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Abstract 
 
 

A growing uncertainty in the global economy is forcing many manufacturers to reassess their 

corporate outlook towards the environment. Today there is a growing attention to sustainability 

in industry accompanied by a paradigm shift towards realizing a sustainable society. It is now 

very common to hear about Green Production and Green Systems, but few literature exist that 

deal with the relatively newer subject of Green Maintenance. The term green production is often 

used to describe production with a sustainable perspective. Also, lean production has been 

proposed as a means of achieving sustainability. Lean and Green production systems require 

efficient production and low use of resources such as energy, materials, etc. One major 

facilitator of this is effective maintenance. Sometimes regarded as the necessary evil, 

maintenance still has a negative image in the industry. But as the paradigm on manufacturing 

shift towards realizing a sustainable society, we should also begin to realize the changing role of 

maintenance. Still, the impact of maintenance on sustainability and Green production is not very 

well described in research.  

 

This Master Thesis within the School of Innovation Design and Engineering at Mälardalen 

University presents a literature review on green maintenance by trying to identify and assess the 

key factors of maintenance effects on green production, life cycle assessment and sustainability 

of maintenance activities. In addition, a brief introduction to the greening of remanufacturing 

activity, part of a green process by itself, is provided. The research is based upon extensive 

literature study, questionnaire survey and interviews with relevant industry as well as academic 

personnel. A discussion of the results of the interview followed by a conclusion on the key factors 

of maintenance on sustainability is provided. Future research areas have also been suggested. 

 

 

 

Keywords: Green maintenance, Production maintenance, Sustainable maintenance,     

Total Productive Maintenance 
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1. Introduction  

With global resources on the verge of complete depletion, the design of products with the 

minimum amount of materials and other related solutions will not be enough to 

counterbalance the resource and energy needs for mankind. Mankind’s use of raw materials 

and energy is ever increasing. Environmental concerns are seen to be a major issue of 

research in industry and academia. Despite the inclusion of these sustainability concerns in 

production processes, however, research of sustainability focused on maintenance of 

production equipment is still in its infantile stages. This research on Green Maintenance is 

born out of this timely need and it is in addition intended to shade light on the prevailing gap 

of knowledge. 

 

In the section that follows, we present the background of the research followed by the 

problem statement, the pertinent research questions, aim of the project and finally discuss the 

delimitations. 

 
   1.1 Background: 

There is an ever growing attention to sustainability in industry today. To this end green 

production is often used to address production with a sustainable perspective. Also, lean 

production has been proposed as a means of achieving sustainability. Lean and Green 

production systems require efficient production and low use of resources such as energy, 

material, etc. One of the major facilitators of this is undeniably effective maintenance. 

Sometimes regarded as the necessary evil, maintenance still has a negative image in the 

industry. But as the paradigm on manufacturing shift towards realizing a sustainable society, 

we should also begin to realize the changing role of maintenance. 

 

Still, the impact of maintenance on sustainability and Green production is not very well 

described in research. A growing uncertainty in the global economy is forcing many 

manufacturers to reassess their corporate outlook towards the environment. It is now very 

common to hear about Green Production and Green Systems, but few literatures exist dealing 

with the relatively newer subject of Green Maintenance. In what follows is presented a 

literature review on green maintenance performed by trying to identify and assess the key 

factors of maintenance effects on green production, life cycle assessment and sustainability 

of maintenance activities.  

 

In addition, a brief introduction to the greening of remanufacturing activity, part of a green 

process by itself, is provided. The research is based upon extensive literature study and 

interviews with relevant industry as well as academic personnel. The theoretical study 

section introduces key concepts in lean and green production as well as production 

maintenance. 
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    1.2 Problem Statement: 

One of the major functions of a production and operations management is maintaining the 

production capability in any production system. This can only be achieved through 

maintenance. For instance, Jasper [1] mentions 5 sub-objectives of maintenance. He enlists 

them as follows: 

 

1. Availability of equipment 

2. Reliability of equipment 

3. Operability of equipment 

4. Safety of Equipment 

5. Cost 

 

Apparently, there is no mention of an objective related to the environment or environmental 

sustainability. It is thus necessary to develop a framework that addresses the current 

environmental needs of companies in relation to their maintenance activities. Sometimes 

regarded as a cost-center, maintenance still has a negative image in the industry. But as the 

paradigm on manufacturing shift towards realizing a sustainable society, we should also 

begin to realize the changing role of maintenance. Still, the impact of maintenance on 

sustainability and in Green production is not very well described in research. There exists 

insufficient research knowledge between appropriate maintenance measures and their 

environmental impacts and vice versa.  

 

   1.3 Research Questions: 

A Research Question is a statement that identifies the phenomenon to be studied. In order to 

limit the scope of the study and avoid overelaboration, the research has focused mainly in 

answering the following three key research questions. 

 

RQ 1. What are the key factors of maintenance that have effect on green production and 

sustainability? 

 

Sustainability is a crucial issue for present and future generations. Cost efficiency will not be 

enough to justify decisions made by companies. They need to take into account their 

environmental fooprints and also the impact on the environment of their products and 

processes. It is widely known that any activity of maintenance will have some kind of 

environmental effect. Manufacturing must be sustainable in terms of its performance and 

quality of both products and processes, workers safety and the environment. Maintenance in 

manufacturing facilities is necessary to sustain  

 

(i)  the quality of processes and  

(ii)  Safety. 
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Manufacturing also takes a lion’s share of the energy consumption and, direct and indirect 

production of emissions of hazardous chemicals. There arises a need to identify the key 

maintenance factors and their effects on Green production systems in order to effect a 

transformation in terms of finding solution via methodologies, technologies and best 

practices.  

 

 

 RQ 2. What are the factors of sustainability that affect maintenance activities? 

 

Of equal importance are the demanding factors from the driving forces and standards to 

ensure sustainability in manufacturing. A growing consumer consciousness toward care 

about the environment puts more demands on manufacturing activities including of course 

production maintenance. These factors and the problems arising from them have to be 

identified and dealt with properly.  

 

 

RQ 3. How do the key demanding factors of green production, life cycle and sustainability 

affect maintenance activities? 

  

There needs to be a clear objective while studying how demand on sustainability affects 

maintenance activities as it represents the main methodology for allowing a safe, durable and 

resource smart behavior of product during its operating cycle. This applies both to the 

maintenance of industrial equipment as well as their products. Therefore while updating 

current manufacturing models from the old unlimited resource and unlimited capacity 

paradigm; we are required at the same time to answer the role of maintenance as one of the 

main pillars. Maintenance strategies have to be devised to address key demanding factors for 

sustainability. Also the operation of maintenance activities have to be in tune with the revised 

maintenance strategies. 

 

   1.4 Aim of the Project: 

The aim of this Master thesis is to study the maintenance of production systems from a 

sustainability perspective and suggest possible gaps from the point of view of researchers 

and practitioners. This will be accomplished through literature surveys, questionnaire survey 

and interviews. The other objective is to find out the key factors involved in production 

processes that have significant effect on sustainable maintenance, and hence the 

environment.  
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    1.5 Delimitations:  
The scope of this thesis is limited to the study of production maintenance aspects that are 

related to sustainability. Therefore, it should be clear to the reader that such paper does not 

include all relevant research areas within production maintenance. In addition, the study had 

the limitation of time and budget because it was performed within a short timeframe and 

mostly limited to literature study. Nonetheless, it has attempted to present key factors of 

maintenance in sustainability of production using available resources both from the 

University database and other sources.  
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   2. Research Methodology 
Research in common everyday usage refers to the search for knowledge. One can also define 

research as “a scientific and systematic search for pertinent information in a specific topic.” 

[18]. One of the practical benefits of using research is that it can lead to the discovery of new 

knowledge. The information can be collected from different sources like experience, human 

beings, books, journals, nature, etc. Research is performed with the help of study, 

experiment, observation, analysis, comparison and reasoning. 

 

We can define research methodology as a systematic way to solve a problem or as the 

science of studying how a given research is to be carried out. The chosen method for the 

design of this particular research is one that consists of literature surveys to build the 

necessary theoretical background. This is then followed by collection of data by distributing 

an online questionnaire, conducting interviews and then gathering relevant data and 

analyzing the data gathered. Finally, conclusion is to be drawn by comparison and analysis 

of the results to the theoretical framework. The details of the research process are described 

in the following subsections.  

     

    2.1 Literature Study 

A literature study is the preliminary task to familiarize oneself with the body of knowledge 

of a particular subject under question. It forms an integral part by providing the necessary 

backbone of the research and a platform upon which the whole research is based. Some of 

the prime benefits of using literature study are that it 

 

 Brings clarity and focus to a research problem, 

 Broadens knowledge,  

 Improves methodology and 

 Contextualizes findings. 

 

The thesis will be based on a substantial literature survey, covering relevant fields, such as     

maintenance, green production, etc. Further, a questionnaire survey/interview study will be 

conducted. In this sense, it can be regarded as an exploratory research as the field of Green 

Maintenance is relatively new. An exploratory research is one that is “undertaken to explore 

an area where little is known or to investigate the possibilities of undertaking a particular 

research study.” [18]. I have explored books, journals and sources from the internet in order 

to fill the pertinent gap of knowledge observed when dealing with sustainable maintenance. 

The resources have been pulled from Mälardalen University Library, E-Library, and other 

sources including the internet that I have cited in the References section (see Section 8).  
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    2.2 Research design 
A research design is the conceptual structure within which research will be conducted. The 

function of research design is to provide for the gathering of relevant information with 

minimal expenditure of effort, time and cost. The preparation of a research design, 

appropriate for a particular research problem involves the consideration of the following: 

[21] 

 

1. Objectives of the research study 

2. Method of data collection to be adopted  

3. Source of information- Sample Design 

4. Tool for Data Collection 

5. Data Analysis-Qualitative and Quantitative 

 

The objective of this particular research is to study the maintenance of production systems 

from a sustainability perspective and suggest possible gaps from the point of view of 

researchers and practitioners. The method of data collection will be discussed briefly in 

section 2.3. One is a structured survey questionnaire distributed to relevant personnel in the 

area of maintenance and the other is an interview question that includes the research 

questions and was performed through correspondence. The questionnaire consists of a set of 

questions presented to the respondent for answers (see Appendix 10.2). In this case “the 

respondents read the questions, interpret what is expected and then write down the answers 

themselves” [18]. 

 

        2.3 Choices of Data Collection 
The method adopted for the collection of data includes a survey questionnaire and interview 

questions that pertain to the research questions. Each method will be discussed below. 

 

    2.3.1 Survey Questionnaire 

Data collection is conducted through an online survey questionnaire of relevant personnel 

mostly from the SMGC (Sustainability and Maintenance Global Center) that includes 

selected questions about Lean manufacturing, Green manufacturing, the maintenance 

strategy followed by the company, the knowledge of sustainable maintenance available at 

the company, the knowledge and use of remanufacturing, and so on.  

