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Abstract: 

Energy management has been widely considered as an effective means for achieving energy efficiency 

and sustainable competitiveness in industrial organizations. However, several barriers prevent its 

diffused implementation. It is thus crucial to assess and evaluate energy management and the 

corresponding services in the industrial context in order to further promote them. Extent literature has 

neither defined industrial energy management services adequately, nor developed any models that 

consider the characterization of energy management services to support industrial decision making. In 

light of this, our study aims to provide a comprehensive framework to help key industrial decision-

makers and policymakers in making better informed decisions regarding the adoption of energy 

management activities. We accomplish this 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, we 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. The framework is validated by a sample of selected energy management experts within 

Australian organizations, followed by an application in an industrial context. The study concludes with 

suggestions for industrial decision makers and an outlook on further research avenues. 
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Nomenclature 

    

EE   Energy efficiency NEB Non-energy benefits 

EM Energy management EMP Energy management practices 

IEE Industrial energy efficiency CO2 Carbon dioxide 

IEM Industrial energy management HVAC Heating, ventilation, and air conditioning 

SEC Specific energy consumption TAR Technical asset register 

EEM Energy efficiency measures GWh Gigawatt hours 

EMS Energy management services USD United States dollar 

IAC Industrial assessment center SME Small and mid-size enterprises 

ES Energy services GHG Greenhouse gas  

IEA International Energy Agency SDG Sustainable Development Goal 

 

1. Introduction 

 

Energy efficiency is increasingly being considered as a major contributor towards energy, economic 

and overall sustained market performance for industrial organizations [1]–[3]. Thus, being able to 



 

 

recognize, characterize and measure energy efficiency becomes a core capability for such organizations 

to hold [1]. It comes as no surprise, then, that literature has begun to place a focus in this space. For 

instance, Patterson [4] 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 [5], and specific energy 

consumption (SEC), a widely used measure for energy efficiency within different industrial processes 

[6], [7], 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 [8].  

 

The implementation rate of EEMs has been quite low in recent years [1]. In 2020, the improvement rate 

of energy efficiency has been much lower (0.8%) than global climate and energy goals [1], [3]. 

However, the rate of improvement needs to double from current levels to match the gain outlined in the 

IEA Net Zero Emissions by 2050 Scenario [9]. Notably, the slow rate of progress in this domain not 

only has implications on energy itself, but also towards the environment, consumers and businesses 

[10]. Previous literature [11] 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 [1], as well as leading to higher 

emissions of GHG, with adverse impact on climate change [12]. 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 [13]. In fact, a low rate of energy efficiency hinders the achievement of SDGs, 

in particular, SDG 7 (affordable and clean energy) [14] and SDG 9 (industry, innovation, and 

infrastructure) [15].   

 

The low implementation rate of EEMs reveals the existence of a large “energy efficiency gap” [16], 

[17], 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 [18], [19] 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 [20]. This has also been considered in the academic 

domain where, Sorrell et al. [21], for instance,  investigated the occurrence of economic, behavioural, 

and organizational barriers. Cagno et al. [19], 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 [22]–[24] and developing economies [25], [26], as well as 

exploring the moderating role of a number of contextual factors such as industry sectors [27]–[29] and 

firm size [30]. 

 

Despite a considerable focus on technical application [31], literature concerning the energy efficiency 

gap has also started to consider management issues [32]. 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. [33], for instance, have developed a 



 

 

framework for benchmarking the adoption of energy management practices. Fleiter et al. [34] 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 [35] 

focused on energy service contracts, encompassing a customer perspective. Additionally, Benedetti et 

al. [36] 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 [19], [21]. 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 [37], [38]. 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 regards to industrial context. 

• Developing a framework for assessing industrial EMSs in regards 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.  

The remainder of the paper is structured as follows: Section 2 comprises of the literature background. 

The steps and attributes that have been adopted to propose the framework are presented in Section 3. 

Section 4 presents the validation phase of the framework. The descriptive results of the framework and 

discussion are presented in Section 5. Finally, Section 6 provides some concluding remarks. 

 

2. Literature Background 

 

The methodology adopted to analyse existing frameworks that focus on industrial EM and EM services 

is summarized in Table 1. 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.  



 

 

Table 1. 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. 

 

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 [33]. 

When it comes to energy services, this phenomenon acts to overcome barriers as well as implement EM 

and energy-efficient technologies [39]. 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 [40] and associated services to best 

support and intervene in industrial plants [39].     

 

Energy service definitions observe a wide focus on themes including integrating energy consumption, 

commodities, economic features and many more. For example, Greening at el. [41] focused on the 

manufacturing side, keeping an economic perspective in order to denote energy services. On the other 

hand, Sorrell et al. [35] emphasized the customer perspective, specifically in the context of 

multidimensional services. Fell [42] referred to energy services as the activities associated towards 

energy for obtaining desired end services. In contrast, the definition provided by Bertoldi et al. [39] 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 

[39].  

 

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 

approaches, processes, analysis and support aspects, including the financial scheme, keeping focus on 

industrial EEMs and objectives.  

 

2.2 EMS model 

 

This section presents an overall review on the existing frameworks of EM, energy services and EMSs. 

Table 2 presents existing frameworks in the domain of EM and its services.  

 

 



 

 

Table 2. 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  

 

 

 

[35] 

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. 

 

[36] 

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.   

 

[43] 

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. 

 

[33] 

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. 

 

[44] 

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.  

 

[34] 

Trianni et al. 

(2014) 

Framework consists of 

characterization of economic, 

environmental, production, 

implementation, and interaction 

related. 

  

EEMs are not conceptualized 

through an energy service 

perspective; operational 

performance metrics are 

inadequately considered.   

 

[45] 

Bertoldi et al. 

(2005) 

Six strategies are proposed to foster 

the development of energy 

services, accreditation system, 

financing mechanism, contract 

Study enlists energy services 

limited to third party 

financing, energy 

performance contract, and 

[39] 



 

 

standardization, and development 

of third-party financing network.  

  

project financing; lack of 

focus on the impact of 

production resources and 

operational performance. 

  

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).  

 

[46] 

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.  

 

[47] 

 

The literature review demonstrates that the majority of narrated models place an emphasis on business 

models, focusing on the customer perspective. Sorrell [35], 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. [36], 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 [43], 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. [33] that features EM 

practices. However, the model is not specifically focused on EMSs. Similarly, Sa et al. [44] suggested 

strategies towards energy management. The models by Fleiter et al. [34] and Trianni et al. [45] 

articulated EEMs  and contributed to characterizing EEMs. Though, a comprehensive characterization 

is lacking in either study. Meanwhile, Bertoldi et al. [39] 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 

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 [48]–[50]. Moreover, it is necessary to have clear benchmarking for newly adopted technical 

measures through an EM lens to optimize energy demand [51]. In this context, a synthesized approach 

towards EMSs is required, integrating the operational features linked to industrial energy efficiency 

[48].  

Fourthly, none of the frameworks analysed 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 [52]. 

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 [16], [23], [53]. 

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 [48], [31]. 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 and energy 

services [31]. Moreover, EM and its services improve accuracy as well response in industrial processes 

[52], [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. 

3. A novel framework to characterize EMS 

 

This section presents a detailed characterization framework (see Table 4) 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 1. 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 [54]. 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 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 [55], 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.  

