources. It should be acknowledged that the implications are justified on the 

overall production system in the company, allowing competitive advantage rather than energy 

efficiency perspective only.  

Whilst looking at operational performances, we have observed positive implications of EEMs 

concerning electrical motor system, particularly on OEE improvement. In fact, the adherence of energy 

efficiency with equipment effectiveness is acknowledged in academia and industry [314], [315], 

although inadequately discussed. It is crucial to examine the machine effectiveness given that these 
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attributes can help industrial decision makers to monitor operational performance in the industrial 

system. As to some extent expected (although not clearly acknowledged by previous literature), EEMs 

adoption has a major impact towards OEE. In particular, EEMs have a positive impact towards machine 

availability, performance improvement, and quality enhancement. For instance, “avoid rewinding 

motors more than twice” has improved the machine performance by increasing the availability. It has 

also improved the reliability of the operation system in Company B (textile & apparel manufacturer). 

In fact, Company A (electronic appliance manufacturer) and Company C (food processing company) 

also have acknowledged significant implications on reliability concerning EEMs. This appears 

reasonable, as the EEMs are inclusively related to machine performance (and beyond) [40]. For 

example, usage of compressed air filter in the system allows the removal of contaminants, further 

helping the production system to work as planned. Likewise, usage of flow control valve in water system 

helps to optimize the water consumption. Generally, these EEMs act as a part of ancillary process in 

the industries and do not offer immediate advantage. Being that said, these EEMs significantly improve 

the process reliability in the system. In fact, this was the case of Company B (textile & apparel 

manufacturer) when considering the usage of compressed air filter and flow control valve in water 

system. 

Earlier studies [7], [8], [10] have argued about few of the productivity benefits due to EEMs in an 

industrial context. Likewise, productivity features linking with EEMs are also highlighted by Trianni et 

al. [86]. However, inconclusive evidences are presented, as there is very little scientific understanding 

on how EEMs are impacting the company’s productivity, specifically resource utilization. Nevertheless, 

it should be stated that while firms adopt EEMs, resource utilization is often improved which eventually 

leads to waste minimization or CO2 emissions reduction [7]. For example, Company A (electronic 

appliance manufacturing) implemented usage of closed cycle process in the water system. It has 

acknowledged positive implications in productivity by reusing the water that have allowed reduced 

demand of fresh water in the manufacturing plant.  

Operational cost represents a crucial factor to adopt any technical measure within industrial 

organizations. Marchi et al. [374] suggested that financial investment to adopt EEMs can lower 

operational cost and improve the quality of production processes. On the other hand, Fettermann [375], 

Tortorella [288] have also argued that I4.0 reduces the operational cost in the industrial manufacturing 

process. What matters here is that both the I4.0 and EEMs have the potential to minimize the operational 

cost. In fact, by looking at the application of this study, it is observed that I4.0 technologies have 

improved the performance of EEMs, leading to significant benefits in terms of operational costs. For 

instance, the adoption of sensors and AI in the computer aided HVAC system have allowed better 

monitoring and controlling of the plants’ indoor environment, further, ensuring proper utilization of 

resource, eventually leading to reduction in operational cost. Furthermore, the positive impact in labour 

effectiveness is also observed in all the participated industries. 
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It should be acknowledged that whilst EEMs are capable to bring a large set of benefits, sometimes 

their implementation may negatively affect some operational performances. However, most of previous 

literature has neglected the negative implications of EEMs, overlooking the actual context of EEM’s 

implication. In this regard, this study has clearly pinpointed negative impacts related to labour 

effectiveness and production speed for selected EEMs. For example, investigated companies noted that 

whilst energy efficient belts may improve the OEE, they also require additional maintenance work due 

to the additional retrofitting. Similarly, usage of filter in CAS improves the OEE, however, negatively 

affect the compressed air flow in the system. 

Our findings seem to empirically showcase what previous studies were limited to theoretically 

highlight. Duflou et al. [264] argued about improvements in manufacturing systems by integrating 

energy efficient technologies covering redesign and optimization techniques, however, neglecting the 

broader attributes of production performance. Katic and Trianni [41] discussed the impact of production 

resources concerning EEMs, nonetheless, the consideration of operational performance is overlooked. 

