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Abstract 

Environmental degradation, depletion of natural resources, and increased global warming and 

climate change have started to threaten the future of the world. The growing tension due to 

these environmental problems has fostered environmental awareness amongst the society. In 

addition to environmental awareness, increased prices of raw materials and energy and 

governmental interventions to control the degradation have forced manufacturing companies 

to find new ways to handle with these troubles. Therefore, sustainable manufacturing concept 

has emerged in reply to these troubles in order to satisfy the needs of today and future 

considering environmental, economic and social permanence.  

The emergence of sustainable manufacturing has drawn attention among researchers and a 

significant number of articles related to the topic have been published. In this thesis, the 

evolution of sustainable manufacturing from 1999 to 2011 is examined. It is questioned 

whether the results of the evaluation support the actions that should be taken between 2011 

and 2013 which intend to achieve the sustainable industry vision by the year 2020 defined in 

IMS2020 Action Roadmap, an EU project. 

In the thesis, all the research -within the scope- that is conducted between 1999 and 2011 

relevant to sustainable manufacturing concepts has been gathered and a well-grounded 

database has been created. Benefiting from the database, the evolution of sustainable 

manufacturing in this interval and what have been going until now in the literature have been 

examined. The definitions, milestones and the trends of sustainable manufacturing concepts 

within the scope have been determined in order to be used in the latter assessments.  

Afterwards, the IMS2020 Action Roadmap is examined and the actions that intersect with the 

scope of the thesis are chosen. The chosen actions are utilized to comprehend what is 

expected in the development of sustainable industry in 2020 after taking these actions. Studies 

have been done to figure out if the progress in the literature in the last decade is going parallel 

with the actions that are needed to be taken between 2011 and 2013, since it is aimed to see 

whether the findings of this study underpin the actions defined in IMS2020 Action Roadmap.  

In order to fulfill the requirements of sustainable industry vision by the year 2020, quick and 

concrete improvements, especially in technology should be done considering the progress that 

has been provided in the literature so far. 
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1 Introduction 

1.1 Motivation and background 

Manufacturing has forced the environment to bear the burden of degradation, for the sake of 

the economic progress that it has provided for the industries and the countries. Environment 

suffers from depletion of natural resources due to their excessive and inadequate usage and 

increase of waste, pollution and toxicity as a result of not effectively utilized end of life 

options, and companies‘ preferences for controlling activities instead of preventing them. 

These factors have affected the environment in terms of increased global warming and climate 

change and started to threaten the security and health of the society, especially employees. 

The growing tension due to environmental problems has fostered environmental awareness 

amongst the stakeholders including customers, shareholders, employees, suppliers, and 

communities. The society‘s intent to conserve the world to have a sustainable future and the 

burden on the environment have forced governments and organizations to take precautions 

and to change the reaction of the progress from being only economically driven to sustainably 

driven. Governments have constructed many regulations and legislations which have obliged 

organizations to mitigate the adverse effects of manufacturing on the environment and 

society. 

Sustainable world requires satisfying the needs of today without compromising the ability of 

future generations to satisfy their own needs as it is stated in Brundtland Report in 1987.
1
 To 

satisfy the needs of sustainable world and development, three pillars of sustainability namely 

economic, environmental and social aspects should be taken into account at the same time. In 

order to mitigate the effects of manufacturing on the environment and ensure sustainable 

development without compromising any company objective, sustainable manufacturing 

concept has emerged which covers all the aspects of sustainability comprehensively.  Lowell 

Centre of Sustainable Production defines the concept as ―the creation  of  goods and services  

using processes  and systems that are non-polluting, conserving of energy and natural 

resources, economically viable,  safe and healthful for employees, communities, consumers 

and socially  and  creatively  rewarding  for  all  working people‖.
2
 

From environmental perspective, sustainable manufacturing targets the consumption of less 

resources and generation of less hazardous materials in order to less jeopardize the 

environment by reducing global warming, climate changes and toxicity. From economic 

                                                 
1
 Report of the World Commission on Environment and Development: Our Common Future, (1987). United 

Nations General Assembly. 
2
 Lowell Center for Sustainable Production. (1998). Sustainable Production: A Working Definition. Informal 

Meeting of the Committee Members. 

http://www.un-documents.net/wced-ocf.htm
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perspective, the economic advantages of sustainable manufacturing can be acquired by 

minimizing the cost through less material, energy, resource, and time consumption. Last but 

not least, from social perspective, for better employment, well-being of the employees and 

livable communities; sustainable manufacturing considers workers‘ health and security with 

improved working conditions. 

Nowadays, environmental challenges like climate changes, global warming, increasing 

pollution and waste, and excessive resource consumption are getting accelerated because of 

ongoing global industrialization, hence the importance of sustainable development and 

sustainable manufacturing has been growing universally. Manufacturing companies consider 

not only economic objectives such as cost, time and quality but also environmental objectives 

such as low emissions, waste minimization, and effective energy usage. Besides, although 

some issues are originally environmental driven, they have significant importance on 

economic issues. These issues might be listed as rising energy prices, penalties for violating 

the environmental regulations and certifications, and society‘s increased environmental 

awareness on global warming, climate change and excessive resource consumption that may 

affect corporate image and competitiveness positively or negatively.  

1.2 Aim, scope and target 

Not only for governments and organizations but also for academia sustainable manufacturing 

is on the agenda. There are many precious academic studies done about sustainable 

manufacturing and its concepts. This thesis also attempts to contribute to the research field 

with a sound database and a comprehensive state of the art analysis.  

The scope of the thesis is defined as sustainable manufacturing concepts that 

focus on  

 manufacturing processes following the sequence from input through planning, 

manufacturing, control and evaluation to output in 

 discrete manufacturing industries also considering 

 endogenous and exogenous factors like environmental management systems and 

regulations that have a direct effect on the implementation of sustainable 

manufacturing practices 

excluding 

 process industries, 

 products and services, 

 supply chain management, eco-design concepts and 
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 supporting activities not directly related with manufacturing like green marketing, 

green purchasing, green packaging and green reporting. 

In this thesis, it is aimed to gather all the research -within the scope- that is conducted 

between 1999 and 2011 relevant to sustainable manufacturing concepts and create a well-

grounded database. The generated database is used to make general deductions by considering 

the interests and core concepts of the articles and the trends in the evolution of sustainable 

manufacturing practices in the literature are examined. Later, the IMS2020 Action Roadmap 

is examined and the actions that intersect with the scope of the thesis are chosen. The chosen 

actions are utilized to comprehend what is expected in the development of sustainable 

industry in 2020 after taking these actions. Hence, the gaps between currently researched 

topics and the actions that are defined in IMS2020 Action Roadmap and needed to be taken 

between 2011 and 2013 are attempted to be figured out. 

The originality of this thesis is that it provides a sound database not only focusing on one 

concept of sustainable manufacturing but covering all the articles published in the selected 

scientific journals from a broader view for the researchers who intend to strike into any topic 

of sustainable manufacturing.  

In order to achieve all the objectives above, the evolution of sustainable manufacturing from 

1999 to 2011 should be examined. It is questioned whether the results of the evaluation 

support the actions that should be taken between 2011 and 2013 which intend to achieve the 

sustainable industry vision by the year 2020 defined in IMS2020 Action Roadmap, an EU 

project. The answers of the following questions are sought to guide the research and to reply 

the research question: 

 

 

 

 

 

 What is sustainable manufacturing? 

 What is the linkage between sustainable manufacturing concepts namely lean, green 

and sustainable manufacturing? 

 What has been done in the literature from 1999 till 2011 relevant to sustainable 

manufacturing concepts? 

“How has the research in sustainable manufacturing evolved 

from 1999 to 2011 and are the developments in the last decade in 

research going parallel with the actions in IMS2020 Action 

Roadmap in order to realize the sustainable industry vision in 

2020?” 

will it meet the expectations of sustainable manufacturing by 

2020?”    
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 Which trends are observable in the sustainable manufacturing concepts? 

 What are the most and least popular topics in sustainable manufacturing concepts? 

 Are the results of the research that is published between 1999 and 2011 parallel with 

the actions defined in IMS2020 Action Roadmap?  

 What the gaps are between today‘s research and tomorrow‘s expectations? In which 

areas should developments be provided to narrow the gaps and catch up with the 

actions? 

1.3 Structure 

To gain knowledge that helps answer the research question a structured method is followed in 

the thesis.  

Section 1 constitutes the introduction part of the thesis.  

Section 2 is devoted to provide a background on the concepts that take place in the evolution 

of sustainable manufacturing which starts with lean manufacturing and reaches the current 

definition of sustainable manufacturing. General concepts are defined in order to form a base 

for the rest of the thesis. 

Section 3 aims to inform the reader about the research methodology that is followed during 

the construction of the sound database required for the latter steps of the thesis. General 

concept research, defining keywords, collecting materials from peer-reviewed scientific 

journals, classification, analysis and evaluation of them are the main steps to reach a sound 

database and a conceptual framework and they are explained in this section thoroughly.  

Section 4 includes classifying the articles based on the basic framework, mind mapping them 

to show the linkages between classes and fitting them into a conceptual framework. The 

classification of the articles is benefitted to facilitate the analysis phase. While the mind map 

examines the relationships between the classes, the conceptual framework fits all the classes 

into a three layered logical scheme.  

Section 5 is doing the state of the art (SOTA) analysis, trying to figure out the trends in the 

data, and making deductions. In the SOTA analysis part quantitative and qualitative analysis 

support the deductions, and many charts visualize the results to make them more 

understandable. 

Section 6 discusses the similarities and differences between current sustainable manufacturing 

implementations that are gathered from the SOTA analysis part of this thesis and the actions 

defined in IMS2020 Action Roadmap to achieve a sustainable industry in the future.  

The thesis ends up in Section 7 with concluding remarks.  



5 

 

All the sections are visualized in the following figure (Figure 1). 

 
Figure 1 The sections of the thesis 
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2 Basic terminology 

This section intends to describe the basic definitions of the concepts that are commonly used 

in the thesis. Instead of describing each term related with sustainable manufacturing, it 

focuses on the core concepts namely sustainability, manufacturing and manufacturing 

paradigms from lean manufacturing to sustainable manufacturing.  

2.1 Sustainability 

Sustain means ―to cause or allow something to continue for a period of time‖
3
, which is the 

root of words such as sustainable, sustainability, sustaining etc. The first usage of this concept 

is in the form of ―sustainable forestry and sustainable fisheries‖ in 1972 in UN Conference on 

the Human Environment in Stockholm. After 1980 the usage of the concept increases and 

appears in the form of ―sustainable development‖. Generally sustainability and sustainable 

development are used as synonyms. In 1980 sustainable development is defined as 

―development that would allow ecosystem services and biodiversity to be sustained‖ by 

World Conservation Strategy produced by IUCN.
4
 In 1987 a new definition for sustainable 

development is introduced by Brundtland Report like ―development that meets the needs of 

present without compromising the ability of future generations to meet their own needs‖.
5
 In 

1992 Australia‘s National Strategy for Ecologically Sustainable Development shifts the 

meaning of sustainability to mean ―using, conserving and enhancing the community‘s 

resources so that the ecological processes, on which life depends, are maintained and the total 

quality of life, now and the future, can be maintained‖.
6
 A definition which considers different 

pillars is established by UN Conference on Environment and Development (UNCED) in 

1992. According to UNCED sustainability equals the integration or balancing of 

environmental, social and economic issues or simultaneous progress in the environmental, 

social and economic domains, often in the context of strong programs of consultation and 

participation.
7
 These three pillars are stated as ―Environmental sustainability means the use of 

less energy resource, fewer hazards and emissions and is less toxic. The economic advantages 

of sustainability can be gained through manufacturing operations that take less time, have 

                                                 
3 
―sustain.‖ Dictionary.Cambridge.org. 2011. Dictionary.cambrigde.org (6 July 2011). 

4
 International Union for Conservation of Nature and Natural Resources. (1980). World Conservation Strategy 

Living Resource Conservation for sustainable Development 
5 Report of the World Commission on Environment and Development: Our Common Future, (1987). United 

Nations General Assembly. 
6
 Government of Australia. (1992). National Strategy for Ecologically Sustainable Development 

7
 Report of the World Commission on Environment and Development: Our Common Future, (1987). United 

Nations General Assembly. 

http://www.un-documents.net/wced-ocf.htm
http://www.un-documents.net/wced-ocf.htm
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high value added and are at minimum cost. Sustainability in society is seen in higher 

education levels, healthier life-styles and higher employment.‖ 
8
 

2.2 Manufacturing 

Manufacturing is defined as ―the process of converting raw materials, components or parts 

into finished goods that meet a customer‘s expectations or specifications. Manufacturing 

commonly employs a man-machine setup with division of labor in a large scale production.‖ 
9
 

Groover defines manufacturing in the first chapter of his book ―Fundamentals of 

Manufacturing: Materials, Processes, and Systems‖ as follows:  

―The word manufacture is derived from two Latin words, manus (hand) and factus 

(make); the combination means ―made by hand‖. The English word manufacture is 

several centuries old, and ―made by hand‖ accurately described the manual methods 

used when the word was first coined. (As a noun, the word manufacture first appeared 

in English around 1567 AD. As a verb, it first appeared around 1683 AD.) Most 

modern manufacturing is accomplished by automated and computer-controlled 

machinery.‖
10

 

Groover claims that manufacturing can be defined in two ways: one technologic and the other 

economic. From technologic aspect, manufacturing is the application of physical and 

chemical processes to alter the geometry, properties, and/or appearance of a starting material 

to make parts or products, manufacturing also includes assembly of multiple parts to make 

products. From economic aspect, manufacturing is transformation of materials into items of 

greater value by means of one or more processing and/or assembly operations. Manufacturing 

adds value to the material by changing its shape or properties, or by combining it with other 

materials.
11

 

2.3 Lean manufacturing  

Lean manufacturing‘s roots date back to the 1950‘s where Toyota Production System (TPS) 

was developed by Taiichi Ohno as a need to eliminate waste that is defined as ―any human 

activity which absorbs resources but creates no value‖ from the production system to be able 

to recover from a war-torn economy. TPS is assumed as a major initiator of the more general 

                                                 
8
 Pham, D., Ebrahim, Z., Shamsuddin, T., Barton, R., & Williams, O. (2008). Relationship Between Lean 

Manufacturing, Agile Engineering and Sustainability. Manufacturing Engineering Center, 9. 

9 ―Manufacturing.‖ Businessdictictionary.com. 2011. http://www.businessdictionary.com (6 July 2011)  

10 Groover, M. P. (2010). Fundamentals of Modern Manufacturing: Materials, Processes, Systems (4th edition 

b.). Hoboken: John Wiley & Sons, Inc. 
11

 Groover, M. P. (2010). Fundamentals of Modern Manufacturing: Materials, Processes, Systems (4th edition 

b.). Hoboken: John Wiley & Sons, Inc. 

http://www.businessdictionary.com/
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term lean manufacturing. The occurrence of the term lean manufacturing takes the stage in 

the 1990‘s.
12

 The term is coined to describe the leading manufacturing paradigm ―where 

improving product quality, reducing productions costs, and being ‗first to market‘ and quick 

to respond to customer needs are critical to competitiveness and success‖.
13

 The transition 

from traditional to lean manufacturing results in reduced inventory, lead time, scrap and 

rework, and increased productivity. These enable the manufacturing companies to lower their 

costs to increase margins and/or decrease prices in a highly competitive, globalized market 

through elimination of non-value added activities. In addition, they allow meeting rapidly 

changing customer ―just-in-time‖ demands without compromising quality, on the contrary 

producing goods of high and consistent quality.
14

 Using Just-in-Time (JIT), Total Quality 

Management (TQM), Total Productive Maintenance (TPM), Kaizen, flow charts and 

workplace redesigning techniques in order to achieve leanness in the production system helps 

to realize and find the wastes and the root causes of them and the permanent solutions to 

prevent the occurrence of them. The eight deadly wastes of Lean Manufacturing can be seen 

in Table 1. 

Form  Description 

Overproduction Producing more than is needed and/or used. 

Human Resources Not using people‘s minds and getting them involved. 

Transportation Moving tools/materials to the point of use. 

Inventory Materials or information. Includes WIP and finished goods. 

Motion Movement of people (walking, riding) as well as smaller movements. 

Corrections This includes rework or fixing products. 

Over-Processing Additional work above the requirements and/or needs. 

Waiting Time delays for materials, information or people. 

Table 1 Eight forms of waste in lean manufacturing 

2.4 Cleaner production 

While the industries are striving to have their share in a market with shorter product life 

cycles, increasing product variety and production volume fluctuations, governments have 

started to elaborate their environmental policies using concepts such as pollution prevention, 

waste reduction and waste minimization. Therefore, in addition to economic objectives (e.g. 

cost, time, quality), environmental objectives (e.g. low CO2 emissions) have become 

significantly important for manufacturing companies.  

                                                 
12

 Womack, J. P., Jones, D. T., & Roos, D. (1990). The machine that changed the world. Rawson Associates. 
13

 EPA  (2003)  Lean  Manufacturing  and  the  Environment,  Office  of  Solid  Waste  and  Emergency 

Response, Washington, DC. 
14

 EPA  (2000)  Pursuing  Perfection:  Case  Studies  Examining  Lean  Manufacturing  Strategies, Pollution     

Prevention,     and     Environmental     Regulatory     Management     Implications,  Ross   &   Associates   

Environmental   Consulting,   Ltd.,   under   contract   to   Industrial  Economics, Inc.  
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The pollution prevention concept comes into the scene, before introducing the concept of 

cleaner production in 1988. The concept of pollution prevention is first developed and 

implemented by the Minnesota Mining and Manufacturing Company (3M) through a program 

they called ‗Pollution Prevention Pays‘ (3P). The term is later defined as ―eliminating the 

creation of pollution at the source and it also includes energy conservation, water 

conservation, and the protection of natural resources‖ by US EPA Centre for Environmental 

Research Information in 1995.
15

 In addition to that concept, waste reduction is introduced as 

―in-plant practices, that reduce, avoid, or eliminate the generation of hazardous waste so as to 

reduce risks to health and environment‖ by US OTA in 1986, whereas waste minimization is 

presented as ―the reduction, to the extent feasible, of hazardous waste that is generated or 

subsequently treated, stored or disposed of. It includes any source reduction or recycling 

activity undertaken by a generator that results in either the reduction of the total volume or 

quantity of hazardous waste, or the reduction of toxicity of hazardous waste, or both, so long 

as reduction is consistent with the goal of minimizing present and future threats to human 

health and the environment‖ by US EPA in 1986.
16

 

As a new concept combining pollution prevention, waste reduction and waste minimization, 

cleaner production is coined as ―continuous application of an integrated, preventive 

environmental strategy to both processes and products to reduce risks to humans and the 

environment‖ by UNEP in 1988, and then modified stating explicitly products and services 

are also included in cleaner production in 1996.
17

  

Different than the traditional production approaches, instead of first engineering the process 

and then engineering the treatment and disposal of waste streams, cleaner production 

minimizes waste generation at source which is more economical. Costly end-of-pipe pollution 

control systems are replaced by measures which reduce and avoid pollution and waste 

throughout the entire production cycle, ―through efficient use of raw materials, energy and 

water
18

. The traditional industrial production and cleaner production differ from each other in 

some aspects that might be seen from Figure 1 and 2.  

                                                 
15

 U.S. EPA. (1995). Policy for Risk Characterization. From Carol Browner, Administrative, U.S. EPA, 

Washington, DC. 
16

 U.S. EPA. (1986). Guidelines for Health Risk Assessment of Chemical Mixtures. Risk Assessment Forum, 

Washington, DC. 
17

Baas, L. W. (2005). Cleaner Production and Industrial Ecology. Delft, The Netherlands: Eburon Academic 

Publishers. 
18

Mullholland, K. L. (2006). Identification of Cleaner Production Improvement Opportunities. Hoboken: Wiley-

Interscience; Schaltegger, S., Bennett, M., Burritt, R. L., & Jasch, C. M. (2008). Environmental Management 

Accounting for Cleaner Production. New York: Springer Science. 
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Figure 2 Conventional industrial production  
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Source: Beverly Thorpe. (1999). Citizen‘s Guide to Clean Production 

Figure 3 Cleaner production 

Cleaner production‘s main objectives might be listed as follows: 

 Minimize the use, as well as optimize the reuse and recycling, of hazardous and non- 

hazardous materials, 

 Use materials in the manufacturing process in a more efficient way, reducing the 

amount of inputs needed and the amount of non-desired outputs, 

 Minimize risks and improve human capital through worker hygiene and safety 

programs, 

 Improve monetary returns by minimizing energy consumption and reducing material 

and handling costs. This may often require capital investment.
19

 

2.5 Environmentally benign manufacturing 

In 2001, in WTEC Panel, environmentally benign manufacturing is defined as ―manufacturing 

that does not compromise the environment, or the opportunities for development, for the next 

generation‖ which starts with the idea of enabling economic progress while minimizing 

                                                 
19

 Schaltegger, S., Bennett, M., Burritt, R. L., & Jasch, C. M. (2008). Environmental Management Accounting 

for Cleaner Production. New York: Springer Science. 
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pollution and waste and conserving resources, in other words integrating manufacturing into a 

sustainable society. The entire product life cycle including the design phase from raw 

materials production through the use phase of the product into its end-of-life treatment is 

considered in the manufacturing scope. The dilemma of maintaining a worldwide economy in 

a cost-effective manner while sustaining market share and providing gains for stakeholders 

without continuing to damage our environment is addressed by the movement of 

environmentally benign manufacturing.
20

 

2.6 Environmentally conscious manufacturing 

Environmentally conscious manufacturing aims at achieving optimal utilization of natural 

resources without harming the environment and without compromising the quality of the 

products, covering not only production process but also distribution, consumption and 

recovery and effective disposal of potential wastes. Environmentally conscious manufacturing 

is defined as ―those processes that reduce harmful environmental impacts of manufacturing, 

including minimization of hazardous waste, reduction of energy consumption, improvement 

of materials utilization efficiency, and enhancement of operational safety.
21

 

2.7 Green manufacturing 

There exist several terms related to manufacturing concerned with environmental issues: 

green manufacturing, environmentally conscious manufacturing, and cleaner production. 