 

Step 1 
Listing of industrial energy 

management services 

50 energy management services are listed from Scopus and Web 

of Science papers 

Step 5 
Application of framework 

Step 2 
Categorization 

→ Categorization of the energy management services are done 

based on UK Carbon Trust 
→ Industrial energy management perspectives are considered 

while categorizing EMS 

→ Framework is applied at industrial context 
→ Assessment of the capacity of the framework 

Step 3 
Attributes 

→ Attributes are grouped into four categories which are 

implementation, impacted area, impact on production resources, 

productivity. 
→ Sub-categories are introduced within four main categories. 
→ Definition of attributes are provided 

Step 4 
Validation 

→ 10 industrial experts are selected to validate the framework.  
→ Detailed information about industrial experts & EM activities 

of organizations are presented 
→ Validation of structure, scope, and perspective of the 

framework  
→ Validation of categories, sub-categories, and attributes 



 

 

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 

of the framework on the learnings from Cagno et al. [56] and Trianni et al. [45]. 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 [57]. For example, simple repair or retrofit might be easier to implement 

compared to machinery purchase [58]. Therefore, based on Trianni et al. [45], 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. [34], 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 [59], 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 [59], this feature can be classified as (1) one time implementation or (2) 

periodic implementation. 

 

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. [34]. 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).    

 

(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 [60], [61]. 

 

(b) Production process: The energy efficiency characterization model by Fleiter et al. [34] 

incorporated the issue of EEMs linked to core technical processes and ancillary processes. 

By taking inspiration from Fleiter et al. [34], 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.  

 

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 [62]. The association between production features and EM is also 

discussed by Sa et al. [44] and Shrouf et al. [63]. Referring to the context, Trianni et al. attributed 

“productivity” and “operation and maintenance” as two key production features characterizing EEMs 

[45]. Moreover, Trianni et al. [64] 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 

[64], capital [65], energy [65]–[67], utilities and building [68], human resources [69], materials and 

resources [64], [65] and waste [64], [65]. 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 [70] and Worrell et al. [11] 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 [70] and Nehler [71].  
 

The category and sub-categories of production resources are presented in Table 3 (a), followed by a 

detailed description concerning the attributes of category and sub-categories in Table 3 (b).       

 

Table 3 (a). Category and sub-categories of production resources 

 
Category Sub-category 

Machineries and devices 

Wear and tear on machinery 

Control & monitor 

Regular maintenance 

Lifetime 

Capital N/A* 

Energy 
Generation 

Consumption 

Utilities & building 
HVAC system 

Layout 

Human resources 
Manager 

Staff 

Material & resources 
Raw materials 

Natural resources 

Waste N/A* 

 

*N/A (Not applicable) 

 



 

 

Table 3 (b). Definition of attributes related to category & sub-categories of production resources 

 

Attributes Remark 

Wear and tear on 

machinery 

The damage that inevitably occurs due to continuous usage of 

machinery [72]. By this feature, we refer to the impact of an EMS on 

the wear and tear of machinery.  

Control & monitor 

This feature refers to the process of assessing performance as well as 

taking necessary steps to ensure that machines are working properly 

in a production plant [73]. By this feature, we refer 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 [73].   

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. 

 

Generation 

In this study, this feature refers to the generation of electrical power 

from primary energy sources [74]; 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.  
Heating, ventilation, & 

air conditioning (HVAC) 

system 

Refers to heating, ventilation and air-conditioning systems applied in 

the industrial premises [75]. 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) [76].  

Manager 

By this term we refer 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 

By this feature we refer the impact of an EMS on the staff  who are 

working within the organization under the supervision of a manager 

[77].  

Raw materials 
By this feature we refer to the impact of an EMS on raw materials in 

the industrial system.  

Natural resources 
By this feature we refer to the impact of an EMS on the natural 

resources in the industrial system.  

Waste 

This 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. 

 

 

 

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) 

[70]. Improving productivity has always been the goal in industrial systems. Several studies have 

identified the linkage between energy efficiency and improved productivity [78], [79]. Pye and McKane 



 

 

[78], for example, have discussed productivity even beyond energy efficiency, providing a link to 

investment decisions. However, taking inspiration from Finmann and Laitner [70] and Worrell et al. 

[11], we have incorporated three attributes under the umbrella of productivity i.e. availability, 

reliability, and process cycle.       

(a) Availability: As with Brall [80], 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 [81], 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 [82]. In this framework, the impact of 

an EMS on throughput is classified as (a) strongly positive; (b) positive; (c) negative or (d) 

not available.     

(d) Process cycle time: The process cycle time refers to the total time (beginning to end) in the 

industrial production process [83]. By this feature, we refer to the impact of an EMS on 

process cycle time classified as: (a) strongly positive; (b) positive; (c) negative or (d) not 

available.       
 

In Table 4, considering previous studies [33], [45], 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, etc.) 

 



 

 

Table 4. The characterization framework incorporating the industrial EMS 
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EMS 1 

Project 

Identificati

on & 

appraisal 

O 

[22] 

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 

[22]

, 

[84]

, 

[85] 

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]

, 

[71] 

[99] 

EMS 3 

Project 

implement

ation & 

manageme

nt 

O 

[22]

, 

[84] 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  [22

], 

[78] 

EMS 4 

Third-

party 

financing  

E 

[22]

, 

[23]

, 

[39]

, 

[40]

, 

[87]

, 

[35]

, 

[43]

, 

[88] 

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 

 [22

], 

[85] 

EMS 5 

Operation 

& 

maintenan

ce of 

production 

equipment 

to reduce 

energy use 

T 

[22]

, 

[89]

, 

[90] 
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* 

[34]

, 

[71]

, 

[86]

  

EMS 6 

Guarantee 

of 

performan

ces 

O/T 

[22] 

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 

[22] 

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 

[22] 

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 

[11]

, 

[79]

, 

[91] 

EMS 9 
Energy 

advice 
T/I 

[35] 
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 

[92] 



 

 

EMS 

10 

Energy 

audits & 

analysis 

T 

[7], 

[15]

, 

[24]

, 

[35]

, 

[38]

, 

[43]

–

[45] 

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 

[95]

–

[97]

  

EMS 

11 

Ventilatio

n 
T 

[35] 

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 

[98]

, 

[56]

, 

[59] 

EMS 

12 

Space 

heating 
T 

[99]

, 

[35]

, 

[84]

, 

[100

], 

[101

] 

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 

 [98

] 

EMS 

13 

Steam/hot 

water 
T 

[36] 
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 

[35]

, 

[101

], 

[36] 

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 

[99]

, 

[35]

, 

[84]

, 

[100

], 

[101

], 

[102

] 

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 

 [10

3] 

EMS 

16 

Energy 

performan

ce 

contractin

g  

O 

[23]

, 

[39]

, 

[35] 

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* 

 [71

], 

[104

] 

EMS 

17 

Data 

collection 

about 

energy 

saving 

I 

[89]

, 

[90] 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 

[89]

, 

[90] 
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 

Establishm

ent of EM 

institution 

with 

dedicated 

staffs   

O 

[89]

, 

[90] 
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 

organizati

on’s 

internal 

regulations 

P 

[89]

, 

[90] 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 
[105

], 

[106

] 



 

 

about 

energy 

saving & 

carbon 

reduction 

EMS 

21 

Modificati

on/adjust 

of current 

energy 

consumpti

on trend by 

incorporati

ng cleaner 

energy  

T 

[89]

, 

[90] 

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 

upgradatio

n to ensure 

energy 

savings 

E 

[85]

, 

[89]

, 

[90]

, 

[107

] 

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 

[19]

, 

[79]

, 

[108

] 

EMS 

23 

Investment 

at new 

production 

facilities 

for 

minimizati

on of 

energy 

usage & 

carbon 

emissions 

E 

[85]

, 

[89]

, 

[90]

, 

[107

]  

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* [19]

, 

[79]

, 

[108

] 

EMS 

24 

Installatio

n of 

monitoring 

devices for 

highly 

energy 

consuming 

equipment  

T 

[89]

, 

[90] 

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 

[89]

, 

[90] 

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  [10

9] 

EMS 

26 

Modificati

on and 

developme

nt of 

energy 

efficient 

products 

T 

[89]

, 

[90]

, 

[110

] 

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 

[66]

, 

[97]

, 

[103

], 

[111

] 

EMS 

27 

Training & 

seminar to 

raise 

energy 

savings 

awareness 

among 

employee    

A 

[89]

, 

[90] 

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 

[112

] 

EMS 

28 

Engage 

employees 

in energy-

saving 

activities 

in daily 

basis (such 

as lighting, 

air-

conditione

r, etc.) 