 

    2.3.2 Interviews 

Interviews related to the research questions were handed out to relevant personnel from both 

academia and industry to respond through emails. The data is then collected and thoroughly 

analyzed as will be presented in the results section of this paper. The questions are nothing 

more than the already presented research questions for the purpose of brevity.  
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      2.4 Validity and Reliability 
Researches have no value if the methods from which they are derived have no legitimacy. In 

research, validity has two major parts: internal and external. Internal validity encompasses 

whether the result of the study are legitimate because of the way the data was recorded or 

analysis performed while external validity deals with defining the domain to which a study’s 

findings can be generalized. Yin [2] considers two more criteria for assessing the validity of 

a research. These are construct validity and reliability. Construct validity deals with 

identifying correct operational measures for the concepts being studied.  Reliability is 

defined below. 

 

Criteria for judging the quality of research designs 

Some of the logical tests that can be applied to test for the quality of a given research design 

include trustworthiness, credibility, conformability and data dependability [21].  In this 

respect, this particular research can be said to possess all the listed qualities since the survey 

and the interview involved expert opinion on the issues of sustainability in maintenance. The 

participants of the survey and the interview were meticulously selected in order to ensure 

proper quality in the outcome of the research.  

 

Reliability 

The objective of reliability is to ensure that, if a another investigator followed the same 

procedure as described by an earlier investigator and conducted the same case study 

all over again, the later investigator should arrive at the same findings and conclusions. The 

aim of reliability is to minimize as much as possible, the errors and biases in a study.  

 

The reliability of this thesis work depends on the methods and procedures followed and the 

cited references. Figure 1. indicates how the method of this research was adopted from Yin 

[21] ensuring with a greater possibility that if another researcher follows them he would 

acquire nearly the same results, and hence reliability. In addition, the literature survey was 

conducted on the latest materials to ensure that up to date information is provided. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Design of the research: A linear approach. 
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3. Theoretical Framework 
This section presents a theoretical analysis that will give the research a benchmark with 

regards to maintenance in production and issues of sustainability, offering the foundation for 

this research.  

 

    3.1 Maintenance defined 
Maintenance is defined as “all technical, administrative, and managerial actions during the 

life cycle of an item intended to retain it in, or restore it to, a state in which it can perform 

the required function.” [10]. Maintenance is traditionally viewed as a cost-center. It is 

essentially true that maintenance is a support structure, which operates at a certain, not too 

easily manipulated, cost. Something which is often not appreciated is that it is also (and 

equally true) a fact that maintenance has a significant impact on the profit of the company 

through the availability, reliability and operability of equipment.   

 

The maintenance problem involves an understanding of the relationship that exists between 

the production function and the manufacturer of equipment to maintenance. [1] 

 

 

       

 
                                                                           Technical capability 

 
                                                                      Field operational experience 

 

 

 

 

 

 

 

                                                                                                                                 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.  The maintenance problem – a framework [1] 
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    3.2 Types of maintenance 

A pictorial summary of the different types of maintenance is shown in the following figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Types of maintenance. [11] 

 
In addition to preventive maintenance and corrective maintenance, Jasper [1] puts an 

additional subdivision of a maintenance strategy called the design-out maintenance, which 

involves redesigning a particular system of component to decrease the need for maintenance 

by removing unwanted failure modes. 

 

The negative effects of failure of machinery in an organization entail a number of 

disadvantages such as loss of production, quality and durability, higher costs and threat to 

the safety of  employees. 

 

Salonen [23] posits that the efficiency and effectiveness of maintenance activities depend 

upon the type of industry where they are applied. He divides them into process industries and 

discrete item manufacturers. He argues that “while the process industry has enjoyed a decent 

strategic advantage of maintenance activities due to its flow nature, in the manufacturing 

industry there has been a neglect of dependability of machinery because it is often 

overshadowed by lean restructuring gains such as cellular manufacturing.”[23] 
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Coincidentally, a significant amount of change is being observed in industry today thanks to 

the concepts of Lean and Green Production Systems. However, a clearly defined 

maintenance strategy paralleling the improvements of both lean and green concepts is still 

far off. 

 

Corrective maintenance is used when no other strategy can be applied with better end results. 

[1] Coetzee divides corrective maintenance into three categories: 

 

 Replacement – this will be the strategy if the decision was to totally replace the 

component or unit upon failure. 

 Repair – this will be the strategy if the decision was to repair the component or unit 

upon failure. 

 Delay Decisions – this will be the strategy if the decision was to either totally replace 

the component or unit upon failure or to repair it, based on inspection following 

failure. 

 

3.3  Lean and Green Production Systems 
In this section we shall be discussing about Lean and Green Systems and the link between 

the two. It is widely known that  Lean production typically represents a paradigm shift from 

conventional “batch and queue”, functionally-aligned mass production to “one-piece flow.” 

The outcome of adopting such paradigm shifts and thus using the tools results in the 

following several improvements. [14] 

 

● Reduced inventory level  

● Decreased material usage 

● Optimized equipment  

● Reduced need for factory facilities 

● Increased factory velocity 

● Enhanced production flexibility 

● Reduced complexity 

 

These outcomes are achievable through implementation of  lean tools that try to avoid the 

7+1 wastes. See Table 1 for a list of these wastes and their corresponding examples.  

 

Sustainable development has become increasingly important as manufacturers attempt to 

balance economic growth with social awareness and the minimization of their environmental 

footprint. So the three economic pillars include the economy, environment and society.  All 

research in manufacturing and the environment provide useful analyses in moving towards 

green manufacturing. In this context for instance some common themes arise such as faster 

processing rates. However, although increased speeds may have an immediate decrease in 
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energy consumption, it is highly probable that there is a long-term effect on machine tools, 

which is not yet evident and is associated with increase over their lifetime [24].  

Many people believe that green production only requires the execution of pollution controls 

or recycling when manufacturing goods. The reality, however, is that green production 

processes attempt to minimize the impact the manufacturing process brings on the 

environment at every stage [25].  

 

Lean methods typically target eight types of wastes shown below in the table.  [14] 

 

Waste Type Examples 

Defects 
Production of off-specification products, components or services that result in scrap, 

rework, replacement production, inspection, and /or defective materials. 

Waiting 
Delays associated with stock-outs, lot processing delays, equipment downtime, and 

capacity bottlenecks. 

Unnecessary 

Processing 
Process steps that are not required to produce the product 

Overproduction Manufacturing items for which there are no orders 

Movement 
Human motions that are unnecessary or straining, and work in progress (WIP)    

transporting long distances, 

Inventory Excess raw material, WIP, or finished goods 

Unused Employee 

Creativity 
Failure to tap employees for process improvement suggestions 

Complexity More parts, process steps, or time than necessary to meet customer needs. 

 
Table 1. Eight types of manufacturing wastes targeted by Lean. [4] 

 

Different organizations use a number of different methods to implement lean production 

systems. The methods include, among others: 

 Kaizen  

 5S 

 Total Productive Maintenance (TPM) 

 Cellular Manufacturing/ One Piece Flow Production Systems 

 Just In Time Production /Kanban 

 Six-Sigma 

 Pre-Production Planning 

 Lean enterprise Supplier Network 

 Value Stream Mapping (VSM) 
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Since we are dealing with production maintenance, our focus in the next section will be on 

the third tool, namely Total Production Maintenance or TPM. 

 

    3.4  Maintenance in Lean and Green Systems 
Throughout the years, the importance of maintenance functions and of maintenance 

management has been shown to grow [8]. It is also known that  widespread mechanization 

and automation has reduced the number of production personnel and increased the capital 

employed in the production equipment and civil structures.” Amik et al. state that in 

refineries, for instance, it issuch a common trend to find the maintenance and operations 

departments being the largest with each comprising 30 % of the total manpower. 

  

The some seven constituents of maintenance wastes in relation to environmental impact are 

listed below. 

 

 Unplanned or Unscheduled work 

 Excessive and/or unnecessary activity 

 Poor spares management 

 Obsolete technology 

 Poor quality work  

 Poor quality spares 

 Equipment unavailability 

        

       These constituents will be used in the questionnaire survey. 

 

One of the tools that is used to eliminate wastes in Lean systems in Total Productive 

Maintenance or TPM. Total Productive Maintenance (TPM) as the name suggests is 

comprised of three words [20]: 

 

Total :     signifies to consider every aspect and involving everybody from top to 

bottom; 

Productive:        emphasis on trying to do it while production goes on and minimizes troubles                                 

for production; 

Maintenance:     means equipment upkeep autonomously by production operators in good                                                                               

                         health – repair, clean, grease, and accept to spend necessary time on it    

 

Total Productive Maintenance (TPM) tries to engage all levels and all functions in an 

organization to increase and maximize the overall effectiveness of production equipment. 

The major goal of TPM is the total elimination of losses, such as breakdowns, set up of 
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equipment and adjustment losses, idling and minor stoppages, reduced speed, defects and 

rework, spills and process upset conditions, and start-up and yield losses. “The ultimate goals 

of TPM are zero equipment breakdowns and zero product defects, which leads to improved 

utilization of production assets and plant capacity.” [4] 

The TPM program is mentioned in two literatures as closely resembling Total Quality 

Management or TQM. Many of the tools such as, employee empowerment, benchmarking, 

documentation, etc used in TQM are set to implement and optimize TPM. [5] 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

   

 

   

 

 
Figure 4. Pillars of TPM (Source: An introduction to TPM by Venketesh J. [27] 

 

Total Productive Maintenance usually starts with 5S so problems come to surface while the 

workplace is kept in order and organized. A representation of the steps to be followed while 

implementing 5S is well- documented and can be depicted by the circular diagram for 

brevity as in figure 5.   

 

Autonomous maintenance (JISHU HOZEN) is geared towards developing operators to be 

able to take care of small maintenance tasks, thus freeing up the skilled maintenance people 

to spend time on more value added activity and technical repairs[16]. This gives authority 

for the operators over their equipment making sure maintenance to be carried out, alongside 

their usual tasks, in their own terms, part of empowering the employees. Detailed steps on 

how to implement Jishu Hozen are outlined by Kumar [5]. The other pillar of TPM is 

Kaizen. With little investment Kaizen can bring about changes in the organization as a whole 

as it is not limited to the production area.  
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Figure 4. The 5S Pillars 

 

 

 

 
Figure 5. 5S Pillars [26]. 

 

Implications for Environmental Performance 

Potential Advantages: 

The EPA reports that properly maintaining equipment and systems helps reduce defects that 

result from a process. “A reduction in defects can, in turn, help eliminate waste from 

processes in three fundamental ways: 

● fewer defects decreases the number of products that must be scrapped; 

● fewer defects also means that the raw materials, energy, and resulting waste 

associated with the scrap are eliminated; 

● fewer defects decreases the amount of energy, raw material, and wastes that are used 

or generated to fix defective products that can be re-worked.” 