Though some differences can be found between the concepts, the bottom line is that concern 

for environmental issues is central to companies‘ manufacturing operations without 

compromising competitiveness. Embracing all of the environmental friendly manufacturing 

paradigms, green manufacturing is used as a representative concept.
22

 

Green  manufacturing encompasses all concepts that focus on environmental concerns in 

manufacturing by continuously integrating environmentally friendly industrial  processes  and  

products  to  mitigate  air,  water and  land  pollution,  reducing  waste  at  the  source  and 

minimizing  risks  posed  to  humans  and  other  species. Green manufacturing consists of 

some practices: pollution prevention, toxic use reduction and design for environment. 

                                                 
20

Gutowski, T. G., Murphy, C., Allen, D., Bauer, D., Bras, B., Piwonka, T., et al. (2001). Environmentally 

Benign Manufacturing. World Technology (WTEC) Division. Baltimore,Maryland: International Technology 

Research Institute; Kutz, M. (2007). Environmentally Conscious Manufacturing. Hoboken,New Jersey: John 

Wiley & Sons. Inc. 
21

Madu, C. N. (2007). Environmental Planning and Management. London: Imperical College Press. 
22
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Pollution prevention is achieved through source reduction related both to the process and the 

product and recycling. Means of source reduction might be listed as follows: 
23

 

 Product modifications by changing the shape and material composition of the product, 

 Input substitutions by using less-polluting raw, adjunct materials and process 

auxiliaries (e.g. lubricants and coolants) with longer service lifetime, 

 Technology modifications by improving the process automation, optimizing the 

process, redesigning of the equipment and changing the process, 

 Good housekeeping by changing operational and management procedures to reduce or 

eliminate waste emissions with management and personnel practices etc., 

 On-site recycling by recovering or reusing waste materials. 

Toxic use reduction focusing on chemical substances usage might be accepted as a subclass of 

pollution prevention. Last but not least, Design for Environment tries to integrate 

environmental performance into product development.
24

 

In addition to reducing and eliminating hazardous inputs and outputs in all phases of product 

life cycle, i.e. design, synthesis, processing, packaging, transportation and product use in 

manufacturing industries, green manufacturing can result in lowering raw material costs 

through recycling wastes instead of purchasing virgin materials, increasing production 

efficiency through less energy and water usage, reducing environmental and occupational 

safety expenses due to smaller regulatory compliance and potential liabilities, and improving 

corporate image by decreasing perceived environmental impacts on the public. Moreover 

green manufacturing can be appraised as a tool to achieve competitive advantage for 

companies who are good at using their financial resources, technological knowledge, and 

operations to implement green manufacturing.
25

 

2.8 Sustainable manufacturing 

The roots of sustainable manufacturing date back to the 1980‘s where focus on waste 

reduction in production, in other words cleaner production came into the scene. Its main focus 

                                                 
23
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was environmental issues, and companies were forced to give importance to this concept due 

to environmental regulations, whereas nowadays there are many reasons to implement 

sustainable manufacturing activities in companies. Increasing raw material prices and energy 

costs, necessary investments for environmental technologies, potential penalties for lacking 

compliance with environmental regulations and regulative incentives, the introduction of CO2 

certificates, the rising public awareness on environmental issues causing challenges of 

maintaining corporate images for the companies are some examples that emphasize the 

economic significance of originally environmentally driven issues for companies, additionally 

to the idealistic vision and strive for sustainable manufacturing
26

.  

Sustainable manufacturing is coined and accepted as a guidebook for business and 

governments in achieving sustainable development in UNCED conference in Rio de Janeiro 

in 1992.
27

 US Department of Commerce defines sustainable manufacturing as ―the creation of 

manufactured products that use processes that minimize negative environmental impacts, 

conserve energy and natural resources, are safe for employees, communities, and consumers 

and are economically sound‖.
28

 As another important definition of sustainable manufacturing, 

Institute of Manufacturing, University of Cambridge describes sustainable manufacturing as 

―developing technologies to transform materials without emission of greenhouse gases, use of 

non-renewable or toxic materials or generation of waste‖.
29
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Source: Allwood, J. (2005). What is Sustainable Manufacturing? In: sustainable Manufacturing Series, 16th February 2005 

Figure 4 Sustainable manufacturing 
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To highlight the importance of the three pillars in the sustainability, Lowell Center for 

Sustainable Production defines sustainable production as ―the creation of goods and services 

using processes and systems that are non-polluting, conserving of energy and natural 

resources, economically viable, safe and healthful for employees, communities and 

consumers, and socially and creatively rewarding for all working people‖.
30

 This definition 

supports the main issues of sustainable development in environmental, economic and social 

aspects. 

 

Source: Michael Bordt, The OECD sustainable manufacturing toolkit, Sustainability and US Competitiveness Summit, 

October 8, 2009, Directorate of Science, Technology and Industry, OECD, Paris www.oecd.org 

Figure 5 The pillars of sustainable manufacturing 

Sustainable manufacturing encompasses the manufacturing of sustainable products and 

sustainable manufacturing of all products by focusing on an innovation based 6R 

methodology to recover, redesign, and remanufacture broadening the former compass ‗to 

reduce, reuse, and recycle‘. In the 6R methodology, reduce focuses on usage of resources, 

energy and materials in the manufacturing phase, and waste in the use phase, reuse focuses on 

reuse of the product itself or its components after its first usage in order to decrease the usage 

or virgin raw materials, whereas recycle focuses on converting waste into new materials and 

products. Recover refers to collecting the used products, disassembling, sorting and cleaning 

to make them ready for reuse, redesign involves designing the products so that the post-use 

processes are simpler and the product is more sustainable, whereas remanufacture includes 

                                                 
30
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reprocessing of used products to transform them into their original states or a like-new form 

without loss of functionality.
31

 

2.9 The linkage between lean, green and sustainable 

manufacturing 

All the manufacturing paradigms, namely lean, green and sustainable manufacturing, are 

encompassed under the umbrella of sustainable manufacturing considering them as the 

different phases in the evolution of sustainable manufacturing. Lean manufacturing has 

emerged before all other sustainable manufacturing concepts with the focus on eliminating 

wastes in the companies that add no value to the system and ensuring leanness in all the 

activities, and thereby surpassing existent economic performance. Then, with the growing 

importance of environmental issues, green manufacturing paradigm has come into the scene 

in order to alleviate the adverse effects of manufacturing activities on the environment and 

improve environmental performances in the companies. Lastly, as the most comprehensive 

form of these paradigms, sustainable manufacturing has appeared to deal with all the three 

aspects of sustainable development, economic, environmental and social. If lean 

manufacturing is accepted as the initialization phase in the progress of sustainable 

manufacturing, green manufacturing can be admitted as the development phase, whereas 

sustainable manufacturing forms the maturity phase of the progress since it covers all the 

aspects of sustainable development comprehensively.  

All these three paradigms are strongly related with each other, although their primary 

objectives are not alike. While lean manufacturing aims at improving economic performance 

of the companies by decreasing costs due to wastes, green manufacturing intends to better the 

environmental performance and mitigate the adverse effects of manufacturing on the 

environment. Moreover, sustainable manufacturing combines these two objectives and adds 

social concerns into its scope. However, all these three paradigms can result in similar 

outcomes.  

There exist strong coherences between lean and green manufacturing regarding the 

perspective of waste elimination. Although their wastes were seen as ―distinct set of solutions 

targeting different forms of waste‖, it has been proved that deadly wastes of lean 

manufacturing have also embodied environmental impacts.
32

 The list of the deadly wastes and 

                                                 
31 U.S. Environmental Protection Agency. (2008). Municipal Solid Waste (MSW) – Reduce,  Reuse,  and  

Recycle; Joshi,  K.; Venkatachalam,  A.; Jawahir,  I.S. (2006),  A  New  Methodology  for Transforming 3R 

Concept into 6R Concept for Improved Product Sustainability. In: Proceedings of the IV Global Conference on 

Sustainable Product Development and Life Cycle Engineering, Sa˜o Carlos, Brazil.  
32

 Bergmiller, G. G., & McCright, P. R. (2009). Lean Manufacturer's Transcendence to Green Manufacturing. 

Proceedings of the 2009 Industrial Engineering Research Conference.  
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their environmental impacts might be seen in Table 2. Therefore, eliminating these deadly 

wastes also serves the primary objective of green manufacturing by conforming to the strategy 

of environmental protection. The reciprocal relation between lean and green manufacturing 

shows itself in waste elimination. Lean manufacturing yields better environmental 

performances by achieving leanness in the activities and on the other hand, green 

manufacturing forces the companies to adopt lean manufacturing methods to decrease wastes 

in order to minimize the adverse environmental impacts of the processes. Therefore, it might 

be concluded that with the implementation of lean or green manufacturing practices, 

companies can ensure environmental sustainability.
33

 

Possessing a lean system lays the groundwork for implementing green practices and achieving 

green results. Its techniques also help to create a culture in the companies for continuous 

improvement, waste minimization, and employee empowerment which fosters the adoption of 

environmental management systems and pollution prevention in the companies.
34

  

Continuously focusing on reducing wastes in the activities, minimizing material, water and 

energy usage, and avoiding hazardous substances usage in lean and green manufacturing 

result in lowering costs, improving production lead times and increasing product quality. 

These activities bring the companies economic benefits, and help them to achieve economic 

sustainability and competitiveness in the long-term.
35

 

Although their main objective is not ensuring social sustainability, lean and green 

manufacturing practices lead to improvements in working conditions and employee 

empowerment. Therefore, although they cannot fulfill the objective of social sustainability 

entirely, they make contributions to this component of sustainability.
36
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Waste Type Environmental Impacts 

Overproduction 

 More raw materials and energy consumed in marking unnecessary products 

 Extra product may spoil or become obsolete requiring disposal 

 Extra hazardous materials used result in extra emissions, waste disposals, 

worker exposure, etc. 

Inventory 

 More packaging to store work-in-process (WIP) 

 Waste from deterioration or damage to stored WIP 

 More materials needed to replace damaged WIP 

 More energy used to heat, cool and light inventory space 

Transportation 

and Motion 

 More energy use for transport 

 Emissions from transport 

 More space required for WIP movement, increasing lighting, heating and 

cooling demand and energy consumption 

 More packaging required to protect components during movement 

 Damage and spills during transport 

 Transport of hazardous material requires special shipping and packaging to 

prevent risk during accidents 

Defects 

 Raw materials and energy consumed in making the defective products 

 Defective components require recycling or disposal 

 More space required for rework and repair, increasing energy use for heating, 

cooling and lighting 

Over Processing 
 More parts and raw materials consumed per unit of production 

 Unnecessary processing increases wastes, energy use, and emissions 

Waiting 
 Potential material spoilage or component damage causing waste 

 Wasted energy from heating, cooling and lighting during production downtime 

Source: EPA, 2005, ―The Lean and Environment Toolkit, Version 1.0,‖ The U.S. Environmental Protection Agency, 

Washington, DC. 

Table 2 Environmental impacts of wastes     

Considering the contributions of lean and green manufacturing to economic, environmental, 

and social sustainability, it can be strongly supported that they can be considered as concepts 

of sustainable manufacturing. Therefore, in this thesis, sustainable manufacturing concepts, 

practices, etc. are used to encompass all these three manufacturing paradigms.  
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3 Research methodology 

In this section, the methodology that is followed in the thesis is explained. The steps of the 

methodology namely material collection, category selection, descriptive analysis and material 

evaluation are described.  

3.1 Main concepts of literature review 

It is stated that ―The literature review aims to identify, analyze, assess and interpret a body of 

knowledge related to a particular topic and is normally required as part of a dissertation or 

thesis.‖
37

 The main purposes of literature review are to deal with a specific topic and make 

analysis of the relationships between different studies related with that topic. The aims of 

literature review can be listed as follows: 

 By summarizing and integrating existing research to show the path of prior research 

and how a current project is linked to it. 

 By familiarizing the researcher with the latest development in the area and by 

indentifying gaps in knowledge, as well as weaknesses in previous studies, indicates 

directions for future research. 

 By pulling together and synthesizing different results helps to establish a theoretical 

framework. 

The methodology of this thesis is derived from an existing process model in the literature.
38

 

This process model has four steps as follows: 

 Material collection: Limiting and defining the material to be collected 

 Descriptive analysis: Assessing the formal aspects of the material  

 Category selection: Defining categories and structural dimensions to assign the 

material 

 Material evaluation: Analyzing the material according to the categories and structural 

dimensions in order to interpret the results.
39 

This process model constitutes the skeleton of the following research methodology which is 

utilized in this thesis.   

                                                 
37
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38
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39
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Figure 6 Research methodology of the thesis 

All the steps are done by two researchers which enable to decrease the risk of uncovered and 

unclear topics, biases and inconsistency. Also repeating each step several times increased the 

reliability of the thesis. 

3.2 Research methodology steps 

3.2.1 Material collection 

In order to collect relevant material three sub steps are followed: Gathering knowledge about 

the topic, defining keywords iteratively and searching articles.  

As a starting point a web based search for the term sustainable manufacturing is done in order 

to comprehend what sustainable manufacturing is and which keywords define this concept. 

According to the search results, a file which includes the references for the searched websites, 

summaries of the documents related to the topic, some interpretations about the sources and 

the topics need to be questioned is prepared.  

After gathering main information, initial keywords related to sustainable manufacturing are 

listed. In the latter steps of the searching, brainstorming activities and new finding about the 

topic cause to update the initial keyword several times and the final version is generated with 

keywords like green manufacturing, eco-efficiency, green machining technologies etc. 

(Appendix 1).  

•Gathering knowledge about the topic 

•Defining keywords (iterative) 

•Searching articles 

Material collection 

•Defining categories and assigning material (iterative) 

•Mind mapping 

•Conceptual framework  

Category selection 

•Quantitative and qualitative analysis Descriptive analysis 

•Assessing the findings 

•Comparing with IMS2020 Action Roadmap 
Material evaluation 
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According to the keyword list, the needed material is collected from major databases websites 

such as Wiley (www.wiley.com), Emerald (www.emeraldinsight.com), Elsevier 

(www.sciencedirect.com) and Taylor and Francis (http://www.tandfonline.com).  The scope 

of the thesis and the following limitations are the main factors that shape the article search. 

Limitations: 

1. This thesis considers only papers in peer-reviewed scientific journals in English. 

How the peer-viewed scientific journals are selected? 

The impact factor is a quantitative tool for ranking and evaluating journals and it is 

provided by Journal Citation Report (JCR), a publication of Thomson Reuters (when it 

was known as The Institute for Scientific Information - ISI). Impact factor is a 

measure to show the frequency with which the ―average article‖ in a journal has been 

cited in a given period of time. The annual JCR impact factor is a ratio between 

citations and recent citable items published. Thus, the impact factor of a journal is 

calculated by dividing the number of current year citations to the source items 

published in that journal during the previous two years.
40

 In order to determine which 

journals should be in the scope of this thesis, ISI Knowledge impact factor database is 

benefitted. The journals are chosen from the categories Engineering – Environmental; 

Engineering – Industrial, Engineering – Manufacturing, Engineering – Mechanical, 

Engineering – Multidisciplinary and Environmental Science. The aims and the scope 

of the journals are read to decide the relevance to sustainable manufacturing.  

2. Papers in languages other than English and the categories differ from the above listed 

ones are excluded, i.e Medicine, Art, Accounting etc.  

3. Only the papers focusing on discrete manufacturing are encompassed in the thesis. 

Papers related with process industry are not included. 

4. Only the research articles are covered in the study. Seminar and conference reports, 

workshop results or books are not included to the research materials.  

5. Papers whose core topics are eco-design or product design are excluded (except the 

ones embedded in the end of life options articles), because the aim of this paper to 

observe the processes not products. 

6. Papers related with green supply chain management are excluded, because this thesis 

focuses on only a part of supply chain related with the manufacturing processes, not 

the whole supply chain.  

7. Papers published between January 1999 and July 2011 are taken into consideration. 

Considering the limitations and the scope of the thesis journals that are listed in Engineering – 

Manufacturing and Engineering - Environmental categories are searched article by article. If 

                                                 
40
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journals are listed in other categories such as Engineering – Mechanical or Engineering – 

Multidisciplinary firstly a keyword search is conducted. In the case that there are no related 

articles after the keyword search in the journal, that journal is skipped. Otherwise, all the 

issues of the journals are explored one by one. During the research period 29 journals out of 

61 are skipped since they do not contain related articles. The related articles are collected in 

an article database in the format of Table 3. Here just the main columns are exhibited. 

Name of 

the Journal 

Rating/ 

Impact 

factor 

Publication 

year 

Name 

of the 

authors 

Name of the 

articles 

related with 

SM 

Abstracts 

of the 

articles 

Notes Classification Type 

of the 

article 

Journal of 

Cleaner 

Production 

1.867 2011       

Table 3 A short view of article database 

At the end of the material collection activity, 680 articles are collected in the database. By 

reading articles, the irrelevant ones are eliminated and the final database includes 389 articles 

that meet the requirements of the scope and the limitations of the thesis.   

3.2.2 Category selection 

After collecting 389 articles, the key concepts of each article are written down as keywords in 

order to be benefitted in latter phases i.e. preparing the class names and mind map. In order to 

cover these key concepts some major class titles are determined. All the articles are assigned 

to the related class considering their core concepts. By utilizing the class titles and the class 

relationships, a mind map is formed which contains enough classes to encompass the entire 

research articles, a detailed explanation and the mind map can be seen in the following section 

(Figure 8). This mind map helped to shape the conceptual framework of the thesis (Figure 9).  

3.2.3 Descriptive analysis 

It is stated that there are two main approaches for qualitative content analysis which are 

inductive category development and deductive category application.
41

 In deductive approach 

the analytic categories are selected before reading the materials. In this thesis, distributing 

articles among the years and dividing the articles according to the research methodologies 

such as case study, research paper are determined deductively. However, in inductive 

approach, categories are developed from the material i.e. pillars of sustainability. 

Distributing articles among years and dividing articles according to the research 

methodologies are inspired from existing literature reviews. In the article database file 

                                                 
41

 Mayring, P. (2000). Qualitative Content Analysis. Forum: Qualitative Social Research [On-line Journal], Vol.  
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information of these two categories are stored. After reading the articles it is observed that 

defining a category which considers the pillars of sustainability could be beneficial because 

most of the articles focused at least one of these dimensions. This category is named as ESET 

because of Environmental, Social, Economic and Technological aspects.  

In order to analyze the data Microsoft Office Excel and its filtering option are utilized. Whole 

analysis of the gathered data is explained in the State of the art analysis section detailed. The 

qualitative analyses are processed based on the collected articles and expressed verbally in the 

form of summarizing and explaining, whereas quantitative analyses are represented with 

graphs and charts. 

3.2.4 Material evaluation 

Material evaluation includes the interpretation and the assessing of the findings. In this 

section it is aimed to show if there is a pattern in the development of sustainable 

manufacturing concepts or what is the current situation and what are the gaps in the research 

area. After deciding the current situation of and the gaps in sustainable manufacturing, the 

results are compared with the findings of IMS2020 Action Roadmap, which is an EU project, 

to show whether the developments of sustainable manufacturing in the 1999-2011 time 

interval are able to underpin the actions that are needed to be taken between 2011 and 2013 

and the vision that is desired to be achieved in the year 2020.  
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4 Towards the conceptual framework 

All the gathered articles are classified according to their core concepts and they tried to be 

fitted into a framework to conceptualize the findings. Considering general manufacturing 

systems a basic framework is generated. According to the basic framework classes are 

mapped to see the linkages and the relationships between each other. After constructing the 

mind map, it is observed that the basic framework is not sufficient to explain the different 

layers of the classes. Therefore, by inspiring from basic framework and mind map a new 

conceptual framework is derived.    

4.1 Database construction 

The objective of this thesis is to make a study of the state of the art analysis of sustainable 

manufacturing in order to show the current situation and developments of sustainable 

manufacturing. Data is the most important used material in SOTA analysis and the vital steps 

of database construction are as follows:  

1. Data gathering: Collecting the related material from different sources.  

2. Data purification: Eliminating unrelated data from relevant ones. 

3. Data analyzing: Analyzing data to make it useable and meaningful for the evaluation.  

4.1.1 Data gathering 

Firstly a web based search was done for the term sustainable manufacturing. There are many 

conferences, university and organization web pages related with the core topics sustainable 

manufacturing and sustainability. Since they are popular topics for environmentalists, social 

scientists and the engineers, there are many news, articles, theses, reports, books and personal 

blogs related with these terms. After having a general idea about sustainable manufacturing as 

a result of web based search, all possible keywords that might be related with the topic are 

written down. Then, brainstorming exercise and discussions are benefitted to generate a 

common keyword list. This list guided the thesis during the research period, and in each step 

it was updated several times according to the new findings.  

By using the keywords and the knowledge gained from the general search, the scientific data 

gathering stage is started. In order to be scientific this thesis considers only papers in peer-

reviewed scientific journals in English. As it is mentioned in the limitations part, journals 

were selected by considering their impact factors, scopes and aims. Totally 61 journals were 

reviewed. All the issues of journals in the manufacturing and environment categories from 

1999 to 2011 were reviewed article by article. Journals before 1999 were not taken into 

considerations because the concept is known approximately for 20 years and a sample for 12 
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years might be enough to see the current situation and the developments during this time 

interval. In other categories such as mechanical engineering or engineering - 

multidisciplinary, a keyword search was conducted and if there were some related articles in 

the journal, those journal are also reviewed article by article. In 29 journals there was not any 

related keyword search result and these journals were excluded from the scope of the thesis. 

All the related articles are recorded in the article database.  

4.1.2 Data purification 

680 articles are collected in the database. All the abstracts and notes about the articles are read 

several times together and they are categorized in 3 groups: yes, no and maybe. Since the 

collection part was done by two researchers separately and the purification part was done 

together from two different points of views, the reliability of the thesis was increased. By 

reading the materials together, the probability of biases and the risk of being subjective are 

decreased. It also helped to see and show other aspects of the materials which might be 

unnoticed during the first review. 