A 

[89]

, 

[90] 

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 [56]

, 

[113

], 

[114

] 



 

 

EMS 

29 

Energy 

savings 

pilot 

project 

T/O 

[89]

, 

[90] 
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 

Benchmar

king 
O 

[12]

, 

[115

] 

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 
[12]

, 

[63] 

EMS 

31 

Energy 

policy & 

regulation 

informatio

n 

collection 

& analysis  

I 

[39]

, 

[43]

, 

[116

] 

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 

 [11

7] 

EMS 

32 

Optimizati

on & 

control of 

operationa

l 

parameters 

T 

[107

] 

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 

 [33

] 

EMS 

33 

Optimizati

on of 

logistic 

services 

focusing 

energy 

usage 

reduction 

T 

[89]

, 

[90]

, 

[110

] 

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 

 [33

] 

EMS 

34 

Optimizati

on in 

energy 

procureme

nt 

E 

[107

] 

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 

performan

ce 

monitoring 

and 

evaluation  

I 

[35]

, 

[38]

, 

[110

] 
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 

[35]

, 

[37]

, 

[38]

, 

[63]

, 

[118

] 

EMS 

36 

Energy 

efficiency 

capital 

budgeting 

E 

[37] 

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 

[11]

, 

[70]

, 

[79]

, 

[119

] 

EMS 

37 

Procureme

nt of green 

energy  

E 

[44]

, 

[90]

, 

[110

] 

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 

[85]

, 

[107

] 

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 

performan

ce 

reporting 

I 

[120

] 
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 

[32] 

EMS 

40 

Procureme

nt of 

energy 

efficient 

equipment 

E 

[93]

, 

[121

] 
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 

[11]

, 

[70]

, 

[79]

, 



 

 

[119

]  

EMS 

41 

Procureme

nt of 

energy 

E 

[107

] 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 

Maintenan

ce 

(preventiv

e/predictiv

e)  

T 

[84]

, 

[85] 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 

[32]

, 

[37]

, 

[63] 

EMS 

43 

Evaluation 

of energy 

savings 

I 

[84]

, 

[85] 

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  [11

8] 

EMS 

44 

Property/ 

facility 

manageme

nt 

O 

[84] 

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 
 [39

] 

EMS 

45 

Follow up 

energy 

efficiency 

projects 

O 

[85]

, 

[107

] 

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 

manageme

nt 

T 

[88]

, 

[107

], 

[122

] 

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 

[63]

, 

[118

], 

[123

] 

EMS 

47 

Project 

financing 
E 

[39] 

, 

[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 

[62] 

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 

 [63

], 

[124

] 

EMS 

49 

Marketing 

of energy 

efficiency 

actions 

A/I 

[38] 

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 

Measurem

ent of 

emission/

GHG/CO2 

I 

[44]

, 

[122

] 

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 

  

In the framework, the asterisk (*) refers to the literature backup. 

(1) Organization (O); Economic (E); Technical (T); Policy (P); Information (I); Awareness (A) 

(2) New activity (N); Optimization of an existing service (O); Retrofitting (R); Simple management procedure (S) 

(3) All technologies in general (A); Specific technologies (S)  

(4) Easy (E); Difficult (Diff); Dependent (Dep) 

(5) One time implementation (O); Periodic implementation (P) 

(6) 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) 



 

 

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 [125]. 

The exploratory nature of the study has called to validate the framework through a case study approach 

[125]. Semi-structured interviews have been conducted based on an interview protocol [126]. 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 [127], [128]. 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 [126]. 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 [126]. The duration of each interview was approximately 45 to 50 

minutes. Appendix A 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 [129]. 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. 

 

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 5. 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 5: Results of the on-field validation 

 
 

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        

 

*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 

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.  

 

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 [130]. In the recent years, researchers have started exploring EM within water treatment 

plants, considering the significance of the water-energy-GHG nexus [131].    

 

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 

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.  

 

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, “energy 

advice”, “energy strategy development”, “energy procurement”, etc. are often externally adopted.   

 

 

 



 

 

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. 

 

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 Appendix B. 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 [131]. 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, e.g. 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 labour 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 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 [24], [26], [29] 

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 7. 

 

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 

[132]. By monitoring and analysing 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 Industry 4.0 and its technical features.  

 

Again, when it comes to production scheduling or planning, simulation technology, a technical feature of 

Industry 4.0, 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 [63]. Simulation also helps to reduce costs by optimizing product development 

cycles [63]. 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 [133]. 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. In general, 

preventive maintenance incurs a positive impact on the production process overall due to improved 

performance of the electrical motor and pumps. 

 

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 [48], [53], [56].  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 [33], [34]. 

 

In our framework, we have observed 22 EMSs, the act of which can be considered a novel endeavour 

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 [62]. In contrasting our findings with another 

characterization framework by Trianni et al. [45], 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 [64], [124]. 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 the nexus between EM 

and production processes in the industrial operational context [134]. 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 [64]. 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 [11], [78], [79]. 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” [45], [135]. However, capital 

investment decisions in industrial organizations also depend on several circumstances (e.g. business 

opportunity evaluation, savings and available technologies) [31]. 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 [136], [137]. 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 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 [39] 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. [138] 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 [31]. 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 [68]. It is important for industrial organizations to have a physical 

layout that ensures efficient flow of material and production activities within their operational context 

[134]. 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 [31]. When looking at the framework, we 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 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 [134]. 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 [134]. 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 3, in this framework 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 [11]. For instance, an energy audit allows us to inspect and analyse 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 [11], [70], [79] 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 

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 

[16], [139], 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.[50] 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 [22], [38]. For example, previous studies have 

highlighted various barriers that hinder an explicit consideration for supporting process-related decisions 

in the context of EM [18], [19]. 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.  

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 [140]. 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.  

7. Conclusion and future research  
 

The novel framework presented in this study 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.  

 

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. 

  

Despite the fact this study provides a comprehensive framework of EMS, it does consists of a few 

limitations. First, the validation of the framework could involve a higher sample of participants. Second, 

at present, quantitative metrics featuring production resources and productivity attributes have not been 

considered. Such metrics would provide additional support to industrial decision-makers in more 

objectively assessing the impact of EMSs on other production resources, therefore shedding more light 

on the effective contribution to the improvement of production processes and sustainability in the 

operations.  

 

Considering these limitations, some interesting opportunities for future research emerge. To begin, future 

research should focus on how to expand cost-benefit analysis over EMS adoption by encompassing 

considerations over multiple impacts on operations, so to further assess their profitability and promote 

them within the industrial sector. Also, and partially related to the previous point, future research could 

better understand the role of EM in promoting industrial energy efficiency, which has received very little 

attention until now. In this context, future research should explore the link between EEMs and production 

resources at the operational level, especially regarding shop floor activities. In fact, given that the broader 

domain of linking industrial energy management with operational features remains little explored, both in 

academia and industry, future research could apply the framework in an extensive number of firms. This would 

help to assess the differing importance of features for EMS adoption, also pointing out the effective impact on 

production resources (in light of potential contextual factors such as sector, firm size, energy intensity and so 

on). 

 

Finally, there is also an inherent need to link Industry 4.0 technical features with industrial EM. In this 

respect, it will be interesting to observe how Industry 4.0, along with industrial EEMs, can better support 

industrial decision makers in their pursuit towards sustainability and, ultimately, how they could improve 

the industrial energy system. 