Similarly, Hasan et al. [281] argued about the implication of EMS on production resources and 

productivity attributes, although, holistic consideration of operational performances are lacking. More 

recently, Cagno et al. [280] highlighted the impacts of EEMs at production level, however,  the authors 

overlooked the holistic consideration of operational performance, resulting in a lack of empirical 

evidence.  

It should be acknowledged that whilst the quantification of NEBs can be challenging and difficult to 

generalize across different business contexts [69] and result too burdensome or inadequate for smaller 

investments, qualitative knowledge of their impacts can significantly enrich the decision-making 

process. In this study, the qualitative approach highlighting the implications of EEMs in the decision-

making process can well support industry decision-makers beyond considerations over energy savings. 

 

5.6.2 Role of I4.0 to support specific EEM’s performance  
 
This investigation allowed to empirically showcase how EEMs and I4.0 technologies are intertwined 

and share similar objective which is to enhance the productivity and sustainability of a company, 

although potentially presenting different trajectories [60]. As somehow expected, while applying the 

framework in the investigated industries we have observed a substantial impact of I4.0 technologies 

boosting not just energy efficiency, rather improved a broad set of operational performances. The 

synergic use and management of machine data and hardware allows to reap unexploited benefits [376]. 

In fact, performance improvement options are not explored for the electrical motors adequately due to 

inadequate consideration of energy data. Furthermore, benchmarking of the machine performance in 

the manufacturing unit becomes difficult without comprehensive analysis of energy data [291]. This 

represented a major novelty with previous literature that has not sufficiently highlighted the contribution 
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of I4.0 technologies in supporting the so-called non-energy benefits stemming from the adoption of 

EEMs [7], [8].  

In the manufacturing plants, the energy flows are often found very complex due to involvement of 

multiple variables (e.g. forecasting, allocation, scheduling) in systems and processes. The participating 

companies have acknowledged the challenges of managing energy flows. However, with the help of 

CPS and Artificial intelligence platform, Company A and Company B have acknowledged improved 

control over the energy flows by leveraging the machine learning algorithms in electrical motor system, 

HVAC, CAS, and water system.  

Similarly, while applying the framework, particularly in the electrical motors system, the differences in 

performances of motors are well observed with the help of IoT, which represented a crucial barrier to 

the adoption of EEMs due to the uncertainty in the effective performance [22], [121]. By connecting 

motors and other machinery, IoT provided more visibility of real time data in production system. In 

fact, IoT allowed to optimize the electricity consumption in motors and improved the quality of services 

by applying predictive maintenance. To some extent, the study has empirically shown that the 

improvement of operational performance stemming from the adoption of EEMs could be significantly 

improved (and documented) thanks to the adoption of I4.0 technologies. Related to this, the preliminary 

results of this study show that by coupling I4.0 technologies with EEMs would ultimately improve 

awareness and decision-making in industry, leading to improvements in specific operational 

performance. 

With regards to I4.0 technologies, it can transform the large amount of operational data into actionable 

intelligence in industrial plants [273]. In fact, the sampled companies have acknowledged better 

performance in their operational activities by leveraging on a data driven approach. However, it was 

observed that it could be occasionally challenging to identify which specific I4.0 technology is suitable 

for boosting energy efficiency, being dependent on the specific needs and objectives of each application. 

For instance, in terms of metering & monitoring of energy status, sensors resulted quite useful. In fact, 

sensors become a critical component when it comes to identify the hot spots of energy usage as well as 

energy losses. When considering electrical motors system, compressed air system, HVAC, and water 

sensors acted quite significantly in Company A (electronic appliance manufacturer). Sensors have 

allowed better monitoring of energy consumption as well machine’s operational status. Similarly, when 

it comes to control & optimization of energy flows, AI seems to have more useful. However, the 

combination of sensors and AI provide the best solution for metering, monitoring, and controlling of 

energy flows. On the contrary, some technologies may not have a specific impact on EEMs, whilst 

affecting the overall production system. For example, IRs are used in assembly unit for material 

handling, inspection and packaging in Company A. By looking at the mapping matrix, we have not 
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observed any impact of IR into EEMs. However, industry participant have appreciated the overall 

positive implications stemming from IR in the manufacturing plant.   