According to the scope and limitations of the thesis, most of the articles were eliminated in 

the second review. For example, if the articles are related with product design or eco-design, 

they were not covered in the scope of the thesis and sent to the no class, because in this thesis 

just the manufacturing processes are considered not the products. Also if there is an article 

related with process industry instead of discrete manufacturing, it was directly recorded as a 

no article. Articles related with green supply chain, in detail transportation, customer 

relationships, distributors and logistics were also excluded.  

Articles in the no category were reviewed two times, and if they were still no, their statuses 

changed to X which means definitely no. If there was a possibility that it might be related 

with the topic, it was moved to the maybe class. In order to decide for definitely yes articles 

researchers read all abstracts 3-4 times. After redoing the same assessment for maybe articles 

too finally 389 articles remained in definitely yes category. 

4.1.3 Data analysis 

These 389 articles were assessed 2-3 times more and researchers tried to write down the key 

concepts of each article. By using these key concepts researchers tried to determine some 

class titles to cover all these articles. Each article was fitted in at least one category and a 

mind map was generated.  

The publication year of each article was stored in the database file. By using this data an 

analysis for distribution of the articles among the years was done. The details of these 

analyses can be found in the State of the art analysis section. In the database file article types 
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like case study, research article or survey are recorded too. The last dimension is related with 

the main aspects of the articles such as environmental, economic, social or technological and 

it is named as ESET. Results of each analysis are examined in the analysis section of SOTA 

analysis section.  

4.2 Basic framework 

Before starting with the state of the art analysis of the thesis, a basic framework was generated 

as a point of departure and keywords were brainstormed and defined taking into account that 

framework. In the framework, since the topic of interest of this thesis is sustainable 

manufacturing, manufacturing related processes were put in the center of the model and the 

factors that are entering the system were labeled as input in general, whereas the factors 

leaving or results of the system were labeled as output of the system. Management related to 

manufacturing was accepted as an external factor considering its effect on input, 

manufacturing related processes and output.  

 

Figure 7 Basic framework 

The core part of the framework, so called manufacturing related processes, included 

manufacturing paradigms which might be covered under sustainable manufacturing, such as 

lean, green and sustainable manufacturing. Additionally, manufacturing phases; planning of 

the process and production, quality and inventory control, life cycle assessment and 

performance evaluation issues were listed under this topic. Input considered all the things that 

are entering the system. Raw materials, energy, and technology were the resources of the 

system; in addition equipments and workers were accepted as inputs since they might be 

evaluated as the factors that are entering the system. Output covered all the factors that are 

leaving the system and focused on the outputs / results of the manufacturing process. It 

involved end of life options, waste, emissions etc. Pollution prevention, emissions and waste 

management were listed under this topic, since they are more focused on the output of the 

system and try to handle the problems related to these issues.  Performance of the system 

(Eco-efficiency, productivity etc.) was considered as output, since it was based on the results 

of the manufacturing process. Management, as a concept above all the parts of the framework, 

MANAGEMENT 

INPUT MANUFACTURING 
RELATED PROCESS 

OUTPUT 
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was drawn as a module that is in interaction with manufacturing related processes, input and 

output. It covered environmental management, industrial symbiosis, and regulations etc. in 

short the external factors that are affecting manufacturing process.  

Benefiting from the framework, the clear borders of the research topic were defined. 

Considering the wide range of the research, green and sustainable supply chain issues were 

excluded from the research scope to make the thesis more focused on the manufacturing 

phase rather than the whole product‘s life cycle. The scope of this research is limited to 

discrete manufacturing industry. Since the core interest of the research is based on the 

manufacturing process, not the product, product related issues were not taken into 

consideration, e.g. eco-design.  

Considering the sub-topics of each module and the scope of the thesis, keywords were 

brainstormed and defined. A couple of keywords that are used in this thesis are; 

environmental, ecological, green, clean, sustainable, sustainability, etc. For the full list see 

Appendix 1.  

4.3 Mind mapping 

Mind mapping is ―a process of surveying, assessing and linking the information, knowledge, 

competencies and proficiencies held by individuals and groups within an organization‖.
42

 In 

order to facilitate the grouping of the classes in a logical manner, mind mapping was utilized 

in this thesis.  

In order to establish a database and to make it ready for the SOTA analysis, table of contents 

of each journal were reviewed title by title to choose the articles that have at least one 

keyword that have been defined before and show relevance to sustainable manufacturing 

concept. 61 journals were reviewed - 32 journals gave the articles that are related with 

sustainable manufacturing concepts (see Appendix 2) - , and 680 articles that might have 

connection with the research topic were collected. Each article was read and the relevance of 

each article with the research was questioned, and if they were found relevant, main concepts 

of the articles were taken as a note in order to be benefited in forming the final classes. 

Temporary classes were formed in the first review phase to be redefined or used as a step in 

this iterative process. After reviewing the list of the articles a couple of times, the final form 

of the classes was defined and it was ensured that each article was assigned to at least one 

class. Since the topics are not mutually exclusive, some articles can be assigned more than 

one class.  

                                                 
42

 Keyes J. (2006). Knowledge Management, Business Intelligence, and Content Management: The IT 

Practitioner‘s Guide. Taylor & Francis Group, LLC. 



27 

 

The list of the classes was written down and a framework that might encompass them 

perfectly was tried to be constructed. Benefiting from the basic framework, the classes were 

assigned to the existing modules, if they might fit into their scope, otherwise the scope of the 

existing modules was reviewed and their scope and borders were updated and widened to 

cover all the classes. While input and output parent classes were kept the same, the name of 

the manufacturing related processes parent class was changed as operations in order to clarify 

the concept of the class. Management parent class scope was found to be very narrow, 

therefore to cover external factors, industrial symbiosis and network, which affect the 

companies exogenously rather than the internal management strategies of the company, the 

class was revised as management & exogenous factors.  

To do the mind mapping, these four parent classes were drawn as the branches of the tree, and 

the classes that belong to each parent class were considered as the leaves on these branches. 

The mind mapping was processed taken into account the interrelations between classes, super 

classes and parent classes. The knowledge map was finalized when all classes were assigned 

to at least one class and their relations, if there is, with the other classes were drawn explicitly.   

Input module, as a parent class, involves the raw materials that enter the system to be 

processed, the resources such as energy, technology, equipments that play an active role in the 

manufacturing process and also work force whose involvement is almost a must in the process 

in order to support the process by supervising and controlling it or taking an active role itself. 

Raw material articles generally address the issues on usage of virgin or recycled / reused 

materials, and their consumption levels. As a very important topic for the last decades, energy 

articles in general focus on reduction on their consumption and alternative energy sources. 

Equipments articles cover machining and tooling related issues and their effects on 

sustainability and technology articles point out clean / environmental technologies and 

information systems. Lastly, employee articles generally discover the relation between 

employment and employee involvement with manufacturing paradigms that remain in the 

borders of this research. Although it is not encountered any articles related with resources 

such as land and water, and also physical plant, and investments, general web based research 

showed that these topics might be covered under this parent class. However, in the current 

mind map they are not taken into consideration since they do not have a ground in the articles 

database.  

Operations parent class is the one with the widest scope since it is the one which shows direct 

relevance with the research topic. It covers manufacturing paradigms and techniques, 

planning phase and control issues in the manufacturing process, and the evaluation. 

Manufacturing paradigms might be gathered in 3 groups considering their evolution in the last 

20 years. Lean manufacturing, whose main focus is elimination and prevention of wastes, can 

be accepted as a primitive form of sustainable manufacturing, since it helps to improve 
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environmental performance through elimination of hazardous wastes and to better the usage 

of resources. Green manufacturing, which covers cleaner production, environmentally 

conscious manufacturing, environmentally benign manufacturing and green manufacturing, is 

assumed as a general concept that mainly focuses on environmental issues without 

disregarding economic concerns. And lastly, as the most comprehensive manufacturing 

paradigm, sustainable manufacturing aims at sustaining development through manufacturing 

activities that encompass the three pillars of sustainability, environmental, economic and 

social aspects. Planning group consists of process planning and design, production planning 

and scheduling, and methodology and modeling phases. Process planning and design articles 

consider changes in the manufacturing process for end of life options utilization or 

environmental concerns and sustainability. Production planning and scheduling articles 

generally cover material and resource planning issues and production planning and scheduling 

for conserving resources, utilizing end of life options and embedding disassembly in the 

production plans. Methodology and modeling articles includes articles that are integrating 

environmental concerns into optimization of the systems. Control group consists of two 

subgroups as inventory and quality control. Inventory control articles focus on production-

inventory strategies of the firms under environmental constraints, whereas quality control 

articles cover Total Quality Environmental Management (TQEM). Although it has a wide 

range focusing on the whole product life cycle, life cycle assessment articles might be covered 

under this parent class with a focus on manufacturing process.  

Output parent class covers the issues focusing on preventing or managing the outcomes of the 

system such as waste and pollution in order to excel in environmental and/or economic areas 

and achieve sustainability and the results of the manufacturing process which show the 

performance of the system. This parent class consists of end of life options, waste 

management, pollution prevention, emissions, and environmental performance. Firstly, end of 

life options‘ articles focus on disassembly of the products in order to be used in 

remanufacturing, reuse operations, etc., recycling activities to convert waste into new 

materials. Remanufacturing, reuse and recycling are the main topics that are discussed 

amongst researchers. Waste management, pollution prevention and emissions classes cover 

the articles related to their practices and policies. Considering the similarities between the 

concepts and the target they aim at, all of the articles related to end of life options, waste 

management, pollution prevention and emissions might be covered under waste management, 

since to some extent they all might be accepted as managing the wastes of the system in 

different ways.  

Management & exogenous factors parent class covers the issues that have an effect on the 

manufacturing process, its inputs and outputs. Management controls the manufacturing 

process at the enterprise level, whereas exogenous factors are those which have the authority 

to control the manufacturing systems from outside of the company. Environmental 
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Management Systems are the ones which take environmental concerns into consideration. 

They have a close relation with regulations since they are affected by governmental 

interventions like ISO 14001, take back laws, etc. Business performance issues are better to 

be covered at management & exogenous factors parent class, since they generally depend on 

the management policies of the companies, and they are at the enterprise level. 

Competitiveness and eco-efficiency related issues are popular topics of this class.  

Regulations, industrial ecology, network and external factors have a strong effect on 

companies. Regulations, as ISO 14001, take back laws and tradable permits; enforce the 

companies to behave more sensitively to environmental or sustainability issues by applying 

penalties and sanctions to them. External factors articles try to figure out the barriers, 

challenges, drivers, initiatives, motivation factors or promotions‘ effects on implementing 

sustainable manufacturing activities in the company. They might depend on the culture of the 

company or the country. Industrial ecology and network articles generally aim at revealing the 

linkage between manufacturers and suppliers. Network articles focus on the effects of the 

manufacturer on the supplier‘s environmental performance and sensitivity.  Lastly, industrial 

ecology, as a well developed network where firms collaborate by exchanging their waste and 

energy (which might be utilized as a feedstock in other processes while it is a waste in one 

process) in order to achieve environmental and economic efficiency, finds place for itself 

under this parent class.  

The mind map might be seen in Figure 8. All of the classes of this map will be explained in 

detail in the State of the art analysis section and the latest progresses in the literature will be 

discovered. The mind map of the current research might be developed broadening the scope 

of the research topic. In addition to sustainable manufacturing activities, manufacturing of 

sustainable products might be included in the topic to make the research scope more 

comprehensive. And to bring a new and wider perspective to the research topic, sustainable 

supply chains might be taken into consideration to see the big picture. Reviewing 61 journals 

with impact factors can surely be accepted as a rich sample, however there still exists a 

plethora of journals which might have something pertinent to sustainable manufacturing 

concept. Moreover, including conference and seminar papers, and earth summit and 

sustainability centre reports will help see the exact and up-to-date progress in sustainable 

manufacturing in world.   
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Figure 8 Sustainable manufacturing mind map 
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4.4 Conceptual framework 

Basic framework was too generalized therefore it was not enough to fulfill the scope of the 

thesis. First of all the basic framework could not cover all the classes and show the 

relationships between each class entirely. Besides, in the basic framework regulations, 

industrial ecology and environmental management systems were in the same module. 

However, it is not possible to express all these different concepts within one module, 

especially in one layer. The most suitable framework in order to embrace all the classes and 

relationships should be with different layers. With layers it is easy to distinguish the different 

roles and impacts of each class. For instance, environmental management systems are not 

directly related with manufacturing however, they are not totally independent from the 

manufacturing like regulations. To satisfy this need, 3 different layers were generated namely 

eco-system, management and operations (Figure 9). The subclasses were assigned to the 

related layer. However, there were some subclasses like external factors and performances, 

which could not be classified strictly in one layer. Both of these subclasses had some aspects 

related with sub- and super-layers. For example, while environmental performance is related 

with manufacturing operations, eco-efficiency and competitiveness are directly related with 

management operations. Therefore, they were placed between two different layers, as an 

intermediate level as it is seen in the framework (Figure 9).  

The three layers will be explained in the following paragraphs. The eco-system layer includes 

the exogenous factors that the company does not have a powerful effect on them. In this layer 

the relationships that the companies have with an external body like government, suppliers or 

competitors is examined. Regulations, industrial ecology and networks are the classes under 

the eco-system parent class. Regulations class includes articles that are generally related with 

governmental sanctions and rules. ISO14000 standards and their effects on the companies, 

mandatory or voluntary implementations of environmental regulations were examined within 

regulations class. Industrial symbiosis is defined as sharing of services, utility, and by-product 

resources among diverse industrial actors in order to add value, reduce costs and improve the 

environment.
43

The main motto of industrial symbiosis might be ―output of a company can be 

input of another company‖. All the articles in the industrial ecology class explain the 

relationship between input and output companies and their environmental effects. Network is 

the last class in the eco-system layer. Here the relationship between company and its suppliers 

is examined. Since competitiveness increases in the global world day by day, companies try to 

improve the relationship within the network and also try to keep control of the network 

management. Sustainability is one of the most popular topics nowadays, so companies value 

this issue. Even suppliers can force the company to be more environmental and sustainable or 

                                                 
43

  Agarwal, A., Strachan, P. (2008). Is Industrial Symbiosis only a Concept for Developed Countries? The 

Journal for Waste & Resource Management Professionals, The Chartered Institution of Wastes Management; 42.  
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vice versa. In addition to industry, relationships and networks are appreciated by academia too 

and there are substantial amount of articles which can be examined under network class.  

Management layer covers the administrative operations, which contain endogenous factors 

that are directly affected by the company. Environmental management systems (EMS) are the 

only main class in management layer. EMS class contains articles about company 

management strategies considering environmental factors and effects. These management 

strategies are generally voluntarily, not forced by an external body, which means they are 

endogenous factors.  

External factors subclass is located between third and second layers. It includes the articles 

with the main concepts like barriers, adoptions, incentives and promotions to/for sustainable 

manufacturing. Causes for them might be from enterprise or national level. For instance, there 

are some articles recounting the behavior of the companies against sustainable manufacturing 

topics due to anxiety of bad reputation or competitiveness, they are enterprise level external 

factors.
44

 Besides, there are articles related with governmental actions to promote or adopt 

companies to the sustainable manufacturing applications or barriers – drivers for these 

applications.
45

 Since it is not significant to separate them into two different classes, an 

intermediate level is established and all the articles are covered under one title. The same case 

is also valid for performances class. Performances can be the result of manufacturing or 

management activities. When the products are manufactured with environmental or 

sustainability concerns, results should be related with environmental performance of 

manufacturing. However, competitiveness or business performance metrics occur as a result 

of managerial decisions. Thus, performance subclass is also determined as an intermediate 

level.  

Last but not least, operations layer which is the basic level includes the manufacturing related 

activities. If just a simple manufacturing system is imagined, the main operations can be listed 

as: 

1. Input materials enter to the system. 

2. After that the production and the processes of these input materials should be planned.  

3. According to these plans they have to be manufactured. 

4. Control is one of the vital processes in the manufacturing system. Each manufactured 

item should be controlled.   

5. The results of the control should be evaluated in order to improve or change the 

system. 

                                                 
44

 Fryxell, G. E; Szeto, A. (2002). The Influence of Motivations for Seeking ISO 14001 Certification: an 

Empirical Study of ISO 14001 Certified Facilities in Hong Kong. Journal of Environmental Management, 

Volume 65 (3), pp: 223-238. 
45

 Rahimifard, S. et al. (2009). Barriers, Drivers and Challenges for Sustainable Product Recovery and Recycling 

. International Journal of Sustainable Engineering, Volume 2 (2), pp: 80-90. 
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6. Finally, finished goods should leave the system to be used material. After usage 

recovery methods are applicable for them.  
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Figure 9 Conceptual framework of sustainable manufacturing 

Considering these main steps general manufacturing units are arranged sequentially and aim 

to exhibit sustainable manufacturing processes in each main step. Input class includes the 

articles related with the items that enter to the system as resource or supporting material such 

as raw material, equipment, employee, energy or technology. Planning processes are 

production planning and scheduling, process planning and design, and methodology / 

modeling. All the manufacturing paradigms namely lean, green and sustainable 

manufacturing are covered under manufacturing title. Quality Control and Inventory Control 

constitute the essential part of control class. Life Cycle Assessment (LCA) is the most 

important evaluation tool which is mentioned in this thesis and the evaluation results are 

gathered under evaluation sub-class. Finally, output class contains articles pertinent to the end 
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of life options and the effects of and the precautions to waste management, pollution 

prevention and emissions. 

The features of each parent class, class and their subclasses will be explained in the analysis 

part in detail.   
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5 State of the art analysis 

For the state of the art analysis of sustainable manufacturing, the articles that are published 

between January 1999 and July 2011 in the selected journals according to their impact factors 

are collected. In order to determine the point that sustainable manufacturing has reached the 

collected materials are analyzed. The analysis is accomplished by utilizing the article 

database. Then, the distribution of articles according to 3 dimensions namely yearly based, 

article type based and ESET based are demonstrated. After the analysis, all the classes in all 

layers are evaluated to show the development of sustainable manufacturing during the 

predetermined time interval. The references are not cited in the text directly, instead of it the 

tables of the articles under each class are shown in Appendix 3. 

5.1 General analysis of the articles 

The scope of the thesis is defined as sustainable manufacturing concepts that focus on 

manufacturing processes following the sequence from input through planning, manufacturing, 

control and evaluation to output in discrete manufacturing industries also considering 

endogenous and exogenous factors like environmental management systems and regulations 

that have a direct effect on the implementation of sustainable manufacturing practices. It 

excludes process industries, products and services, supply chain management, eco-design 

concepts and supporting activities not directly related with manufacturing like green 

marketing, green purchasing, green packaging and green reporting. 

The collected articles by considering the scope and the limitations of the thesis are analyzed 

regarding to three dimensions namely yearly based, article type based and ESET based.  

1. Yearly based analysis 

According to the limitations and the scope of the thesis, the articles published between 

January 1999 and July 2011 in the peer-reviewed journals are examined. There exist 389 

articles related to the sustainable manufacturing concepts. The distribution of these articles 

among years is visualized by using Excel graphs and the following figures exhibit the results 

(Figure 10). The fitted trendline proves that there is an increasing trend in the number of 

published articles among years. This may indicate that the importance and the attractiveness 

of the sustainable manufacturing concepts have arisen year by year.  
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Figure 10 The distribution of the articles among years 

2. Article type based 

The collected 389 articles are classified according to their types, research article, empirical 

study, case study, methodology and literature review. This dimension serves to comprehend 

the contribution of different type of academic studies to the development of sustainable 

manufacturing. Research articles and literature reviews give general information about the 

core topics and generally consist of descriptive parts. Although empirical studies, case studies 

and methodologies include descriptive parts, they assist to exemplify the practical 

applications and their results on sustainable manufacturing. The following pie chart represents 

the distribution of article types (Figure 11). If an article demonstrates the specifications of 

more than one class, it is classified under a combined class. For instance, if an article proposes 

a methodology and conducts a survey at the same time it is classified under methodology, 

empirical study class. As it is seen from the chart, research articles constitute the major part of 

the published articles with 212 papers. Empirical study, methodology and case study classes 

follow it with 57, 53 and 36 articles respectively. By taking combined classes into 

consideration empirical study, methodology and case study classes contain 67, 74 and 56 

articles respectively. Literature review is the less attractive research type with 7 articles.  

 
Figure 11 The distribution of the article types 
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3. ESET based analysis 

Sustainability has three pillars namely environmental, social, and economic. However, in the 

last years the increasing importance of technologic developments has forced to include 

technology as the fourth pillar. To reach sustainable development, all of these pillars should 

be taken into account. In order to see if the articles meet sustainable manufacturing and 

development, articles are evaluated considering all the pillars: environmental, social, 

economic and technological (ESET). Articles from environmental, economic and social 

aspects evaluate the developments by taking environmental, economic and social objectives 

into account respectively and try to provide sustainability in these aspects. Technology 

articles include applications of sustainable technologies which use less energy, resources and 

reduce hazardous substances and pollutants and encourage usage of recycled and reused 

materials. For instance, machining technologies and software technologies are covered under 

this pillar. All the articles in the database are not applicable to categorize in one of these 

aspects, because instead of evaluating any pillar they focus on the description of general 

concepts or adoption, application, and promotion for or barriers to sustainable manufacturing 

concepts. Thus, they are collected under the class called others.   

The following figure shows the distribution of all the articles according to their pillars - ESET 

type (Figure 12). 148 papers examine their core topics only from environmental point of view. 

And totally 253 papers give some results related with environmental sustainability. Articles 

that cover more pillars at the same time are assumed as supporting sustainable manufacturing 

more than others. From the results shown in the pie chart, it is obvious that social 

sustainability and technology aspects have not attracted enough attention for the researchers. 

The reasons might be expressed that they do not have high economic impacts on 

manufacturing activities or there is not any big pressure or punishment for their adoption to 

the manufacturing systems.  