 

TPM has the ability to enhance the durability of equipment. This lowers the need to purchase 

and/or make replacement equipment. This, in turn, reduces the environmental impacts due to 
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excessive raw materials and manufacturing processes that are required to manufacture new 

equipment. 

 

Potential Disadvantages: 

One of the major shortcomings observed when applying TPM is the failure to consider the 

pertinent environmental impacts associated with equipment during mistake-proofing, also 

called Poka-Yoke, and equipment efficiency enhancements can leave potential waste 

minimization and pollution prevention opportunities undiscovered. For example, equipment 

can be modified to “reduce or eliminate spills, leaks, overspray, and misting that increase 

clean-up needs” [12]. 

 

Another important disadvantage of using Total Productive Maintenance is that it can result in 

the use of excess cleaning supplies, especially when the root cause of the unclean conditions 

of equipment are not well investigated. Cleaning materials so often contain solvents and/or 

chemicals that can result in air emissions or increased waste generation. Maintenance can 

improve the OEE of production equipment and systems, and consequently boost the 

competitiveness and the profitability of the manufacturing company. Maintenance can be a 

profit generating function, especially in industries where the downtime costs are high [12]. 

 

Total Productive Maintenance provides “a comprehensive company-wide approach to 

maintenance management, which can be divided into long term and short term elements. In 

the long term, efforts focus on the design of new equipment and the reduction and possible 

avoidance of sources of lost equipment time and typically require the involvement of many 

areas of the organization. While in the short-term, TPM activities include an autonomous 

maintenance program for the production department and planned maintenance program for 

the maintenance department” [9]. 

 

But in their model to research the relationship between Total Production Maintenance (TPM) 

and Manufacturing Performance (MP) Mc Kone et al. [9] did not consider environmental 

performance while only embracing four prominent factors, which are cost, quality, delivery 

and flexibility as the basic dimensions to measuring MP. This shows that there exists a 

knowledge gap when it comes to sustainable or green maintenance. 

 

The following figure shows the organizational structure to implement a typical TPM 

program.  
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ORGANIZATIONAL STRUCTURE FOR TPM IMPLEMENTATION 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Organizational structure for TPM implementation [6]. 

 

The greening of production is defined as a means of both improving profit and enhancing the 

corporate image. The traditional concept of waste as that which is inherent to the operational 

process of an organization is no longer acceptable and needs to include the structural as well 

as the organizational dimensions.  

 

In making the transition from business as usual to an organization that is concerned about it, 

and acts upon, the concept of “greening productivity”, there are two critical issues to 

consider: 

 

1. Organizational learnings, 

2. Managing the transition. 

 

The goal of manufacturing is “no longer to produce products in an efficient way, but rather to 

provide the functions needed by society while minimizing material and energy consumption” 

[3]. Hence comes the concept of maintenance in production systems. The effects of poor 

maintenance quality and its impact on environmental performance is shown in figure 7. 
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Effects of Poor maintenance 

/Inadequate Lean Production  Environmental Impact 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Effects of poor maintenance quality and its impact on environmental performance. [19] 
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      3.5  Asset Management (AM) 
The Australian AM Council, as an operating unit of Engineers Australia has defined asset 

management as: 

“The life cycle management of physical assets to achieve the stated outputs of the enterprise” 

[13]. 

 

A capability of an item is the ability to do something - usually something useful consistent 

with what the item was designed to deliver, and in the context of the outputs the business 

wants to achieve.  This idea is extremely powerful within asset management because it 

focuses attention on the reason the item exists - its purpose and its output.  It is this idea that 

allows us to focus both on the function of an asset and the asset itself - as two distinctly 

different concepts.  The first, its function, is the reason the item exists and the second, the 

item exists only to provide its output [13]. 

 

These two concepts are at the heart of configuration management and indeed at the heart of 

any maintenance analysis.  After all, if the analyst is not fully aware of the intended function 

and output of the item, the analyst could not possibly comprehend how the item might fail to 

deliver those outputs [13]. 

 

Output focus means that everything exits to provide a function to a specified level - the 

required output. That output should be measurable otherwise how would we know if the 

asset did or did not achieve it?  We also need a plan to measure that output.  Without a plan, 

we might not know that we can measure the output. 

 

In the concept of the development of a maintenance program, this has two significant 

implications, first, that we must know the function and output requirements of an asset 

before we can begin to do any analysis; and second, that the eventual maintenance task must 

itself also have a specific output, and that output is measurable and further that a plan exists 

through which that output can be measured. 

Uncertainty or its more common name, risk, is an integral part of any asset management 

system.  The modern world has not just accepted it, but fully embraced the concept as the 

core of its ability to manage any activity, including the use of assets. 

 

It should be kept in mind that the concept of risk provides the modern world with both the 

tools and the knowledge to develop maintenance programs that make the future come true, 

that is, give us the ability to provide a level of assurance that the asset will deliver its output 

when and where required. 

 

Of particular importance, all the major maintenance analysis tools such as FMECA, FMEA, 

RBD and RCM (as a small list) are all risk based, as are many others.  Many other risk based 

tools are available.  
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When applied to asset management, the concept of risk includes a couple of perspectives, 

namely: 

 when addressing the level of uncertainty associated with the use of an asset, the                

term reliability (being similar to the probability of failure of the item) is used; and 

 when addressing safety and other consequence types, the term likelihood (the  

equivalent of probability) is often used. 

 

In whatever context, the concept of risk remains fundamental to the way in which the 

modern world of asset management both perceives and manages the delivery of services, and 

risk is the key tool used to develop and implement effective asset management programs, 

including maintenance plans. 

 

And it is not by accident that all the tools of asset management are also all risk based in their 

origins. Why this is so is because the key difference between the modern world (post 1930) 

and its predecessor, is the use of the concept of risk and the tools that concept provides.  To 

many people, the idea of uncertainty and the emergence of risk based tools provides the 

world with the tools to "make the future come true" - the very essence of an engineer’s role 

and specifically, the very essence of a maintenance planners role - to deliver systems and 

equipment that work, when and where required [13]. 

 

Associated with and also a part of, any effective asset management program is the 

development of a complementary working culture.  That culture should be designed to 

complement the asset management program, since the very existence of an effective asset 

management program depends on the way people make decisions in and interact with, that 

same program.  In particular, that culture must embrace the concepts involved in that 

program, for example continuous improvement. Other aspects might include: 

 

 Transparent decision making - for an effective safety culture; and 

 Risk based decisions - the use of risk based decision making and the rules that 

implement such a program [13]. 
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Table 2. An environmental performance matrix (Adapted from Handbook of Maintenance 

Management Engineering [19]) 

 

    3.6 Maintenance in Life Cycle Management  

The European Environmental Agency reports today’s environmental policies are 

increasingly based on life-cycle thinking. A life-cycle approach identifies the negative 

environmental impacts produced by the use of materials and energy throughout their life 

often referred to as the cradle to the grave approach and determines their respective 

significance (Sustainable consumption and production). There is a shift in the goal of 

manufacturing today from producing products in an efficient manner to providing necessary 

functions of the products to society using only the minimum amount of material resources 

and less energy consumption. Thus the life cycle analysis of products has become one of the 

most crucial issues in recent times. When defined from the viewpoint of environmental 

impact maintenance is the most efficient way to keep the functional level of a product above 

the level required [15]. 

 

Basic Environmental Measures 

Category  Definition Unit of measure 

Input Measure 

Material Use Material Used Tons/year, pounds/unit of 

product, % materials 

utilization 

Energy Use Any source providing usable power or 

consuming electricity transportation 

and non-transportation source. 

Specific to energy source 

such as BTUs or kilowatt 

hours, % reduction, 

energy use/ unit of 

production 

Water Use  Incoming water from outside sources, 

e.g. from municipal water supply or 

wells, for operations, facility use, and 

grounds maintenance. 

Gallons/year 

Non-product output measures 

Air emissions The release of air toxics Pounds/year, tons/year 

Water pollution Quantity of pollutant in wastewater 

that is discharged to water source 

Gallons or pounds/year 

Solid Waste Wastes (liquids or solids) Gallons or pounds/year 
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The purpose of life cycle of product life cycle management is to control the conditions of the 

products so as to provide the functionality required by customers or society, while keeping 

the environmental load at minimum and maintaining appropriate corporate profits [3]. 

 

Mass production has brought about mass consumption of natural resources and energy, as 

well as mass disposal. In the past maintenance was regarded as repair work. Machines were 

operated on a run-to-failure principle and there existed no mechanism for predicting the 

failures. However, with the advent of reliability engineering in the 1950’s, the concept of 

preventive maintenance was advocated, and time based maintenance (TBM) was introduced. 

The concept of condition based maintenance (CBM) was proposed later on to take into 

account the limitations of TBM as a means of preventive maintenance. In the case of CBM 

preventive actions are taken when symptoms of failures recognized through monitoring or 

diagnosis [3]. 

 

Reliability Centered Maintenance (RCM) and Risk Based Inspection (RBI) or Risk Based 

Maintenance (RBM) is the most well-known methodologies when selecting the proper 

maintenance strategies. Maintenance plays a key role in the preservation of products and it is 

also an important part of life cycle management. The purpose of life cycle management is to 

increase the eco-efficiency of the product. Takata [3] argues maintenance thus involves the 

following activities: 

 

1. Maintainability design: 

Improving design based upon evaluating the maintainability in the product development 

phase and providing the design data for maintenance strategy planning. 

 

2. Maintenance strategy planning 

Selecting a maintenance strategy appropriate to each part of the product 

 

3. Maintenance task control  
Planning and executing the maintenance task based on the selected strategy. 

 

4. Evaluation of maintenance results 

Evaluating the results of maintenance to determine whether the maintenance strategy 

planning and maintenance task control are appropriate. 

 

5. Improvement of maintenance and products 

Improving maintenance task control, maintenance strategy planning, and even maintenance 

design based on the evaluation of maintenance results. 

 

6. Dismantling planning and Execution 

Planning and executing dismantling at the end of the product life cycle. 
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There are some issues that need careful consideration in order to manage the activities listed 

above in an effective manner throughout the life cycle of the product. These are 

 

1. Adaptation to various changes during the lifetime 

Maintenance management should be flexible enough to accommodate functional changes of 

the product during its life cycle 

  

2. Continuous improvement of products  

Maintenance should include a mechanism for continuous improvement of products based             

upon experience and knowledge acquired during their lifecycle.  

 

3. Integration of maintenance information 

For maintenance management to be efficient and effective, all the information associated 

with maintenance should be integrated in such a way that it is available from any phase of 

the lifecycle.  [3]                                                                                                                                           

 

In addition to the technologies supporting each phase of the product life cycle, we need 

technologies to evaluate and manage the total life cycle. The primary methods for assessing 

the product life cycle are LCC (Life Cycle Costing) and LCA (Life Cycle Assessment). In 

many instances, a maintenance-centered life cycle in which product functions are usually 

maintained for a longer period through maintenance has an advantage in life cycle cost and 

in environmental impact [3]. 