Whilst looking at the selection of I4.0 technologies, industry participants have argued that digital 

technologies certainly have a significant role in improving EEMs performance, although depending on 

the maturity level of the company in implementing the technologies, as explicitly noted by one of the 

interviewees: “The utilization of digital technologies can be beneficial, in particular to improve the 

performance, facilitating the better monitoring and management of energy. However, higher maturity 

level of energy management in the company can be beneficial to capture the broader implications of 

technologies”.   

Industry participants have also acknowledged that I4.0 technologies have improved not only the energy 

efficiency but also the operational activities in the plants. Company A, B, and C have confirmed that 

the technologies have improved the industrial processes and product quality. In fact, the use of I4.0 

technologies have transformed the company’s core competencies, also enabling the agility and mass 

customization in manufacturing [315], [375]. Also, the adoption of I4.0 technologies has helped 

industries towards a circular economy approach, as other studies are starting to highlight [377], [378].  

This study, albeit it represents an exploratory investigation and further research in this domain is needed, 

has empirically shown that I4.0 technologies have an effective potential in supporting the transition of 

manufacturing system towards a more efficient use of production resources. Indeed, the investigation 

has provided evidence of beneficial impacts going beyond energy efficiency, rather extending to other 

production resources such as, e.g., materials, labour, and equipment. To this extent, the present study 

represents an advancement to academic literature with respect to earlier studies trying to discuss the 

impact of EEMs towards other production resources [40]. 

5.7 Summary 
 
An exploratory study highlighting the role of I4.0 in terms of EEMs with the impact of production 

resources and operational performances are presented in this chapter. To support the objective of the 

investigation, a novel framework has been developed and applied with respect to a subset of I4.0 

technologies and EEMs. The framework is developed encompassing the characterization of EEMs by 

linking the implications on production resources and operational performance, further integrating I4.0 

technologies in an industrial context.  

For the exploratory investigation in manufacturing companies, EEMs from cross-cutting technologies 

and some I4.0 technologies such as Cyber Physical System, Artificial Intelligence (AI), Internet of 

Things (IoT), and industrial robots (IR) are selected. The study shows that the synergic use and 

management of machine data and hardware allows to reap unexploited benefits beyond energy 

efficiency, such as overall equipment effectiveness (OEE), labour effectiveness, reliability, reduced 
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operational costs. The study also reveals the contribution of specific I4.0 technologies with respect to 

specific EEMs: whilst implementing AI is deemed important for boosting the benefits of programming 

HVAC and closed cycle process in water management (improving OEE, productivity and reducing 

operational costs), IoT seems to beneficially affect the adoption of motor systems by improving OEE 

and reliability. 
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Chapter 6 
…………………………………………………………………………………………………………… 

This chapter begins with a synthesis of the outcome of the thesis, followed by future research directions. 

6. Conclusion 

This thesis summarizes several intertwined issues in industrial energy management. The thesis is started 

with the review of existing energy management models followed by the investigation of energy 

management practices, drivers & barriers to EE, barriers to ESCOs. In the later phase, a novel 

characterization based framework is developed encompassing EMS, production resources, & 

productivity further highlighting the implications of EMS on production resources and productivity 

features. The last phase of the thesis is focused at exploring the role Industry 4.0 technologies in the 

adoption of EEMs with impact on production resources and operational performances.  

A comprehensive review of research on industrial energy management models are presented in Chapter 

2 synthesizing frameworks to offer necessary benchmarks for industrial experts. However, several 

complex research gaps were identified, including the lack of consideration for energy management 

services in relation to production resources, the effect of EEMs on operational performance in an 

industrial context, and the integration of EE features offered by I4.0. An integrated approach is 

necessary to understand operational activities within industrial organizations and achieve better 

sustainability metrics. 

In Chapter 3, a comprehensive investigation was performed to explore energy management and its 

practices, together with barriers and drivers to energy efficiency as well as barriers to ESCOs, in the 

context of energy intensive industries in a developing Asian economy. The results of investigation could 

provide significant insights into the energy management domain also for energy policy-makers. As 

major remark, the empirical findings show that the concept of energy management and energy 

efficiency is relatively new in the investigated industries, with lack of awareness and information 

systems deemed as quite critical for companies. This is particularly critical, as awareness on the 

importance of energy management and energy efficiency constitute a steppingstone for any further 

improvement project. In addition, it is observed that absence of energy manager or limited authority of 

energy manager has impact on barriers to energy efficiency. Nonetheless, the significance of energy 

monitoring has been pointed out, which is essential for increased knowledge and decision making. 