 
Figure 12 The distribution of the articles according to the ESET type 
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5.2 Eco-system 

Eco-system layer constitutes the top layer of the framework. This layer is named as Eco-

system, since it covers the external factors that the company does not have the power to 

control and change but has a role in the whole system. The company is the center point of this 

layer, and the effects of the external factors on the company is tried to figure out. The 

company is exposed to the directing effects of Regulations & Certifications, External Factors, 

Industrial Ecology, and Network. Governmental and international interventions such as ISO 

14001 and take back laws form the Regulations & Certifications class where the company is 

constrained by the standards of them by being imposed sanctions or penalties. These 

administrative rules have a very compelling impact on the management strategy of the 

company. External Factors class is formed to cover the articles in which barriers, drivers, 

motivating factors or promoting factors‘ effects on implementing sustainable manufacturing 

activities in the company are worked out. This class is laid between Eco-system and 

Management layers as an intermediate layer, since while it has a strong connection with the 

exterior agents, such as government initiatives and promotions, it also depends on the factors 

related to the company‘s culture and management strategy. Network class is developed to 

discover the relationship between the supplier and the manufacturer and the influence of the 

manufacturer on the supplier‘s environmental performance and sensitivity. Lastly, Industrial 

Ecology class represents the articles related to this concept. Similar to Network as being based 

on a network between firms, Industrial Ecology focuses on developed networks aiming at 

increased resource utilization, environmental and economic efficiency where firms 

collaborate by exchanging materials, energy, water, and/or by-products so that a firm can 

utilize materials, energy, water, and/or by-products of the other firm as a feedstock in its 

processes. These classes will be explained in detail in the following parts.  

The distribution of the articles in Eco-system parent class is as follows: 
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Figure 13 The distribution of the articles in Ecosystem class 
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Regulations & Certification constitutes the highest portion of this parent class with 48 papers, 

whereas number of articles published about External Factors, Industrial Ecology and Network 

are 34, 9 and 28 respectively.  

5.2.1 External factors 

There exist several factors that affect the implementation of sustainable manufacturing 

activities in companies. Drivers and motivating factors, and barriers to implementing 

sustainable manufacturing activities and promoting these activities might be considered as 

External Factors to manufacturing processes since instead of playing an active role in 

sustainable processes, they support/hinder the sustainability of the systems. They might be the 

factors affecting the manufacturing activities of the companies from outside of the company 

externally, as well as from the company inside.  

In this research, 34 articles that might be covered under this class exist, and Journal of 

Cleaner Production contributes to these numbers with the highest portion (24 articles). 20 of 

the articles focus on factors affecting cleaner production, therefore it is not surprising that 

most of the articles come from Journal of Cleaner Production.  The distribution of the articles 

among years might be seen in Figure 14. It might be concluded that as sustainable 

manufacturing and related concepts become familiar with the companies, the need to 

investigate the barriers to or drivers for sustainable manufacturing activities tends to decrease 

over the years, and loses its importance.  

 

Figure 14 The distribution of the articles in External Factors class 

On the transition to sustainable manufacturing, companies have encountered many obstacles 

in the adoption of cleaner production activities. These obstacles have hindered/retarded the 

change in the companies and postponed it for years. ISO standards and cleaner production 

adoption have not attracted the interest in the companies as they have deserved. Many factors 
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that might be accepted as barriers to implementation of sustainable manufacturing activities 

have been discovered.  

Barriers to adoption of sustainable manufacturing activities are generally grouped under 4 

classes as: (a) policy and market barriers, (b) financial and economic barriers, (c) technical 

and information barriers, (d) managerial and organizational barriers. It is found that lack of 

economic incentive policies and legal and financial support are the policy and market barriers. 

Weak/poor environmental enforcements also hinder the implementation of sustainable 

manufacturing activities. High initial capital costs required to adopt the techniques or upgrade 

the technology and the absence of mechanisms that might support the companies in 

implementing the sustainable systems financially constitute the financial and economic 

barriers. The lack of information about sustainable manufacturing concepts, such as waste 

minimization and pollution prevention, and the technologies required cause the informational 

barriers whereas the lack of technical competences and infrastructure cause the technical 

barriers. The lack of awareness and unwillingness to change in the management and employee 

level and the lack of commitment constitute the managerial and organizational barriers. 

Although there are many barriers to implementing sustainable manufacturing activities, there 

also exit many motivating factors and drivers for implementing them, since they ensure many 

benefits for the companies. These benefits might be considered also as motivating factors 

because these stimulate interest in the companies to transit to sustainable manufacturing by 

abandoning traditional mentality.  

Drivers and motivating factors for sustainable manufacturing might be listed as follows: (a) 

economic drivers, (b) market drivers, (c) regulatory drivers. Applying sustainable 

manufacturing in the companies provide the companies many economic benefits by 

decreasing the amount of resource used in the manufacturing processes, reducing energy and 

water usage,  and minimizing wastes and increasing productivity. In addition, they help the 

companies cope with the global market by improved competitiveness and meet the product 

specifications in foreign markets. This increases the chance to export their goods to the other 

countries and therefore increase their sales and profits. Additionally, the will of the companies 

to enhance their reputation in the market might be listed as a market driver.  Lastly, 

environmental regulations and policies play an important role as drivers, since they force the 

companies to obey the standards by imposing penalties and sanctions on them. Not only 

current environmental regulations but anticipated future environmental regulations influence 

the decision of the companies.  

To promote sustainable manufacturing concepts in the companies and help the companies 

overcome the barriers to adopt them, Cleaner Production Centers are established and several 

training programs are offered in many countries. These aim at auditing and supporting the 

companies in the adoption and implementation phases of sustainable manufacturing activities. 
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The awareness of the industry representatives, governmental and financial institutions are 

increased by the activities of these centers and training programs. These activities focus on the 

diffusion of information, education, training and communication. These centers, as 

independent industry consulting firms, train and give advices to their clients to help them 

choose the best solution for their companies. As they inform the companies about sustainable 

manufacturing concepts and support them, more motivated and successful projects take place 

in the companies. 

5.2.2 Regulations & Certifications 

Regulations & Certifications class is formed to cover the articles that focus on environmental 

regulations and ISO standards. These rules, mandatory or voluntary, have an effect on the 

implementation of sustainable manufacturing concepts in the companies. Environmental 

regulations, covering tradable permits, take back laws, waste management policies and end of 

life vehicle legislations etc., force the companies to comply with the environmental 

restrictions in order to decrease the negative impact of the companies on the environment. On 

the other hand, ISO Standards are composed of voluntary international standards that 

companies might integrate into environmental management systems to better their systems. 

In this research, 48 articles that might be covered under this class exist, and Journal of 

Cleaner Production contributes to these numbers with the highest portion (21 articles). 30 of 

the articles focus on ISO 14001 Standard, although there exist plenty of ISO Standards that 

might be grouped under this class. It is interesting that ISO articles attract more attention than 

environmental regulations in research. Articles that focus on environmental regulations are 

found to be related with the effects of environmental regulations on competitiveness, 

productivity, production–inventory strategies, end of life vehicles processes, and industrial 

symbiosis. 4 of the relevant articles focus on the production-inventory strategies under 

environmental constraints, but the other topics do not attract more attention; there is 1 article 

about each topic. The distribution of the articles among years might be seen in Figure 15. 

With the results obtained from this research, it might be deducted that with the increasing 

awareness of the necessities for the implementation of sustainable manufacturing concepts, 

the interest in the environmental regulations and ISO Standards shows tendency to increase in 

the last years.  
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Figure 15 The distribution of the articles in Regulations & Certifications class 

There exists a lot of research conducted to figure out if environmental regulations activate 

social and economic gains; however their direct costs for companies, unforeseen effects on 

economic development, productivity and international competitiveness are still under 

discussion. 

Environmental regulations have an effect on the production-inventory strategies of the firms 

depending on the pollution charge per unit. If it is larger than a threshold, the environmental 

policy of the government will be effective. Models are developed to define the optimal 

solutions which embed environmental policies into the system. The regulations also 

contribute to industrial symbiosis development by defining clear goals and supporting the 

businesses‘ activities. In addition, regulations which are relevant to end of life vehicles have a 

positive effect mostly on ‗end-of-pipe‘ solutions, such as innovations in recycling. Although 

the regulations are not integrated in design phase yet, recyclates are started to use in 

automotive companies due to conform to the related legislations more.  

The effects of regulations on business performances, such as competitiveness and 

productivity, are questioned to discover if the regulations have really positive effects on the 

companies. No evidence is found that environmental regulations related to waste water, 

packaging waste and clean air exert any improvement on the competitiveness of the firms, and 

on the other hand also it is not proved that environmental regulations affect the 

competitiveness negatively. Departing from Porter‘s argument46 that supports that more 

stringent environmental regulation positively affects the companies‘ performances by 

encouraging innovations, it is found that strengthening environmental regulations at first 

decreases productivity, but after a couple of years, when the innovation has been completed, it 

causes an increase in productivity. This proof refutes the deduction of the systematic studies 
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 Porter, M. E.; van der Linde, C. (1995). Toward a new conception of the environment-competitiveness 
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that supports the inexistence of the relation between environmental regulations and 

productivity since they only focus on the immediate effect of implementing environmental 

regulations. 

The compliance of the companies with environmental regulations depends on many factors. 

Market based factors, such as pressures to produce more differentiated products, to reduce 

costs, to satisfy quality employees, and to innovate in products and processes, are significant 

factors that trigger the companies‘ compliance. On the other hand, the costly adoption of 

sustainable manufacturing practices and technologies deters the companies from conforming 

to the regulations. The reduction of costs with the help of tax breaks and cost sharing 

motivates the companies not to violate environmental regulations. Training of the employees 

to remove their knowledge deficiency, and the moral responsibility of the managers for 

environmental issues lead to over compliance with environmental regulations. 

ISO Standards form the Certifications part of the class. Different than the regulations, ISO 

standards do not compel the companies to conform to the rules since they are voluntary 

activities. ISO Standards‘ primary concern is environmental management systems. These 

standards help the companies manage their environmental activities by supporting them with 

a framework. ISO, although it is generally used as a synonym of ISO 14001, are composed of 

a series of standards. In addition to environmental management systems related ones (ISO 

14001, 14002, 14004); there exist standards also for environmental auditing (ISO 14010, 

14011, 14012) environmental labeling (ISO 14020, 14021, 14022, 14023, 14024, 14025), 

evaluation of environmental performance (ISO 14031) and life cycle assessment (ISO 14040, 

14041, 14042, 14043).
47

 The ISO Standard which is the only mentioned one in the articles 

that are covered in this thesis is ISO 14001 which aims at integrating environmental values 

into the operations of the companies. 

ISO 14001 certification, as a voluntary and process based program, is generally adopted by 

the companies which have more proactive operations. It transforms the strategy of the 

companies from externally driven strategies directed by regulations to internally driven 

strategies. It sets environmental objectives and targets for the companies. It is a long term 

oriented program since it needs some changes in the design of the processes. The benefits due 

to implementation of ISO 14001 might be listed as follows: ISO 14001 

 Improves environmental performance of the companies. Waste generation rates 

are decreased and recycling is improved. 

 Activates higher implementation of environmental practices and improves the 

systemization of environmental activities.  
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 Results in cost savings due to better waste management and recycling activities.  

 Increases reputation of the companies. It is a marketing tool to show the 

conformance to environmental constraints to the customers. It is beneficial in 

foreign markets and helpful to meet customer requirements. Since the 

expectations of the companies are too high in some cases, some might claim that 

ISO 14001 does not result in expected image benefits.  

 Provides legal compliance. 

 Improves clerical work; documentation, control etc.  

 Betters employee discretion with the help of standardization of the systems. High 

involvement of employees in making decisions how to meet the environmental 

objectives of the firms also contributes to the improvement of environmental 

performance. 

 Encourages higher commitment to the environment and increases environmental 

awareness. 

Although implementation of ISO 14001 has many benefits, high cost of certification might be 

a deterring factor for the companies. Since the effects of ISO 14001 on business and financial 

performances are not proved yet, it cannot be concluded that improved environmental 

performances due to implementation of ISO 14001 go hand in hand with improved business 

and financial performances. Likewise, the impact of ISO 14001 on pollution prevention is not 

attested yet (Some articles claim that they are positively related, whereas some articles 

indicate that there is no significant relation between them.). 

5.2.3 Industrial ecology 

The need to follow the rules of sustainable development in the industry has given rise to the 

emergence of the Industrial Ecology which imitates the natural ecosystem. It covers the key 

concepts, industrial symbiosis and eco-industrial parks which try to implement the principles 

of industrial ecology. Although industrial symbiosis is a broader concept, they both aim at 

using materials and energy efficiently by sharing them among the industrial actors that take 

part in, reducing costs, and improving the environment. The firms, which are in a close 

territory, form a network to exchange material, energy and knowledge. 

Industrial Ecology covers the articles that are related with industrial ecology, industrial 

symbiosis, and eco-industrial parks. The growing importance in Sustainable Manufacturing 

activities has also caused an increase in this concept. The distribution of the articles among 

years might be seen in Figure 16. It can be deducted from this table that there is an increasing 

trend in the research for Industrial Ecology. The exceptional increase in 2004 is due to the 

special issue on ―Applications of Industrial Ecology‖ in Journal of Cleaner Production. 
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Although there is an increase in the number of the articles related to this topic, the 

development in Industrial Ecology concepts are not at the desired level in practice.   

 
Figure 16 The distribution of the articles in Industrial Ecology class 

The common goals of the applications of Industrial Ecology are to conserve resources, 

increase resource usage efficiency, protect the environment, provide economic viability, and 

bear social responsibility. In many countries, these applications are supported / forced by the 

governmental institutions to achieve these goals. Fiscal incentives and environmental 

regulations intend to stimulate the interest and the progress in the applications. Additionally, 

they also set clear objectives for the companies. They result in efficient use of resources, more 

eco-efficient production, and better utilization of waste in terms of material and energy. 

Although the success of these agents in improving the environmental and economic 

performances of the companies, indirect encouragements can lead to better performances 

since the companies‘ own willingness play a more important role in achieving the goals.  

Many pilot projects have been conducted especially in developing countries like Brazil and 

China. Many of them are at the early stages; however they are promising for the sustainable 

development. Most of them are focused on utility sharing like collaborative wastewater 

treatment and heat and power generation, which are of low risk, and economically and 

environmentally beneficial. These factors have a positive influence on the companies‘ 

involvement. However, also by benefiting from utility sharing, material, energy, and water 

wastes should be exchanged in order to provide sustainable development.  

It has been proved that the synergistic relations at the inter-sectoral level lead to better 

environmental improvements than individual units. In addition to the environmental benefits 

that are gained through utility sharing and symbiosis, economic development is also provided. 

Forming the networks, and sharing the knowledge and information can foster the emergence 

of innovative ideas to solve the current and future environmental problems. Although 

industrial symbiosis and eco-industrial parks seem beneficial for the companies, there exist 
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some problems in reality. The outputs of one company cannot always substitute for the 

feedstock of another company. Additionally, in some cases the location of the companies does 

not enable the participation of a company in an eco-industrial park.  

5.2.4 Network 

In this thesis, Network class is formed to focus on the articles that try to find out the effects of 

the relationships amongst the actors of the supply chain networks on improving sustainability. 

These actors are, in general, the companies, their suppliers and customers, and governmental 

organizations. Taking the suppliers or the customers into consideration will help broaden the 

scope from company level to supply chain level.  

In this research, 9 articles are covered under this class. Journal of Cleaner Production and 

International Journal of Production Research make the majority of the contribution with 3 

articles each. The distribution of the articles is almost constant. 

Companies try to improve their sustainability by including their suppliers in implementation 

of sustainable manufacturing activities. Social networks have a significant positive impact on 

implementation success of environmental technologies. The suppliers play an important role 

in improving environmental performance of manufacturing activities when strong 

partnerships with suppliers are built by supporting them with proper incentive systems.
48

 They 

also affect the dissemination of sustainability-related concepts, such as cleaner technologies, 

within the companies. Considering the effect of suppliers on the sustainability, companies 

have started to include environmental performance assessment of the suppliers in the supplier 

selection processes, and they might intervene in the environmental management practices of 

the suppliers in order to improve the sustainability of their products and services at the 

expense of lower transaction costs.  

5.3 Management  

In this thesis Management is assumed as the organ which has the ability to decide for the 

company and its future. It is an endogenous factor for adoption and barriers to environmental 

management systems (EMS). Management parent class includes EMS and Performances 

classes. There are 114 articles which are mentioned at least one of the subclasses of 

Management class. There are some articles related with more than one subclass, because of 

that the sum of article numbers in all subclasses are bigger than the parent class‘s total articles 

(see Figure 17).  
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Figure 17 The distribution of the articles in Management class 

5.3.1 Environmental management system (EMS) 

Environmental management system (EMS) is defined as ―part of the overall management 

system that includes organizational structure, planning activities, responsibilities, practices, 

procedures, processes and resources for developing, implementing, achieving, reviewing and 

maintaining environmental policy‖ by the International Organization for Standardization 

(ISO).
49

 

All the manufacturing and service firms has an impact on environment and EMS helps these 

firms to effectively manage or minimize their harmful effects on the environment caused by 

their activities because improving environmental performance of firms is one way of limiting 

environmental damages. Firms should integrate environmental values into their operations 

and they should review the consequences of these activities. By monitoring, constantly 

reviewing and reporting the results of the system companies may have continuous 

improvements and effective environmental solutions.  

From the first time that it is used in 1996, EMS is always a popular topic for companies; 

hence it is covered in this thesis too. 

In Environmental Management System class, 29 articles have been written between years 

1999 and 2011 in the journals belong to this thesis‘s scope. In 1999 and 2009 there is not any 

related articles to the topic. 2000 (7 articles) and 2008 (6 articles) are the peak years in terms 

of published article numbers (see Figure 18). From another point of view, majority of the 

articles comes from 3 journals. International Journal of Cleaner Production, International 
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Journal of Operations and Production Management, and Production and Operations 

Management journals contributed to the research with 5, 4 and 4 articles respectively. 

 

Figure 18 The distribution of the articles in Environmental Management Systems class 

As qualitative analysis, articles generally claim that Environmental Management Systems 

adoption provides many benefits to the companies. It is possible to list EMS‘s features and its 

benefits as follows: 

1. EMS requires complete documentation and reporting of the whole operations, 

processes and business activities. This prerequisite of EMS forces companies to make 

regular revising and updates, which helps companies to see the current developments 

and take action to follow these developments. Companies benefit from EMS by 

always updating their knowledge about environmental aspects, legal issues and moves 

of their competitors which gives opportunity for continuous improvement. Besides, 

this provides firms to make innovation, to find cost effective solutions and to increase 

their competitiveness. On the other hand, this advantage has a price: documentation 

requires a lot of time for collecting and analyzing the data. 

2. Many researcher claims that EMS is a strategic tool to have an improved corporate 

image and to increase market share and. Day by day customers are more conscious 

about the environment and the future of the world, thus they seek more environmental 

friendly products. If companies produce or dump less waste and give importance 

greening their operations, the organization is perceived environmental friendly by 

customers. In order to be perceived as environmental friendly most of the companies 

adopt EMS, because it increases their reputation as environmental company. Also, the 

improved reputation of the organizations could increase sales, market share and profits 

of the company as well. A step forward of this, since EMS strengthening the 

company‘s position in the market; EMS assists organization to gain a competitive 

advantage. 
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3. EMS helps companies to decrease cost and increase savings because EMS aims to 

reduce waste and support pollution prevention. In order to reduce waste companies use 

new technologies and develop their processes. These improvements provide an 

advanced system with less operational processes which are beneficial for environment 

and this advanced system can decrease the manufacturing costs.  

4. All these improvements and decrease in operational processes with less waste and 

high quality could increase the efficiency and the effectiveness of the system. This 

might increase the competitiveness of the company and force it to continue its 

improvements continuously.  

5. Besides the improvements in operations, EMS results in reduction in organizational 

risks such as health, safety and environmental. Hence, these positive changes directly 

motivate employees and trigger them to continue improving system and increasing 

effectiveness and efficiency.  

6. Since there are many national and international laws and regulations that force 

companies to adopt EMS, in ensures leniency in international trade barriers and easy 

agreements with suppliers and customers. 

7. When EMS helps to decrease in insurance costs it also increase shareholders wealth by 

reducing environmental risks because less risk makes companies more attractive to 

invest for stockholders.  

8. EMS does not help only the company that implements it, it also assists to enhance the 

environmental awareness through the supply chain; because companies that apply 

EMS have tendency to more environmental demands and force their suppliers to be 

more environmental friendly and sustainable.  

9. EMS had a positive impact on the production quality. The main reason is trying to 

reduce waste, improve the operation processes by reducing non value-added activities 

and use last technology for these aims. Besides, by forcing suppliers companies 

demand environmental friendly products and the quality of the items increase. Also, in 

addition many articles demonstrate that the firms, which use Environmental 

Management System standards like ISO 14000, have tendency to use quality standards 

like ISO 9000. Therefore, it is possible to say there is a positive interaction between 

Environmental Management Systems and Quality Management Systems.  

These are the common benefits of EMS that are mentioned in the articles used in this thesis. 

For sure all the articles agree that EMS increases the environmental performance and 

decreases environmental damages. Although the application of the system is expensive; it 

provides cost reduction and other benefits like high sales and market share; hence it amortizes 

itself in the long run. Besides, additional costs like auditing, maintenance and training are the 

most common barriers for adopting EMS. Generally small companies prefer just the 
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implication, not the additional services, till they can have enough experience for EMS 

implication.  

5.3.2 Performances  

When companies adopt sustainable manufacturing implementations, in order to see the results 

and accomplishments of the application; they want to evaluate how effective and efficient 

their processes are and how they are effective in applying these concepts. Evaluating the 

performance is the most appropriate technique, because this measurement helps firms to make 

the criticism of these adoptions. In the literature, there are many articles written about 

environmental and business performances, performance indicators and subtopics of 

performance like eco-efficiency and competitiveness. The distribution of all these articles in 

performance and subclasses in the scope of our thesis is as follows:   

 

Figure 19 The distribution of the articles in Performances class 

Although all the years after 2005 have significant number of publications, 2007 is the peak 

year with 11 articles relevant to the topic. Between 1999 and 2004 there is at least one article 

in each year, however after 2005 it is obvious to observe the increase in publication numbers. 

