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Abstract 

Due to the rapid growth of the wind energy market over the last decade, the future of the 

industry will consequently see the dismantling of many wind turbines, both due to wind 

turbines reaching the end of their service life and to make way for surpassing technology, 

leaving behind a large amount of material that must be dealt with. Furthermore, due to the 

advancing technology of wind turbines, there has been a decline in the number of medium 

sized wind turbines being manufactured. This study aims to address the problem of future 

waste mitigation, whilst attempting to capture the medium scale market. As such, the study 

has looked at the idea of transitioning towards a circular economy, in which wind turbines 

are not considered as waste at the end of their service life, but rather an opportunity to 

recapture value through remanufacturing. This was approached by identifying the driver 

and barriers of remanufactured products, utilising knowledge from other industries with 

developed remanufacturing sectors. 

A Multi-Criteria Decision Analysis (MCDA) has been performed using the PROMETHEE II 

method with the objective of drawing a comparison of three scenarios, enveloped by a 

theoretical wind turbine selection project. The scenarios were created by the author and 

considered the implementation of a new wind turbine and remanufactured wind turbines. 

Upon examining the results of the multi criteria decision analysis, it was seen that the 

benefits of implementing remanufactured turbines were preferred by the majority of 

the stakeholders involved. 
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1. Introduction 
1.1. Growth of Wind Power

Recent years have seen the commitment of EU countries to an energy agreement which aims 

to reduce greenhouse gas emissions by 40%, whilst increasing the consumption of renewable 

energy to at least 27%. In 2016, wind power in Europe accounted for 10.4% of energy 

consumption and 51% of the total installed power generation; globally however, it was China 

that were making the biggest movement in the market, taking a 42.8% share of the global 

installed market for the same year. With an increase in market growth, comes the increase in 

wind turbine manufacturing; Figure 1 is a representation of the current top 10 onshore wind 

turbine manufacturers. 

Figure 1 is a representation of the manufacturing market leaders in 2016 with Vestas, GE 

and Goldwind commanding the market of the installed capacity and the 2017 merger of 

Siemens and Gamesa will result in the big three, becoming the big four. 

1.2. Waste Material 

The decommissioning of modern wind turbines is a relatively new process, but due to the 

rapid growth of the market over the last decade, the future of the industry will consequently 

see the dismantling of many wind turbines, both due to wind turbines reaching the end of 

their service life and to make way for surpassing technology, leaving behind a large amount 

of material that must be dealt with. Some estimates show that total waste material will 

Figure 1:Top 10 onshore turbine manufacturer’s, 2016 (GW)(BNEF, 2016)
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increase an average of 12% per year between 2014 and 2026 and 41% per year between 2026 

and 2034 (Anderson et al). To minimise the footprint on the earth, there are several ways in 

which material can be handled; coupled with government legislation, wind turbine owners 

have greater responsibility to handle the material in an environmentally sound manner. This 

is resulting in a transition from a product life cycle which is linear, make, use, dispose, to a 

more circular life cycle, in which the product remains in use either in full form or as a separate 

product. 

1.3. Potential for a Circular Economy 

Circular economy is a concept which envelops the ideas and processes that are designed to 

create a continuous improvement of today’s society, with the aim of utilizing the potential of 

all products, components and materials, resulting in a reduction in the amount of material 

and energy that is wasted to meet current human demand. Aside from the environmental 

benefits a circular economy can provide, there is also the potential for companies to strive 

economically, and products or services to be developed towards a more sustainable future. 

1.4. Objectives 

The objective of this report is to address the future waste issue within the wind energy 

industry and seek for options to minimise its impact on the environment. The author aims to 

look towards remanufacturing as a potential resolution to the problem by assessing the 

drivers and barriers of remanufactured wind turbines; through the creation of a theoretical 

project, a MCDA (Multi criteria decision analysis) will be carried out to make an evaluation of 

the selection process between a remanufactured wind turbine and a new wind turbine. This 

has led to the following research questions: 

What are the driving factors for remanufacturing within the wind energy industry? 

Using MCDA, how do these factors affect the outcome of the turbine selection process? 

1.5. Structure of the Report 

Chapter 2 of this paper presents a literature review deemed relevant to the end of service life 

of wind turbines (EOSLWT’s) and the future potential of sustainability within the wind energy 

industry as well as the implementation of MCDA in sustainable energy projects. This review 

has enabled a better understanding of the benefits and barriers regarding the sustainable 
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management of decommissioned wind turbines as well as identifying an appropriate tool to 

compare the authors findings. Chapter 3 presents the methodology for the study, giving an 

insight to the approach taken by the author with a description of the tools used, including 

detailed description of the MCDA method PROMETHEE II. Chapter 4 outlines the theoretical 

case study which the author has developed to compare the findings of the literature review. 

The results from the study will be provided in chapter 5 before a conclusion and discussion of 

the study, including potential future research in chapter 6. 
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2. Literature Review 

There are an increasing number of publications arising which reflect on EOSLWTs and the 

issues involved. This literature review was carried out with the intention of reviewing 

publications that cover several topics that are both directly linked to EOSLWTs and future 

waste material, as well as the end of life opportunities that are currently available such as 

reuse, recycling and remanufacturing. Furthermore, publications that explore the idea of 

working towards an altogether more sustainable, circular economy were also reviewed. 

2.1. Sustainability 

Humans, per capita, are filling land fill sites at a faster rate than the planet can accommodate 

and are consuming more resources than the planet can reproduce, notably more so in 

Northern industrialised countries as well as large cities in Southern countries (Princen 1999). 

Humanity’s Ecological Footprint is a measurement, which aims to compare human 

consumption of renewable resources and ecological services against natures ability to supply 

them (Rees, 1996) a recent study has calculated that it had exceeded the Earth’s total bio-

capacity, the regenerative ability of nature’s resources, by more than 60 percent in 2012 

(WWF, 2012). Alongside growing population and technology, rising consumption is one of the 

three major causes of changes in the global environment which provoke warning signs of the 

potential for even larger footprints in the future (Princen, 1999). 