Furthermore, the investigated sample revealed an above-average potential of energy efficiency: this 

important result call for a greater effort by research, policy-making and industry to boost industrial 

energy efficiency within developing economies, where too little (e.g. small educational projects, 

financial loans) has been made so far. Nonetheless, industries are still lagging behind in the 
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implementation of energy efficiency solutions and energy management practices. Interestingly, the 

study has pointed out that in the investigated context, companies may be challenged, beyond the well-

known technical and economic barriers, also by organizational ones. Further, thanks to a preliminary 

correlation analysis, several potential correlations are pointed out among barriers and drivers that could 

give policy-makers valuable insights on the major obstacles and leverages to promote industrial energy 

management and energy efficiency. The preliminary results seem to suggest that further policy-making 

efforts should be placed to better integrate energy management into industries’ organizational 

structures. 

In this theses, Chapter 4 presents a framework that characterizes industrial EMSs and their impact on 

production resources and productivity features, which is a novel approach as prior studies have not 

examined EMSs in such detail. The framework includes a comprehensive set of EMSs with a defined 

set of attributes that allow for the consideration of different perspectives, enabling industrial 

organizations to identify significant factors impacting their production resources and operational 

performance. This is accomplished by explicitly taking into consideration the characteristics of energy 

management services based on 25 attributes belonging to four categories i. e., implementation, impacted 

area, impact on production resources and productivity. In addition, the study shed further light on the 

practical implementation of energy management activities by also placing focus on the link between the 

implications of their adoption on production resources and the subsequent impact on industrial 

operations. 

In a general sense, the output of the developed framework is more inclusive than existing EM schemes 

or a mere appraisal of the maturity level, given the meticulous assessment of the EMSs involved in the 

decision-making process. By considering the framework, industrial organizations have the ability to 

highlight any significant factors impacting their operational performance, paving the way towards a 

detailed strategy for EM. It is for this reason that a comprehensive set of EMSs are developed with a 

defined set of attributes. Such an approach thus allows for the consideration of several important 

viewpoints to assess EMS adoption, specifically the capabilities and organizational perspectives, and 

suggest specific actions for each EMS. The developed framework also signifies the relevant concerns 

in EM supply chains within the industrial decision making and policy making process.  

Chapter 5 investigates the contribution of I4.0 technologies in the adoption of EEMs with impact on 

production resources and operational performances. For industrial decision-makers, this poses an 

important consideration since it illustrates the correlation between production resources and operational 

effectiveness. Particularly, the characterization of the operational performance attributes enables a 

holistic view of EEMs, leading to a more precise approach for selecting the appropriate EEMs to be 

applied. To support the objective of the investigation, a novel framework has been developed and 

applied with respect to a subset of I4.0 technologies and EEMs. By applying the framework, industrial 
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companies can pinpoint the critical issues affecting their operational performance as well as further 

improvement with the help of I4.0 technologies, with particular emphasis on the adoption of EEMs, 

thus improving the decision-making process over their adoption.  

The framework for exploratory investigation in manufacturing companies involves selecting multiple 

EEMs covering electrical motor system, CAS, HVAC, water system and using a sub-set of I4.0 

technologies including CPS, AI, IoT, and IR. As major remark, the empirical findings show that the 

synergic use and management of machine data and hardware allows to reap unexploited benefits beyond 

energy efficiency, such as overall equipment effectiveness (OEE), labour effectiveness, reliability, 

reduced operational costs. The study also reveals the contribution of specific I4.0 technologies with 

respect to specific EEMs: whilst implementing AI is deemed important for boosting the benefits of 

programming HVAC and closed cycle process in water management (improving OEE, productivity and 

reducing operational costs), IoT seems to beneficially affect the adoption of motor systems by 

improving OEE and reliability 

In summary, the findings of this thesis reveals several intertwined issues within the realm of energy 

management and I4.0. Primarily, the thesis sought to address the existing gaps in understanding energy 

management practices, barriers, and drivers to energy efficiency, and barriers to ESCOs in industrial 

contexts. By delving into these crucial aspects, the aim is to unveil critical insights that could pave the 

way for optimized energy management strategies. Secondly, the thesis introduces an innovative 

framework that encompasses EMS, production resources, and productivity features. This framework 