 

References 

 

[1] “Tracking Industry 2020 – Analysis - IEA.” [Online]. Available: 



 

 

https://www.iea.org/reports/tracking-industry-2020. [Accessed: 18-Nov-2021]. 

[2] “Multiple Benefits of Energy Efficiency – Analysis - IEA.” [Online]. Available: 

https://www.iea.org/reports/multiple-benefits-of-energy-efficiency. [Accessed: 30-Mar-2020]. 

[3] “Industry – Energy Efficiency 2020 – Analysis - IEA.” [Online]. Available: 

https://www.iea.org/reports/energy-efficiency-2020/industry. [Accessed: 18-Nov-2021]. 

[4] M. G. Patterson, “What is energy efficiency?: Concepts, indicators and methodological 

issues,” Energy Policy, vol. 24, no. 5, pp. 377–390, May 1996, doi: 10.1016/0301-4215(96)00017-1. 

[5] N. N. Abu Bakar et al., “Energy efficiency index as an indicator for measuring building 

energy performance: A review,” Renew. Sustain. Energy Rev., vol. 44, pp. 1–11, Apr. 2015, doi: 

10.1016/j.rser.2014.12.018. 

[6] T. Xu, J. Flapper, and K. J. Kramer, “Characterization of energy use and performance of 

global cheese processing,” Energy, vol. 34, no. 11, pp. 1993–2000, Nov. 2009, doi: 

10.1016/J.ENERGY.2009.08.014. 

[7] S. Siitonen, M. Tuomaala, and P. Ahtila, “Variables affecting energy efficiency and CO2 

emissions in the steel industry,” Energy Policy, vol. 38, no. 5, pp. 2477–2485, May 2010, doi: 

10.1016/J.ENPOL.2009.12.042. 

[8] E. Cagno, P. Trucco, A. Trianni, and G. Sala, “Quick-E-scan: A methodology for the energy 

scan of SMEs,” Energy, vol. 35, no. 5, pp. 1916–1926, 2010, doi: 10.1016/j.energy.2010.01.003. 

[9] “Net zero by 2050 hinges on a global push to increase energy efficiency – Analysis - IEA.” 

[Online]. Available: https://www.iea.org/articles/net-zero-by-2050-hinges-on-a-global-push-to-

increase-energy-efficiency. [Accessed: 20-Feb-2022]. 

[10] “Energy Efficiency 2019 – Analysis - IEA.” [Online]. Available: 

https://www.iea.org/reports/energy-efficiency-2019#key-findings. [Accessed: 11-Jan-2021]. 

[11] E. Worrell, J. A. Laitner, M. Ruth, and H. Finman, “Productivity benefits of industrial energy 

efficiency measures,” Energy, vol. 28, no. 11, pp. 1081–1098, Sep. 2003, doi: 10.1016/S0360-

5442(03)00091-4. 

[12] E. Worrell, L. Bernstein, J. Roy, L. Price, and J. Harnisch, “Industrial energy efficiency and 

climate change mitigation,” Energy Effic., vol. 2, no. 2, pp. 109–123, 2009, doi: 10.1007/s12053-008-

9032-8. 

[13] “Capturing the Multiple Benefits of Energy Efficiency – Analysis - IEA.” [Online]. 

Available: https://www.iea.org/reports/capturing-the-multiple-benefits-of-energy-efficiency. [Accessed: 

28-Feb-2022]. 

[14] “Energy - United Nations Sustainable Development.” [Online]. Available: 

https://www.un.org/sustainabledevelopment/energy/. [Accessed: 28-Feb-2022]. 

[15] “Infrastructure and Industrialization - United Nations Sustainable Development.” [Online]. 

Available: https://www.un.org/sustainabledevelopment/infrastructure-industrialization/. [Accessed: 28-

Feb-2022]. 

[16] S. Backlund, P. Thollander, J. Palm, and M. Ottosson, “Extending the energy efficiency gap,” 

Energy Policy, vol. 51, pp. 392–396, Dec. 2012, doi: 10.1016/j.enpol.2012.08.042. 

[17] S. Backlund; P. Thollander, “The energy-service gap. What does it mean?,” in ECEEE 2011 

Summer Study, 2011, pp. 649–656. 

[18] S. S. Steve Sorrell, Eoin O’Malley, Joachim Schleich, The Economics of Energy Effieincy: 

Barriers to Cost-Effective Investment. Edward Elgar Publishing, 2004. 

[19] E. Cagno, E. Worrell, A. Trianni, and G. Pugliese, “A novel approach for barriers to industrial 

energy efficiency,” Renew. Sustain. Energy Rev., vol. 19, pp. 290–308, Mar. 2013, doi: 

10.1016/j.rser.2012.11.007. 



 

 

[20] P. Thollander, M. Karlsson, P. Rohdin, J. Wollin, and J. Rosenqvist, “Barriers to energy 

efficiency,” in Introduction to Industrial Energy Efficiency, Academic Press, 2020, pp. 291–305. 

[21] S. S. Steve Sorrell, Eoin O’Malley, Joachim Schleich, Reducing barriers to energy efficiency 

in private and public organisations. Final Report. Sussex: Energy Research Centre-Science and 

Technology Policy Research (SPRU). Brighton: University of Sussex; 2000., 2000. 

[22] J. C. Brunke, M. Johansson, and P. Thollander, “Empirical investigation of barriers and 

drivers to the adoption of energy conservation measures, energy management practices and energy 

services in the Swedish iron and steel industry,” J. Clean. Prod., vol. 84, no. 1, pp. 509–525, Dec. 2014, 

doi: 10.1016/j.jclepro.2014.04.078. 

[23] P. Thollander, S. Backlund, A. Trianni, and E. Cagno, “Beyond barriers - A case study on 

driving forces for improved energy efficiency in the foundry industries in Finland, France, Germany, 

Italy, Poland, Spain, and Sweden,” Appl. Energy, vol. 111, pp. 636–643, Nov. 2013, doi: 

10.1016/j.apenergy.2013.05.036. 

[24] E. Cagno, A. Trianni, C. Abeelen, E. Worrell, and F. Miggiano, “Barriers and drivers for 

energy efficiency: Different perspectives from an exploratory study in the Netherlands,” Energy 

Convers. Manag., vol. 102, pp. 26–38, Sep. 2015, doi: 10.1016/j.enconman.2015.04.018. 

[25] R. W. Apeaning and P. Thollander, “Barriers to and driving forces for industrial energy 

efficiency improvements in African industries – a case study of Ghana’s largest industrial area,” J. 

Clean. Prod., vol. 53, pp. 204–213, Aug. 2013, doi: 10.1016/j.jclepro.2013.04.003. 

[26] S. R. Hossain, I. Ahmed, F. S. Azad, and A. S. M. Monjurul Hasan, “Empirical investigation 

of energy management practices in cement industries of Bangladesh,” Energy, vol. 212, p. 118741, Dec. 

2020, doi: 10.1016/j.energy.2020.118741. 

[27] A. S. M. M. Hasan, M. T. Hoq, and P. Thollander, “Energy management practices in 

Bangladesh’s iron and steel industries,” Energy Strateg. Rev., vol. 22, pp. 230–236, Nov. 2018, doi: 

10.1016/j.esr.2018.09.002. 

[28] A. Lawrence, P. Thollander, and M. Karlsson, “Drivers, Barriers, and Success Factors for 

Improving Energy Management in the Pulp and Paper Industry,” Sustainability, vol. 10, no. 6, p. 1851, 

Jun. 2018, doi: 10.3390/su10061851. 