The need to take responsibility and combat this problem has been growing over the past 

few decades, leading to the concept of sustainable development, which was first coined 

in the Brundtland Report in 1987, with the following definition; 

‘development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs’ (WCED, 1987).

Following its release in 1987 there has been a plethora of modified definitions of 

‘sustainability’ and ‘sustainable development’, with an estimated three hundred definitions 

currently existing within the disciplines that are either directly or indirectly related (Johnston 

et al, 2007). This is due to imprecise designation and recognition of sustainable development 

terminology as well as different term usage depending on geographical area (Glavič et al, 

2007). However, amongst the many interpretations of sustainability and what 
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it encompasses, there are two recurring themes throughout the literature; the first theme, 

introduced in the Brundtland (1987) report, is the theory that sustainable development is 

allowing today’s generation to meet their needs without affecting future generations ability 

to meet theirs. The second theme, also present in the report is that if progress is to be truly 

sustainable it must address environmental, economic and social aspects simultaneously to 

succeed. Incorporating both themes for a combined interpretation would suggest the 

following definition: Addressing economic, environmental and social factors to meet the 

needs of today, without affecting future generation’s ability to meet theirs. Such terminology 

has ultimately lead to the development and creation of the term ‘triple bottom line’ or, the 

‘three pillars’ of sustainability. 

2.2. Triple Bottom Line 

Triple Bottom line is a term developed in 1994 by Elkington (1998) due to the 

understanding that to make real environmental progress the social and economic 

dimensions, which had been flagged in the Brundtland Report previously, would have to 

be addressed in a more integrated way (Henriques 2004). In the first chapter of Enter the 

Triple Bottom Line, written by Elkington, he states that the term of TBL came about 

through no single moment of realisation “...instead, in 1994 we had been looking for new 

language to express what we saw as an inevitable expansion of the environmental agenda 

that sustainability had mainly focused upon to that point”.

The concept is based on the idea that an organisations performance should be measured in 

relation to all stakeholders, including local communities and governments, not just the 

stakeholders with whom it has direct relations with, such as employees, suppliers and 

customers (Hubbard, 2009). It is believed that many organisations find the concept of TBL 

untoward, as it suggests that the common company responsibilities go much further than 

simply producing products and services that customers want for economic benefit, by 

incorporating social and environmental aspects as well (Hubbard, 2009). However, the Triple 

Bottom Line suggests that when economic, environment and social performance intersect, 

the company has the ability to have a beneficial effect on society and the natural environment 

whilst simultaneously achieving long term economic benefits, as well as providing a 

competitive advantage over other companies (Carter et al, 2008). 
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2.3. Product Lifetime 

The definition of the life time of a product can be unclear with the exact beginning and 

end of a products lifetime proving to be a grey area. The lifetime of a wind turbine is more 

commonly referred to as the ‘service life’ due to the nature of the products function. The 

definition of service life can be defined as follows: ‘the period from when a product is 

acquired until the moment it is disposed of’ (Cooper, 1994). 

2.4. End of service life of wind turbines 

For wind turbine’s the product lifetime refers to the moment of commissioning until the 

moment of decommissioning. Cooper et al (2010) distinguishes further definitions which 

are appropriate to the wind energy industry: 

1. The technical lifetime being the maximum period a product has the physical 

threshold to function. 

2. The replacement or economic lifetime being the period from initial sale to the point 

where the owner buys a replacement regardless of the product functioning or not 

(Cooper, 2010). 

As a turbine nears its end of life, its performance begins to deteriorate, due to mechanical, 

environmental and technological ageing and therefore, in most cases, it becomes 

uneconomical for it to continue operating. It is at this stage where the owner/operator has a 

responsibility to decommission the turbine(s) as part of their ongoing commitment to its 

initial development. It has become customary practice to have decommissioning plans 

submitted as part of the initial project plan and environmental impact assessment, where 

financial security for the decommissioning project must be established through a bond, which 

will cover all or part of the costs; it is noted that the sum required, as well as who is responsible 

for its management, varies between and within countries (Alden et al, 2014). The UK Energy 

Act (2008) requires developers to demonstrate that payment to the decommissioning fund is 

evident in the annual returns, ensuring transparency and minimising risk to the tax payer 

(Scottish Government, 2008) 

Full or partial decommissioning, for both onshore and offshore wind turbines, must be 

considered by the owner, where the former involves returning the site back to its previous 

state, and the latter can result in components, such as foundations or cables, remaining on 
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site, under conditions that it causes minimal disruption to the surrounding environment and 

habitat. In either case, it is important to consider the way the site is decommissioned, and the 

decommissioning plan should consist of habitat and protected species surveys as performed 

in pre-development environmental impact assessments. The subsequent dismantling of the 

wind turbine(s) of course leads to an inventory of components and material which the 

responsible party must manage. 

Many current publications express the concern regarding the growth of the wind industry and 

relative inexperience when it comes to end of service life (EOSL) (Andersen et al, 2016., 

Andersen et al, 2007., Ortegon et al, 2013., Topham et al, 2016). However, there is a distinct 

lack of research on the technological, environmental, and economic issues associated with the 

EOSLWT’s, because of its past subservience. It is noted that this is due to the relative infancy 

of the industry, resulting in next to no historical data available for use (Ortegon et al, 2013). 

The publication by Andersen et al (2016) attempts to address these concerns by quantifying 

future waste material, expressing the importance of ensuring there is sufficient recycling 

capacity. The study is specific to the growth of the wind industry in Sweden and the 

subsequent increase in wind turbine waste over the next two decades; it estimates that total 

waste material will increase an average of 12% per year between 2014 and 2026 before taking 

a dramatic spike to an average of 41% per year between 2026 and 2034. This increase in 

estimated waste is relevant to the growth of the wind industry around a decade before now, 

which resulted in the annual increase of installed capacity. 