It might be concluded that in the beginning of the 2000s the main objective is to discover the 

barriers, incentives, promoting factors to adoption of sustainable manufacturing concepts but 

later the implementation phase starts and the performances of these implications are 

evaluated. It might explain the increase after 2005. Also the deduction which is done in 

external factors is parallel to this explanation; they both support each other from this 

perspective.  

Since the importance of sustainability and environment increases day by day, companies tend 

to integrate environmental concerns to their strategies and operations. Just integration is not 

enough; hence companies focus on evaluation because evaluation is vital for continuous 
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environmental improvement. Because companies may take action in order to improve their 

current situations according to these performance measurements.  

Some performance dimensions may be listed as cost, environmental impact, competitiveness, 

eco-efficiency, quality, and savings in this section. Amount of waste and pollution can also be 

accepted as performance indicators. Companies‘ efficiency and effectiveness could be rated 

by using these dimensions, metrics and environmental indicators.  

It is claimed that sustainable manufacturing activities decrease the harmful effects of 

operations on environment. Sustainable manufacturing concepts assist to increase economic 

benefits and competitiveness while decreasing environmental impacts such as resource 

consumptions, waste emissions. 

For instance lean manufacturing has a positive effect on the performance of the companies. 

These performances can be categorized under three titles like JIT, waste minimization and 

flow management. JIT includes 6 instruments such as reduction of inventory, preventative 

maintenance, cycle time reduction, use of new process technology, use of quick changeover 

techniques and reduction of set-up time. Waste minimization covers these factors: eliminating 

waste, use of error proofing techniques, use of pull-based production system and removal of 

bottlenecks. Flow management items are reducing production lot size; focus on single 

suppliers and continuous/one piece flow. Lean manufacturing affects these items one way or 

another and they increases the companies‘ operational performances. Waste minimization 

category generally impacts environmental performance of the companies, while JIT and flow 

management categories generally focus on business performances.  

Another research has proved the positive effect of lean manufacturing on plant performance. 

The Research claims that there is a notably correlation between the degree of lean 

implementation and the levels of quality (r=0.749, p < 0.001), productivity (r=0.429, p=0.046) 

and delivery time (r=0.577, p=0.005) improvements. 

Other examples are generally related with the environmental effects of cleaner production and 

other sustainable manufacturing paradigms.   

It is claimed that there is an overall positive impact of sustainable manufacturing activities on 

firms‘ business performance. It is stated that cleaner production is an effective way of 

obtaining improved material usage, reduced energy consumption and lower emission levels. 

However, if the cleaner production activity needs high investment like using energy efficient 

and clean technology, its non-financial performance contribution will be higher than its 

financial contribution. It means before gaining economic benefit, the advertisement of usage 

of a clean technology can increase non-financial benefits, like corporate reputation. 
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To be more quantitative, since 1993, 71 Lithuanian companies implement cleaner production 

innovations and in return for 15 million EUR investments, they gain more than 9 million 

EUR. Additionally, after this adoption companies save 18% of electricity, 22% of water 

consumption, 30% in wastewater volume, 23% in fuel consumption and 52% in expenditure 

for environmental taxes. Also cleaner production and process optimization allow companies 

to save energy.  

In many articles cleaner production and pollution prevention terms are used together, because 

cleaner production implications positively influence companies‘ performances to decrease 

pollution. And it is strictly suggested that taking precautions like adopting environmental 

objectives in the first phase of product design, together with quality specifications will have a 

significant effect on cost, speed and flexibility of operations instead trying to control them 

after everything finishes. So the level of pollution prevention in a company may give some 

information about company‘s performances like cost, speed or environmental friendliness.  

In order to evaluate performances and set targets for continuous improvements; companies 

should have some concrete values on their hands, like indicators and a method to evaluate and 

interpret these indicators. Environmental performance indicators might be used for monitoring 

compliance, motivating continuous improvement to support decision making and providing 

data for reporting. Environmental performance indicators (EPI) should be determined 

carefully before starting to measure and also the managers should be aware that these 

indicators are so important for the company and they should support and communicate the 

environmental strategy throughout the organization. Besides, EPIs support and ensure 

conformity of environmental processes helping organizations to obtain and maintain the ISO 

14001 certification; formalize complex environmental processes and procedures; decentralize 

and support environmental information systems. 

Just having these indicators and their results in enterprise level will not be enough because 

environmental performances are controlled not only by companies but also by customers and 

governments. Governments try to force companies with regulations and customers exert 

pressure to make them more environmental friendly.  Thus, organizations monitor their results 

at national and enterprise levels. Also, they report their environmental performances on their 

websites. When the companies report their performances on their websites, customers are able 

to reach this information and this may increase the reputation and competitiveness of the 

company.  

Many articles underpin that there is a positive relationship between environmentally 

sustainable manufacturing practices and competitiveness. It is claimed that an enterprise‘s 

ability to undertake its operations in a way that does not damage environment is a vital part of 

its competitiveness. It is demonstrated that environmentally sustainable manufacturing 

activities with extended training modules, can contribute to a more competitive and 
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environmentally friendly industry, which is required for economic growth. It is claimed that a 

firm‘s resources and competitive advantage has a mediator variable role for a positive 

relationship between environmental protection and financial performance. Also, different type 

of sustainable manufacturing activities such as pollution prevention and product stewardship 

are positively related with competitive outcomes like manufacturing cost and product quality. 

Not only manufacturing activities affect competitiveness. Management activities are also vital 

for competitiveness. Environmental management systems support the contribution of supplier 

management and continuous improvement. By reinforcing this contribution, it has mediated 

the effects on manufacturing competitiveness in terms of cost, delivery and quality. Besides, 

green productivity and eco-efficiency support competitiveness too. Both of them will be 

explained in the following paragraphs.  

In this thesis eco-efficiency is defined as follows: 

―Eco-efficiency based on the concept of creating more goods and services while using 

fewer resources and creating less waste and pollution. Eco-efficiency is a management 

philosophy that encourages business to search for environmental improvements which 

yield parallel economic benefits. It focuses on business opportunities and allows 

companies to become more environmentally responsible and more profitable. It is a 

key business contribution to sustainable societies. It fosters innovation and therefore 

growth and competitiveness.‖ 
50

 

From the definition it is obvious that eco-efficiency is an evaluation for sustainable 

manufacturing activities.  

World Business Council for Sustainable Development has defined some characteristics for 

supporting companies to become more eco-efficient. These characteristics may be listed as: 

reducing material and energy intensity, reducing the dispersion of toxic substances, enhancing 

recyclability, maximizing the usage of renewable resources, extending product durability and 

increasing service intensity.  

There are many articles examining eco-efficiency activities in different countries and sectors, 

in different size of companies. This may indicate that eco-efficiency is a global performance 

measurement that gives information to the companies about their economic and 

environmental performances. However, the application of eco-efficiency in SMEs is less than 

big companies.  
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Since supporting green productivity and eco-efficiency makes companies more competitive, 

more innovative and more environmentally responsible as well as contribute much toward the 

sustainability of the society, Green productivity is the last topic of the performances section.  

Green productivity is a strategy for simultaneously enhancing productivity and economic 

performance to achieve overall socio-economic development. It involves the combined 

application of appropriate productivity and EMS tools, techniques and technology that reduce 

the environmental impact of an organization‘s activities, products and services whilst 

enhancing profitability and competitive advantage. Green productivity index is defined as the 

ratio of economic productivity of a product system to its life cycle environmental impact. It 

indicates that green productivity is a performance measurement from economic and 

environmental perspectives. It may help companies to improve themselves not only from 

economic aspect but also environmental aspect. Since green productivity considers both of 

these aspects it helps companies to decide which activity is better for their operations 

according to their green productivity indices. If GP index is bigger than 1 it means the system 

is better than the current one, therefore company can decide to change the system with a better 

one.    

All these performance measures and efficiency of a system will be improved with the support 

of an environmental technology. It is claimed that the implementation of new technologies 

has positive effects on environmental efficiency. The optimization of the technological 

processes with more environmental techniques could be more economically and 

environmentally.  

An investigation shows that a method for environmental assessment of cleaner production 

technologies allows the evaluation of environmental damages caused by technological 

processes and manufactured products. By using environmental technologies, organizations 

could make quantitative analysis related to material and energy flows used in the activities as 

well to flows of environmental unfriendly products and wastes. These clean technologies 

consider recycling and recovery of wastes, use of energy recovered in the operations, and 

environmental loading caused by packaging. Results of this assessment will be beneficial to 

improve the current system, and to be more environmental friendly and economically 

efficient.  

5.4 Operations 

Operations class forms the inner layer of the conceptual framework. It consists of Input, 

Planning, Manufacturing, Control, Evaluation and Output classes consequently. Input class is 

composed of five subclasses which take into consideration the resources that enter to the 

manufacturing system. Planning class consists of process planning, production planning and 
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design, and modeling/methodology. In Manufacturing class, manufacturing paradigms 

namely lean, green and sustainable manufacturing, which are under the scope of the thesis are 

analyzed. Control class includes quality and inventory control. In Evaluation class, life cycle 

assessment and environmental performances are taken into account. Lastly, in Output class, 

bad outputs of the manufacturing systems, wastes, emissions and pollution, and end of life 

management strategies are taken into account.  

5.4.1 Input 

This class is composed of five resources that are necessary to implement a manufacturing 

activity. It consists of Employee, Equipments, Energy, Raw material and Technology which 

are explained in the following part.  

5.4.1.1 Employee 

Although sustainability has three pillars which are environmental, economic and social; social 

issues have been disregarded for a long time. In the social part of sustainability the effects of 

sustainable manufacturing activities on employment is examined, however in this thesis the 

effects are reciprocal. Not only the impact of sustainable manufacturing on employment but 

also the effects of employees on sustainable manufacturing applications are considered (see 

Figure 20).  

 
Figure 20 The interaction between employee and sustainable manufacturing activities 

It is stated that using clean technologies and environmental innovations can have positive 

influence on employment and environmental improvements.  In addition, these applications 

provide a significant improvement in job quality coherent to social sustainability. It is claimed 

that designing environmental policies with minimum negative effects on the employees is 

vital. The policies that consider reducing unemployment and encourage employment are 

named as integrated policies, which means environmental and employment policies should be 

examined together for social and environmental sustainability. Also, there are many political 

commitments based on sustainability, assume employment as the centre of social dimension 

of sustainable management.  

The interactions between employees and sustainable manufacturing applications can be listed 

as follows:  

Employee 
Sustainable 

Manufacturing 
Activities 
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1. First effect is physically. Using environmental sustainable manufacturing techniques 

may help to improve the workplace conditions. So the improved workplace conditions 

may increase the effectiveness and moral of employees.  

2. The studies that are made about lean manufacturing (LM) and its relationship with job 

stress indicate that there is no direct relationship between LM and job stress. It is 

claimed that LM is not inherently stressful, but stress level is notably related with 

managers‘ decisions about LM systems, design and operations. A statistical study 

proves that the stress level is not related with quality, productivity or delivery. Also it 

states that to gain any benefit of a lean system there is no need for any stressful 

operation.   

3. In order to have a better environmental management system, the effects of human 

resources factors such as top management support, environmental training, employee 

empowerment, teamwork and reward systems should be considered. Contribution of 

top management to the EMS may increase the accomplishment of the system, because 

the top management has the power to encourage the employee empowerment to 

influence changes, provide training, direct organization culture according to the 

changes. If human resources factors are not addressed, the success of environmental 

management systems cannot be complete.  

4. Involving employees to the manufacturing systems will increase the efficiency of the 

system, since the workers know the system better than others. Therefore, 

environmental standards support the contribution of employees to the sustainable 

manufacturing systems. For instance, EMAS standards force the contribution of 

employees in the processes which is a positive qualitative effect on employment. 

5. It is demonstrated that environmental management systems have positive effects on 

employee heath and security. Since sustainable manufacturing techniques and 

technologies also support human health and security, they improve the quality and 

security of the workplace, therefore they also have positive impacts on employee 

health and security.  

6. By using sustainable manufacturing methods some changes in the organization of the 

work can be possible. These adjustments like increase in labor market flexibility and 

changes in processes can have positive or negative impacts on the quality of 

employment according to the implementation of measures of activities.  

7. Sustainable manufacturing applications and employees cannot be thought separately. 

If the adoption and implementation of sustainable manufacturing practices are done 

with the contribution of employees, it will have positive effects on the employment 

quality. This is because the integration of employees will provide more attention to the 

needs of employees and will increase the success of the implementation.  

8. Sustainable manufacturing techniques and environmental technologies require more 

skilled workers instead of unskilled ones. Because of that the importance of training 
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increases and the job specifications need to be adapted to the new sustainable system. 

Also, by supporting the eco-consulting and R&D departments of eco-industries highly 

skilled employment can be encouraged.  

9. Employee involvement (EI) provides to the organizations competitive advantage and it 

is claimed that EI programs have a notable importance in environmental performance 

improvement efforts. Environmentally responsible firms can develop their capabilities 

easily with employee involvement programs. 

The distribution of articles that support all the deductions above is shown in Figure 21. As it 

is seen from the figure there is no high attention to the topic in terms of published article 

number.  Before 2007 generally there is at least one article. However, after this time the 

importance of writing about employee topic is decreased in the scope journals. The reason 

might be that this topic is in the saturation point. Most of the companies have understood the 

importance of the employees and also academia thinks that they produced enough articles in 

order to attract the companies‘ interest about their employees. However, when the technology 

develops there should be a continuous improvement and adoption for employees. On the other 

hand, it might also indicate their indifferences in the social aspect of sustainability.  

 

Figure 21 The distribution of the articles in Employee class 

5.4.1.2 Equipment 

Environmental consciousness increases day by day and manufacturing cannot deny this 

aspect. One of the most important resources in manufacturing is equipments namely machines 

and tools, which have a hazardous impact on environment in form of waste, emissions and 

toxic materials. Therefore, sustainable machining is significantly important for sustainable 

development objectives.  

Conventional machining is not sustainable, thus new alternative machining techniques are 

evaluated. Cryogenic machining and high pressure jet assisted machining are two alternatives 
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better than traditional machining in terms of overall cost and sustainability aspects. They are 

better in energy consumption, waste management, operational safety, employee health, and 

cost. Besides, they provide shorter cycles, enhanced productivity due to higher outputs and 

lower investments because of the reduction in the required number of machine-tools. 

Since auxiliary supplies such as cutting fluids, coolants, lubricating oil and grease are used in 

many manufacturing activities like drilling, cutting, reaming etc. they are inseparable from 

equipments. These cooling and lubrication fluids (CLFs) are used in machining to decrease 

the temperature and friction to make the machines and tools more effective. However, they 

are notably harmful, expensive and dangerous which need precautions. It is reported that 7,5 – 

17 percent of total manufacturing cost is caused by coolants and coolant management, 16 – 20 

percent of product cost is represented by lubrication, whereas cutting tools composes only 4 

percent of total manufacturing. In addition to their bad economic performance, oil-based 

CLFs are highly toxic and less environmental sustainable, because they are obtained from 

non-sustainable crude oil extracts. Instead oil-based CLFs, vegetable based CLFs that are less 

toxic and biodegradable materials can be used to offer improved working conditions to 

employees and better environmental effects.  Another solution might be the transfer to 

cryogenic CLFs which provide decrease in solid waste, water usage, global warming 

potential, acidification and energy consumption. Cryogenic CLFs‘ effect on energy is vital, 

because the ratio between the initial purchase cost of a machine tool and the cost of energy 

used over a ten-year period is more than one over hundred (1/100).  

It is proved that minimum quantity lubrication (MQL) has positive effects on manufacturing 

processes. MQL applications resulted in a cleaner environment and cost-effective machining 

technology. It provides a significant cost reduction because it aims to decrease the cost of 

managing cutting fluids. Although MQL applications produce mist, with mist collection and 

filtering equipments it can be managed.  

Last important topic to mention in this thesis is equipment replacement, which is an important 

problem for companies. The new technology should satisfy the companies from both 

economic and environmental aspects so that companies can accept the replacement of existing 

machining technology with a new one. 

For quantitative analysis part, similar situation with energy articles distribution is observable 

for equipment articles; it can be seen in Figure 22. After 2006, researchers have published 

more articles pertinent to the topic. Since the MQL applications and replacement of 

conventional machining with cryogenic machining have increased, the importance of the topic 

also has arisen. 
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Figure 22 The distribution of the articles in Equipment class 

To conclude, sustainable machining technologies provide a comprehensive sustainability to 

manufacturing in all aspects: economic, environmental and social. 

5.4.1.3 Energy 

Many reasons impose companies to use renewable energies and to be energy efficient, so to 

be more sustainable. These reasons might be listed as follows: 

 The rising price of energy 

 The scarcity of oil and gas 

 Environmental legislations to force decreasing energy consumption  

 Global warming and the decrease of green house gases 

 Security of supply 

 Increasing customer awareness about environment  

All these effects have influenced also the distribution of articles in the research area. As the 

energy prices and the scarcity of natural resources increase, researchers have focused on 

energy topics more and more. The pursuit for renewable energy and the methods to decrease 

energy usage have positive effect on the published article numbers (see Figure 23).  
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Figure 23 The distribution of the articles in Energy class 

To be more energy efficient companies have different type of methods. For instance, for 

savings in fossil natural resources some companies prefer the use of renewable energy of 

biomass that can be used for heat, electricity and transportation fuel production. Since the 

savings of fossil fuel is proportional to the reduction of green house gas emission, using this 

alternative energy source is environmental friendly and serves to sustainability.  

Another example is from textile industry. In order to reduce green house gas emissions the 

waste from the cotton ginning can be used as an alternative energy source. It substitutes 52% 

of heavy fuel oil that is used for energy in textile operations. Besides, cotton fiber can also be 

an alternative energy source because it includes more that 40% carbon.  

To be more effective in energy usage, an effective energy management is one of the vital 

conditions. Therefore, in addition to technical support a comprehensive management system 

may help to reduce energy consumption and cost. Energy management system standards can 

increase the success of effective energy management in production. By combining efficient 

energy usage with less material usage and waste flows, zero carbon manufacturing systems 

may be achieved. This may benefit companies not only environmental but also economic.  

Governments and companies try to find the most effective measures to raise energy efficiency 

in manufacturing processes. To measure the efficiency of the energy use; companies may 

define quantitative KPIs and by using these KPIs they can evaluate the relationship between 

energy efficiency and other manufacturing performances. Labeling is another method to show 

the energy efficiency level of products and also processes. ENERGY STAR is one of these 

labels can be applied to many different categories from appliances to lighting. ENERGY 

STAR is also focusing on sustainable corporate energy management.  

5.4.1.4 Raw material 

From sustainability perspective, raw material usage is significantly important, since it 

generates the most important part of the environmental hazards. In the transformation from 
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raw materials to finish goods, a lot of energy and labor is consumed. Also at the end it 

produces waste like scraps and pollution. Therefore, material selection is one of the most 

important activities at the beginning of the production. In material selection phase not only the 

functional performances of a material are considered, but also the economic and 

environmental impacts. The best material should satisfy technical, economic and 

environmental specifications.  

Since the scarcity of the resources increases day by day and the expectations of customers for 

green products increase, companies more focus on raw material selection and usage. Firstly, 

most of the companies prefer to use recycled materials in their production processes instead of 

virgin materials. By supporting recycling other EOL options, the usage of virgin materials 

will be reduced. Hence, the natural resources and raw materials will be able to satisfy the 

needs of next generations as it is stated in Brundtland Report.  

If the collected articles are examined, it can be observed that raw material topic is generally 

embedded in end of life, waste management, manufacturing, and performance class articles. 

In order to understand the topic better, the linkages between these topics should be analyzed. 

For instances, raw material usage with environmental considerations can impress the 

customers and increase the company image, which can increase the competitiveness ability of 

the firm. Besides, recycled materials will help to waste minimization whereas end of life 

options provide to slow down the natural resource usage.  

5.4.1.5 Technology 

On the way moving to green, technology and innovation support this greening procedure as 

vital drivers. The importance in development and environmental protection on modern 

technologies is increasing day by day in order to use current resources efficient and 

effectively so reducing the hazardous effects on environment. 

Environmental technologies (ET) can be defined as: 

―Environmental technologies (ET) contain four different categories: measuring, 

cleansing, cleaner, and clean technologies, differing in their ecological effectiveness. 

ET reduce pollution at least in one environmental medium, only accepting the 

transformation of emissions into another form of into another medium as a short term 

measure in order to cope with harmful pollutants. Thus, ET implements the continuous 

improvement of process, products and services by the conservation of raw materials 

and energy by the reduction of toxic substances, waste and emissions within the 

production cycle.‖
51
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Sometimes environmental technologies might be used in form of environmentally sound 

technologies. A research indicates that the environmental technologies market is valued 

around EUR 500 billion in the world-wide in 2007.  

Companies support environmental technologies to minimize their costs through technology 

applications. Besides, environmental technologies consider not only effective and efficient 

production of goods, but also the effects of production on environment.  

Besides companies, governments assume that green manufacturing technologies are important 

in order to reach eco-innovation for a sustainable economic growth. Eco-innovation is defined 

as ―new products and processes which provide customer and business value but significantly 

decrease environmental impacts‖. 
52

 For instance, the UK government states that the 

development of new green technologies enables new economic growth drivers for 21
st
 

century.   

The commitment to green growth caused to adoption of Environmental Technologies Action 

Plan (ETAP) by European Commission. The action plan contains 28 actions in order to better 

the development and understanding of environmental technologies. European Commission 

assumes that in order to improve the environment while contributing to competitiveness and 

growth, especially in economy there is a notably untapped technological potential. The aim is 

making EU in the following years the leader in developing and applying environmental 

technologies, which provides an enhanced environmental performance at the operations.  

The diffusion of clean technologies depends on endogenous and exogenous factors. 