[29] A. S. M. M. Hasan, R. Hossain, R. A. Tuhin, T. H. Sakib, and P. Thollander, “Empirical 

Investigation of Barriers and Driving Forces for Efficient Energy Management Practices in Non-

Energy-Intensive Manufacturing Industries of Bangladesh,” Sustainability, vol. 11, no. 9, p. 2671, May 

2019, doi: 10.3390/su11092671. 

[30] A. Trianni and E. Cagno, “Dealing with barriers to energy efficiency and SMEs: Some 

empirical evidences,” Energy, vol. 37, no. 1, pp. 494–504, Jan. 2012, doi: 

10.1016/j.energy.2011.11.005. 

[31] W. C. T. Stephan A. Roosa, Steve Doty, Energy Management Handbook, 9th Editio. 

Fairmont Press, 2018. 

[32] S. Paramonova, P. Thollander, and M. Ottosson, “Quantifying the extended energy efficiency 

gap-evidence from Swedish electricity-intensive industries,” Renewable and Sustainable Energy 

Reviews, vol. 51. Elsevier Ltd, pp. 472–483, 29-Jun-2015, doi: 10.1016/j.rser.2015.06.012. 

[33] A. Trianni, E. Cagno, M. Bertolotti, P. Thollander, and E. Andersson, “Energy management: 

A practice-based assessment model,” Appl. Energy, vol. 235, pp. 1614–1636, Feb. 2019, doi: 

10.1016/j.apenergy.2018.11.032. 

[34] T. Fleiter, S. Hirzel, and E. Worrell, “The characteristics of energy-efficiency measures - a 

neglected dimension,” Energy Policy, vol. 51, pp. 502–513, Dec. 2012, doi: 

10.1016/j.enpol.2012.08.054. 

[35] S. Sorrell, “The economics of energy service contracts,” Energy Policy, vol. 35, no. 1, pp. 

507–521, Jan. 2007, doi: 10.1016/j.enpol.2005.12.009. 



 

 

[36] M. Benedetti, V. Cesarotti, M. Holgado, V. Introna, and M. Macchi, “A proposal for energy 

services’ classification including a product service systems perspective,” in Procedia CIRP, 2015, vol. 

30, pp. 251–256, doi: 10.1016/j.procir.2015.02.121. 

[37] R. Kannan and W. Boie, “Energy management practices in SME - Case study of a bakery in 

Germany,” Energy Convers. Manag., vol. 44, no. 6, pp. 945–959, Apr. 2003, doi: 10.1016/S0196-

8904(02)00079-1. 

[38] M. Schulze, H. Nehler, M. Ottosson, and P. Thollander, “Energy management in industry – a 

systematic review of previous findings and an integrative conceptual framework,” J. Clean. Prod., vol. 

112, pp. 3692–3708, Jan. 2016, doi: 10.1016/j.jclepro.2015.06.060. 

[39] P. Bertoldi, S. Rezessy, and E. Vine, “Energy service companies in European countries: 

Current status and a strategy to foster their development,” Energy Policy, vol. 34, no. 14, pp. 1818–

1832, Sep. 2006, doi: 10.1016/j.enpol.2005.01.010. 

[40] E. Vine, “An international survey of the energy service company ESCO industry,” Energy 

Policy, vol. 33, no. 5, pp. 691–704, Mar. 2005, doi: 10.1016/j.enpol.2003.09.014. 

[41] L. A. Greening, D. L. Greene, and C. Difiglio, “Energy efficiency and consumption — the 

rebound effect — a survey,” Energy Policy, vol. 28, no. 6–7, pp. 389–401, 2000, doi: 10.1016/s0301-

4215(00)00021-5. 

[42] M. J. Fell, “Energy services: A conceptual review,” Energy Res. Soc. Sci., vol. 27, pp. 129–

140, 2017, doi: 10.1016/j.erss.2017.02.010. 

[43] D. Kindström and M. Ottosson, “Local and regional energy companies offering energy 

services: Key activities and implications for the business model,” Appl. Energy, vol. 171, pp. 491–500, 

Jun. 2016, doi: 10.1016/j.apenergy.2016.03.092. 

[44] A. Sa, S. Paramonova, P. Thollander, and E. Cagno, “Classification of Industrial Energy 

Management Practices: A Case Study of a Swedish Foundry,” Energy Procedia, vol. 75, pp. 2581–

2588, Aug. 2015, doi: 10.1016/j.egypro.2015.07.311. 

[45] A. Trianni, E. Cagno, and A. De Donatis, “A framework to characterize energy efficiency 

measures,” Appl. Energy, vol. 118, pp. 207–220, Apr. 2014, doi: 10.1016/j.apenergy.2013.12.042. 

[46] G. Kalt, D. Wiedenhofer, C. Görg, and H. Haberl, “Conceptualizing energy services: A 

review of energy and well-being along the Energy Service Cascade,” Energy Res. Soc. Sci., vol. 53, pp. 

47–58, 2019, doi: 10.1016/j.erss.2019.02.026. 

[47] M. Katic and A. Trianni, “Energy efficiency measures and production resources: Towards an 

integrative classification framework for decision makers,” in IEEE International Conference on 

Industrial Engineering and Engineering Management, 2020, vol. 2020-Decem, pp. 225–229, doi: 

10.1109/IEEM45057.2020.9309836. 

[48] A. S. M. M. Hasan and 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. 

[49] W. H. Mashburn, “Effective Energy Management,” in Energy Management Handbook, 9th 

ed., S. A. R. S. D. W. C. Turner;, Ed. Lilburn, GA, USA: The Fairmont Press, 2018, pp. 17–26. 

[50] 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. 

[51] M. Mao, P. Jin, N. D. Hatziargyriou, and L. Chang, “Multiagent-based hybrid energy 

management system for microgrids,” IEEE Trans. Sustain. Energy, vol. 5, no. 3, pp. 938–946, 2014, 

doi: 10.1109/TSTE.2014.2313882. 

[52] M. Ghobakhloo, “Industry 4.0, digitization, and opportunities for sustainability,” J. Clean. 

Prod., vol. 252, p. 119869, Apr. 2020, doi: 10.1016/j.jclepro.2019.119869. 



 

 

[53] J. Palm and P. Thollander, “An interdisciplinary perspective on industrial energy efficiency,” 

Appl. Energy, vol. 87, no. 10, pp. 3255–3261, Oct. 2010, doi: 10.1016/j.apenergy.2010.04.019. 

[54] “Energy management- A comprehensive guide to controlling energy use.” Carbon Trust, 

London, United Kingdom, p. 53, 2011. 

[55] F. van H. V. L. B. Porter, Ed., Handbook of Knowledge Representation, First edit. 

Amsterdam, The Netherland: Elsevier Science, 2007. 

[56] E. Cagno, D. Moschetta, and A. Trianni, “Only non-energy benefits from the adoption of 

energy efficiency measures? A novel framework,” J. Clean. Prod., vol. 212, pp. 1319–1333, Mar. 2019, 

doi: 10.1016/j.jclepro.2018.12.049. 

[57] E. Worrell and G. Biermans, “Move over! Stock turnover, retrofit and industrial energy 

efficiency,” Energy Policy, vol. 33, no. 7, pp. 949–962, May 2005, doi: 10.1016/j.enpol.2003.10.017. 

[58] P. Sandberg and M. Söderström, “Industrial energy efficiency: The need for investment 

decision support from a manager perspective,” Energy Policy, vol. 31, no. 15, pp. 1623–1634, Dec. 

2003, doi: 10.1016/S0301-4215(02)00228-8. 

[59] D. Wulfinghoff, Energy efficiency manual : for everyone who uses energy, pays for utilities, 

controls energy usage, designs and builds, is interested in energy and environmental preservation. 

Energy Institute Press, 1999. 

[60] S. Eilon, “Definition and effect of productivity on corporate performance,” Omega, vol. 15, 

no. 5, pp. 389–393, 1987, doi: 10.1016/0305-0483(87)90039-9. 