2.5. Legislation and guidelines 

There are several legislations and guidelines that developers must adhere to when deciding 

how to manage the material accumulated from decommissioning, and developers are obliged 

to create a site waste management plan as part of these requirements (Scottish Government, 

2008). An example of such is when in 2010, the Scottish Government published its Zero Waste 

Plan, intended to provide guidance through a waste, economic 

and resource strategy in support of their aim of achieving a ‘zero waste’ society. It envelops 

22 actions that will help to deliver the Zero Waste vision of Scotland: 
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• ‘where everyone – individuals, the public and business sectors - appreciates the 

environmental, social and economic value of resources, and how they can play 

their part in using resources efficiently; 

• reducing Scotland’s impact on the environment, both locally and globally, by 

minimising the unnecessary use of primary materials (materials in their first life 

cycle; raw materials), reusing resources where possible, and recycling and 

recovering value from materials when they reach the end of their life; 

• about helping to achieve the targets set in the Climate Change (Scotland) Act 2009 of 

reducing Scotland’s greenhouse gas emissions by 42% by 2020 and 80% by 2050; 

• to contribute to sustainable economic growth by seizing the economic and 

environmental business and job opportunities of a zero waste approach’ (Scottish 

Government, 2010). 

Multiple countries have adopted similar regulations in an attempt to coerce organisation’s 

into taking more responsibility for the impact they are having on the environment. It 

encourages the idea of sustainable development as aforementioned in Chapter 2.1. 

This concept is further echoed by ‘The waste hierarchy’, which refers to the ranking system, 

set out by the European Waste Framework Directive, for the management of waste material 

(European Parliament 2008/98/EC), and can be considered the foundations of which the 

Scottish Government sets its waste regulations on. It is intended to have a positive impact on 

waste prevention and reduce the amount of waste that is being sent to landfill. Figure 2 

represents the waste hierarchy in ascending order. 

Figure 2:Adaptation of waste hierarchy, taken from Ellen McArthur Foundation (ellenmcarthurfoundtion.org, 2017)

1. Prevention of waste: A factor that aims to directly reduce the amount of material 

entering circulation. This can be done through the design of product which require 

less material, and the use of less hazardous materials.
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2. Preparing for reuse: Involves the inspection, cleaning, repairing and refurbishment 

of products or components, to be re-entered into the product life cycle in a 

functional condition.

3. Recycling: The action of turning waste material in to a substance or new product, 

effectively giving the material a new life.

4. Other recovery: Such as energy recovery is where the material can no longer be 

used for practical purposes and therefore is processed by means of gasification or 

pyrolysis to produce fuel, heat and power as an energy source.

5. Disposal: When the material has no further potential, and is sent to landfill or 

incinerated without recovery, and is the last resort is regards to the waste hierarchy. 

Similar plans have been developed throughout Europe and the planning of wind 

power projects must adapt to these and further changes in legislation that will no 

doubt arise in years to come (ellenmcarthurfoundation.org 2017).

2.6. Circular economy 

The Circular economy is a concept which envelops the ideas and processes that are designed to 

create a continuous improvement of today’s society, with the aim of utilising the potential of all 

products, components and materials, resulting in a reduction in the amount 

of material and energy that is wasted to meet current human demand. Its emergence is owed 

to the flawed linear ‘take-make-dispose’ model, represented in Figure 3, which society has 

adopted, where continuous, copious amounts of energy and resources are used to create 

consumables which are disposed of when there are deemed unfit for purpose. 
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Figure 3:Illustration of linear economy's 'take-make-dispose' nature (ellenmcarthurfoundation.org 2017). 

Stahel (1998) addresses this linear model adding that terms such as ‘value added’, the point of 

production, ‘value write off’, the depreciation of value after sale and ‘waste’, the end of the 

product life, only amplify the need for a change in the way we operate as responsibility for the 

product does not leave ‘the factory gate’. A circular economy addresses these issues by creating 

an industry which is ‘restorative and regenerative by design’. It is noted that there is no single 

origin of the concept of a circular economy however it began gaining more recognition for its 

implementation on the modern economic systems and industrial processes during the 1970’s 

(Ellen McArthur Foundation, 2017). 

The Ellen McArthur Foundation is an organisation founded by Dame Ellen McArthur, which 

aims at promoting this concept, describing it as ‘a potential way for our society to increase 

prosperity, while reducing dependence on primary materials and energy” (Ellen McArthur 

Foundation, 2015). Figure 4 shows the cyclic model which is an adaptation of the drawing from 

McDonough et al (2002) book “Cradle to Cradle”. It illustrates the three principles 

considered to be essential to a circular economy, looking at both the biological and technical 

material flow through what is labelled the “value circle” as seen in Figure 4 below. 
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Figure 4:Material flow in a circular economy (ellenmcarthurfoundation.org 2017) 

2.7. Economic potential of circular economy 

Further to the environmental benefits of a circular economy, there are publications that look 

at the potential economic opportunity which lies within products that can have recoverable 

value. Closed loop supply chains refer to the recovery of products or their components within 

one system to reuse for further value. A definition of this can be considered as “the design, 

control, and operation of a system to maximize value creation over the entire life cycle of a 

product with the dynamic recovery of value from diverse types and volumes of returns over 

time. (Guide and Van Wassenhove 2006, Managing product returns for remanufacturing).” 

The reason for such potential of recoverable value is detailed in the publication Towards 

the Circular Economy 3: Accelerating the Scale (2014), which suggests that economies, 

companies and consumers will all benefit from such a strategic shift. It further describes 

that the reduction in material and energy costs as well as a more stable hand on material 

volatility and supply chain risks would see economies flourish. Companies would benefit from 

secondary markets and “competitive advantage”, whilst consumers would reap the benefits 

of improved choice and better service quality”. The publication further emphasises the 

potential to create more resilient economies through better material productivity, and the 

evolution from the current low skilled “mass production” labour to one with a much higher 

skill set, which will signify a move that would make it harder to revert to the linear economy. 
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The publication by Atasu (2008) takes a broader look at the economic benefits of a closed 

loop supply chain, explaining that many publications simply assume that product retrieval and 

its reusable quality thereafter, is often considered a formality. Geyer et al (2007) further state 

that even with the quality of the product remaining at the standard of its first life, there are 

many other factors that are required for a closed loop system to be profitable, such as a 

steady used product collection rate, durability and product life cycle. 

Towards the Circular Economy 3: Accelerating the Scale Up gives recognition to the 

importance of collection and reverse logistics to improve material productivity and provides 

case studies of companies that have successfully been able to use a closed loop system to 

their benefit economically (Ellen McArthur Foundation, 2014). An example of the case studies 

is provided as reference in Figure 3. 