facilitates a broader perspective on the significance of EMS, extending its influence on areas beyond 

energy savings. Lastly, the thesis concludes by developing a framework that aims to showcase the role 

of I4.0 in augmenting the performance of EEMs, taking into account the impact of production resources 

and operational performance at shop floor level. Despite the specific application, the framework stands 

out due to its distinctive capability to assess the impact of specific I4.0 technologies on EEMs at an 

operational level. This unique feature is of particular significance to industrial decision-makers who 

seek to identify the potential benefits and challenges associated with adopting these technologies in 

their operations. Through the utilization of this framework, decision-makers can make well-informed 

choices regarding which I4.0 technologies to invest in and how to optimize their implementation to 

achieve the greatest impact on EEM.  

Limitation & future work 
 
It is worth remarking few main limitations that offer opportunities for future research of this thesis. 

Firstly, while investigating the energy management practices at industries, we could not perform 

intensive statistical tests due to a lesser number of data. Besides, a comparison across a number of 

companies with different contextual factors (e.g. firm size, energy intensity type) have not investigated 

with respect to specific EEMs, for which slight differences may be expected. Moreover, the current 
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investigation delves into energy-intensive industries without specifying a particular industry type. 

However, in future research endeavours, a directed approach could be adopted by selecting specific 

sectors (e.g. steel, cement, textile). This strategic shift towards examining particular sectors allows for 

a more thorough understanding because the nature of energy consumption varies significantly based on 

the industry. Additionally, the research will extend its focus to Small and Medium-sized Enterprises 

(SMEs). Recognising that the nature of energy consumption in SMEs differs from that of large energy-

intensive industries, this inclusion ensures a more comprehensive exploration of the diverse energy 

consumption patterns across different industrial scales. Furthermore, it is imperative to acknowledge 

that the barriers and drivers to energy efficiency exhibit variations from country to country. To date, 

there is a lack of studies that comprehensively highlight the diverse barriers and drivers influencing 

energy efficiency across different countries. Addressing this gap in research will contribute significantly 

to understanding the contextual nuances that shape energy management practices on a global scale. 

Secondly, in developing the framework encompassing EMS, the quantitative metrics featuring 

production resources and productivity attributes are not considered. Therefore, forthcoming research 

should integrate a more comprehensive consideration of production resources. Specifically, an in-depth 

examination of "capital" or financial resources is imperative. For instance, in analysing the impact of 

an EMS, a thorough investigation of their influence on “capital” or financial resources should be 

integrated by expanding the scope of cost-benefit analysis over EMS adoption to further assess their 

profitability within the industrial sector. Furthermore, with regard to material and resources, a deeper 

look into the impact of EMS is required incorporating specific metrics related to material consumption, 

waste generation, and overall resource efficiency. Besides, there is a need to encompass a broader 

spectrum of operational features. For instance, specific metrics could include availability of machine, 

labour, resource management and utilization, and energy consumption per unit of output. Integrating 

such operational considerations into the analysis will provide a more nuanced understanding of the 

impact of EMS adoption on overall production resources within industrial settings. 

Thirdly, whilst investigating the role of I4.0 with respect to EEMS, the thesis has focused to a specific 

set of I4.0 technologies and EEMs, thus not encompassing in the analysis all I4.0 technologies. 

Although it may be not practical to include every possible technology in the empirical analysis, the 

theoretical framework developed to support the empirical investigation has been designed to be flexible 

enough to accommodate any I4.0 technology, without being dependent on its specific features. Besides, 

the application has been limited to a set of EEMs, and there is no quantification of the impact 

assessment. Indeed, future studies should on the one hand expand the investigated sample to achieve 

statistical significance over the effective contribution of specific I4.0 technologies in boosting specific 