Endogenous factor examples are awareness of the existence of innovation, learning 

economies and increased competition while exogenous factors are like energy prices, 

regulations and market structure.  

Environmental technologies may be used in different forms like measuring, monitoring or 

reporting. Measuring technologies is so important because it gives change to improve the 

current system and to continue improvements and innovations. With reporting companies may 

be more transparent and comprehensible by the stakeholders.  

The effects of ETAP (2004) are also seen in the distribution numbers of articles. After 

understanding the meaning of the action plan and seeing some applications authors tend 

towards technology articles (see Figure 24). However, although the importance of ICT 

increases, the importance of this topic in the articles is not observed, at least in the articles 

those are examined in the scope of this thesis.  
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Figure 24 The distribution of the articles in Technology class 

5.4.2 Planning 

Planning class is composed of the articles that are related with the planning phase of 

manufacturing processes. It is intended to cover process design and planning, production 

planning and scheduling, and modeling articles in this class.  

It is a concept with growing importance for the industries since remanufacturing, reusing, etc. 

have been started to be a routine activity for the companies due to imposed regulations and 

other external factors. However, it might be claimed that this topic has not attracted as much 

interest as it should. The distribution of the articles in this class among years might be seen in 

Figure 25. There exist 24 articles directly related with Planning. Integrating disassembly 

activities in the manufacturing processes, implementing material requirements planning 

(MRP) tools that incorporate environmental concerns and modeling to find out the optimal 

production-inventory levels under environmental constraints are the most mentioned topics in 

this class.  

 
Figure 25 The distribution of the articles in Planning class 
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Environment focused process design and planning can decrease the product‘s environmental 

impact and increase the efficiency of the processes. For example, integrating disassembly into 

the existing manufacturing processes of the companies by designing and planning processes, 

and doing scheduling is a very important activity, since disassembly is one of the building 

blocks for the companies which attempt to benefit from end of life options of the materials.  

Material requirements planning (MRP) or enterprise resource planning (ERP) tools that 

integrate environmental components help managers identify waste streams and eliminate them 

with implementing proactive measures, and convert them into financial terms. Additionally, 

the quality of the production schedules can be improved utilizing these tools.  

Modeling methods can be used to optimize the processes in order to obtain better time, cost, 

and environmental results. Optimizing the production schedules or material usage can yield to 

decreased production time or improved environmental performance due to less waste 

generation etc. Additionally, models are developed to define the optimal production-inventory 

levels for the companies under environmental constraints. Although mathematical modeling 

processes can be very useful in optimizing the processes, the usage of them is limited in the 

articles under the scope of this thesis. For instance, instead of trying to find out the optimal 

production-inventory levels of the firms that help them achieve sustainability, the effects of 

emission trading, etc. on  production-inventory level decision models are studied to find the 

trade-offs between penalties due to regulations and holding costs.  

5.4.3 Manufacturing 

Manufacturing class covers the manufacturing paradigms that take place in the evolution of 

sustainable manufacturing concept. Lean manufacturing which might be considered as a 

primary step in the evolution generally deals with the economic sustainability of the 

companies since it aims to decrease cost by reducing unnecessary activities in the processes 

that add no value. In addition, it has been proved that lean manufacturing‘s focus on waste 

elimination helps companies improve their environmental performances since its waste show 

relevance with environmental wastes of the processes. Green manufacturing, as a second step 

in the evolution, mainly focuses on improving environmental performance of the companies 

without compromising competitiveness. And lastly, sustainable manufacturing is the most 

developed form of the manufacturing in the phases of the evolution. It encompasses all three 

aspects, namely economic, environmental, and social, that are in coherence with the objective 

of sustainable development.  

Lean manufacturing that is covered as a concept of sustainable manufacturing in this thesis, 

since it has gained acceptance in the literature as a way to improve sustainability of the 

companies in economic, environmental and social aspects. Although all of the articles that are 

related with lean manufacturing that stay in the borders of this study are covered when 
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forming the Manufacturing class, only the articles that show a direct linkage with sustainable 

manufacturing concept will be mentioned in this part rather than the articles that study general 

lean manufacturing context and practices. The general concept of lean manufacturing might 

be read in the Basic terminology section.  

Implementation of lean manufacturing practices in the companies can lead to many benefits 

that correspond with the objectives of sustainable manufacturing practices. Initially, since lean 

manufacturing strives for decreasing any type of waste that creates no value, it increases 

resource efficiency in the processes which goes hand in hand with the improvements in 

environmental performance. Likewise the effect of resource efficiency on environmental 

performance, worker participation in continuous improvements, which is an important factor 

in lean manufacturing, leads to greater environmental performance.  

Waste elimination / minimization helps to reduce production time and cost while improving 

quality and customer service. Eliminating waste can result in reduced inventories and 

production costs, shop floor and storage savings, and reduced labor costs without negatively 

affecting job opportunities. As another benefit, adoption of lean manufacturing positively 

affects environmental management practices. It becomes easier to adopt environmental 

management practices in companies once they already internalize lean manufacturing 

practices. The common focus of environmental management and lean manufacturing practices 

on waste and inefficiency minimization creates a synergistic ambient and turns into an eco-

advantage that results in achieving their business performance objectives. Competitive 

advantage can be gained benefiting the productivity savings. 

Green manufacturing is used a concept which covers cleaner production, environmentally 

conscious manufacturing, environmentally benign manufacturing and green manufacturing 

practices under its umbrella in this thesis. Green manufacturing acts proactively to alleviate 

the negative impacts of manufacturing on the environment. Instead of trying to conform to the 

stringent environmental regulations by trying to mitigate the adverse effects with the 

implementation of end of pipe technologies, it aims to solve the problems at source. Green 

manufacturing practices might be listed as follows: 

 Producing environmental friendly products, 

 Preventing pollution at source, 

 Reducing greenhouse gas emissions, 

 Closed looped manufacturing that incorporates the waste generated in the process back 

into the system, 

 Reuse and recycling of materials, 

 Reducing material usage, 

 Conserving energy and water, 

 Minimizing waste, both hazardous or otherwise, by optimizing the processes, 
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 Redesigning the products to decrease the negative environmental impacts of the 

product, 

 Increasing recycled material usage in the products 

 Using environmental friendly technologies, 

 Designing the process to optimize it taking the environmental concerns into account, 

 Excelling at environmental innovation focusing on both processes and products. 

The motive behind the implementation of green manufacturing practices is affected by 

compelling regulations, globalization pressures, and increasing competitiveness. The will of 

the companies to be more socially responsible and meet customers‘ requirements for more 

environmental friendly products also stimulate the implementation of green manufacturing 

practices. However, considering the environmental matters as a cost driver and not being 

propped up by incentive policies handicap the progress in the transition to green 

manufacturing. Therefore, governments and Cleaner Production Centers work on promoting 

these practices by increasing awareness about green manufacturing, preparing training 

programs, and supporting the companies. Since the employees/workers play a great role in 

implementing green manufacturing practices, increasing their awareness through training and 

education help them to be more active in improving the system by taking responsibilities.  

When the companies initiate green manufacturing practices, they obtain many positive results. 

Firstly, adoption of green manufacturing practices has a positive impact on improving the 

environmental performance of the companies through decreasing material, water, and energy 

usage, and minimizing pollution, waste, and emissions. Additionally, it has an overall positive 

impact on business performance. In order to evaluate the effects of the green manufacturing 

practices on business performance, the cost of implementing them is taken into consideration. 

If low cost activities are implemented in the companies, then they yield improved financial 

performance since the investment initially required can payback in a short time period. 

However, this situation does not hold in case of high cost activities. As an example, 

implementing clean technologies necessitates a greater financial investment, but the financial 

improvement cannot be obtained as an immediate economic benefit.  

Greater performance improvements can be achieved through the integration of environmental 

management systems into green manufacturing systems. To give an example, process control 

systems or environmental audits provide the control over manufacturing activities and ensure 

continuous improvements. Additionally, TQM activities encourage continuous improvements 

in the system by supporting environmental management systems. Integrating suppliers into 

the manufacturing system and assuring the supplier excellence in quality, environmental 

performance, etc. support the companies on their endeavor to achieve better environmental 

and business performances. 
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Sustainable manufacturing concept has emerged in relation with the concept of sustainable 

development. In addition to giving importance to environmental and economic concerns, 

sustainable manufacturing has taken social justice and community development, and workers 

into consideration. Although sustainable manufacturing concept has emerged many years ago, 

most of the research has been done focusing on environmental and/or economic aspects of 

sustainable manufacturing which have predominated social aspect of it. In many cases, 

companies have only shown interest to economic and/or environmental performances. 

Therefore, in order to measure the effectiveness of the companies in implementing sustainable 

manufacturing practices comprehensively, additional indicators have been proposed to 

evaluate the company‘s success. In addition to the indicators for freshwater consumption, 

materials used, energy use, and kilograms of waste generated before recycling, etc., rate of 

customer complaints and/or returns, community spending and charitable contributions as 

percent of revenues, lost workday injuries and illness case rate, average number of hours of 

employee training, etc. have been proposed as a tool to measure a wider range of 

performances of sustainable manufacturing practices. Moreover, since all the topics that are 

mentioned in this thesis are related with at least one aspect of sustainable manufacturing, all 

the motivating factors, barriers, regulations, performances, etc. are valid for sustainable 

manufacturing practices.   

When all the three paradigms are analyzed, it is seen that lean manufacturing which is the 

oldest paradigm and green manufacturing have attracted more attention than sustainable 

manufacturing (see Figure 26). 

 

Figure 26 The distribution of the articles in Manufacturing class 

5.4.4 Control 

Control class if formed to cover the articles related with inventory and quality control. 

Inventory control articles focus on production-inventory strategies of the firms under 
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environmental constraints, whereas quality control articles try to figure out the effects of 

integrating environmental aspect into quality. 

5.4.4.1 Inventory control 

In order to evaluate the effects of environmental policies, tradable permits, and unit charges 

due to environmental constraints on the production inventory strategies of the firms, Inventory 

control class is formed. It consists 8 articles and 5 articles of this class are published in 

International Journal of Production Economics.  

The optimal strategies for production-inventory levels of the firms are mathematically 

modeled integrating emission/pollution charges and standards into the models. As a departure 

point, Arrow-Karlin model is utilized, and production-inventory models are constructed. As 

propositions of the models, if the linear emissions charge per unit pollution is smaller than a 

threshold, the environmental policy does not have an effect on the companies‘ production-

inventory strategies.
53

 Likewise, if the linear emissions charge per unit pollution is larger than 

a threshold, which is calculated based on the model equations, the environmental policy will 

not be effective. Pollutions standards above the pollution capacity of the firms do not have 

any influence on the companies. When tradable permits are embedded in the mathematical 

modeling, it is shown that the firms will sell their pollution rights in order to minimize their 

total costs. In addition, deterministic models are introduced to define the production-inventory 

strategies of the firms considering remanufacturing with price and quality and also including 

defective and usable items. When it is considered that the return rate of the used items depend 

on the purchasing price and acceptance quality level, it is better to benefit from a mixed 

strategy combining repair and waste disposal.  

When the articles in this class are examined, it is seen that production-inventory level for 

more sustainable manufacturing practices has not attracted enough attention. The articles are 

focused on when it is worth to pay the penalties instead of how to reduce the adverse effects 

of manufacturing on the environment etc. 

5.4.4.2 Quality control 

As a performance indicator of the firms, quality issues play a very important role for the 

companies. Since the environmental concerns come to the stage, it has become more 

important than ever. Therefore Quality control class is formed to discover the reciprocal 

relation between total quality management and environmental concerns.  

Considering the existence of the journals that are completely devoted to quality management 

issues, surprisingly there does not exist plenty of articles that combine environmental 
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concerns with quality issues. In the scope of this thesis, 8 articles are found to be related with 

this class. Moreover, although environmental issues become a more attractive topic for 

industry day by day, from the findings of this research it might be deducted that researchers 

have not paid enough attention to this topic. In the last years, there are no articles related with 

this topic.   

Embracing environmental thinking in the companies‘ functions and achieving environmental 

goals also leads to a better quality performance in their processes. The efforts to improve 

environmental performance and the tools and know how that is utilized in order to achieve it 

may be effective in reinforcing the quality profile of the companies. The reciprocal 

relationship between environmental concerns and quality shows itself by affecting each 

other‘s performance mutually. Adopting a TQM system in the companies successfully helps 

to implement environmental management systems in the companies as well. Encompassing 

them all, total quality environmental management (TQEM) term has emerged to show the 

correlation between quality and environmental management. Instead of becoming lost in the 

systems oriented to external regulations, companies should incorporate environmental 

thinking into existing company functions by adopting TQEM integrated systems. TQEM aims 

at reducing waste, resource usage, and environmental pollution, controlling and improving the 

system continuously, and increasing environmental awareness within the employees and the 

community as well. Focusing on TQEM functions help the companies   

 Meet the stakeholders‘ demands enhancing the scope from only customers to 

stakeholders, 

 Comply with environmental regulations in environmental management systems, 

 Survive and improve their positions in the industry. 

5.4.5 Evaluation 

This part includes life cycle assessment tools to evaluate the performance of the 

manufacturing processes and the evaluated results of the manufacturing activities. 

5.4.5.1 Life cycle assessment 

Life cycle assessment (LCA) is a powerful tool to identify and assess the potential 

environmental impacts throughout the lifecycle of a product, process, or activity. Material and 

energy usage and releases to the environment are considered from cradle to grave – from raw 

material extraction to use and disposal. By focusing on all the life cycle it prevents to shift of 

the problem to any other phase of the life cycle or region.   

Although LCA is an important concept for last three decades, the first scientific articles were 

published during 1990s and during this time interval LCA has become a part of sustainable 

evaluation. After LCA is described and its boundaries and four phases namely, goal and scope 



70 

 

definition, life cycle inventory analysis, life cycle impact assessment, and interpretation are 

defined in ISO, 2006, the attention to LCA has arisen. It also can be seen in the distribution 

graph of LCA articles among years (Figure 27). 

 

Figure 27 The distribution of the articles in Life cycle assessment class 

LCA tool is used to make sustainable decisions and it is claimed that enhancing the ISO LCA 

framework by integrating economic, social and cultural aspects and assessment methods may 

move LCA from just environmental towards sustainability evaluation.  Sustainable decision 

making processes can be improved by broadening and deepening the LCA regarding 

economic and social assessment tools. For instance, life cycle costing (LCC) and social life 

cycle assessment (SLCA) are tools that consider economic and social objectives respectively. 

By combining these three assessment methods in one evaluation tool, sustainable evaluation 

and decision making may be obtained logically while combining all sustainability pillars 

under one evaluation method.  

LCA is a method that can be applied to every industry and product system, therefore all the 

companies may use this evaluation tool to make their manufacturing processes more 

sustainable, because outcomes of LCA provides to identify weak and harmful points in the 

production process and proposes possible solutions for decreasing the risk of environmental 

impacts. Also the result of LCA can be used by designers to adopt the environmental, 

economic and social aspects to the products in the early phases of the production, after 

integrating social and economic aspects.  

5.4.5.2 Performances 

Since the Performances class is located in the conceptual framework as an intermediate level 

between Management and Operations layers, all the performance articles are examined before 

under Performances class in Management layer. 
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5.4.6 Output 

Output class is concerned with the concepts that are related with the outputs of the 

manufacturing systems and their treatments. Wastes, emissions and pollution which are the 

undesired outputs of manufacturing systems, and their treatments and end of life options 

which focus on closing the loop of the products by incorporating them into the processes 

again by evaluating the options, remanufacturing, reuse etc. are covered under this class.  

5.4.6.1 Bad outputs  

Bad outputs class is formed to cover all the undesired outputs of the manufacturing systems. It 

covers waste management, emissions and pollution prevention topics. These topics are 

covered in many classes of the framework, since they are directly connected with 

manufacturing paradigms, environmental performances etc. In order to learn more about 

these concepts, it is better to look at the related classes also. The distribution of the articles 

that are put under this class is shown in Figure 28.  

 
Figure 28 The distribution of the articles in Bad outpus class 

Wastes refer to materials or energy that are not transformed into products, but are disposed 

from the system. They are the bad outputs of the processes since instead of adding any value 

to the product but they impose a burden for the environment. Additionally, they affect the 

economic situation of the companies due to environmental taxes or inefficient usage of 

materials and energy.  

Waste management articles have a strong connection with the articles under end of life 

options, raw material, manufacturing paradigms, etc. The wastes generated in the processes 

might be reused by re-entering to the system, recycled to be used as a raw material, or 

minimized through the better utilization of materials and energy.  

There exist many waste management applications in the textile industry for minimization or 

reusing of wastes. Wastewater utilization is a very important concept for this industry due to 
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excessive production of wastewater in the textile processes. Wastewater is reused or 

minimized by optimizing scheduling of the activities or reusing wastewater.  

With the introduction of WEEE regulations in 2003, the importance of e-waste management 

has increased. The regulations aimed at decreasing the amount of electronic and electric 

equipment wastes by extending the producer responsibility for their management.  

Reduction in waste results in better utilization of materials and energy, and capital and labor 

savings. Therefore, in addition to its environmental benefits, it improves the economic 

sustainability of the companies. 

Environmental awareness has grown since 1960s and still preserves its importance. The first 

response to the adoption of environmental systems and technologies were in form of 

controlling and treating pollutant emissions of manufacturing activities.  However, control is 

not a certain solution to the problem. Control is a method which tries to gain something from 

the loss. Developing supplier partnerships, giving more importance to waste elimination and 

understanding the main personal interests of employees have resulted in a shift from pollution 

control to pollution prevention. Unlike pollution control, the main feature of pollution 

prevention approach is ―reduction at source‖. It aims to reduce or eliminate pollutants by 

using sources such as raw material, energy and water etc. efficiently during the production 

process. 

Pollution prevention takes precautions at the beginning of the manufacturing processes 

compromising quality specifications and it is claimed that pollution prevention has a notably 

positive effect on cost, speed and flexibility objectives whereas pollution control has a 

negative impact.  

Pollution prevention‘s benefits can be listed as effecting cost efficiency factors and internal 

company performance through increased productivity, resource utilization, improved process 

efficiency and reduced environmental impact. Also in the long run it may contribute to the 

competitiveness ability of the company.  

Although there are not many articles directly related with Emissions, it is an important topic 

related with many sides of manufacturing. Changing energy resources, benefiting more from 

biodegradable energy resources or reducing energy consumption in the companies directly 

affects emissions release, therefore it might be concluded that Energy articles have many 

things in common with the articles under this class.  

With the introduction of Kyoto Protocol in 1997, policy makers and countries have committed 

themselves to decreasing greenhouse has (GHG) emissions. Since the manufacturing sector 

contributes for one third of global CO2 emissions, many regulations, such as tradable permits, 

have been introduced in many countries to control the emissions levels of the companies.  
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Additionally, ISO 14001 intends to reduce emissions due to manufacturing activities as well 

as other unwelcome results, such as pollution, etc. However, application of ISO 14001 

Standards and emissions do not show a strong correlation since it has not been proved if there 

is a positive effect of ISO 14001 on emissions reduction. First adapters of ISO 14001 might 

lower their emissions due to being operated under ISO 14001 for a longer time. However, 

since ISO 14001 is not a regulation, it cannot force a company to improve its environmental 

performance. Therefore, in many cases it cannot go beyond being a marketing tool for the 

companies.  

5.4.6.2 End of life options 

Since sustainable manufacturing is growing into importance, manufacturing organizations 

have started to realize the necessity of the responsible usage and management of resources 

during the life cycle of a product with giving special attention to the planning of product 

retirement. The most common end of life (EOL) options are reuse, remanufacture, recycle, 

incinerate, landfill and special handling. The definitions of these EOL options are as follows: 

1. Reuse: Using the product as is in the same (direct) or another (indirect) 

implementation. 

2. Remanufacture: Retaining the serviceable parts, refurbishing usable parts or 

replacement of the identical or reworked parts from obsolete products. 

3. Recycling: Reprocessing a product into a form that can be utilized in the same or 

another product. 

4. Incineration: Burning materials in order to gain heat and electricity. 

5. Landfill: Dumping materials without intrinsic value in landfills. 

6. Special handling: Mandatory handling of toxic or hazardous materials.  

Raw Material
Parts/Components

Manufacturer

Product 

Manufacurer
User

Recycle

Remanufacture

Repair

Refurbish

Mining
Disposal (Landfill, 

incineration, special 

handling)

 
Source: Shah, P., Gosavi, A., Nagi, R., Pack, C. (2008). A miachine learning approach to optimize the usage of recycled 

material in a remanufacturing environment 

Figure 29 The differences between EOL options 
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In order to decide which EOL option is most related with the product, there exist some 

general guidelines. For instance, if the material is a pure metal, recycling might be the best 

option, whereas if it contains an alloy inside recycling to a low level or sending it to the 

landfill can be proper. For ceramics if recycling is not a good option, incineration is 

appropriate to use its energy. But the main decision about the end of life can only be made by 

human intervention, because these definitions require foreknowledge about the manufacturing 

processes.  

Disassembly and eco-design are the two topics that are generally mentioned in EOL articles. 

These two topics intertwine because it is needed to retrieve the desired parts and 

subassemblies by separating a product its subparts for using in EOL options. Disassembly 

allows the extraction of high recovery value or hazardous materials, from the product. In 

order to extract the parts, the optimal stage of disassembly should be determined by 

considering environmental impacts, cost or disassembly time. Taking environment into 

account differentiates disassembly from shredding, although shredding is less time 

consuming.  

Although product based activities are not taken into consideration in this thesis, eco-design 

topic is shortly mentioned under EOL class, because eco-design (term used in Europe) or 

design for environment (term used in the USA) is the vital part of the EOL options. Design 

for environment proposes a new way for developing products where the environmental 

aspects are important as other objectives like functionality, durability, cost, aesthetics, and 

quality. To increase the feasibility of EOL options, eco-design should be applied in the earlier 

phases of product development processes. By designing products in an effective way for 

disassembly, the effort, cost, time, energy and environmental effect of disassembly process 

can be mitigated. Product lifespan management is a strategy under design for environment 

concept. It targets reducing environmental impacts of products by decreasing resource 

consumption, pollution and waste. As an important fact, using materials as long as possible is 

not good for environment or economy. Companies should decide the optimum life span to 

replace the materials so they can benefit from the old materials while they are still working.  