Figure 5:Case studies of companies utilizing closed loop supply chain (Ellen McArthur Foundation, 2014) 

2.8. End of Life Operations 

Reuse, recycling, repair, reconditioning and remanufacturing are the five general terms 

encompassing techniques which can help achieve sustainable development (Ijomah, 2010). 

Ijomah (2010) categorises remanufacture, reconditioning and repair as ‘addition’ processes 

that use components from used products, also known as; component reuse, product recovery 
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or secondary market; since they typically involve some degree of disassembly they are further 

referred to as disassembly processes. These processes are generally preferable to recycling, 

which is the process of collecting, sorting and processing discarded materials to use in the 

production of new products. The paper elaborates further, listing the advantages that product 

recovery strategies have over recycling. These include; bringing products back to working 

order through product recovery, which is adding value to waste whereas recycling reduces 

products to its raw materials. Product recovery also attempts to keep products as whole as 

possible, which reduces the overall energy and resources. When recycling, all the energy and 

resources are lost from the initial manufacture with potential to use significantly more energy 

in raw material extraction, transportation and processing of these reclaimed raw materials 

to make new products. Product recovery retains the energy used in the initial 

manufacture (King et al, 2006). Considering the reuse at the end of life of a product whilst 

designing can allow producers to effectively meet the environmental, legislative and 

competitive needs through the following: 

• Increasing product life, meaning it takes longer before the product is discarded. 

• Enabling servicing of products at the end of use, so that they can be used again. 

• Enabling materials of the product to be recycled and used to make new ones if not 

suitable for product recovery or reuse. 

• Enabling used components to be used in new products. 

Ijomah et al (2004) hypothesised that the ambiguity surrounding the definition of 

remanufacturing and the inability to differentiate between the strategies was a major barrier 

that was impeding the uptake of product recovery and re-use processes in industry. The 

research conducted produced a robust definition as well as establishing the distinct differences 

between remanufacturing, reconditioning, repair and recycling including the work content 

required. The concluding definitions of the research are detailed: 

“Recycling: Reducing a used product to the value of its component material, though 

complete disassembly and processing.

Remanufacture: Returning a used product to original or improved specification with a 

warranty that matches or is greater than the new component; through inspection, 

disassembly, cleaning, reprocessing, reassembly and testing.
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Reconditioning: Returning a used product to satisfactory condition through the 

replacement of faulty or worn components. Commonly with a warranty less than that 

of the new equivalent.

Repair: Fixing identified fault within a product to return it to working condition. 

Warranties generally only cover the repaired part and are less than that of new 

equivalent products.”
(Ijomah et al. 2004) 

2.9. Remanufacturing 

Throughout the literature relating to sustainable manufacture, the concept that presents 

itself most often is remanufacture. The publication by Andersen et al (2007) notes that the 

future handling of material is unclear, suggesting that recycling will be the more prominent 

process. As can be seen in the waste hierarchy (Figure 1), this disregards the potential there 

is for a more sustainable handling of the material through prevention and reuse. Multiple 

authors agree that remanufacturing is the preferable end of life process as it adds value to 

products that may have been scrapped; helps to reduce landfill; reduces the level of required 

virgin materials as well as reducing the energy levels required in the manufacturing phase 

(Ijomah et al.,2004; Hatcher et al., 2011; King et al. 2004). Cooper (2010) adds that with the 

aim of reducing the amount of material used within a process as well as energy demands, an 

approach which doesn’t rely on recycling and instead, encourages product life extension, 

should be applied. Hazen et al (2016) describes remanufacturing as “the ultimate form of 

recycling”. A common understanding of the need for a clear definition of remanufacturing is 

prominent throughout the literature reviewed (Ijomah et al, 2004., Ortegon et al, 2014). As 

a reminder the definition of remanufacturing implies that a product that has been used and 

therefore, considered to be at the end of its useful life cycle, is given a new life which 

emulates the quality of its previous life through the dismantling, cleaning, repairing and 

replacement of components and reassembly. This also means that after testing, it should 

have a warranty that matches the product in its first life. 

Many publications acknowledge Xerox as being a prime example of how companies can 

effectively use remanufacturing to their advantage (Statham, 2006., King et al, 2006). The 

company initially delved in to a new project they called “asset recovery” in 1987 by creating 
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an entirely different subsidiary to their plant in the Netherlands, which had the aim of 

retrieving old photocopying machines from the waste stream and to then process these 

machines for resale. A successful venture which saw 75% of the machines being 

remanufactured within a decade and even though the remanufactured machines were 

competing on the market with the new machines that Xerox were producing, a saving of 

$95M over the decade was made. A further example of successful remanufacturing, which 

was depicted in Figure 3 Is that of Caterpillar, who have had an involvement in 

remanufacturing since the 1970’s. They now claim to “provide customers with lower-cost 

products, shorter downtime and quick, dependable service options”. It is not just the benefits to 

customers and their business which has driven the company to expand their remanufacturing 

programs, stating “we make one of the greatest contributions to sustainable development—

keeping non-renewable resources in circulation for multiple lifetimes.” This is a fitting example 

of a company’s early embodiment of a circular economy. 

2.10. Remanufacturing in wind industry 

As the market for remanufacturing stands in wind power just now, companies who specialise 

in remanufacturing look to procure used wind turbines before remanufacturing and selling 

for profit. While there are used turbines currently available on the market, the process has 

somewhat more uncertainty to it, as the original manufacturer is not simply collecting the 

used turbine at the end of service life. This is not to say that the big players are not getting 

involved in remanufacturing. Vestas and Caterpillar came to an agreement in 2011, which 

would see the remanufacturing giants do what they do best on wind turbine components. 

This allows Vestas to then sell their remanufactured components as part of their “spares and 

repairs” department which is a positive move towards a circular economy 

(windpowermonthly.com, 2017). 