 

Basic Elements of LCCA 

 

In order to assess the costs associated with the life cycle of a production system, a collection 

of procedures that group together exists in the denominated Techniques of Life Cycle Cost 

Analysis. The early application of the cost analysis techniques allows an evaluation in 

advance of the potential design problems and to quantify the potential impact in the costs 

along the life cycle of the industrial assets [16]. 

Jia-Shan et al. [15] have made the following list of conclusions on the use of Life Cycle 

Costing (LCC) to maintenance: 

 

(1) Maintenance has special function and important role that cannot substitute in the 

sustainable development of the global stage. The more society developed, the more 

important maintenance is.    

(2) In the stage of design and development, we should plan all task of the maintenance, for 

fear leading to the passive maintenance. 

(3) LCC is an important molar index of the equipment; LCC is an economical analysis 

technology which is applied extensively. The least of the LCC is rule of the decision-making 

which is spreading extensively; we could choose the best scheme by using the LCC 

technology. 
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(4) All of the decision-making of the equipment is connected with the cost. While the 

scientific decision-making should not only consider the cost happened by that time, but also 

calculate the latter cost that will happen. So, we should support the decision-making by using 

LCC technology. 

 

All of these views are the enterprises and managers should be owned, and which will guide 

us to make scientific maintenance-decision.  

 

3.7 Remanufacturing 
One of the challenges of product life cycle management is to ensure that products deliver the 

necessary functionality to customers and at the same time maintain profits to the 

manufacturer. In light of this fact, Takata [3] proposes two reasons in controlling the 

conditions of products. These are the change of the product because of obsolescence, and the 

other is the ever changing needs of customers. Maintenance in this regard plays a major role. 

If maintenance is not sufficient then remanufacturing is a preferred method in addressing 

sustainability. 

 

3.7.1 Definition 

Remanufacturing, developing on the basis of maintenance engineering, is the advanced stage 

of maintenance development. Remanufacture is the industrialization of repair and 

reclamation of the waste products with the help of hi-tech. the motives for remanufacturing 

have been cited in numerous literature with different authors but it mainly includes the 

following: 

 Moral and ethical responsibility  

 Environmental and legislation  

 Profitability 

 

In addition to these, other motives include, securing spare parts supply and warranty, 

customer orientation and market share and brand protection which have been suggested by 

Lundmark [27]. 

 

The important characteristic of remanufacture is that the quality and performance of 

remanufactured products are not lower than those of new ones, some even exceeding new 

products but the cost is only 50% of the original product. The remanufactured products can 

save energy by 60%, materials by 70%, and greatly reduce the harm to the environment. 

Therefore, remanufacture is the important means to realize energy conservation and 

environmental protection [22]. Remanufacturing can be defined as a “ process which bring 

used products to “like-new” functional products with warranty to match, can be both 

profitable and less harmful to the environment than conventional manufacturing as it reduces 
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landfill and levels of virgin material, energy and professional labor used in production [12].” 

Some others also define it as a transformation of an end-of-life product into a same-as-new 

condition. But sometimes customers cannot identify remanufacturing from repairing and 

reconditioning. This belief lowers the confidence of the customer in buying remanufactured 

products. Therefore, for making purchaser easily recognizes that remanufactured products 

have a higher quality than repaired and reconditioned products, or have similar quality to the 

new, Ijomah et al. [12] put forward another definition, that is, as “a process or returning the 

end-of-life products also known as cores, into same-as-new conditions within a normal 

manufacturing environment.” 

 

Remanufacturing generally begins with the arrival of a used product (also known as a 

“core”) at the remanufacturer, where it is has to pass through a series of industrial processes 

in the order of disassembly, cleaning, parts remanufacture and replacing of 

unremanufacturable parts, reassembly and testing to produce the remanufactured product 

[12].  

 

The role of remanufacture as a sustainable solution is that it can create value in waste 

products and returns old products to as good as new. In addition, it also conserves energy 

consumption and decreases environmental pollution. 

 

3.7.2 Knowledge Management in Remanufacturing 

The management of knowledge of such a fast growing industry is essential for sustainability. 

In all practical cases the remanufacturing processes are handled by skilled and professional 

operators. The accuracy of main remanufacturing task including inspection, disassembly, 

and re-machining depends on the operator’s expertise [2]. “In remanufacturing field, there 

are mainly three types of remanufacturers based on how the used products are collected and 

delivered [27]. The first type is called an independent remanufacturer who receives the end-

of-life products directly from customers. The second one is a third-party service provider 

usually contracted by the original equipment manufacturers and their retailers for recovery 

and final disposal. The third is the original manufacturer who performs product recovery 

operations by itself besides its normal manufacturing activity. The latter can be regarded as a 

closed-loop supply chain. 

 

The third type of remanufacturers can readily obtain the most direct information and explicit 

knowledge. The rest are not in a position to get the same quality information or receive 

nothing from the original equipment manufacturers because of barriers in technology 

protection, or otherwise they will receive incomplete information because of various 

problems such as location limits, information storage, transferring and sharing. Therefore, 

establishing effective information sharing and communicating network need to be urged 

between deferent stakeholders, which is challenging. 
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Zhu et. Al [2] argue that knowledge that is relevant to parts to be remanufactured is 

sometimes not available even from OEM’s and has to be created by the remanufacturers.  It 

includes such important information as “the service life left of the parts, the irregular 3-D 

geometric shapes, and the matching environment to operate after remanufacturing”.  This is 

the most challenging when seen separately.  

 

Therefore, many advanced technologies are necessary to be used to obtain accurate 

pragmatic information of used products. These technologies include those such as 

nondestructive testing, 3D scanning, flexible automation, digital manufacturing, rapid 

prototyping, Nano-coating, and surface engineering.   

 

The purpose of sustainable manufacturing is to find innovative solutions, methods, 

technologies and strategies in the manufacturing field to address the depletion of resourced 

and consumption of energy. This requires new models of manufacturing not least new ways 

of performing maintenance. 

 

3.8 Green Production Maintenance (GPM) 

Green maintenance is mainly one of the most important technical ways to achieve the 

sustainable development of society, which exemplifies the inherent requirements for 

recycling economy. In addition to its economic and technical functions, green maintenance 

has important social functions, which plays a fundamental role in saving energy and 

reducing emissions, developing recycling economy and building a resource-saving and 

environmental-friendly society.  

 

The basic theories and technologies of Green maintenance are extremely rich, which are 

composed of the relative basic theories and the extension of some concepts in them when 

impacts of maintenance on the environment are considered, the management and technical 

regulations on green maintenance, the detecting technologies and monitoring means on 

environmental and resource consumption.  

 

The lean and environmental toolkit is an endeavor by the EPA to “offer practical strategies 

and techniques to Lean implementers about how to improve lean results- waste elimination, 

quality enhancement, and delivery of value to customers- while achieving environmental 

performance goals.”[14] 
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Improved Lean and Environmental Performance 
 

 

   

 

       

        Organizational Level 
 

 

 

 

 

 

          Value Stream Level 
 

 

 

 

 

                   Process Level 
 

 

 

 

 

             Work Area Level 
 

 

 
Figure 8.   Diagram of Lean Toolkit Components [7]. 

 

Karin et al. have identified five areas where environmental sustainability can be incorporated 

into production systems. These are. 

 Competitive advantage 

 Management and Organization 

 Awareness 

 Decision support 

 Lean and Green  

 

The lean the Lean Environmental Toolkit developed by the EPA for practical strategies and 

techniques for implementing an integrated lean and green management system that will 

incorporate environmental management tools through lean platforms. A pictorial 

representation of the guidelines is presented below [17]. 

 

 

6S (5S+ Safety) 

Identify 

Environmental 

Wastes 

 

Value Stream Mapping 

 

Kaizen Effects 



32 

 

So our problem here becomes one of integrating environmental sustainability into production 

maintenance, high-lightening the already inherent aspects of it in Lean and Green Systems 

and possibly coming up with a new model for Green Production Maintenance. 

          

   3.9 Toward Sustainable Green Maintenance 

In this section we deal with sustainable aspects of maintenance and the different methods 

used to address environmental issues. 

 

Fahrnaz and Mehemet [18] suggest that selecting the most appropriate maintenance strategy 

provides significant savings in lost production cost, power consumption and life cycle costs. 

They try to address social and environmental factors in the selection of maintenance strategy. 

They regard sustainability to be a comprehensive framework that includes economic, social 

and environmental factors. By introducing 52 sustainability related criteria that influence 

strategy selection process, the decision maker is left to select one of the following five 

maintenance strategies. 

 

 Preventive Maintenance 

 Failure Based Maintenance 

 Reliability Centered Maintenance 

 Condition Based Maintenance 

 TPM 

 

The decision tree includes 6 economic, 3 environmental and 3 social criteria. The 

environmental factors are Waste emissions, Environmental Management Systems and 

Resource and energy consumption. Fahranaz and Mehemet believe that this process will 

result in more consistent judgement among the decision makers since the number of criteria 

involved in the decision making process is reduced [6]. 

 

A frame work for life cycle maintenance has been proposed by Takata [3] using the same 

PDCA cycle. In this framework, maintenance strategy planning plays a key role. It begins by 

selecting the best strategy among the available options. The strategy would then serve to 

bridge the product development phase and the operation phase. 
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In the following figure note that EPCIC refers to Engineering, Procurement, Construction, 

Installation, and   Commissioning.  

 

    Sustainable Aspects          Asset Maintenance          Asset Life Phases 
 

      Continuous Improvement 
 

 

 

 

 

 

 
 

 

 

 

Figure 9.  Continuous improvements in asset maintenance for sustainability [19] 

 

 

In the section that follows, empirical results from the questionnaire and answers to the 

interview questions will be presented after which an analysis and discussion of the data will 

be made and finally conclusion drawn. 
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4.Results 
This section is dedicated to provide a look at the empirical data obtained from questionnaires 

and interviews conducted to practitioners and academia alike. The full results are shown in 

the Appendix section. The participants, who are academic and industry professionals in the 

field of production maintenance, for the questionnaire were selected from the SMCG 

(Sustainability and Maintenance Global Center) website. The questionnaire was answered 

by a total of 14 respondents out of the 66 invited. Also the interview has been conducted to 

key 11 professionals out of whom only 5 responded. 

 

4.1 Questionnaire Results 

For convenience a list of tables and charts from the full questionnaire survey results is 

presented in Appendix 10.1. The responses from the respondents are calculated as weighted 

averages out of 5 and will be analyzed in Section 5. For each question and hence for each 

factor in question, the weighted average is calculated as:  

  

Let,  

Xi = score given by respondent, where i = 0, 1,2,3,4,5…the value 0 is for the Not 

Applicable option . 