Generally end of life options are related with companies‘ environmental and economic 

performances. EOL options provide more utilization of one material by closing the life cycle 

of it, in other words products, its sub-products or recycled parts reenter to the system and 

make the life cycle a loop. This usage of products more than one time impacts raw material 

usage positively and decrease the environmental effect of the system. In addition, using fewer 

raw materials can cause to decrease the cost of the products and provide economic benefits to 

the companies. However, if the cost for EOL options is too high, the needed time is too long 

to prepare the material for reentering to the system, or the quality decreases after EOL 
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options, adopting EOL options will not be logical since they cannot compete with cheap and 

high quality products. 

Besides general EOL articles, there exist some articles that focus only one sub-topic of EOL 

such as remanufacturing, reuse or recycle. Some general notes from these special topics are as 

follows: 

1. Remanufacturing requires disassembling of the products into sub-components, 

repairing the defective components and then reassembling the components to 

reproduce the products. This option conserves a significant proportion of the used 

energy and labor that are consumed for the product in the first production, besides 

conserving its material value.  

2. Since reused materials turn into the raw material state, they lose the energy and labor 

utilized during the first production.   

3. Unlike material recycling and disposal, remanufacturing can decrease the 

environmental impacts by keeping the geometrical form of the product. Hence, it is 

accepted as more eco-efficient approach in EOL.  

4. Companies‘ recycling performance is notably influenced by certifications. If 

companies are certified with ISO14001 certifications earlier than other companies, 

they will have better recycling performances. Also small companies may improve their 

recycling performance more than the bigger ones, if both of them have ISO14001 

certification.  

5. Reuse option does not only consider the reusing of materials but also data and 

knowledge. During each phase of decision, the reuse of the data is required.  

6. It is essential to increase the recyclability of electric and electronic products in order to 

decrease the negative impact on environment. In the last years the attention to this 

topic increased. For instance, WEEE Directive (2003) is a legislation which forces 

companies to support the re-usage of electric and electronic equipments. 

Lastly a research made in Greek manufacturing firms indicated some drivers and barriers for 

product recovery activities (PRA). It claims that they are also applicable for other European 

companies with similar economics.  

Drivers:  

1. The possibility to decrease the production cost by using recovered components and 

materials instead of new ones  

2. For improving company‘s environmental image and the increased environmental 

awareness of customers 

3. The force of government by regulations 
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4.  To gain more competitive advantage or to decrease the competitive pressure of other 

companies in environmental topics 

Barriers: 

1. PRA may complicate the company‘s manufacturing and logistics activities 

2. The investment to establish the PRA may be highly uncertain 

3. The investment may be not economically justifiable 

4. It requires a specialized know-how and staff 

5.5 Evaluation of the state of the art 

Increasing prices of raw materials and energy, depletion of natural resources and increasing 

environmental awareness of customers have attracted the interest of the companies, 

governments and universities towards sustainable manufacturing. The applications of the 

companies, the regulations of the governments and the academic research of universities 

about sustainable manufacturing concepts have increased in number and broaden in number 

of covered topics in the last decades. The fifth chapter – the state of the art analysis of this 

thesis aims to generate a sound database of academic articles that are published between 

January 1999 and July 2011 in peer-reviewed scientific journals about sustainable 

manufacturing concepts. 

In order to make the analysis of the current situation of sustainable manufacturing and to see 

the developments during the last decade, firstly all the articles are classified regarding to their 

core topics and the classes are fitted into a three-layered conceptual framework according to 

their relationships. Since the topics are not mutually exclusive, there are many articles that are 

assigned to more than one class. After the construction of conceptual framework, the core 

points, evolution and the milestones of each class are summarized by reading all the articles 

that are collected in the database and the trends of the classes are tried to be determined. 

Besides, 3 analysis dimensions, namely yearly based, article type based and ESET based are 

formed and articles are analyzed according to these dimensions. The results of the dimension 

analysis are summarized and visualized in the previous subsection 5.5.1. 

The following deductions - observing trends and defining gaps in the research area - are 

derived from all the summaries and analysis that are done till now. Since the collected articles 

are not sector or country based, the results and deductions might be different from sector to 

sector or country to country. Also, the deductions are made only based on the articles in the 

database. If the research is done by enhancing the time interval and increasing the number of 

journals that are reviewed, the deductions might be more reliable.  
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 Some concepts are more popular than others during the evolution of sustainable 

manufacturing.  

In Eco-system layer Regulations & Certifications and External Factors, in 

Management layer Environmental Management System and Performances (as an 

intermediate layer) and in Operations layer Input, Manufacturing Paradigms, 

Evaluation and Output classes are the most attractive concepts according to their 

published article numbers.  

Since the governments tend to force companies to be more environmental friendly 

with regulations and legislations, Regulations & Certifications class has lots of articles 

about regulations, the barriers, drivers and initiatives for adoption of these regulations 

and later their implementations and effects on the companies. 

Although the main reason for the attractiveness of classes in Operations layer is their 

significantly important effects on the environment and operation costs, the high 

number of subclasses that are included by almost each class also contributes to the 

increase in the publication number. Under the Manufacturing Paradigms class, the 

paradigms that consider environmental impacts rather than economic or social ones are 

more appealing for companies and as well as for universities.  

 Some sustainable manufacturing concepts are rarely mentioned during the last decade. 

In Eco-system layer Network and in Operation layer Planning and Control classes are 

the less attractive concepts related with sustainable manufacturing according to the 

publication number.  

The scope and the definition of Network class which are used in this thesis might be 

the reason for the few numbers of articles. In this thesis, Network class is formed to 

focus on the articles that try to find out the effects of the relationships amongst the 

actors of the networks on improving the sustainability of manufacturing in the 

companies. Since the relationships among supply chain or the green supply chain 

management topics are not included in the scope of the thesis, all the articles are not 

covered under this class title. If the research is done from supply chain point of view, 

many articles might be covered under this subject. 

Since the companies concentrate first on the applications related directly with 

manufacturing or show economic impacts immediately, Planning and Control topics 

may not be that much interesting for them and maybe this might have affected the 

number of publications. 

 The interest in the environmental regulations and ISO Standards shows tendency to 

increase in the second half of the timeline according to the distribution of published 

articles. This might demonstrate that the interest and the intervention of the 

governments have increased on sustainable manufacturing topics.  

 External Factors class generally covers the articles related to barriers to, promotions, 

and adopting factors for sustainable manufacturing concepts. The distribution of the 
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articles in this class shows a decreasing pattern. It might be concluded that as 

sustainable manufacturing and related concepts become familiar with the companies, 

the need to investigate the barriers to or drivers for sustainable manufacturing 

activities tends to decrease over the years, and loses its importance. 

 It can be deducted from the distribution of Industrial Ecology articles that there is an 

increasing trend in the research. Although there is an increase in the number of the 

articles related to this topic, the development in Industrial Ecology concepts are not at 

the desired level in practice.   

 Environmental management systems (EMS) are attractive for the companies due to 

their positive impact on the environment, economy and social life. However, since 

their implementation costs, especially costs of additional services are too high, small 

companies hesitate to apply these management systems. On the other hand, the small 

companies that implement EMS prefer to wait till they have some experiences about 

the topic, in order to buy additional services like auditing and training. Since the 

diffusion of sustainable manufacturing concepts among SMEs is important, SMEs 

should be encouraged to adopt EMS and their additional services.  

 A significant increase in publication number of Performances class articles is 

observable. It might be concluded that in the beginning of the 2000s the main 

objective is to discover the barriers, incentives, promoting factors to adoption of 

sustainable manufacturing concepts but later implementation phase starts and the 

performances of these implications are evaluated. It might explain the increasing trend 

in the publication number after 2005. Also the deduction which is done in External 

Factors is parallel to this explanation; they both support each other from this 

perspective. 

 Depletion of resources is one of the major risks that companies should face. To avoid 

the excessive consumption of natural resources, companies should figure out methods 

to decrease raw material usage. The decrease in raw material usage should be 

supported by end of life options. Companies should prefer recycled materials instead 

of virgin materials. However, the technologies that provide less material usage are not 

common in companies. Organizations give importance to economic objectives rather 

than environmental and social ones; therefore they should be forced to adopt 

technologies that help to decrease material usage.  

 From employee perspective, most of the articles are related with the effects of workers 

on improving sustainable manufacturing concepts and their implementations. Few 

articles are related with the effects of sustainable manufacturing on employees, their 

health and security. As a result of these deductions, the social part of sustainable 

manufacturing should be examined more deeply. The number of articles regarding 

employees‘ health and security may increase in the following years. 
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 Increased energy prices and the waste generated due to energy production direct the 

organizations towards to be more energy efficient. In order to be more energy efficient 

the first way is to convert traditional energy resources into renewable ones. 

Biodegradable energy sources are more environmental friendly and there is an 

increasing trend towards them 

 Equipment articles are generally focused on machining and tooling technologies that 

provide using less energy and cooling and lubrication fluids. However, by combining 

machining technology with ICT systems like sensors or RFID devices are missing. 

There are just a few articles that mention about ICT system integration in machining. 

These machining systems should be developed by encouraging ICT systems, in order 

to be more sustainable and to have a high quality in the manufacturing system.  

 In the Planning class there are few articles related to sustainable manufacturing 

concepts. The main gap in this class is that there are limited numbers of articles in 

MRP and ERP topics, although they are significantly important in planning phase 

activities.  

 LCA is a tool to assess the environmental effect of not only products but also 

processes and activities. Although it is one of the major tools in sustainable 

manufacturing, it only considers environmental effects. By combining it with life 

cycle costing (LCC) and social life cycle assessment (SLCA) more sustainable 

assessments could be done. There is an increasing interest to the field of deepening 

and broadening LCA concept by integrating other aspects like social and economic.  

 Regarding to 389 articles in the database, there is a limited number of articles about 

the topics information and communication technology (ICT), research and 

development (R&D), and innovation. There is no article directly related with one of 

these topics and their implications on sustainable manufacturing concepts. Only few 

articles indicate some applications of these concepts, however they are not enough for 

the globalizing and developing world with ICT applications, more innovative 

techniques and R&D activities. Since ICT is a popular concept in recent years, this 

gap seems to decrease in the following years with more focus of researchers.  

 Most of the sustainable manufacturing articles are related with environmental 

concerns. Although the greenness of processes is as important as the greenness of 

products, labeling is done mainly on the products. However the greenness of the 

production processes is also important in terms of sustainability. There is a gap in this 

field. There is only one process labeling article in the entire database which needs to 

be researched more.  

 In order to benefit efficiently from a machine or tool, maintenance is a vital operation. 

By maintaining machines regularly, a standard quality can be achieved and the 

downtimes can be reduced in order to impede the money loss. Also regular 

maintenance is a must for employee health and security, because it may minimize the 
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harmful effect of machines on employees‘ health and security by taking precautions 

for machining accidents. Besides the effects on quality and cost also for the social 

aspect of the sustainability, maintenance research should continue increasingly. 

Despite the importance of this issue for the machining operations, it is surprising that 

there is not enough number of articles related with maintenance to achieve 

sustainability.  

 It is observed that the articles in Inventory Control class generally consider only 

environmental concerns instead of sustainability. The main reason that forces 

companies to be more environmental is the economic issues. If they do not keep their 

inventory level at an optimum level, they should pay more money or government force 

them to be more environmental otherwise punish the companies with some fee.  

 It is observed that the articles in Inventory Control class do not give enough 

importance to define the optimal production inventory level for sustainability issues. 

Instead of focusing on assuring sustainable manufacturing systems, they only work on 

to find when it is worth to pay penalties due to environmental constraints, such as 

tradable permits.  

 Although quality is a very important concern for manufacturing systems, integration 

of environmental concerns into quality management has not been achieved yet based 

on the findings of the research. TQEM has not attracted the attention that it is 

expected.  

 Pollution Prevention, Waste Management and Emissions classes might be evaluated 

together. There is an increasing trend in these output related concepts. Companies 

concentrate on decreasing harmful effect of their outputs on environment and by doing 

this they aim to gain economic advantage.  

 End of life (EOL) options are one of the most appealing topics that are covered in this 

thesis. Thanks to its positive economic and environmental impacts on the 

organizations, companies prefer using recovered materials in case they do not 

contradict their quality. This topic is well researched, and seems promising for future 

improvements for bettering sustainability performance of the firms.  

 Since the small and medium sized enterprises (SMEs) constitute around 70% of the 

manufacturing industry (in some countries around 90%), their contribution to 

sustainable manufacturing applications is really necessary. In order to decrease the 

environmental hazardous substances and increase social and economic sustainability 

with sustainable technology implications, the integration of SMEs is significantly 

important and there are notably numbers of published articles related with this topic.  

 Considering the pillars of the sustainability, the companies and the researchers have 

given the most importance to environmental concerns. Most of the articles are focused 

on the environmental aspect of sustainability. 148 of the articles are focused directly 

on environmental concerns, whereas 253 of the articles take environmental concerns 
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into consideration additional to some of the other aspects. On the other hand, social 

sustainability has not been given enough importance, there are only 6 articles that are 

directly related with the social aspects of sustainability. The same situation also holds 

for technology, there are only 7 articles focused on this topic.  The other aspects of 

sustainability rather than the environmental and economic concerns, social and 

technological aspects should be taken into consideration to fulfill the requirements of 

sustainable manufacturing.   

 It is observed that the number of the articles on sustainable manufacturing concepts 

tends to increase in the course of time. It might be a good indicator that the attention to 

sustainability issues has been increasing.  
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6 Discussion  

This section of the thesis is devoted to show similarities and differences between the findings 

of the thesis with the action that are defined in IMS2020 Action Roadmap. In the following 

steps, the description of IMS2020 project, the aim of the discussion, comparative analysis, 

and discussion of the results are examined sequentially. 

6.1 Introduction to IMS2020   

IMS2020 is a project that was initiated in January 2009 and supported by European Union. It 

is funded by the NMP division of the European Commission within the IMS Framework. The 

abbreviation IMS stands for Intelligent Manufacturing Systems. IMS2020 aims at creating 

roadmaps towards intelligent manufacturing systems by the year 2020. IMS2020 emphasizes 

the actions that are needed to be taken in order to attain the milestones by the year 2020. It 

shows which developments should be provided in the manufacturing industry in order to have 

a sustainable industry by the year 2020. 
54

 

In this project, there are five main areas namely  

 Sustainable Manufacturing, Products and Services  

 Energy Efficient Manufacturing 

 Key Technologies 

 Standardization 

 Innovation, Competence Development and Education. 

Since two of the main areas match with the topic of the thesis, Sustainable Manufacturing, 

Products and Services and Energy Efficient Manufacturing, these key areas are examined in 

order to define the actions that are related with the scope of the thesis.  

6.2 Analytical methodology 

This roadmap has been used to compare the current situation on the way to sustainable 

manufacturing in the literature and the actions that are needed to be taken to fulfill the 

requirements to achieve a more sustainable industry. The similarities and the differences 

between the current data up to now and the future requirements are demonstrated.  

Considering the main focus of the thesis, the actions in IMS2020 project that can be compared 

with the findings of the thesis are defined. These actions are covered under the key areas, 

Sustainable Manufacturing, Products and Services and Energy Efficient Manufacturing which 
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are relevant with the scope. The list of the relevant actions can be found in Table 4. Although 

there are more actions that are related with sustainable manufacturing, a limited number of 

actions are chosen which are covered in the scope of the thesis. The relevant actions do not 

completely match with the existing classes that are defined in the state of the art analysis, 

however general deductions, which are made while evaluating the articles, are exploited to 

make the comparisons. 

It is aimed to figure out if the findings of the current literature search can underpin the actions 

defined in Action Roadmap to be taken between 2011 and 2013 and it is attainable to have a 

sustainable industry in 2020 based on the current findings. It is intended to observe the gaps 

and lagged areas behind the developments, thus demonstrate where improvements can be 

made.  

In order to assimilate the point that the literature has reached, a wide analysis of the state of 

the art is accomplished and the results are evaluated in Section 4. On the other hand, to 

comprehend the developments to be achieved, the roadmap is analyzed and the findings are 

summarized in the next part. The intersecting points between the results of both analyses are 

interpreted in order to see the parallelism between them.  

However, when doing the comparison, many limitations have been encountered. Therefore, 

the limitations should be taken into consideration while assessing the results. The limitations 

are as follows: 

 First of all, IMS2020 is a project which has utilized the knowledge of many 

universities and companies about providing a sustainable industry. While developing 

IMS2020 project, the developments in the recent years were born in mind. However, 

the state of the art analysis is based on the scientific articles that are published between 

1999 and 2011. 

 Additionally, the thesis is based on the articles that are published in the journals that 

have an impact factor, leaving out any conference/seminar paper, workshop report etc. 

Thus the current topics that are discussed in the seminars, conferences or workshops 

cannot be reflected in the articles concurrently, since writing an article and publishing 

it take some time. Therefore, the studies conducted in the articles lag approximately 2 

years behind and this might cause a difference between the reality and the literature.  

 Lastly, since the main focus is manufacturing, it might overlook some concepts that 

are not the primary concern of the thesis. As an example, energy related topics are not 

deeply investigated in this thesis, since they constitute only one branch of the Input 

class. However, since it is one of the three key area topics, in this case the actions that 

are needed to be taken according to IMS2020 Action Roadmap encompass broader 

views than the thesis. The same situation also holds in Information and 

Communications Technology integration to the companies. If the journals that are 
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directly related with energy or ICT concepts are searched instead of the ones which 

have a direct interest in manufacturing topics, more accurate results can be obtained on 

these topics.  

To cope with these limitations, some assumptions are made.  

 While examining the patterns of the sustainable manufacturing concepts, if there is an 

increasing trend in the field, the continuity of the interest in the topic is expected. For 

instance, since the awareness of electric and electronic products‘ recovery is grown in 

the last years, a sound research in this topic is expected in the following years.   

 During the comparison, in order to compensate the lagged time between the reality and 

the literature, general information on the current situation is taken into account.  

6.3 Comparative analysis 

In this part of the thesis, the actions that are chosen from the roadmap are described from two 

different perspectives, IMS2020 Action Roadmap and the state of the art of sustainable 

manufacturing. In addition, to what extent the current practices of sustainable manufacturing 

in the literature can fulfill the actions‘ requirements is questioned. The following table 

summarizes these aspects.  

Research Topic IMS 2020 State of the Art – Sustainable 

Manufacturing 

Quality Embedded 

Manufacturing 

Providing wirelessly networked and 

remotely monitored intelligent control 

systems for manufacturing systems with 

high sustainability characteristics by 

enhancing quality management 

Integrating environmental concerns into 

quality management systems, but no 

ICT integration 

Green Controller for 

Machining 

Utilizing Green Controller for 

machining to monitor and control that 

will help reduce energy and natural 

resources consumption and toxic 

substances 

Developing new machining 

technologies to reduce the environment 

impacts of machining, but no 

monitoring and control 

Material Reuse 

Optimization 

Developing technologies and tools to 

improve materials reuse and recycle and 

spreading the usage of them also in less 

advanced sectors 

Developing technologies and tools for 

reuse utilization in all sectors to be able 

to respond to the stakeholders‘ 

requirements 

Optimization for 

Electronic 

Sustainability 

Optimizing the end of life treatments of 

electronic products to provide 

sustainability improvements 

Increasing attention to the end of life 

options of electronic products to expand 

their life cycle 

Management of 

Hazardous Substances 

in Manufacturing 

Managing the usage and generation of 

hazardous substances to reduce their 

impacts on the environment, human 

health and safety with the help of 

developed production methods, ICT 

solutions and recuperation technologies 

Focusing on decreasing the usage and 

generation of hazardous substances to 

reduce their impacts on the 

environment, human health and safety, 

but no ICT integration 

EOL Management 

Supporting 

Technologies 

Optimizing remanufacturing processes 

by focusing on the remanufacturing 

system control considering the quality 

change 

Developing EOL options by paying 

attention to the quality specifications of 

the products to benefit from products as 

much as possible 
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Emission Reduction 

Technologies 

Developing emission reduction 

technologies to allow significant 

reduction of stack emissions 

Using emission reduction technologies 

to reduce emissions significantly 

Maintenance Concept 

for Sustainability 

Improving the application of 

maintenance by benefitting from new 

concepts integrating sustainability 

related aspects   

Maintenance concept is not emphasized 

in the related articles 

Real-time Life Cycle 

Assessment 

Developing life cycle tools by using 

data and information existing in various 

sources to be used in design processes 

Developing life cycle tools in order to 

decrease environmental impact in the 

early phases of production 

New Workplaces for 

Aging and Disabled 

Workers 

Renewing the work processes and 

workplaces to enable the integration of 

aging and disabled people into the 

manufacturing system 

Improving the quality of workplace and 

bettering work processes for employee 

health and safety, but not for aging and 

disabled people  

Sustainable SMEs Increasing the sustainability of SMEs 

through the adoption of proper 

methodologies and business models to 

meet the competitive, environmental 

and social challenges 

Activities for improving sustainability 

of SMEs by adopting sustainable 

manufacturing techniques and 

technologies 

Energy Autonomous 

Factory 

Creating factories that are self-sufficient 

in meeting their energy needs by 

generating their own energy according 

to their demand 

Factories generally outsource energy 

from suppliers however there are few 

examples of energy autonomous factory 

by using their wastes 

Energy Utilization in 

Collaborative 

Framework 

Collaborating companies and industries 

on a cross-sector and cross-industry 

basis to use energy and waste streams in 

a symbiotic way 

Industrial symbiosis applications in 

order to utilize waste and energy of 

collaborating companies 

Management and 

Control of Energy 

Consumption 

Integrating measurement and control 

systems for deciding about and 

implementing energy efficiency 

improvement measures 

Measurement and control techniques for 

energy efficiency, but no sensors or ICT 

systems 

Table 4 The comparison of the intersecting topics of IMS2020-Action Roadmap on Key Areas 1, 2 and 3 and the thesis 

Considering the scope and the limitations of the comparison, the differences and the 

similarities between the actions that are defined in IMS2020 Action Roadmap and the 

findings of the thesis are evaluated as follows:  

 Quality Embedded Manufacturing focuses on embedding smart devices into the 

equipments in order to remotely monitor them in a wirelessly networked system in a 

real-time. Through this system the information about the status of the products, 

processes, and machines will be tracked. It will enable to control the manufacturing 

operations completely and detect quality defects which contribute to predict 

exceptional cases and take actions to correct them in advance. A manufacturing 

system with high sustainability characteristics will result in producing high quality 

products and less waste, and using less energy. 