[61] X. Wen, H. Cao, B. Hon, E. Chen, and H. Li, “Energy value mapping: A novel lean method 

to integrate energy efficiency into production management,” Energy, vol. 217, p. 119353, 2021, doi: 

10.1016/j.energy.2020.119353. 

[62] F. Shrouf, B. Gong, and J. Ordieres-Meré, “Multi-level awareness of energy used in 

production processes,” J. Clean. Prod., vol. 142, pp. 2570–2585, Jan. 2017, doi: 

10.1016/j.jclepro.2016.11.019. 

[63] F. Shrouf and G. Miragliotta, “Energy management based on Internet of Things: Practices and 

framework for adoption in production management,” J. Clean. Prod., vol. 100, pp. 235–246, Aug. 

2015, doi: 10.1016/j.jclepro.2015.03.055. 

[64] A. Trianni, E. Cagno, J. Dolšak, and N. Hrovatin, “Implementing energy efficiency measures: 

do other production resources matter? A broad study in Slovenian manufacturing small and medium-

sized enterprises,” J. Clean. Prod., vol. 287, p. 125044, Mar. 2021, doi: 10.1016/j.jclepro.2020.125044. 

[65] L. Smith and P. Ball, “Steps towards sustainable manufacturing through modelling material, 

energy and waste flows,” Int. J. Prod. Econ., vol. 140, no. 1, pp. 227–238, 2012, doi: 

10.1016/j.ijpe.2012.01.036. 

[66] E. Giacone and S. Mancò, “Energy efficiency measurement in industrial processes,” Energy, 

vol. 38, no. 1, pp. 331–345, 2012, doi: 10.1016/j.energy.2011.11.054. 

[67] M. Braglia, D. Castellano, R. Gabbrielli, and L. Marrazzini, “Energy Cost Deployment 

(ECD): A novel lean approach to tackling energy losses,” J. Clean. Prod., vol. 246, p. 119056, Feb. 

2020, doi: 10.1016/j.jclepro.2019.119056. 

[68] A. Almeida and J. Cunha, “The implementation of an Activity-Based Costing (ABC) system 

in a manufacturing company,” Procedia Manuf., vol. 13, pp. 932–939, Jan. 2017, doi: 

10.1016/j.promfg.2017.09.162. 

[69] M. Barth, A. Livet, and R. De Guio, “Effective activity-based costing for manufacturing 

enterprises using a shop floor reference model,” Int. J. Prod. Res., vol. 46, no. 3, pp. 621–646, 2008, 

doi: 10.1080/00207540600845750. 

[70] H. Finman and J. A. Laitner, “Industry, energy efficiency and productivity improvements,” in 

Proceedings ACEEE Summer Study on Energy Efficiency in Industry, 2001, vol. 1, pp. 561–570. 



 

 

[71] T. Nehler, “A Systematic Literature Review of Methods for Improved Utilisation of the Non-

Energy Benefits of Industrial Energy Efficiency,” Energies, vol. 11, no. 12, p. 3241, Nov. 2018, doi: 

10.3390/en11123241. 

[72] C. K. Bhat, D. Kaul, G. S. Lodha, R. Koul, and K. J. S. Sawhney, “Wear and tear studies of 

oil-lubricated machines using energy-dispersive X-ray fluorescence spectrometry,” X-Ray Spectrom., 

vol. 18, no. 5, pp. 243–245, Oct. 1989, doi: 10.1002/xrs.1300180512. 

[73] P. Stavropoulos, D. Chantzis, C. Doukas, A. Papacharalampopoulos, and G. Chryssolouris, 

“Monitoring and Control of Manufacturing Processes: A Review,” Procedia CIRP, vol. 8, pp. 421–425, 

2013, doi: 10.1016/j.procir.2013.06.127. 

[74] P. Palensky and D. Dietrich, “Demand side management: Demand response, intelligent 

energy systems, and smart loads,” IEEE Trans. Ind. Informatics, vol. 7, no. 3, pp. 381–388, Aug. 2011, 

doi: 10.1109/TII.2011.2158841. 

[75] U. Bac, K. A. M. S. Alaloosi, and C. Turhan, “A comprehensive evaluation of the most 

suitable HVAC system for an industrial building by using a hybrid building energy simulation and multi 

criteria decision making framework,” J. Build. Eng., vol. 37, p. 102153, May 2021, doi: 

10.1016/j.jobe.2021.102153. 

[76] N. R. Gayam and K. Shanmuganandam, “Investigation on industrial layouts: Modifications 

by a varied approach,” Mater. Today Proc., Nov. 2020, doi: 10.1016/j.matpr.2020.10.275. 

[77] S. Tappura, N. Nenonen, and J. Kivistö-Rahnasto, “Managers’ viewpoint on factors 

influencing their commitment to safety: An empirical investigation in five Finnish industrial 

organisations,” Saf. Sci., vol. 96, pp. 52–61, 2017, doi: 10.1016/j.ssci.2017.03.007. 

[78] M. Pye and A. McKane, “Making a stronger case for industrial energy efficiency by 

quantifying non-energy benefits,” Resour. Conserv. Recycl., vol. 28, no. 3–4, pp. 171–183, Feb. 2000, 

doi: 10.1016/S0921-3449(99)00042-7. 

[79] T. Nehler and J. Rasmussen, “How do firms consider non-energy benefits? Empirical findings 

on energy-efficiency investments in Swedish industry,” J. Clean. Prod., vol. 113, pp. 472–482, Feb. 

2016, doi: 10.1016/j.jclepro.2015.11.070. 

[80] A. Brall, “Availability modeling for the application of manufacturing equipment,” in Annual 

Reliability and Maintainability Symposium. 2002 Proceedings (Cat. No.02CH37318), doi: 

10.1109/rams.2002.981676. 

[81] T. Sueyoshi and M. Goto, “Resource utilization for sustainability enhancement in Japanese 

industries,” Appl. Energy, vol. 228, pp. 2308–2320, Oct. 2018, doi: 

10.1016/J.APENERGY.2018.07.031. 

[82] D. J. Johnson, “A framework for reducing manufacturing throughput time,” J. Manuf. Syst., 

vol. 22, no. 4, pp. 283–298, Jan. 2003, doi: 10.1016/S0278-6125(03)80009-2. 

[83] J. Miltenburg and D. Sparling, “Managing and reducing total cycle time: models and 

analysis,” Int. J. Prod. Econ., vol. 46–47, pp. 89–108, 1996, doi: 10.1016/0925-5273(94)00084-0. 

[84] “Energy Service Companies (ESCOs) | E3P.” [Online]. Available: 

https://e3p.jrc.ec.europa.eu/communities/energy-service-companies. [Accessed: 30-Jan-2021]. 

[85] S. Panev, N. Labanca, P. Bertoldi, T. Serrenho, C. Cahill, and B. B. Kiss, “ESCO market 

report for non-European countries 2013,” JRC Science and Policy Report. pp. 12–18, 2014, doi: 

10.2790/005265. 

[86] E. Mills and A. Rosenfeld, “Consumer non-energy benefits as a motivation for making 

energy-efficiency improvements,” Energy, vol. 21, no. 7–8, pp. 707–720, Jul. 1996, doi: 10.1016/0360-

5442(96)00005-9. 

[87] K. L. Soroye and L. J. Nilsson, “Building a business to close the efficiency gap: the Swedish 

ESCO Experience,” Energy Effic., vol. 3, no. 3, pp. 237–256, 2010, doi: 10.1007/s12053-009-9069-3. 



 

 

[88] B. Duplessis, J. Ô. Adnot, M. Dupont, and F. Racapé, “An empirical typology of energy 

services based on a well-developed market: France,” Energy Policy, vol. 45, pp. 268–276, Jun. 2012, 

doi: 10.1016/j.enpol.2012.02.031. 