The study by Ortegon et al (2014), notes the potential for the medium size turbines market, 

stating that this usually consists of turbines between 500kw-1500kw, however the study by 

Walton and Parker (2008) suggests that the production of medium scale wind turbines has 

slowed significantly due to the industry’s continuous scaling up where the focus is on 

designing larger wind turbines with the main aim of creating larger profit margins. 

Nonetheless, they predict that the market will become more prominent, with an estimated 
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2000 units per year coming available by 2024. The main sectors that would consume this 

market are those who are looking to make significant electricity cost savings, such as 

communities, farmers, industrial plants and schools; all of which have already began to look 

to wind power as a resolution (Parker et al, 2008).

2.11. Benefits of Remanufacturing in the wind industry 

While the studies suggest there is the potential for remanufacturing to flourish with in the 

industry, it is important to understand the benefits it would provide. Although the 

ideologies of remanufacturing, such as the reduction in raw material usage and waste 

prevention, are presented in previous sections of this literature review, the specific 

impacts that it would have within the wind industry must be clarified. 

Parker et al (2008), state that significant cost savings could be made from remanufacturing a 

wind turbine rather than the purchase of a new unit. This is primarily down to the potential 

saving in initial investment which is a key driver to the development of a wind power project. 

Due to the lack of practice, or more specifically, research, on the economic benefits of 

remanufacturing within the wind industry, it is difficult to provide detailed economic data on 

the reduction in manufacturing costs; Ortegon et al (2014) notes that the current supply of 

remanufactured turbines cost between 30-50% of that of a new turbine, a saving which can be 

presumed to be down to the cost savings made from the processing of raw materials and 

manufacturing of components. Further economic benefit can be found from the difference in 

lead times to produce a remanufactured turbine to that of a new one. A report from NREL 

(2004) state that the lead times for new wind turbines can be anything from 12 to 16 months, 

where some remanufacturers are promoting a lead time of less than three months 

(repoweringsolutions.org, 2017., PES Wind, 2017). The author has noted that this lead time 

could be down to the high demand of new wind turbines compared to the low demand of 

remanufactured wind turbines and this would most likely have to be reassessed as a benefit 

should the remanufacturing market increase. However, the potential for reduced project 

duration would be a key driver for the medium scale market. 

As aforementioned, there are many industries which have a well-developed remanufacturing 

sector and so potential energy savings of remanufacturing are somewhat better researched. 

A study by Sutherland et al (2008) compares the energy intensities between the 
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manufacturing and remanufacturing of diesel engines and reports energy savings of almost 

90% compared to an engine manufactured from virgin material. Other literature based on 

remanufacturing from multiple industries provide an overall average energy consumption 

value of around 50% of that of a manufactured product. It is worth 

noting that due to the high-performance requirements of wind turbines, there are several 

components which will experience a high level of wear and tear during the lifetime of a wind 

turbine. Any component which is exposed to the environment, such as the blades, will fall in 

to this category as well as all moving parts that undergo an almost continuous amount of 

stress such as the gearbox (PLATE, 2017). The study by Ortegon et al (2014) states that regular 

maintenance of wind turbines will help to substantially reduce the risk of failure, while 

bringing down maintenance costs and downtime. 

There is room for improvement when it comes to the design of wind turbines. Inheriting a 

design which makes maintenance or replacement of components a much simpler task would 

be beneficial in further reducing financial risk of a wind turbine failing. The study by Charter et 

al (2008) concluded that it is the design stage of a products lifespan which will have the 

greatest impact on the cost, manufacturing and end of life possibilities.  

Growth Within: A Circular Economy Vision for a Competitive Europe presents the idea that 

such design activities would be further developed if companies were to share their 

product information, ultimately leading to greater utilisation of products, development of 

secondary markets and driving the markets economy and competitiveness. In turn, the 

greater utilisation of products would lead to an optimisation of material circularity and 

improvement on product design. The study concludes these thoughts by posing two 

questions for companies: 

 If your products were designed for take-back, how much value could you 

recapture from products sold? 

 If you had to take back all the products you sell, how would that affect design and 

production? 

This displays a perfect example of how the rethinking of the way products are designed could 

prove beneficial to a company’s, and an industry’s economic growth. (Ellen McArthur 

Foundation, 2015). As previously noted, remanufactured products are considered to emulate 

the quality of its first life, however, multiple studies note that consumers, retailers 
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and even remanufacturers do not perceive equality between them, suggesting that their 

behaviour towards remanufactured product is altered (Hazen 2016.; Smith et al, 2008). Hazen 

(2011) provides explanation by saying the consumers may see the remanufacturing process as 

ambiguous, with particular uncertainty in the products past life as well as the necessary actions 

required to bring the product back to original quality. Hazen et al (2016) goes on to note that 

the perceived quality of a product is a multidimensional concept, which takes in to 

consideration the products lifespan, features, performance and serviceability. Due to this 

uncertainty on the product, studies on consumers “willingness to pay” have been conducted, 

and it was concluded that when a remanufactured products cost is more than 70% of a new 

product, the consumer would opt to buy the latter (Gan et al 2017). 

2.12. Introduction to MCDA 

As development of sustainable energy grows, many developers are turning to multi-criteria 

decision analysis (MCDA) tools to help with the decision-making process of their projects. As 

Wang et al (2009) notes, “MCDA is a form of integrated sustainability evaluation” and the reason 

for its rise in popularity in the development of renewable energy is due to “the multi-

dimensionality of the sustainability goal and the complexity of socio-economic and biophysical 

systems”. The study supports its use due to its ability to minimise the difficulty of the decision-

making process through comparison of influential, yet conflicting criteria, that have differing 

data and perspectives. Georgopoulou et al (1997) goes on to express that the conflicting 

criteria doesn’t simply show the multicriteria nature of sustainable energy, but also the need 

to account for the interest of multiple stakeholders. This is echoed by Georgopoulou et al 