Yj =number or respondents who chose score i , where  j=0,…,n 

n = Total Number of respondents 

 

                                   Weighted Average Score  =[1/n] * ∑ Xi Yj 

 

 

1. What kind of Lean tools does your company use and what is their status of use on a 

scale of 1 to 5? 

 

Lean Tool Score 

5S 3,9 

TPM 3,2 

Kaizen 2,6 

JIT 2,4 

Six Sigma 2,4 

Cellular Manufacturing 1,78 
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2. What is the status of knowledge and implementation of Green Production System 

concepts in your company on a scale of 1 to 5 representing very low to very high 

respectively? 

 

Green Production System Score 

Status of Knowledge/Implementation 2,22 

 

 

3. Which area does your company focus on to incorporate environmental 

sustainability? 

 

Area of focus on Environmental Sustainability Score 

Competitive advantage 4 

Management and Organization 3,8 

Awareness 3,6 

Decision Support 2,5 

Lean and Green 1,4 

 

4. Do you follow a life cycle approach to maintenance management on a scale of 1 to 5 

high score representing use of life cycle approaches such as LCC to maintenance? 

Use of Life Cycle Approaches to maintenance 
management 

Score 

3,2 

 

 

5. What is the status of constituents of maintenance wastes in relation to environmental 

impact on a scale of 1 to 5? 

 

Maintenance Wastes In relation to 
Environmental Impact 

Score 

Unplanned or Unscheduled work 3,3 

Poor Spares Management 2,78 

Equipment Unavailability 2,78 

Obsolete Technology 2,7 

Excessive and/or unnecessary activity 2,67 

Poor Quality Work 2,44 

Poor Quality Spares 2,44 
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6. What is the status of knowledge and use of Remanufacturing as a contributor to 

sustainability at your company on a scale of 1 to 5 the lowest level represented by 1? 

 

Status of knowledge and use of 
Remanufacturing as a contributor to 
sustainability  

Score 

Status  2,7 

 

7. Of the five strategies listed below which one or more of them are used at your 

company based on their contribution to sustainability? 

 

Maintenance Strategy Used for environmental 
sustainability 

Score 

Preventive Maintenance 4,11 

TPM 3,11 

Failure Based Maintenance 3 

Conditioned Based Maintenance 3 

Reliability Centered Maintenance 2,33 

 

8.  Are you satisfied with the maintenance organization structure at your company? 

 

Satisfaction with regard to the status of the 
maintenance organization structure 

Score 

3,2 

 

9. How much do you think Asset Management contributes to sustainability at your 

company on a scale of 1 to 5 1 representing the lowest and 5 the highest? 

 

Asset Management contributes to 
sustainability 

Score 

3,2 

 

10. What type of Maintenance Strategy does your company follow? 

 

Maintenance Strategy in followed by company Score 

Preventive Maintenance 4,4 

TPM 3,5 

Condition Based Maintenance 3,3 

Failure Based Maintenance 3 

Reliability-Centered Maintenance 2,8 
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4.2 Interview Results 

The interview questions were framed in such a way to collect the available knowledge from 

experts in both industry and academia. Here is what the question looks like,  

 

Interview Questions 

Q 1. What are the key factors of maintenance effect on green production? 

Q 2  What are the factors of sustainability of maintenance activities? 

Q 3. How do these key factors of maintenance affect green production, life cycle assessment 

and sustainability of maintenance activities? 

 

A summary of the answers provided by respondents is given below. 

Q1. What are the key factors of maintenance that have effect on 

green production and sustainability? 

For the first question that relates to key factors of maintenance that affect green production,   

some include, 

  

 The ability to uphold properties in equipment so that it can be used according to 

requirements and specifications, 

 minimization of environmental load; for instance use water instead of oil for 

lubricant etc. 

 avoid stops and severe accidents so that environmental load is kept at the minimum 

(that a good functioning operation is established) 

 attempts at establishing long term elements of steering of operations. 

 Raised OEE, prolonged lifetime for machines and components, reduced risk for 

leakage, reduced energy consumption. 

 Energy consumption, prolonging life time of equipment, optimizes usage of 

lubrication etc. Then you could have devastating effects if you look on environmental 

hazardous processes (e.g. Nuclear power plants, refineries, chemical processes etc.) 

 

Q 2.  What are the factors of sustainability that affect 

maintenance activities? 

 Minimizing consumption of metals, oils etc. by taking good care of machinery and 

processes, running them in optimize way. 

 Analysis of causes for reduced OEE together with focused efforts to increase OEE in 

the plant. 

 Maintenance involved in procurement of machine equipment should have a focus for 

green service. 
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 Condition monitoring of oil/chemical hoses and tubes (direct leakage of hazard 

fluids) and Pneumatic/clear water hoses and tubes (energy consumption) 

 Lubrication of sliding surfaces and wear parts (less friction= less energy 

consumption and prolonged lifetime)       

 

 Other efforts on new operations are; 

 use of knowledge to minimize environmental load in specification, bidding, 

tendering, etc works. 

 to be able to get what is required when you purchase new equipment (such qualities  

include minimization of environmental load, correct process and product quality 

when equipment is in use, etc). 

 implementing long term steering of operations. 

 

Q3.  How do the key demanding factors of green production, life 

cycle and sustainability affect  maintenance activities? 

 Raised OEE: less investment in machine equipment for the same production volume, 

less production personnel for the same production volume, less energy consumption 

for the same production volume. 

 Prolonged lifetime: less investments for same production volume, less waste/scraping 

of machine equipment with longer lifetime. 

 Reduce risk leakage: less direct impact on our environment (oil/chemical-leakage) 

and energy waste (like pneumatic/clear water leakage) 

 Reduced energy consumption: less friction in equipment. 

 “Far from enough if one takes a look at the Swedish industry today. I would say that 

we could easily decrease pollution and energy consumption and prolong life time of 

equipment by 10% on all without any added maintenance recourses at all but just 

utilizing them better.” 
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5.  Analysis  
This section deals with the analysis of the results in connection with relevant theory. The 

results to the questionnaire and the interview research questions combined have brought out 

answers from different perspectives.  
 

From the questionnaire results it can clearly be seen that of all the lean tools 5S seems to be 

the most widely used with a weighted average score of 3.9. This does have a positive 

contribution to greening of the manufacturing not only in the production area but it can also 

be applied to contribute positively to sustainable maintenance.   

 

Concerning the second question, we can see that few companies are employing green 

production systems in their manufacturing processes. Of the surveyed companies only 40 

percent have an average knowledge and implementation of Green Production Systems. The 

overall weighted average score for this category is 2.22 out of 5. The result indicates that 

most of them use competitive advantage (with a weighted average score of 4 out of 5) as 

their main driving factor toward sustainable production. Management and organizational 

decisions take the second place as key areas of green production in these companies with a 

weighted average score of 3.8 out of 5. This is consistent with the fact that companies are 

now realizing the strategic advantages from appropriate environmental strategies, even 

though the initial incentives with environmental improvements were often connected to 

regulatory pressures [17].  

 

Management and organization are both important aspects in order to successfully transfer the 

manufacturing strategy into action and hence, create processes which support the chosen 

competitive criteria [17]. Awareness of environmental impacts and its integration with the 

production system is one of the key areas suggested by Karin et al to be considered for 

increased green performance. In the survey conducted it is interesting to see the result that 

the integration of lean and green only has the least score. This is an indication that lean does 

not necessarily lead to green. 50% of the respondents are aware of Green Production Systems 

with a weighted average score of 4 out of 5 that clearly indicates that maintenance personnel 

are well equipped when it comes to the knowledge and implementation.  

 

Among the approaches taken toward sustainable maintenance is the life cycle approach such 

as Life Cycle Costing (LCC). 30 % of the surveyed have responded that they use it with a 

weighted average score of 3 out of 5. It has been discussed previously that Life Cycle 

Costing (LCC) and Life Cycle Assessment (LCA) are the primary methods for evaluating 

the entire product life cycle. A maintenance-centered life cycle approach is known to provide 

an advantage. In this sense the results indicate quite an outstanding gap of knowledge and 

application as regards Life Cycle approaches to maintenance that needs careful 

consideration.  
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Of the seven constituents of maintenance wastes in relation to environmental impact 

presented above in Section 3.3, the most significant factor that the respondents were able to 

point out was unplanned and unscheduled work with a weighted average score of 3.3.  

 

The role of remanufacturing in sustainability is immense. However, from the survey we see 

that there is only an average of knowledge and use of remanufacturing (a weighted average 

score of 2.7 out of 5) as a contributor to environmental sustainability. [20] It indicates much 

work needs to be done on this respect. 

 

Preventive maintenance as a key factor for environmental sustainability is known to be 

significant, so much so that the results of the survey also portray this fact. With regards to 

the contribution to sustainability in manufacturing, the use of preventive maintenance 

strategy is of paramount importance as indicated by a weighted average result of 4.11 out of 

5. The theory supports this finding as well. We have already discussed in the theoretical part 

that one of the significant benefits of using Reliability Centered Maintenance as a strategy is 

it will result in improved safety and environmental impact [19]. Another observable result is 

the fact that the maintenance strategy followed by the company and the one that is used to 

address sustainability perfectly correspond. 

 

In this paper I have sought to provide an introduction into a relatively new concept of green 

maintenance and show the key factors involved. I set out by starting with the three research 

questions. Survey and interview results have suggested the following key factors for the first 

question:  

 

One prime factor is “the ability to uphold properties in equipment so that it can be used 

according to requirements and specifications.” Another important matter is the minimization 

of environmental load; for instance use of water instead of oil for lubricant etc. 

 It is also necessary to avoid stops and severe accidents so that environmental load is kept at 

the minimum (that a good functioning operation is established). 

The suggestion that there should be attempts at establishing long term elements of steering 

of operations is of vital significance.  

 

The result is raised OEE, prolonged lifetime for machines and components, reduced risk for 

leakage, reduced energy consumption and optimized usage of lubrication. All of these are 

attainable through the implementation of total productive maintenance with due 

consideration to the environment in mind.  

 

The factors of sustainability that affect maintenance activities include the type of approach 

employed to optimize the consumption of raw materials as well as equipment parts.  Another 

factor cited by the respondents is an analysis of causes for reduced OEE together and the  
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focused efforts to increase OEE in the plant. During the procurement of equipment and 

machinery due attention must be accorded to the green aspect and also to eventual green 

maintenance of the machines.  

 

Condition monitoring of lubricants, chemicals, oils and other fluids is essential in making 

sure that the shop floor is kept neat. Proper lubrication of sliding surfaces and wear parts will 

lead to less friction and therefore to less energy consumption and prolonged life time for the 

equipment. Hoses and tubes need frequent inspection for leakage that will result in additional 

energy consumption. These tasks can be performed by 5S alone or as part of a TPM 

program. However, care must be taken to address the potential shortcomings from the 

implementation of TPM such as those that we have previously discussed in section 3.4. We 

need to optimize the gains from mistake-proofing and efficiency enhancements that can 

produce unforeseeable wastes. 