[89] X. Liu, R. Yamamoto, and S. Suk, “A survey analysis of energy saving activities of industrial 

companies in Hyogo, Japan,” J. Clean. Prod., vol. 66, pp. 288–300, Mar. 2014, doi: 

10.1016/j.jclepro.2013.10.011. 

[90] X. Liu, D. Niu, C. Bao, S. Suk, and T. Shishime, “A survey study of energy saving activities 

of industrial companies in Taicang, China,” J. Clean. Prod., vol. 26, pp. 79–89, May 2012, doi: 

10.1016/j.jclepro.2011.12.030. 

[91] T. Nehler, “Linking energy efficiency measures in industrial compressed air systems with 

non-energy benefits – A review,” Renewable and Sustainable Energy Reviews, vol. 89. Elsevier Ltd, pp. 

72–87, 01-Jun-2018, doi: 10.1016/j.rser.2018.02.018. 

[92] S. Darby, “Making sense of energy advice,” in ECEEE Summer Study proceedings, 2003, pp. 

1217–1226. 

[93] L. B. Christoffersen, A. Larsen, and M. Togeby, “Empirical analysis of energy management 

in Danish industry,” J. Clean. Prod., vol. 14, no. 5, pp. 516–526, Jan. 2006, doi: 

10.1016/j.jclepro.2005.03.017. 

[94] E. A. Abdelaziz, R. Saidur, and S. Mekhilef, “A review on energy saving strategies in 

industrial sector,” Renewable and Sustainable Energy Reviews, vol. 15, no. 1. Pergamon, pp. 150–168, 

01-Jan-2011, doi: 10.1016/j.rser.2010.09.003. 

[95] M. T. Johansson and P. Thollander, “A review of barriers to and driving forces for improved 

energy efficiency in Swedish industry– Recommendations for successful in-house energy 

management,” Renewable and Sustainable Energy Reviews, vol. 82. Elsevier Ltd, pp. 618–628, 01-Feb-

2018, doi: 10.1016/j.rser.2017.09.052. 

[96] J. Fresner, F. Morea, C. Krenn, J. Aranda Uson, and F. Tomasi, “Energy efficiency in small 

and medium enterprises: Lessons learned from 280 energy audits across Europe,” J. Clean. Prod., vol. 

142, pp. 1650–1660, 2017, doi: 10.1016/j.jclepro.2016.11.126. 

[97] T. Fleiter, J. Schleich, and P. Ravivanpong, “Adoption of energy-efficiency measures in 

SMEs—An empirical analysis based on energy audit data from Germany,” Energy Policy, vol. 51, pp. 

863–875, 2012, doi: 10.1016/j.enpol.2012.09.041. 

[98] M. Jakob, “Marginal costs and co-benefits of energy efficiency investments. The case of the 

Swiss residential sector,” Energy Policy, vol. 34, no. 2 SPEC. ISS., pp. 172–187, Jan. 2006, doi: 

10.1016/j.enpol.2004.08.039. 

[99] S. Sorrell, J. Dimitropoulos, and M. Sommerville, “Empirical estimates of the direct rebound 

effect: A review,” Energy Policy, vol. 37, no. 4, pp. 1356–1371, 2009, doi: 

10.1016/j.enpol.2008.11.026. 

[100] M. I. Howells, T. Alfstad, D. G. Victor, G. Goldstein, and U. Remme, “A model of household 

energy services in a low-income rural African village,” Energy Policy, vol. 33, no. 14, pp. 1833–1851, 

2005, doi: 10.1016/j.enpol.2004.02.019. 

[101] D. B. Reister and W. D. Devine, “Total costs of energy services,” Energy, vol. 6, no. 4, pp. 

305–315, 1981, doi: 10.1016/0360-5442(81)90074-8. 

[102] N. Supersberger, S. Lechtenböhmer, and D. Seifried, “The role of energy efficiency in the 

development of the Iranian energy system – energy scenario analysis,” in ECEEE Summer Study 

proceedings, 2009, pp. 51–62. 

[103] E. Cagno, A. Neri, and A. Trianni, “Broadening to sustainability the perspective of industrial 

decision-makers on the energy efficiency measures adoption: some empirical evidence,” Energy Effic., 

vol. 11, no. 5, pp. 1193–1210, Jun. 2018, doi: 10.1007/s12053-018-9621-0. 

[104] J. Ouyang and H. Shen, “The choice of energy saving modes for an energy-intensive 



 

 

manufacturer considering non-energy benefits,” J. Clean. Prod., vol. 141, pp. 83–98, 2017, doi: 

10.1016/j.jclepro.2016.08.142. 

[105] N. Finnerty, R. Sterling, S. Contreras, D. Coakley, and M. M. Keane, “Defining corporate 

energy policy and strategy to achieve carbon emissions reduction targets via energy management in 

non-energy intensive multi-site manufacturing organisations,” Energy, vol. 151, pp. 913–929, 2018, 

doi: 10.1016/j.energy.2018.03.070. 

[106] A. S. M. M. Hasan et al., “Drivers and Barriers to Industrial Energy Efficiency in Textile 

Industries of Bangladesh,” Energies, vol. 12, no. 9, p. 1775, May 2019, doi: 10.3390/en12091775. 

[107] Pierre Langlois; Shirley J. Hansen, World ESCO Outlook, 1st Editio. The Fairmont Press, 

2012. 

[108] E. Mills et al., “The business case for energy management in high-tech industries,” Energy 

Effic., vol. 1, no. 1, pp. 5–20, Jan. 2008, doi: 10.1007/s12053-007-9000-8. 

[109] M. A. Paula Pinheiro, D. Jugend, L. C. Demattê Filho, and F. Armellini, “Framework 

proposal for ecodesign integration on product portfolio management,” J. Clean. Prod., vol. 185, pp. 

176–186, Jun. 2018, doi: 10.1016/j.jclepro.2018.03.005. 

[110] R. Martin, M. Muûls, L. B. De Preux, and U. J. Wagner, “Anatomy of a paradox: 

Management practices, organizational structure and energy efficiency,” J. Environ. Econ. Manage., vol. 

63, no. 2, pp. 208–223, Mar. 2012, doi: 10.1016/j.jeem.2011.08.003. 

[111] A. Trianni, E. Cagno, and E. Worrell, “Innovation and adoption of energy efficient 

technologies: An exploratory analysis of Italian primary metal manufacturing SMEs,” Energy Policy, 

vol. 61, pp. 430–440, Oct. 2013, doi: 10.1016/j.enpol.2013.06.034. 

[112] C. Cooremans and A. Schönenberger, “Energy management: A key driver of energy-

efficiency investment?,” J. Clean. Prod., vol. 230, pp. 264–275, 2019, doi: 

10.1016/j.jclepro.2019.04.333. 

[113] D. H. W. Li and E. K. W. Tsang, “An analysis of daylighting performance for office buildings 

in Hong Kong,” Build. Environ., vol. 43, no. 9, pp. 1446–1458, Sep. 2008, doi: 

10.1016/j.buildenv.2007.07.002. 

[114] T. Leephakpreeda, “Adaptive occupancy-based lighting control via Grey prediction,” Build. 

Environ., vol. 40, no. 7, pp. 881–886, Jul. 2005, doi: 10.1016/j.buildenv.2004.08.026. 

[115] J. C. Van Gorp, “Enterprising energy management,” IEEE Power Energy Mag., vol. 2, no. 1, 

pp. 59–63, 2004, doi: 10.1109/mpae.2004.1263421. 

[116] A. Marino, P. Bertoldi, S. Rezessy, and B. Boza-Kiss, “A snapshot of the European energy 

service market in 2010 and policy recommendations to foster a further market development,” Energy 

Policy, vol. 39, no. 10, pp. 6190–6198, 2011, doi: 10.1016/j.enpol.2011.07.019. 