1997., Mateo 2012) who notes that every new stakeholder that is involved will result in the 

addition of new criteria and subjective opinions, which must be considered. He notes that the 

stakeholders involved vary from investors, individuals, institutions, authorities, environmental 

groups and governing bodies, all of which may have interests which directly or indirectly affect 

the process of decision making. The aim of this study is to draw an outcome from one decision 

within such projects, the selection of a wind turbine, with the focus on the reduction of waste 

material through the utilisation of remanufactured turbines by comparing the economic, 

environmental, technical and social criteria that would affect the decision-making process. 
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There are several MCDA tools that have been used in the sustainable energy planning, which the 

study by Watrobski et al (2016) have outlined in their study. They concluded that analytical 

hierarchy process (AHP) was the most common tool used with analytical network process (ANP), 

a generalised version of AHP also present. The study noted that these tools only allow for 

qualitative data to be analysed, with the evaluation of quantitative data being sacrificed. Other 

methods used were Technique for Order of Preference by Similarity to Ideal Solution, Simple 

Additive Weighting or Ordered Weighted Averaging Aggregator (OWA) as well as the preference 

ranking organization method for enrichment evaluation (Behzaidan et al, 2010). PROMETHEE II 

is a further developed method from its predecessor PROMETHEE I which is said to be a more 

comprehensive approach to decision making (Brans & Vincke, 1985). 

Behzadian et al (2010) presents PROMETHEE II as a means of providing a ranking, from a finite 

set of alternatives from the most preferred to the least. The fundamental working of 

PROMETHEE II is to make pairwise comparisons of the alternatives against each of the 

selected criterion (Behzaidan et al, 2010). PROMETHEE II has been used in this study on the 

basis that it has been well implemented in previous studies which look at the development of 

renewable energy projects; this is owed to its ability to relay conflicting economic, 

environmental, social and technical data to decision makers, who may not be well rehearsed 

in MCDA techniques, in a clear and concise manner (poladitis 2006, georgopulou). Further 

description of the tool can be found in section 3.3.
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3. Methodology

3.1. Introduction

This chapter provides a description of the methodology used to complete the study with 

further detailed description of the tools. The aim of this study is to assess the possibilities for 

minimising the amount of material that will be wasted from future decommissioned wind 

turbines through alternative end of life strategies. From the literature studied it was noted 

that there was potential for developing a remanufactured market within the wind energy 

industry. Upon this finding the author has decided to compare the driving factors of selecting 

a remanufactured wind turbine rather than a new wind turbine. The focus is on the potential 

for minimising the environmental effects that the industry in the future and the criteria of this 

study reflect this. The MCDA tool which has been used is PROMETHEE II after research 

showed that it has been successfully implemented in to projects within sustainable energy. 

Furthermore, its straightforward application and comprehensive comparison of results 

provide a clear outcome. 

The wind energy industry is continuously seeing the improvement of wind turbine 

performance; a noticeable attribute of recent technology is the physical growth of the 

wind turbines. This has led to the depleted manufacturing of medium scale wind turbines 

even though there is an ever-increasing market that would benefit from them, such as 

communities, farmers and industrial companies. Furthermore, the market for 

decommissioning wind turbines is set to rise drastically over the next few decades as we 

see initial wind energy projects near the end of their service life meaning that there will 

be a substantial amount of material that must be dealt with. 

In an attempt to address both of these problems comparison of a wind turbine selection 

process will be carried out and from the information gathered on the subject of 

remanufacturing, and its potential implementation in to the wind energy sector, three 

scenarios have been created. The identification of all the stakeholders that are affiliated 

with a wind power project are considered before further refinement applied to suit the 

objective of the study. 

With thought given to the stakeholders involved, a list of possible criteria is created. This list 

concentrates of driving factors that would directly impact the decision between the scenarios 
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and therefore are relatable to manufacturing and remanufacturing. The criteria can be 

divided in to four categories; economic, environmental, technical and social. Following this, 

the data collected for the criteria as well as the preference of all stakeholders can be 

processed using PROMETHEE II with the outcome being the understanding of the preferred 

scenario for each stakeholder. A representation of this methodology can be seen in figure 4

Figure 6: Illustrative flow chart of the methodology
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3.2. Microsoft Excel 

Data for many of the criterion was collected from several studies which had researched 

the topic of remanufacturing. To apply the information gathered to this study, the author 

has used Microsoft Excel to carry out calculations for some of the qualitative criteria. More 

details of the relevant calculations can be found in Section 6. 

3.3. PROMETHEE II 

As Behzadian (2010) presents, the aim of PROMETHEE II is to provide a ranking from a finite 

set of alternatives from the most preferred to the least. The fundamental working of 

PROMETHEE II is to make pairwise comparisons of the alternatives against each of the 

selected criterion. In this study he breaks down the working of PROMEETHEE II in to five clear 

steps and so this study will follow the same approach. Before entering data in to the 

PROMETHEE II method, the user must have assigned weighting to each of the criterion 

selected. Ideally, the weighting of assumptions would involve the stakeholders input, 

however, due to the lack of stakeholder availability, and for continuity, the author has decided 

to weight the criteria based on assumptions, focusing on their main goals when considering 

a project such as this. As can be seen in Table 1, the weighting of the criteria was created 

using 100 points for each stakeholder across the 7 criteria. Each stakeholder’s preferences 

differ and so the weighting of the points is solely based on their input, with no influence on 

other stakeholders. This means that while stakeholder A may find a criterion 1 more 

important than stakeholder B, Stakeholder A may also consider multiple other criteria of high 

importance, which could lead to stakeholder B having a higher point score for criterion 1. A 

list of the selected criteria and their weighting for the following study can be found in table 1.  
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Table 1: Criteria Weighting. 

Criteria Direction Investor Developer Public 

Environmental 
NGO's 

Manufacturers Governmental 
Body 

Manufacturing 
Cost Min 22 16 17 

2 18 8

NPV Max 23 15 13 2 3 2

MCI Max 2 3 8 23 13 14

Energy to 
Manufacture Min 2 5 8 

20 11 17

Co2 to 
Manufacture Min 2 5 10 

22 11 17

Availability Max 6 13 2 4 7 7

Risk Min 18 15 13 3 2 16

Lead Time Min 8 16 2 4 18 6

Product 
Development Max 2 4 8 

18 10 7

Perceived 
Quality Max 15 8 19 

2 7 6

Total 100 100 100 100 100 100

As aforementioned, the first step of the PROMETHEE II calculation is to perform the pairwise 

comparisons, as denoted by Equation 1. 