EEMs performance. On the other hand, research should explore quantitative metrics to detail the impact 

of I4.0 technologies and EEMs on operations performance. This entails moving beyond qualitative 

assessments and embracing a more rigorous approach that involves numerical and measurable 
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indicators. For instance, the examination of metrics related to production cycle times, energy 

consumption, and resource utilization can offer valuable insights into the quantitative impact on overall 

operations performance. However, even the qualitative findings discussed in this study represent a 

major step to support industry in the decision-making process of adopting specific I4.0 technologies 

and EEMs. Hence, future research should expand towards encompassing a wider range of I4.0 and 

cross-cutting technologies, to further examine the role of I4.0 to support a more widespread adoption 

of energy efficiency measures. In fact, it would be really interesting to observe the diverse array of 

technologies within the I4.0 framework, ranging from IoT devices and AI to advanced sensors and 

blockchain and how the technologies can best support the performance of EEMs with the impact of 

operational performances. This holistic exploration will not only shed light on the technological nuances 

but also pave the way for informed strategies that can propel a sustainable and efficient industrial 

landscape integrating EEMs, I4.0, and operational performances. 
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Appendix A 

Topic: Validation of Framework for Energy Efficiency Measures 

Name of the interviewee:  

Occupation/designation and work place:  

Date: ____/____/________ (dd/mm/yyyy) 

Interview structure: Semi-Structured 

Time: Around 1 hour 

 

 

Question 1. What specific sector does your company primarily focus on within the energy industry? 

Please provide details regarding the industry, such as renewable energy, oil and gas, manufacturing, or 

any other relevant sector? 

Question 2. Could you please elaborate on your role and responsibilities in the company? This could 

include your position within the company, your area of expertise, and the scope of your involvement in 

energy-related projects. 

Question 3. How many years of experience do you have working in the energy sector? It would be 

helpful to know the duration and depth of your experience to better understand your perspective. 

Question 4. In terms of the framework's category and attributes, do you find it inclusive and 

comprehensive? Specifically, does it cover a wide range of energy efficiency measures and account for 

various aspects of energy management? 

Question 5. From your expert viewpoint, how usable and practical is the framework? Have you found 

it effective in guiding organizations through the process of identifying, selecting, and implementing 

EEMs? Please provide examples or insights from your experience. 

Question 6. Considering real-world scenarios, do you find the framework convenient to use? Does it 

offer clear guidelines and practical steps that can be easily followed by organizations seeking to improve 

their energy efficiency?  

Question 7. Have you observed any challenges or areas where the framework could be further enhanced 

to enhance its convenience? 
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Appendix B 

Topic: Role of I4.0 technologies to boost the performance of EEMs 

Name of the interviewee:  

Occupation/designation and workplace:  

Date: ____/____/________ (dd/mm/yyyy) 

Interview structure: Semi-Structured 

Time: Around 2 hour 

 

1. Manufacturing: What types of products or goods does the company manufacture? 

2. Does this company have any certification (e.g. ISO 9001, ISO 50001)? 

3. Energy Usage:  

a. What is the overall energy consumption of the company in its manufacturing 

operations? 

b. What are the specific areas or processes within the company that account for a 

significant portion of the energy usage? 

c. Have there been any efforts to monitor and optimize energy consumption in different 

stages of the manufacturing process? 

4. Annual Turnover: What is the company's annual turnover? 

5. Main Functions: What are the key functions or activities carried out by the company in its industry? 

6. Energy Efficiency Measures:  

a. What specific energy efficiency measures have been implemented by the company? 

b. How were these measures identified and selected? 

c. What factors were considered in the implementation of EEMs? 

7. Impact on Production Resources:  

a. Have the energy efficiency measures had any observable impact on the company's 

production resources (e.g., machinery, equipment, materials)? 

b. Are there any notable improvements in resource utilization, optimization, or longevity 

as a result of the energy efficiency measures? 

8. Operational Performance Improvement:  

a. Have the energy efficiency measures resulted in any improvements in the company's 

operational performance? 

b. Are there any specific performance indicators or metrics used to track and evaluate the 

impact of energy efficiency on operational performance? 

9. Industry 4.0 Technologies:  

a. What specific Industry 4.0 technologies have been implemented by the company in 

relation to energy efficiency and manufacturing performance? 
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b. How were these technologies selected? 

c. Have you implemented any specific Industry 4.0 technologies in your manufacturing 

processes that have resulted in observed improvements in energy savings? 

d. Has the implementation of I4.0 technologies improved the performance of the energy 

efficiency measures? 

e. Have the Industry 4.0 technologies had any impact on the company's production 

resources? 

f. How have these technologies influenced the overall performance in the manufacturing 

process? 

g. Have you also encountered any instances where negative impacts or challenges have 

emerged? 

h. Are there any specific Industry 4.0 technologies that you are considering for 

implementation in the near future? 
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