[117] P. Thollander, P. Rohdin, B. Moshfegh, M. Karlsson, M. Söderström, and L. Trygg, “Energy 

in Swedish industry 2020 - Current status, policy instruments, and policy implications,” J. Clean. Prod., 

vol. 51, pp. 109–117, Jul. 2013, doi: 10.1016/j.jclepro.2013.01.021. 

[118] C Caffal, Energy management in industry. Sittard, the Netherlands: Centre for the Analysis 

and Dissemination of Demonstrated Energy Technologies (CADDET), 1995. 

[119] Robert Bruce Lung; Aimee McKane; Robert Leach; Donald Marsh, “Ancillary Savings and 

Production Benefits in the Evaluation of Industrial Energy Efficiency Measures,” Proceedings ACEEE 

Summer Studies on Energy Efficiency in Industry. Berkeley, CA, US., pp. 103–114, 2005. 

[120] C. Dieperink, I. Brand, and W. Vermeulen, “Diffusion of energy-saving innovations in 

industry and the built environment: Dutch studies as inputs for a more integrated analytical framework,” 

Energy Policy, vol. 32, no. 6, pp. 773–784, 2004, doi: 10.1016/s0301-4215(02)00341-5. 

[121] D. L. Norland and L. Lind, “Corporate energy management: A survey of large manufacturing 

companies,” Energy Eng., vol. 98, no. 2, pp. 53–72, 2001, doi: 10.1080/01998590109509308. 



 

 

[122] F. Shrouf, J. Ordieres, and G. Miragliotta, “Smart factories in Industry 4.0: A review of the 

concept and of energy management approached in production based on the Internet of Things 

paradigm,” in IEEE International Conference on Industrial Engineering and Engineering Management, 

2014, vol. 2015-Janua, pp. 697–701, doi: 10.1109/IEEM.2014.7058728. 

[123] D. Ramin, S. Spinelli, and A. Brusaferri, “Demand-side management via optimal production 

scheduling in power-intensive industries: The case of metal casting process,” Appl. Energy, vol. 225, 

pp. 622–636, Sep. 2018, doi: 10.1016/j.apenergy.2018.03.084. 

[124] K. Bunse, M. Vodicka, P. Schönsleben, M. Brülhart, and F. O. Ernst, “Integrating energy 

efficiency performance in production management - Gap analysis between industrial needs and 

scientific literature,” J. Clean. Prod., vol. 19, no. 6–7, pp. 667–679, Apr. 2011, doi: 

10.1016/j.jclepro.2010.11.011. 

[125] R. K. Yin, Case Study Research: Design and Methods, Fourth Edi. SAGE Publications, Inc., 

2009. 

[126] C. Voss, N. Tsikriktsis, and M. Frohlich, “Case research in operations management,” Int. J. 

Oper. Prod. Manag., vol. 22, no. 2, pp. 195–219, 2002, doi: 

10.1108/01443570210414329/FULL/XML. 

[127] K. M. Eisenhardt, “Building Theories from Case Study Research,” 

https://doi.org/10.5465/amr.1989.4308385, vol. 8, no. 4, pp. 2–12, Oct. 1989, doi: 

10.5465/AMR.1989.4308385. 

[128] M. Pagell and D. Gobeli, “How Plant Managers’ Experiences and Attitudes Toward 

Sustainability Relate to Operational Performance,” Prod. Oper. Manag., vol. 18, no. 3, pp. 278–299, 

May 2009, doi: 10.1111/J.1937-5956.2009.01050.X. 

[129] J. Cho and A. Trent, “Validity in qualitative research revisited,” Qual. Res., vol. 6, no. 3, pp. 

319–340, Nov. 2006, doi: 10.1177/1468794106065006. 

[130] P. Singh, C. Carliell-Marquet, and A. Kansal, “Energy pattern analysis of a wastewater 

treatment plant,” Appl. Water Sci. 2012 23, vol. 2, no. 3, pp. 221–226, May 2012, doi: 10.1007/S13201-

012-0040-7. 

[131] R. Negi and M. K. Chandel, “Analysing water-energy-GHG nexus in a wastewater treatment 

plant of Mumbai Metropolitan Region, India,” Environ. Res., vol. 196, p. 110931, May 2021, doi: 

10.1016/j.envres.2021.110931. 

[132] S. Jeschke, C. Brecher, T. Meisen, D. Özdemir, and T. Eschert, “Industrial Internet of Things 

and Cyber Manufacturing Systems,” Springer, Cham, 2017, pp. 3–19. 

[133] B. Zhou, Y. Qi, and Y. Liu, “Proactive preventive maintenance policy for buffered serial 

production systems based on energy saving opportunistic windows,” J. Clean. Prod., vol. 253, p. 

119791, Apr. 2020, doi: 10.1016/J.JCLEPRO.2019.119791. 

[134] J. R. Duflou et al., “Towards energy and resource efficient manufacturing: A processes and 

systems approach,” CIRP Ann. - Manuf. Technol., vol. 61, no. 2, pp. 587–609, Jan. 2012, doi: 

10.1016/j.cirp.2012.05.002. 

[135] F. Alhourani and U. Saxena, “Factors affecting the implementation rates of energy and 

productivity recommendations in small and medium sized companies,” J. Manuf. Syst., vol. 28, no. 1, 

pp. 41–45, Jan. 2009, doi: 10.1016/J.JMSY.2009.04.001. 

[136] D. A. Garcia, F. Cumo, M. Tiberi, V. Sforzini, and G. Piras, “Cost-Benefit Analysis for 

Energy Management in Public Buildings: Four Italian Case Studies,” Energies 2016, Vol. 9, Page 522, 

vol. 9, no. 7, p. 522, Jul. 2016, doi: 10.3390/EN9070522. 

[137] T. Söderqvist, P. Brinkhoff, T. Norberg, L. Rosén, P. E. Back, and J. Norrman, “Cost-benefit 

analysis as a part of sustainability assessment of remediation alternatives for contaminated land,” J. 

Environ. Manage., vol. 157, pp. 267–278, Jul. 2015, doi: 10.1016/J.JENVMAN.2015.04.024. 

[138] Nurcahyanto, Y. Simsek, and T. Urmee, “Opportunities and challenges of energy service 



 

 

companies to promote energy efficiency programs in Indonesia,” Energy, vol. 205, p. 117603, May 

2020, doi: 10.1016/j.energy.2020.117603. 

[139] P. Thollander, M. Karlsson, P. Rohdin, J. Wollin, and J. Rosenqvist, “Energy efficiency gap,” 

in Introduction to Industrial Energy Efficiency, First., Elsevier, 2020, p. 31. 

[140] M. Ghobakhloo, “The future of manufacturing industry: a strategic roadmap toward Industry 

4.0,” J. Manuf. Technol. Manag., vol. 29, no. 6, pp. 910–936, 2018, doi: 10.1108/jmtm-02-2018-0057. 

 

  



 

 

Appendix A 

 

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, optimisation 

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 utilisation; Carbon 

footprint management 

and emission 

reduction; 

Environmental 

performance 

improvement. 

 

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 

productivity 

specialist 

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 industrial premises 

using smart integrated 

device. 

No dedicated energy 

manager; consults EMS 

with external 

stakeholders; no 

standalone EM policy; 

In-house EM. 

 

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; 

provider of gas, 

electricity and water.  

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, 

construction, 

agricultural & 

government sectors. 

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, 

efficiency and 

productivity 

opportunities.  

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 in 

energy sector; 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. 

 

 

 

  



 

 

 

Appendix B 

Impact on production resources and productivity attributes due to EMS in the case applied 

 

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                   
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) 

 

 