��(�, �)  =  ��(�)  −  ��(�)

Where ��(�, �) denotes the difference between the evaluations of actions �

and � for criterion ��   (Behzadian, et al, 2010). 

Step 2 is to application of the preference functions of each criterion. This allows for differing 

criteria values to be calculated as a preference degree, through the Equation 2. 

��(�, �)  =  �����(�, �)� � = 1, … ,�

Where �� is the preference of the alternative � compared to the alternative � for each criterion 

� as a function of ��(�, �) (Behzadian, et al., 2010).

Following this, PROMETHEE II then calculates the overall performance index using Equation 3. 
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∀�, � ∈ �, �(�, �) =  ∑ ��(�, �)��
�
��

Where �(�, �) of � over � (from 0 to 1) is defined as the weighting sum for each criterion and 

� is the weight associated with the �th  criterion. (Behzadian, et al., 2010)

Step 4 sees the tool calculate the positive and negative outranking flows. In the case of the 

positive ranking flows, the calculation considers how much scenario � is preferred over the 
other scenarios. The negative ranking flow calculates how much the other scenarios are 

preferred to scenario � (Haralambopoulos et al, 2003). The following equations illustrate this, 
respectively. 

Ø�(�) =
�

���
∑ �(�, �)�∈� and  Ø�(�) =

�

���
∑ �(�, �)�∈�

Where Ø�(�)denotes the positive outranking flow and Ø�(�) denotes the negative 

outranking flow for each alternative (Behzadian, et al., 2010). 

The ultimate step is to calculate the difference between the positive outranking flow and the 

negative outranking flow to obtain the net outranking flow. This is shown in the Equation 6 

Ø(�)  =  Ø + (�) − Ø − (�)

Where  Ø(�) denotes the outranking flow for each alternative (Behzadian, et al., 2010. 
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4. Project Description 

4.1. Introduction

To evaluate the benefits and barriers of remanufactured turbines, the author has decided to 

use the MCDA tool PROMETHEE II to compare multiple scenarios which include new and 

remanufactured turbines. This tool was selected due to its ability to evaluate conflicting 

quantitative and qualitative criteria, as well as utilising a straightforward method, resulting in 

a clear outcome. The aim is to make use of the information gathered in the literature review 

and draw a conclusion on whether there is potential for remanufactured wind turbines within 

the wind energy industry as well as assessing MCDA as a decision-making tool. This chapter 

presents a theoretical case study in which the project is solely based around the selection of a 

wind turbine which could provide a solution to the future decommissioned material within the 

industry as well as the need for medium scale wind turbines. 

4.2. Case Study 

As the focus of this project is based around the turbine selection process, there was no need 

to choose a specific site, instead some boundaries that have been assumed for all scenarios 

have been selected by the author, based on research of literature and available data. The 

medium scale market usually consists of wind turbines with a capacity ranging from 500kW 

to 1.5MW, however, this study will investigate a turbine of 2MW capacity, as this is the most 

commonly presented in Life Cycle Analysis (LCA) literature. 

4.3. Life Cycle Analysis Review 

The first step of the project was to access multiple LCA’s of 2MW turbines, with the aim of 

gathering a clearer picture on the average figures in focused areas. Six publications were 

reviewed and a description of the information gathered is presented below (Garrett et al, 2012., 

Martinez et al, 2010., Vargas et al, 2015., Guezuraga et al, 2012., Ghenai, 2012., Vesta 2011). 

• Performance: a clearer picture on the overall performance of a 2MW wind turbine was 

required so that the author could make an accurate assumption on electricity 

generation. Whilst it is understood there is an abundance of factors contributing to
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the performance of a wind turbine, this project simply requires a best guess figure 

for consistency throughout. 

 Average lifetime: an understanding of the average service life of the wind turbines 

in the LCA’s was required.

 Bill of components: a list of the major components considered in LCA’s was then 

required.

 Bill of materials: a list of the material type as well as the average mass of material 

in the LCA’s was calculated.

Once all the necessary information was gathered, a table of the averages of the data sets 

listed was created; this is represented in Tables 2 and 3. 

Table 2:Summary of components and average mass from LCA’s reviewed. 

Capacity 
(MW) 

Lifetime 
(Years) 

Components 
Sub-
component 

Component 
Mass (Tonnes) 

2 20 Rotor Three blades 22 

Hub 9 

Tower  - 153.6 

Nacelle Main Shaft 9.05 

Transformer 7.5 

Generator 8.25 

Others 8.75 

Gearbox 18 

Nacelle Cover 3 

Table 3:Summary of materials and average material mass from LCA's reviewed. 

Material 
Material Mass 
(Tonnes) 

Mass % 

Steel 202.35 72% 

Cast Iron 39.25 14% 

Copper 5.25 2% 

Fiberglass 18.11 6% 

Resin  13.08 5% 

Aluminium 2 1% 

TOTAL 280.04 100% 
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4.4. Scenarios 

The aim of this project is to compare the implementation of a remanufactured wind turbine 

against that of a new wind turbine and as a result the author has created three scenarios 

which is felt best suit the study, taking in to consideration the information gained from the 

literature review. A list of these scenarios can be found below: 

Scenario 1: A new wind turbine of 2MW capacity.

Scenario 2: A remanufactured turbine of 2MW capacity, with cost of remanufactured 

components set at 50% of the manufacturing cost, energy needed remanufacture 

components set at 50% of energy to manufacture, and Co2 produced during remanufacturing 

set at 50% of Co2 produced during manufacturing. The values for this scenario were assumed 

in relation to the literature reviewed on remanufactured products from multiple industries 

(Kerr et all, 2001., Golinska et al, 2011., Li et al, 2013., Sutherland et al, 2008., Seitz, 2007).

Scenario 3: A remanufactured turbine of 2MW capacity, with cost of remanufactured 

components set at 70% of the manufacturing cost, energy needed remanufacture 

components set at 70% of energy to manufacture, and Co2 produced during remanufacturing 

set at 70% of Co2 produced during manufacturing. (reference). This

scenario was created to offset the assumptions gained from the literature in scenario 1; the 

cost to remanufacture was chosen due to literature which concluded that a new product 

would be preferred over a remanufactured product if costs were to exceed 70% of the new 

one. 