  

The final research question is on how these key factors of maintenance affect green 

production, life cycle and sustainability of maintenance activities. As it has been presented in 

the theoretical frame, one of the respondents mentioned the idea that there needs to be a plan 

of all maintenance tasks at the stage of design and development. This of course is what we 

have mentioned previously as maintainability design. It is essential to improve design based 

on evaluating maintainability in the development phase and providing the design data for 

maintenance strategy planning and maintenance task control. 

 

Raising the Overall Equipment Efficiency (OEE) using such programs as TPM brings about 

positive environment related improvements such as less investment in machine equipment 

for the same production volume; less production personnel for the same production volume; 

less energy consumption again for the same production volume. This is also result is 

prolonged lifetime for machine equipment that would in turn produce lesser waste and lesser 

scrap. Through one of its pillars of safety, health and environment targeting zero fire, zero 

health damage and zero accident, TPM will enable us to avoid stops and severe accidents 

and thus keep environmental load at minimum. (that a good functioning operation is 

established) 

 

The use of Life Cycle Costing has been suggested by a respondent that will provide “an 

important moral index for the equipment.” This has been stressed in section 3.6. Economic 

analysis of the impact on the environment should be applied extensively. In addition to 

technologies supporting each phase of the product life cycle, technologies that can evaluate 

and manage the total life cycle are essential.  
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One respondent answered that if one takes a look at the Swedish industry today it can be said 

that there should be a way to easily decrease pollution and energy consumption and prolong 

life time of equipment by 10% on all without any added maintenance recourses at all but by 

just utilizing them better. This calls for the use of asset management which offers us with an 

overall view of maintenance covering all aspects from life cycle of products to the processes 

involved. 

 

In the next section a discussion of the research questions based upon the analysis above shall 

be presented. 
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6. Discussion 
This section is devoted to providing answers to the three research questions relying upon the     

analysis above and additional literature study. The discussion is based upon the analysis and 

theoretical studies from literature presented earlier. 

 

       In what follows, answers to the three research questions are provided. 

6.1. The key factors of maintenance effect on green 

production.  
Our results and their analyses have shown that some of the key issues of assessment of 

environmental impact of maintenance can be enumerated as: 

 

• Toxic emissions 

• Waste production  

• Energy consumption 

• Volume of rejections, scraps, and re-work of products 

• Level of usage of chemicals and other environmentally challenging mediums for 

maintenance work. 

 

      The following subsections discuss each of the factors in detail. 

 

i. Toxic Emissions 
Common types of toxic gases in confined space are hydrogen sulfide (H2S), Oxides of sulfur 

(SOx), carbon monoxide (CO), Nitrogen oxides (NOx), particulate matter , volatile Organic 

Compounds (VOC’s)and solvents (such as kerosene, degreasers, paint removers and 

gasoline, etc).   Toxic emissions would not only result in high risk of health complications 

for the maintenance workers but the consequences can go beyond. 

 

 

ii.  Waste Production 
During the execution of a breakdown repair, maintenance personnel are usually under 

immense pressure to find a solution to the machine’s problems and return it to working 

condition as soon as possible. Maintainers, however, aren't given enough time to fix the 

repair appropriately. This results in a poor repair and recurring problems. Appropriately 

performed repairs would eliminate this process waste and save lost production time in the 

long term. 
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Recently most organizations use some sort of CMMS system or enterprise asset management 

(EAM) system. Processing waste also occur when inefficiencies exist in these systems. 

Examples include a poorly designed system that requires multiple entries of the same data, 

or a material requesting process that requires redundant approvals. 

iii. Energy Consumption 
Energy is essential to economic and social development. Energy consumption is one of the 

key environmental performance measurements. TPM is a best practice method to ensure that 

energy consumption is kept at a minimum through one of its pillars, autonomous 

maintenance. This ascertains that equipment and processes are run smoothly. Furthermore, it 

is not understandable to many that predictive maintenance (PdM) and preventive 

maintenance (PM) can achieve more that equipment reliability. In order to achieve energy 

efficiency and sustainability it is necessary to adopt performance evaluation schemes that are 

geared to ward: 

 Tracking, monitoring and reporting on progress 

 Reinforcing the use of measures that identify opportunities to  support goals and 

improve on performance 

 Inviting input and providing constructive feedback 

 Informing about energy consumption, progress toward goals and the effect of one’s 

actions   

A cross functional team from operations, maintenance and engineering can take charge of 

identifying opportunities in energy conservation with crude support form senior 

management.      

         

iv. Volume of Rejections, Scraps and Re-work of 

products 
As maintenance is performed it is eminent that scraps, rejection and reworked materials will 

be left as a consequence due to ineffective and unplanned maintenance activities. 

Maintenance quality can be improved through enhancing OEE (zero breakdowns and 

failures, zero accidents, zero defects, etc.).  

 

Another method to reduce the scraps, reworks and rejections is to use recycling methods and 

remanufacturing. Properly conducted 5S can accommodate for the sorting and storage of 

scraps according to the materials from which they are manufactured easing the work for 

recyclers.  
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v.  Hazardous Chemicals 
In this category are included substances such as paint,  paint removers, radioactive  

substances, chemicals that affect biodiversity and welding materials  that affect the health of 

employees as well as the environment in large. Typical examples of hazardous substances 

producing due to maintenance activities include  

 Asbestos, glass fibre 

 Vapours, fumes, dust (e.g. asphalt fumes, diesel exhaust, crystalline silica) 

 Solvents (paint removers, kerosene, etc.) 

The associated tasks that produce these hazardous chemicals are activities such as: 

 building maintenance 

 electrical arc welding 

 carrying out work in confined spaces 

 working in car repair shops 

 maintenance of industrial installations where hazardous chemicals are present 

Beside their environmental impacts, there are pertinent potential health outcomes: 

 breathing problems, 

 occupational asthma, 

 allergies,  

 asbestosis,  

 cancer 

 

These factors are deemed to be detrimental to sustainability and the process of mitigating 

them should be an essential part of any production maintenance activity.  

 

One of the prime factors that positively affect green production is Total Productive 

Maintenance through OEE and also 5S. The analysis shows that the different factors 

suggested by our respondents fall into one of the categories listed in the figure 7.  

 

The reader is referred to figure (7) for a comprehensive list of effects of poor maintenance 

quality and its impact on environmental performance. 

 

As we have already discussed in the theoretical part one of the most significant factors that 

affects sustainability is the selection of the appropriate maintenance strategy. For equipment 

with longer lifetime a properly selected maintenance strategy can fundamentally affect the 

environmental load. 

 

It is widely known that the major aim of scheduled maintenance is to reduce the costs and 

the time required to recover the equipment to its operational status (mean time to recovery, 
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MTTR). In Life Cycle Assessments, much emphasis is offered not to the assessment of the 

environmental damages and burden posed. 

 

During the application of preventive maintenance measures machine will be frequently 

cleaned and this process produces harmful substances including when the machine is being 

cleaned (dust and chemicals) which can be harmful to the environment. The applicability of 

a preventive measure is largely determined by the amount of replacement parts or chemical 

lubricants, the packaging material. Also of considerable effect are pollution due to the 

transport of these materials and the wastes that are produced during their assembly and 

installation. 

 

6.2 The key demanding factors of sustainability on 

maintenance activities.  
We have seen that TPM is the most widely used lean tool in the effort to reduce 

environmental wastes. However, implementing TPM requires selecting the right 

organizational structure upon which the results depend. A person with effective leadership 

skills should be given the responsibility to coordinate the activities of a TPM program. 

 

Careful selection of bids during the procurement of maintenance equipment is also one of the 

prime factors. During the purchase of products and services used for maintenance, it is 

necessary to compare between competing products and services and select the one with less 

environmental impact and human health.  

 

Life cycle asset management, related to environmental performance, requires that 

organizations be capable of determining the environmental impact associated with 

components and materials installed in the manufacturing system, including energy 

consumption or the generation of harmful byproducts and waste. Table 2 on page 25 

provides an environmental performance matrix. Most of the answers provided by the 

respondents apparently fall into these generalized categories. 

 

As we have seen in the theoretical study that properly maintaining equipment and systems 

helps reduce defects that result from a process. If defects are reduced then there are three 

ways that this can also eliminate wastes. There will be few scrapped material as a result of 

reduction of defects. The associated raw materials and energy are also reduced. Finally, there 

will also be a decrease in the amount of energy, raw material, and wastes that are used or 

generated to fix defective products that can be re-worked. 
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Environmental loads associated with the unproductive stage of equipment are a function of 

three factors: 

 

 The state of the device 

 The maintenance needs  

 The planned lifetime 

 

In many instances, the economic aspects of the unproductive activities such as that of the 

expense of maintenance are essential points. Some aspects of environmental loads are not of 

economic nature. Although considerable costs will be incurred during the long life time of 

equipment, these issues are given a lesser role during decision making. 

 

Because of their complex multi-faceted nature sustainability performance measurements are 

different than business performance measurements. Some of the demands of sustainability 

include habitat conservation, reduction in energy consumption, stakeholder satisfaction and 

financial results. There is also a need to control the condition of products in accordance with 

the changing needs of society and deterioration.  

 

In this respect, the key factors have been presented in section 3.6 and are here repeated for 

clarity and ease of discussion. These activities involve maintainability design, maintenance 

strategy planning, maintenance task control, evaluation of maintenance results, 

improvements, and dismantling plans at the end of life of the product. 

 

The traditional view of maintenance, because it has to accommodate for the demands from 

sustainability requirements, has shifted into one of an overall view that encompasses Overall 

Equipment Efficiency, Asset Management and Life Cycle assessment. These approaches 

should be coupled with product design, safe equipment operations, life cycle issues such as 

zero defects, design for maintainability, zero waste, remanufacturing and reuse processes. 

 

In this sense sustainability demands a further dimesion to the traditional approach. This is 

the Asset Management approach that will include the whole lifecycle of a product, the 

manufacturing facility and all its equipments as well as all the processed involved in the 

manufacturing of the product. A system engineering approach, because it is necessary in 

addressing sustainability issues, will further diversify the multidisciplinary nature of 

maintenance.  

 

Condition Based Maintenance (CBM) favors sustainability due to the fact that it enables 

specific time predictions on failure of components. This action is necessary to optimize 

maintenance costs and offers ample time to salvage the component either for reuse or 

remanufacturing. It also enables a more efficient and sustainable consumption of energy.  
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When considering the total cost of ownership of machinery, maintenance interventions are 

useful means in the long term although there is significant cost to be incurred due to 

measures that would not be taken through traditional maintenance techniques.  