In the research: Considering the articles that are in hand, new machining technologies 

are developed to improve the quality of the products. However, quality management 

and machines are not integrated by utilizing Information and Communications 

Technology (ICT) in the reviewed articles. The monitoring of the machining processes 

is mentioned only in one article mainly. Total Quality Management Systems which are 
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taking environmental concerns into consideration remain limited to establish a system 

fully integrated with ICT applications.  

Therefore, the current findings of the literature do not underpin the desired level of 

quality embedded manufacturing. However, if the ICT integration to the companies is 

encouraged, achieving the desired level will be facilitated.  

Year Name of the authors Name of the article 

2011 K. Bunse, M. Vodicka, P. 

Schönsleben, M. Brülhart, F. 

O. Ernst  

Integrating energy efficiency performance in production 

management – gap analysis between industrial needs and 

scientific literature 

Table 5 The list of the articles that are published on monitoring of the machining processes 

 Green Controller for Machining intends to monitor and control the machining 

processes to define the most energy consuming and environmentally impacting phase 

of their lifecycles that will help to reduce energy and material consumption and toxic 

substances production.   

In the research: Developing new technologies to reduce the adverse environmental 

impacts of machining is an appealing concept for the researchers. There are many 

examples about machining techniques, usage of lubricants to reduce their 

environmental impacts, etc. However, none of them are focused on controlling the 

machining processes to see the the energy consuming and environmentally impacting 

phases. 

The examples of these technological developments are not observed in the reviewed 

articles. Reviewing the journals related with machining technologies can be more 

beneficial to see the current situation of this concept.  

 Material Reuse Optimization addresses the development of the technologies and tools 

to improve materials reuse and recycle and spreading the usage of them in less 

advanced sectors. Self disassembly technologies, de-manufacture, methods, IT tools 

and best practices to be used by large companies and also SMEs should be included in 

the research scope. 

In the research: Recycling and reuse options for end of life treatment are very 

important issues that have attracted the interest of the researchers so far. However, the 

articles that are reviewed do not mention any examples of the applications of recycling 

and reuse in SMEs. On the other hand, if the articles are evaluated disregarding their 

core points, without considering if they are related with end of life options or 

regulations etc., there is a common view that SMEs should be integrated into the 

development of sustainable manufacturing systems to achieve sustainability since they 

constitute a big portion of the manufacturing industry. In order to provide SMEs 

integration to the sustainable industry, studies have been conducted on them. 



87 

 

There are many studies conducted on material reuse optimization in the literature 

which supports this action. Since SMEs hesitate to adopt sustainable manufacturing 

concepts due to cost concerns, they need to be encouraged to apply these concepts.  

 Optimization for Electronic Sustainability aims at optimizing end of life treatments of 

electronic products to decrease their significant effect on the environment. Recycling 

techniques improvements, producer take back systems, RFTags for advanced 

identification technologies, and closing the loop of the products are greatly important 

to handle the problems. 

In the research: Handling e-wastes play an important role. This topic has become 

important in the last 4 years, starting from 2007 in the literature. This might be due to 

the fact that WEEE Directive was introduced in 2003 in some countries, and in the 

course of time, it started to spread over other countries. The list of the articles that are 

published on this topic is as follows: 

    

Year Name of the authors Name of the article 

2007 S. Webster, S. Mitra Competitive strategy in remanufacturing and the impact of take-

back laws  

2008 M. S. Abu Bakar,  S. 

Rahimifard 

Ecological and economical assessment of end-of-life waste 

recycling in the electrical and electronic recovery sector 

2009 W.-H. Tsai, S.-J. Hung Treatment and recycling system optimization with activity-based 

costing in WEEE reverse logistics management: an 

environmental supply chain perspective 

2009 J. Johansson, C. Luttropp Material hygiene: improving recycling of WEEE demonstrated 

on dishwashers 

2010 P. Georgiadis, M. Besiou Environmental and economical sustainability of WEEE closed-

loop supply chains with recycling: a system dynamics analysis 

2010 C. Luttropp, J. Johansson Improved recycling with life cycle information tagged to the 

product 

2011 C.-J. Chung, H.-M. Wee Short life-cycle deteriorating product remanufacturing in a green 

supply chain inventory control system 

Table 6 The list of the articles that are published on electronic products treatment 

The related articles try to figure out the effects of the legislation on electric and 

electronic product recovery and how to improve end of life options, especially 

recycling. In one article, RFID tagging to the products in order to look for relevant 

recycling information in databases and also enable to add waste handling information 

and track substances that are assumed to be non toxic at the production to see if they 

are really are.  

This topic attracts attention due to its newness to the researchers. The increasing 

attention to the issues related with electric and electronic products sustainability seems 

promising for the future research. The findings of the literature are parallel with the 

requirements of the action. 

 Management of Hazardous Substances in Manufacturing focuses on managing the 

usage and generation of hazardous substances to reduce their impacts on the 
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environment, human health and safety with the help of developed production methods, 

ICT solutions and recuperation technologies.  

In the research: By utilizing environmentally friendly machining technologies to 

reduce the adverse environmental impacts of lubricants, cooling fluids, etc., 

implementing end of life treatments to the products to decrease the amount of waste, 

developing technologies to manage wastes, prevent pollutions and reduce toxic 

emissions serve to manage hazardous substances usage and generation in the 

manufacturing processes.  

Managing hazardous substances in manufacturing develops in the expected path, 

however ICT integration to the solutions is not adopted yet according to the topics that 

are discussed in the related articles. 

 EOL Management Supporting Technologies intend to optimize remanufacturing 

processes by focusing on the remanufacturing system control in order to have a system 

with higher efficiency which provides cost effective re-use of remanufactured 

components without compromising quality specifications.  The real-world information 

in the real time can be gathered by the manufacturing control system. The information 

can be used for reacting on the system change or skipping the redundant operations for 

specific part quality too.  

In the research: Since the quality of a product is significantly important for the 

producers, the companies that provide recovered materials to producers pay attention 

to the quality specifications of the components. In the researched articles, the decision 

for the most appropriate EOL option is given according to the quality objective, 

because if the quality of a product decreases after recycling, producers do not accept 

these items. For instance incineration of the products in order to be benefitted from 

their heat energy or secondary recycling which produces less qualified components are 

the most preferred methods because of quality changes.  

Although the EOL management supporting technologies are benefitted in the current 

situation, the decision is not made with the help of ICT technologies, sensors or RFID 

tags or the articles that are covered in this thesis do not mention any of these 

technologies. 

 Emission Reduction Technologies focuses on emission reduction technologies that 

allow significant reduction of stack emissions and to increase energy efficiency. 

Developing emission reduction technologies coordinately across sectors may provide 

benefits from applying similar reduction technologies in different industries. Since 

there is no need to develop different technologies to decrease emissions, if the 

organizations work in a symbiotic way, it may speed up Research and Development 

activities.  
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In the research: Although there are not many articles that directly focus on emission 

reduction only, this concept is mentioned in almost every article that is concerned with 

environmental sustainability. 

In the current state of the art analysis there exist many articles that deal with emission 

reduction technologies for abating emissions significantly, however there is no 

research related with developing any emission reduction technology adaptable to 

different industries in a symbiotic way. 

 Maintenance Concept for Sustainability is a vital concept for improving sustainability 

in manufacturing since it leads to longer machine life cycles and better equipment 

performance in terms of resource and energy consumption.  Innovative and predictive 

maintenance concepts should be developed in a holistic manner that integrates 

minimization of the total cost of the machines and the amount of CO2 produced. 

In the research: There are only two articles in the database of this research related 

with maintenance concept for sustainability. Considering the importance of 

maintenance for sustainability, the number of the articles in the existing database is far 

from meeting the expectations. The list of the related articles might be seen in Table 7.  

Year Name of the authors Name of the article 

2007 S. Dellagi, N. Rezg, X. Xie Preventive maintenance of manufacturing systems under 

environmental constraints 

2007 J. P. Liyanage Operations and maintenance performance in production and 

manufacturing assets: The sustainability perspective 

Table 7 The list of the articles that are published on maintenance 

 Real Time Life Cycle Assessment focuses on the usage of life cycle data information of 

previous products by life cycle assessment tools in order to provide precise evaluation 

of life cycle impacts of a new product. As a result of this, life cycle assessment 

method allows designers to use this data in order to design products regarding to 

environmental and sustainability impacts and life cycle cost of products in addition to 

technical specifications.  

In the research: Life cycle assessment tools provides data and information to the 

organizations in order to take precautions in the early phases of production in order to 

decrease environmental impacts of products and as well as processes.  

The result of the state of the art analysis of this thesis is also parallel to the findings 

and expectations of IMS2020 Action Roadmap.  

 New Workplaces for Aging and Disabled Workers is an important concept in aging 

societies for providing these people better lives. Renewing the workplaces to enable 

the integration of aging and disabled people into the manufacturing systems will 

improve the system‘s sustainability in terms of social aspect. 
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In the research: The thesis does not include any article related to this topic. The 

importance of social sustainability in the literature is undervalued, considering this the 

realization of this action will be utopian. 

 Sustainable SMEs is one of the crucial topics in the IMS2020 Action Roadmap. Since 

SMEs represent around 90% of all private sector firms, their contribution to 

sustainable development is highly important. With applying technologies to and 

training of SMEs, their competitiveness, environmental and social challenges can be 

increased.  

In the research: To achieve sustainability in SMEs is considered very important in the 

literature. Since SMEs have a huge impact on the environment,  their integration of 

sustainable manufacturing techniques and  compliance with environmental regulations 

are vital. 

In the current literature there is a significant number of articles related with SMEs and 

encouraging them in sustainable manufacturing concepts. It supports that this concept 

will grow in the following years.    

 Energy Autonomous Factory is a self-sufficient factory in meeting its energy need by 

generating its own energy according to its demand. In order to reduce energy 

consumption, renewable energy sources and in situ production of energy should be 

encouraged.   

In the research: Energy articles are generally focused on reducing energy 

consumption and using biodegradable energy resources. Mainly because of economic 

objectives and also environmental reasons companies prefer renewable energy 

resources, however most of the companies outsource their energy from an outside 

company instead of in situ production. Although there is not any in situ energy 

production example in the current literature, there are some sectors which use their 

wastes in order to produce energy. For instance, in textile industry cotton gin is an 

alternative resource to produce environmental friendly energy.   

All these information indicates that the current literature do not support energy 

autonomous factory for the near future. However, the sectors that use their wastes to 

produce energy can be a precursor for this concept.  

 Energy Utilization in Collaborative Frameworks focuses on collaborative 

relationships between companies/industries. The aim of these relationships is to utilize 

the wastes of the companies, which can be in energy or byproduct form, more 

efficiently in a symbiotic way. The waste streams of the companies are pretreated 

before being usable by another company. To make this system environmentally and 

economically applicable, advancements in technology should be made to increase the 

utilization of alternative fuels and raw materials derived from waste at cross-industry 

level.  
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In the research: This topic is widely discussed in the literature especially in the last 

four years. The increasing trend in the number of the articles that are published on 

collaborative relationship between companies or industries, which are covered under 

Industrial Ecology in the thesis, seems promising for the future developments in this 

area. However, the core points of the articles generally focus on the limiting or success 

factors in establishing these collaborative relationships, their effects on the companies 

performances etc.  

If advancements in technologies for improved relationships are expected to occur in 

the maturity phase of this concept, then we can claim that the related articles in hand 

are in between the initialization and development phase.  

 Management and Control of Energy Consumption focuses on integrating measurement 

and control systems for deciding about and implementing energy efficiency 

improvement measures. The information is gathered by sensors and in-process 

measurements and is used to facilitate the control and improvement of the energy 

efficiency.  

In the research: There are articles related with measurement and control techniques 

for energy efficiency. Companies give importance to measuring energy efficiency of 

their production systems in order to better their system and have continuous 

improvement. However, there is no evidence about ICT usage or existence of sensors 

or smart devices for measurement and control. 

The results of the literature review are not supportive for the expected level of 

management and control of energy consumption due to lack of ICT integration. 

Providing ICT integration can increase the quality of management and control of 

energy consumption of current situation.  

6.4 Discussion of the results 

Based on the comparison between the findings from the current literature search and the 

actions that need to be taken according to IMS2020 Action Roadmap, some concluding 

remarks can be underlined in order to give an insight about where the sustainable 

manufacturing concepts are currently and whether it is attainable to have a sustainable 

industry in 2020.  

Considering all the actions, almost all of the actions have found a place in the literature. There 

have been studies conducted on material reuse optimization, management of hazardous 

substances in manufacturing, emission reduction technologies etc. The common missing point 

in these actions is ICT integration to the manufacturing systems. This can cause inaccurate, 

ineffective and inefficient systems due to the lack of smart devices usage in monitoring, 

measuring and controlling.  
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Although Action Roadmap has given a lot importance to ICT integration in almost every 

action, the current situation in the literature is not at the same level as it is expected. However, 

one should keep in mind that the findings from the literature on this topic cannot exactly 

indicate where the companies stand and what are discussed on this topic in the conferences, 

seminars etc. Since ICT is a popular concept these days, its usage in manufacturing systems to 

achieve sustainability will be spread over the companies to improve the current applications 

of sustainable manufacturing practices and will take a considerable place in the literature on 

sustainable manufacturing. When it is achieved, the actions on Quality Embedded 

Manufacturing, Green Controller for Machining, Optimization for Electronic Sustainability 

etc. will be completed. 

The lack of ICT integration might be due to high investment costs, the requirements for 

technical knowledge, skilled workers and training. Because of that companies hesitate to 

adopt ICT in the manufacturing systems. The integration should be encouraged because ICT 

leads manufacturing systems to more intelligent ones. 

Secondly, implementation of sustainable manufacturing practices in small and medium sized 

enterprises (SMEs) can contribute to the future of sustainable industry. Many articles are 

focused on the dissemination of the practices in SMEs, and their integration with them. Since 

SMEs constitute approximately %90 of the manufacturing companies, their adoption of 

sustainable manufacturing practices matter a lot for the sustainability of the industry. This 

endeavor in the literature to integrate the SMEs seems promising for a more sustainable 

industry. 

Not integrating sustainable manufacturing systems into SMEs is a significant loss considering 

their portion in the industry. The increased integration activities in the industry can lead the 

current system to a comprehensive sustainable manufacturing system.  

The energy related topics are not fully covered regarding the researched articles. The 

examples of energy autonomous factory have not been observed yet. Waste utilization for 

energy generation has been mentioned, but in situ applications do not exist. Looking from the 

industrial ecology perspective, it seems probable to have energy utilization in collaborative 

Frameworks, but not in the very close future. Collaborative relationships between companies 

remain limited considering the researched articles. Since these collaborative relationships are 

not disseminated yet in terms of material, energy etc. sharing, it might take some time to 

achieve this action.  

It is more beneficial for the industry to provide sustainability in the symbiotic relationships 

rather than the individual endeavors, because the collaborative activities give better results 

than individual ones. This will lead to achieve more sustainability gains with less effort.  
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Maintenance of a machine is a very vital issue, since machining plays a very important role in 

achieving sustainability. But surprisingly, there exist only two articles about maintenance for 

sustainability which might be an indicator of being not well investigated in the literature on 

sustainable manufacturing concepts. In order to get more accurate information about this 

topic, the scope of the journals should be shifted from manufacturing based to machining 

based. In that case, it might be possible to find more detailed information about maintenance. 

However, from the evidence in hand, maintenance for sustainability is far from contributing to 

achieve a sustainable industry.  

In the analysis of the related articles that are under the scope of the thesis, it is seen that the 

social aspect of sustainability is overlooked in many cases. New workplaces for aging and 

disabled workers which is a very particular issue regarding the social aspect of sustainability 

has not attracted any attention. In order to achieve a sustainable industry in 2020 many steps 

should be taken on this topic. 

In short, in order to reach the vision of IMS2020 project, the current manufacturing systems 

need to be shifted to more intelligent, comprehensive, symbiotic and socially responsible 

manufacturing systems. However, on the way to achieving a sustainable industry in 2020, the 

current research stays behind what is expected. Improvements in many aspects, such as ICT 

integration, are needed to catch up with the actions defined in IMS2020 Action Roadmap, but 

the existing conditions lay the groundwork for the improvements on sustainability.  
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7 Conclusion 

Manufacturing has forced the environment to bear the burden of degradation, for the sake of 

the economic progress that it has provided for the industries and the countries. Environmental 

degradation, depletion of natural resources, increased global warming, and climate change 

have started to affect the future of the world. These prominent troubles have increased the 

environmental awareness of the society towards a more sustainable future. In addition to 

environmental awareness, increased raw material and energy prices, stringent environmental 

regulations to control or even stop the degradation have initiated a movement away from 

traditional manufacturing methods. As a result, sustainable manufacturing concept has grown 

into importance in recent years to handle these troubles and satisfy the needs of today‘s and 

future‘s generation taking into account environmental, economic and social progression. 

In the thesis, it is aimed to evaluate the evolution of sustainable manufacturing concepts from 

1999 to 2011 to summarize the milestones of the defined classes, clarify their effects on 

sustainable manufacturing, and to observe their developments and evaluate the trends in the 

defined classes - if there are -. Additionally, it is intended to compare the findings of the state 

of the art analysis with the actions that are needed to be taken according to IMS2020 Action 

Roadmap to see if the current studies meet the expectations to achieve a sustainable industry 

in 2020.   

To reply these questions a well grounded state of the art analysis of sustainable manufacturing 

is accomplished. In order to make a reliable assessment, generating a sound background with 

the comprehension of previous developments is essential. 389 articles from 32 peer-reviewed 

journals are collected in the database which includes the information of the article 

identification, the article types (research article, case study, empirical study, etc.) and the core 

pillars of articles (environmental, social, economic or technological). This database is utilized 

to generate the classification, the mind map and the three layered conceptual framework.  

By reading all the articles, using the sound database and the conceptual framework, general 

analyses of each class are conducted. Firstly, all the articles are assessed according to three 

dimensions namely yearly, article type and ESET (environmental, social, economic and 

technological) based. It is concluded that there is an increasing trend in the number of 

publications about sustainable manufacturing concepts year by year. Research articles 

constitute the main part of the research with 212 articles and empirical study, methodology 

and case study contribute with 67, 74 and 56 articles respectively. Literature review is the less 

attractive research type with 7 articles. From ESET analysis point of view, 253 articles cover 

environmental sustainability and 129 articles deal with economic sustainability. The results of 

the analysis indicate that, social sustainability and technology aspects are less interested. The 
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reasons might be expressed that they do not have high economic impacts on manufacturing 

activities or there is not any big pressure or punishment for their adoption to the 

manufacturing systems. The articles that mention about the barriers to, adoptions, initiatives 

and promotions for sustainable manufacturing concepts instead of any specific sustainability 

pillar are collected under the class others.  

In particular, some classes such as regulations, external factors, environmental management 

systems, performances, input, manufacturing paradigms, evaluation and output are more 

attractive than others during the evolution of sustainable manufacturing according to their 

published article numbers. On the other hand network, planning and control classes are less 

attractive topics and rarely mentioned in the collected articles.  

Secondly, all the articles are summarized to understand what and where the each sustainable 

manufacturing concept is. Here, the descriptions, milestones and the trends of each class are 

expressed and general deductions about the completed research are written down. Beside the 

analysis based on the published article numbers, the trends in the sustainable manufacturing 

concepts are tried to be determined considering the content. Some major deductions are as 

follows:  

Since the proportion of SMEs in general manufacturing companies and their contribution to 

the degradation of the environment are notably high, the interest on the integration of SMEs 

to the sustainable manufacturing is increased. The increased awareness of society forced 

government to take precautions and make environmental regulations.  

Companies target to optimize their energy and raw material usage due to the increased energy 

and raw material prices and environmental awareness. Therefore, they try to utilize from new 

energy resources which are renewable and less hazardous for the environment and integrate 

end of life options to their systems in order to decrease the virgin material usage.    

Industrial ecology is an alternative way which serves to decrease the harmful effects of wastes 

in addition to general end of life options and that supports the increase in the gaining 

sustainability in a symbiotic way. While the usage of machining and energy technologies is 

increasing, the importance of ICT integration to these topics is discarded. Although the 

importance of ICT grows day by day, ICT integration to the industries is not in the desired 

level.   

The findings of the state of the art analysis of the current research are compared with the 

actions that are defined in IMS2020 Action Roadmap. IMS2020 Action Roadmap has defined 

the actions that are needed to be taken between 2011 and 2013 to enable to have a sustainable 

industry by the year 2020. As a result of the comparison, it is found that the most important 

gap between the current research and the actions is the lack of ICT integration to the 
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manufacturing technologies. Additionally, issues considering energy utilization have not 

attracted attention in the literature as much as it is needed. However, the developments in the 

last decade in increasing the efficiency of material utilization, integrating SMEs into 

development of sustainability in the industry etc. have laid the groundwork for improvements 

on sustainability. In short, on the way to achieving a sustainable industry in 2020, the current 

research stays behind what is expected, but the developments in the practices seem promising 

for a sustainable future. 

The results of the current study can be improved by enhancing the borders of the study. The 

scope can be widened by adding the excluded topics such as eco-design, sustainable supply 

chains etc. Additionally, the number of the reviewed journals can be increased to examine the 

developments from a wider point of view. The journals that are not directly related with 

manufacturing, such as energy, can be included to search in detail for every branch of 

sustainable manufacturing concepts.  
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