 

6.3 How the key demanding factors of green 

production and sustainability affect maintenance 

activities 
There is a need for companies to engage in continuous improvement in following the 

classical plan-do-check-act PDCA suggested to benchmark internally between different 

business processes as well as externally between various organizations, and even industries 

in order to achieve best practice in terms of economic, environmental and social 

sustainability in asset maintenance across all life cycle phases [19].  

 

As can be seen from the analysis, 5S turned out to be the most widely used of all lean tools 

in addressing environmental concerns and this must not come as a surprise. It is an intrinsic 

part of Total Production Maintenance and it can be disclosed from the results TPM follows 

5S with a very close weighted average score. Therefore, companies are said to be using one 

of the most important tools of green production maintenance. However, the question remains 

are these tools sufficiently applied it with the environmental issues in mind? 

 

We already know that the ultimate goals of TPM benchmarking on OEE (Overall Equipment 

Efficiency), productivity, quality, cost, delivery, safety and morale will enable a company to 

realize zero breakdown, defect, machine stoppage, accidents and pollution.  

 

In the implementation of green production systems awareness is one of the key areas which 

is vital to address environmental issues in every process. Maintenance people thus have to be 

provided trainings to be up to date with current environmental standards and regulations. 

 

From the analysis we have seen that there is a lot of gap of knowledge of remanufacturing 

and Asset Management methods for maintenance. An enlarged view of maintenance is 

necessary to fully understand sustainability and this has been proposed in the form of in the 

form of asset maintenance. Maintenance strategies and operations need to be congruent with 

sustainability issues. Up to date information regarding asset management and 

remanufacturing also needs to be available to manufacturers and maintenance personnel. 

 

Companies are forced to embrace green manufacturing for a number of reasons described in 

the theoretical section. In order to achieve such goals, they must give due attention to 

environmental concerns and the conservation of material resources and energy. 
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This of course can be applied through the implementation of reliability improvements.  Some 

of the methods include: 

 

 Avoiding breakdowns by following root-cause analysis techniques, 

 Providing predictive technologies for condition monitoring, 

 Focusing on Overall Equipment Efficiency, OEE. 

 

Sustainability in maintenance demands a shift from the usual fail and fix to a predict and 

prevent approach. In line with this, maintenance management also has to focus on 

Conditioned Based Maintenance (CBM) and Predictive Maintenance (PDM). Following this 

trend performance of maintenance will only be limited to just when a specific condition of 

degradation has been reached or a predicted health state allows the planning the right 

moment to take maintenance in order to minimize the down time and gain more flexibility. 

Both CBM and PDM require the adoption of latest in Information and Communications 

Techonologies (ICT)’s.  

 

Condition Based Maintenance (CBM) favors sustainability due to the fact that it enables 

specific time predictions on failure of components. This action is necessary to optimize 

maintenance costs and offers ample time to salvage the component either for reuse or 

remanufacturing. 
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   7. Conclusions and Future Study 
This section draws conclusion from the analysis and discussion with reference to the 

theoretical study. In addition, it also suggests recommendations and future study. 

 

   7.1 Conclusion  
In this study an attempt has been made to get an understanding of a relatively new concept 

called Green maintenance. Driven by the need to comply with regulations, corporate social 

responsibility and an ever increasing environmental conscious society, manufacturers have 

long been engaged in evaluating their normal ways of production.  To this end, they have to 

be sustainable beside their main goal of competitiveness, which again requires a paradigm 

shift. Production maintenance in the form of green maintenance therefore becomes of the 

utmost importance. 

 
In this literature survey combined with responses to the research questions from key 

personnel, answers have been provided. A brief definition of maintenance has also been 

presented as the combination of all technical, administrative and managerial actions during 

the life cycle of an item intended to retain it in, or restore it to, a state in which is can 

perform the required function (function or a combination of functions of an item which are 

necessary to provide a certain service). A maintenance department as has been discussed is 

still considered a cost–center and the fact that a company can earn profits from its 

maintenance activities have been largely ignored[16].  

 

A classification of the different types of maintenance activities was cited along with an 

understanding of the maintenance problem in production. We have addressed the key factors 

of maintenance that affect sustainability. From the results and analysis section we can 

discern that there seems to be a fair amount of knowledge and appreciation of environmental 

concerns in and as a result of maintenance activities in production. The positive effects of 

using asset management tools and also remanufacturing in combination will enable 

manufacturing companies to achieve the goals set out in their environmental strategies. 

 

Factors of environmental impact of maintenance have been enumerated from theoretical 

studies as well as survey and interview results and have been categorized as toxic emissions, 

waste production, energy consumption, volume of rejections, scraps, and re-work of 

products, level of usage of chemicals and other environmentally challenging mediums for 

maintenance work. 

 

One can see that preventive maintenance strategy plays a fundamental role in achieving 

sustainability if used along with Life Cycle approaches to maintenance such as Life Cycle 

Costing and Life Cycle Performance measurement methods. Total productive maintenance 
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seems to be the most widely used and appropriate maintenance strategy when it comes to 

environmental sustainability issues. Nezami et al. [18] have shown that if the social and 

environmental criteria are not considered, decision makers are more inclined to implement 

Reliability Centered Maintenance strategy.  

 

One recommendation to curb excess energy consumption has been to establish a cross 

functional team from operations, maintenance and engineering that can take charge of 

identifying opportunities in energy conservation with crude support form senior 

management.     

 

Another suggestion is the careful selection of bids during the procurement and purchase of 

products and services used for maintenance, and also the need to compare between these and 

select the one with less environmental impact and human health.  

 

CBM offers the best solution when it comes to sustainability as it gives an alternative in 

regards to optimized maintenance strategies that rely on degradation. The role of ICT as an 

enabler of CBM  and PM should also be emphasized. 

 

There is a visible shift in the goal of manufacturing from producing products in an efficient 

manner to providing necessary functions of the products to society using only the minimum 

amount of material resources and less energy consumption. Also, the use of TPM is 

significant in addressing environmental concerns via one of its pillars, namely Safety, Health 

and Environment and its targets of zero accident, zero health damage and zero fires. In 

addition, sustainable maintenance results in reduction of risks in environmentally hazardous 

processes. 

 

The results of applying green maintenance strategy are twofold. 

 

1. An optimized environmental performance and 

2. Savings in terms of operational costs. 

 

  

7.2 Future Study 
There is a great amount of opportunity in further study on Green Maintenance.  A 

maintenance-centered life cycle approach is known to provide an advantage. In this sense the 

results indicate quite an outstanding gap of knowledge regarding Life Cycle approaches to 

maintenance that need careful consideration.  

 

Future study should also focus on advanced technologies in remanufacturing which results in 

material and energy conservation. There is also an opportunity in further research in the 
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integration of the identified key factors of green maintenance into the design and 

manufacturing phases of products. Also the right key performance indicators (KPI’s) and 

performance measurements have to be put in place. 

 

The role of Information and communication Technologies (ICT) and e-maintenance in view 

of sustainability need to be further investigated in connection with Condition Based 

Maintenance and Preventive Maintenance.  

   

Last but not least the role of education social sciences and culture in promoting green 

maintenance and life cycle thinking in establishing sustainability should be emphasized in 

curricula and given appropriate acknowledgement within academia.  
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9. Appendices   
9.1 Questionnaire Results 
 

Question 1. 
 The first question concerns the extent of use of lean tools in the company and which of the 

tools are used the most.  The following series of tables summarizes the results. The result is 

5S is the most widely used tool and Cellular Manufacturing only appears to be used the least. 

 

What kind of Lean tools does your company use and what is their status of use on a scale of 1 to 5? 
   

5S 
5 2 20,00% 

4 5 50,00% 
3 3 30,00% 

2 0 0,00% 

1 0 0,00% 

N/A 0 0,00% 

Total 10 3,9 
Just-In-Time (JIT)/Kanban 

5 0 0,00% 

4 4 40,00% 
3 2 20,00% 

2 1 10,00% 

1 0 0,00% 

N/A 3 30,00% 

Total 10 2,4 
Cellular Manufacturing 

5 1 11,11% 

4 1 11,11% 

3 2 22,22% 

2 0 0,00% 

1 1 11,11% 

N/A 4 44,44% 

Total 9 1,8 
Kaizen (Continuous Improvement) 

5 0 0,00% 

4 2 20,00% 

3 6 60,00% 
2 0 0,00% 

1 0 0,00% 

N/A 2 20,00% 

Total 10 2,6 
TPM 

5 2 20,00% 

4 2 20,00% 

3 4 40,00% 
2 1 10,00% 

1 0 0,00% 

N/A 1 10,00% 

Total 10   
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Six Sigma 

5 1 10,00% 

4 3 30,00% 
3 0 0,00% 

2 2 20,00% 

1 3 30,00% 

N/A 1 10,00% 

Total 10 2,4 
 

Table 3. (Continued from previous page)  How much of the lean tools are used by companies 

as displayed in an Overall Matrix Scoreboard. 

 

Question 2. 
The respondents results for Question 2 i.e. What is the status of knowledge and 

implementation of Green Production System concepts in your company on  a scale of 1 to 5 

representing very low to very high respectively? 

 
The status of knowledge of green production systems in the companies involved in the 

survey is show in the following pie chart. 40 percent of the companies have an average 

knowledge and implementation Green Production Systems. The overall weighted average 

score is 2.22 out of 5.  

 
Figure 10. The status of knowledge of green production systems in the companies involved in the 

survey is show in the following pie chart with 1 representing very low to 5 that represent very high 

level. 
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Question 3.  
Questionnaire survey Question number 3 asks the following: 

Which area does your company focus on to incorporate environmental sustainability? 

The results are summarized in the following series of tables which enlist the results of green 

production focus areas according to the mean scores selected by the participants.  
 

 

Which area does your company focus on to incorporate environmental sustainability? 

Competitive advantage 
5 3 30,00% 

4 4 40,00% 
3 3 30,00% 

2 0 0,00% 

1 0 0,00% 

N/A 0 0,00% 

Total 10 4 
Management and Organization 

5 1 10,00% 

4 6 60,00% 

3 1 10,00% 

2 1 10,00% 

1 0 0,00% 

N/A 1 10,00% 

Total 10 3,8 
Awareness 

5 1 10,00% 

4 5 50,00% 
3 3 30,00% 

2 0 0,00% 

1 0 0,00% 

N/A 1 10,00% 

Total 10 3,6 
Decision Support 

5 1 10,00% 

4 1 10,00% 

3 3 30,00% 
2 3 30,00% 

1 1 10,00% 

N/A 1 10,00% 

Total 10 2,5 
Lean and Green 

5 2 20,00% 

4 1 10,00% 

3 0 0,00% 

2 4 40,00% 
1 1 10,00% 

N/A 2 20,00% 

Total 10 1,4 
 

Table 4. Areas company focuses on to implement environmental sustainability 
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Question 4. 
Do you follow a life cycle approach to maintenance management on a scale of 1 to 5 high 

score representing use of life cycle approaches such as LCC to maintenance? 

 

30 % of the surveyed answered with an average score of 3 out of 5. The overall weighted 

average is 2.3 out of 5. The pie chart on  

 

 
Figure 11.  Use of Life Cycle Approaches to Maintenance 

Question 5. What is the status of constituents of maintenance wastes in relation to 

environmental impact on a scale of 1 to 5?  

 

 

What is the status of constituents of maintenance wastes in relation to environmental 
impact on a scale of 1 to 5?  

Unplanned or Unscheduled Work 
5 0 0,00% 

4 6 60,00% 
3 2 20,00% 

2 1 10,00% 

1 1 10,00% 

N/A 0 0,00% 

Total 10 3,3 

      
Excessive and/or Unnecessary Activity 

5 0 0,00% 

4 2 22,22% 

3 3 33,33% 
2 3 33,33% 

1 1 11,11% 

N/A 0 0,00% 

Total 9 2,67 
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Poor Spares Management 

5 1 11,11% 

4 2 22,22% 

3 1 11,11% 

2 4 44,44% 
1 1 11,11% 

N/A 0 0,00% 

Total 9 2,78 
 

Obsolete Technology 
5 0 0,00% 

4 2 20,00% 

3 4 40,00% 
2 3 30,00% 

1 1 10,00% 

N/A 0 0,00% 

Total 10 2,7 
Poor quality work 

5 0 0,00% 

4 1 11,11% 

3 3 33,33% 

2 4 44,44% 
1 1 11,11% 

N/A 0 0,00% 

Total 9 2,44 

      
Poor quality spares 

 
  

5 
 

0,00% 

4 1 11,11% 

3 3 33,33% 

2 4 44,44% 
1 1 11,11% 

N/A 0 0,00% 

Total 9 2,44 

 Equipment unavailability 
5 0 0,00% 

4 3 33,33% 
3 2 22,22% 

2 3 33,33% 

1 1 11,11% 

N/A 0 0,00% 

Total 9 2,78 
 

Table 5. Constituents of maintenance wastes 
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Question 6.  
What is the status of knowledge and use of Remanufacturing as a contributor to sustainability 

at your company on a scale of 1 to 5 the lowest level represented by 1? 

 
The weighted average score score is 2.7 . 

 
Figure 12. Knowledge and use of Remanufacturing as a contributor to sustainability according to 

survey participants. 

 

 

Question 7. 
Of the five strategies listed below which one or more of them are used at your company 

based on their contribution to sustainability?  

The most used maintenance strategy based on its contribution to sustainability is Preventive 

Maintenance with a weighted average score of 4.11.  Next comes Total Productive 

Maintenance with a weighted average score of 3.11.  Condition Based Maintenance and 

Failure Based Maintenance have an equal score of 3.0.  The least used strategy in its 

contribution to sustainability is reliability Centered Maintenance with a weighted score of 

2.33. 
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Of the five strategies listed below which one or more of them are used at your company 

based on their contribution to sustainability? 

Preventive Maintenance 

5 3 33,33% 

4 4 44,44% 
3 2 22,22% 

2 0 0,00% 

1 0 0,00% 

N/A 0 0,00% 

Total 9 4,11 

Failure Based Maintenance 

5 0 0,00% 

4 3 33,33% 

3 4 44,44% 

2 1 11,11% 

1 1 11,11% 

N/A 0 0,00% 

Total 9 3 

Reliability Centered Maintenance 

5 2 22,22% 

4 0 0,00% 

3 0 0,00% 

2 4 44,44% 

1 3 33,33% 

N/A 0 0,00% 

Total 9 2,33 

Condition Based Maintenance 

5 1 11,11% 

4 2 22,22% 

3 4 44,44% 

2 0 0,00% 

1 2 22,22% 

N/A 0 0,00% 

Total 9 3 

TPM 

5 1 11,11% 

4 2 22,22% 

3 5 55,56% 

2 0 0,00% 

1 0 0,00% 

N/A 1 11,11% 

Total 9 3,11 

 
Table  6. Showing the type of maintenance strategy based on their contribution to sustainability 

followed according to survey participants 
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Question 8. 
Are you satisfied with the maintenance organization structure at your company? 

 

 
 

Figure 13.  How satisfied the respondents are about the maintenance organization structure of their 

company. 

 

Question 9. 
How much do you think Asset Management contributes to sustainability at your company on 

a scale of 1 to 5 1 representing the lowest and 5 the highest? 

The contribution of Asset Management practices to sustainability has a weighted average 

score of 3.2 out of 5. 

 

 
Figure 14. Contribution of Asset Management to sustainability according to survey participants. 
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Question 10. 
What type of Maintenance Strategy does your company follow? 

The most used strategy is Preventive Maintenance with a nearly similar score as in question 

7. The following table shows the total result. 

 

What type of Maintenance Strategy does your company follow? 

Preventive Maintenance 

5 5 50,00% 

4 4 40,00% 

3 1 10,00% 

2 0 0,00% 

1 0 0,00% 

Total 10 4,4 

Failure Based Maintenance 

5 1 10,00% 

4 3 30,00% 

3 2 20,00% 

2 3 30,00% 

1 1 10,00% 

Total 10 3 

Reliability Centered Maintenance 

5 3 30,00% 

4 0 0,00% 

3 2 20,00% 

2 2 20,00% 

1 3 30,00% 

Total 10 2,8 

Condition Based Maintenance 

5 2 20,00% 

4 2 20,00% 

3 4 40,00% 

2 1 10,00% 

1 1 10,00% 

Total 10 3,3 

TPM 

5 3 30,00% 

4 1 10,00% 

3 5 50,00% 

2 0 0,00% 

1 1 10,00% 

Total 10 3,5 

 
Table 7. Type of maintenance strategy used. 
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9.2 Questionnaire Format 
Here follow the format of the questions that were asked in the online questionnaire.   

1. What kind of Lean tools does your company use and what is their status of use on a scale 

of 1 to 5? 

Score 5 4 3 2 1 N/A 

5S ❏ ❏ ❏ ❏ ❏ ❏ 

Just-In-Time (JIT)/Kanban ❏ ❏ ❏ ❏ ❏ ❏ 

Cellular Manufacturing ❏ ❏ ❏ ❏ ❏ ❏ 

Kaizen (Continuous Improvement) ❏ ❏ ❏ ❏ ❏ ❏ 

TPM ❏ ❏ ❏ ❏ ❏ ❏ 

Six Sigma ❏ ❏ ❏ ❏ ❏ ❏ 

 

2. What is the status of knowledge and implementation of Green Production System 

concepts in your company on a scale of 1 to 5 representing very low to very high 

respectively? 

 

Score 5 4 3 2 1 N/A 

Status ❏ ❏ ❏ ❏ ❏ ❏ 

 
3. Which area does your company focus on to incorporate environmental sustainability? 

 

Score 5 4 3 2 1 N/A 

Competitive advantage ❏ ❏ ❏ ❏ ❏ ❏ 

Management and Organization ❏ ❏ ❏ ❏ ❏ ❏ 

Awareness ❏ ❏ ❏ ❏ ❏ ❏ 

Decision Support ❏ ❏ ❏ ❏ ❏ ❏ 

Lean and Green ❏ ❏ ❏ ❏ ❏ ❏ 

 

4. Do you follow a life cycle approach to maintenance management on a scale of 1 to 5 high 

score representing use of life cycle approaches such as LCC to maintenance? 

 

Score 5 4 3 2 1 N/A 

Status ❏ ❏ ❏ ❏ ❏ ❏ 
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5. What is the status of constituents of maintenance wastes in relation to environmental 

impact on a scale of 1 to 5?  
 

Score 5 4 3 2 1 N/A 

Unplanned or Unscheduled work ❏ ❏ ❏ ❏ ❏ ❏ 

Excessive and/or unnecessary activity ❏ ❏ ❏ ❏ ❏ ❏ 

Poor spares management ❏ ❏ ❏ ❏ ❏ ❏ 

Obsolete technology ❏ ❏ ❏ ❏ ❏ ❏ 

Poor quality work ❏ ❏ ❏ ❏ ❏ ❏ 

Poor quality spares ❏ ❏ ❏ ❏ ❏ ❏ 

Equipment unavailability ❏ ❏ ❏ ❏ ❏ ❏ 

 
6. What is the status of knowledge and use of Remanufacturing as a contributor to 

sustainability at your company on a scale of 1 to 5 the lowest level represented by 1? 

 

Score 5 4 3 2 1 N/A 

Level Remanufacturing  ❏ ❏ ❏ ❏ ❏ ❏ 

 
7. Of the five strategies listed below which one or more of them are used at your company 

based on their contribution to sustainability? 

 

Score 5 4 3 2 1 N/A 

Preventive Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

Failure Based Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

Reliability Centered Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

Condition Based Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

TPM ❏ ❏ ❏ ❏ ❏ ❏ 

 
8.  Are you satisfied with the maintenance organization structure at your company? 

 
Score Very 

Unsatisfied 

Unsatisfied Neutral Satisfied Very 

Satisfied 

N/A 

Level ❏ ❏ ❏ ❏ ❏ ❏ 
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9. How much do you think Asset Management contributes to sustainability at your company 

on a scale of 1 to 5 1 representing the lowest and 5 the highest? 

 
Score 5 4 3 2 1 N/A 

Contribution Out of 5 ❏ ❏ ❏ ❏ ❏ ❏ 

    

 

10. What type of Maintenance Strategy does your company follow? 

 
Score 5 4 3 2 1 N/A 

Preventive Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

Failure Based Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

Reliability Centered Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

Condition Based Maintenance ❏ ❏ ❏ ❏ ❏ ❏ 

TPM ❏ ❏ ❏ ❏ ❏ ❏ 
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9.3 List of Abbreviations 

 
5S: Seiri, Seiton, Seiso, Seiketsu, And Shitsuke or     

Sort,Straighten,Shine,Standardize,Sustain- 

AM: Asset Management 

BM: Breakdown Maintenance 

CBM: Condition Based Maintenance 

EEA: European Environmental Agency  

EPA: United States Environmental Protection Agency 

FMECA: Failure Mode Effects and Criticality Analysis 

FMEZ: Failure Mode Effects Analysis 

LCA: Life Cycle Assessment  

LCC: Life Cycle Costing 

LCCA: Life Cycle Costing Analysis  

MP: Manufacturing Performance 

OEE: Overall Equipment Efficiency 

ECPIC:Engineering, Procurement, Construction, Installation, and 

Commissioning 

PDCA: Plan, Do, Check, Act 

OEM: Original Equipment Manufacturer 

PM: Preventive Maintenance 

RBD: Reliability Based Design  

RBI: Reliability Based Inspection  

RBM: Reliability Based Maintenance 

RCM: Reliability Centered Maintenance 

SMCG: Sustainability and Maintenance Global Center 

TBM: Time Based Maintenance  

TPM: Total Productive Maintenance 

VSM: Value Stream Mapping 