Several factors which remain constant throughout the scenarios for consistency are as 

follows: 

• A service life of 20 years. 

• AEP of 4660 MWh per year, using a capacity factor of 26.6% (Renewable UK, 2017). 

• O&M costs of 2% of the initial turbine investment. 

• The components for remanufacturing are tower, rotor, nacelle cover and bedframe. 

• The components to be replaced are the gearbox, generator, transformer and main 

shaft. 

• Full recycling of materials of components which can be recycled at end of service life. 
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5. Stakeholder Selection 
The stakeholder selection process considered those who would have a significant role in 

the consideration of both scenarios, direct or indirect, and the possible influence that they 

may have on the outcome. The selection of the stakeholders was conducted based on the 

authors assumptions as a result of the literature review conducted. A list of the selected 

stakeholders is provided below and an explanation of their involvement in the sub-

sections that follow. 

1. Investor 

2. Developer 

3. Public 

4. Environmental NGO 

5. Manufacturer 

6. Governmental Body 

5.1. Investor 

Investors involvement in development of wind power is paramount as they are the main 

source of financial input. They will usually be consulted with all decisions regarding the 

development of the project and their focus is on the economic aspect. When considering the 

wind turbine options they are looking for performance and reliability, essentially looking for 

a minimal risk and maximum profit. 

5.2. Developer 

The developer’s role is to complete a project to a high standard in the shortest possible time-

frame and although the focus of the developer is to meet such targets, they must also 

consider all other impacts that a project can have, both socially and environmentally. The 

choice of turbine will inevitably come down to their decision, however they are inclined to 

keep all parties involved happy throughout the project and therefore must carefully consider 

their opinions.
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5.3. Public 

As the case scenario is not specifically tied to one site, the public are not being constrained to 

a scale. Instead they will be used as a general opinion for the two scenarios, with the author 

understanding that they would need to be considered and informed of such a decision in 

most relevant cases. Their focus will be on lower electricity price as well as an overall concern 

for the environment effects of the decision. 

5.4. Environmental NGO 

In this case, the environmental NGO is a charitable body that aims for continuous improvement 

of sustainability. Although they have no direct input to a single wind power project, they do 

have a strong voice within renewable energy, so it seems appropriate to consider them when 

undertaking this MCDA. Their focus is to inspire the re-thinking of product design aiming for 

sustainability through the minimisation of waste, minimisation of Co2 needed to produce the 

product, and reduction on energy usage. The Ellen McArthur Foundation has been mentioned 

previously in this paper and can be referred to for an example. 

5.5. Manufacturers 

The manufacturers are focused on maximising their own profit on sale whilst also aiming 

for continual improvement and growth of the market. They also have a duty to minimise 

the effects their process has on the environment through legislation, so this will be of 

concern to them. 

5.6. Governmental body 

The concern of the Governmental Body is to ensure a projects outcome is best suited to 

all the stakeholders involved. Aiming to build upon a sustainable society through the 

economic, social and environmental planning whilst adhering to energy policies and 

striving to meet the targets that are set out. This stakeholder can easily be applicable to 

the EU-wide 2030 targets. 
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6. Evaluation Criteria 

One of the main benefits of using MCDA, is the ability to compare data on a level form in ways 

that may not have been attainable otherwise; this allows the author to evaluate multiple 

factors, which is beneficial when attempting to provide as thorough a conclusion as possible. 

This report looks at the key drivers in sustainable development, which are the economic, 

environmental and social factors. Due to the nature of wind power, and for the purpose of 

this report, the author has decided to include technology as a fourth factor which will attempt 

to compare the criteria which is deemed to be important to the topic of remanufacturing 

specifically, thus, making it more scientifically beneficial. The author has gone on to select 

sub-criteria within each category, making it relevant to the research. 

6.1. Economic Criteria 

The economic criterion is comprised of the sub-criteria Manufacturing Costs and Net Present 

Value. Further details on these sub-criteria is explained in the following sections. 

6.1.1. Manufacturing Costs 

As the focus of this paper is on the comparison of using a new wind turbine against a 

remanufactured turbine in wind power development, it is important to consider the 

respective costs for each. The data for this has been sourced from the multiple Life Cycle 

Analysis papers the author has reviewed. 

The manufacturing costs take in to consideration the extraction of material, cost of 

transportation and the cost to process the material, and is calculated in EURO (€). The total 

cost for a 2MW turbine was assumed to be €321,000 taken from the NREL (2015) report. The 

percentage of total cost to manufacture a wind turbine are estimated in the NREL (2015) 

report and so the value of 71% to manufacture a new turbine was used for this paper. For the 

remanufactured turbine, the research conducted for this study presented an average cost 

saving of 50% and so this was used in the calculation of scenario 2. As Scenario 3 looks at the 

possibility of a higher cost to remanufacture, a value of 70% was chose by the 

author in accordance with the research that suggested a new product will be preferred if 

the remanufactured product costs more than 70% of a new product (Gan et al 2017). 



40 

6.1.2. Net Present Value 

Net Present Value (NPV) is the variance in all income and expenditures of the lifetime of a 

project. In order for the project to be considered profitable, the NPV must be positive and it 

is therefore preferred for this value to be as high as possible. Since NPV has been widely used, 

author has chosen Excel to calculate the NPV of the scenarios presented in this paper and the 

lifetime was assumed to be 20 years in all scenarios for consistency. 

6.1.3. Environmental Criteria 

The environmental criterion looks at various impacts that are deemed important to consider 

when evaluating both scenarios. The sub-criteria consist of: Material Circularity Indicator, 

Energy to Manufacture and Co2 to Manufacture. Further details on these sub-criteria is 

explained in the following sections. 

6.1.4. Material Circularity Indicator 

Material Circularity Indicator is a tool developed by the Ellen MacArthur (2015), which aims 

to measure the minimisation of a products linear flow and maximise its restorative flow for 

all the component materials. This provides a clearer indication of the sustainability of a 

product by looking at how much of the material is virgin, reused or recycled. It is presented 

as a quantitative figure between 0 and 1, with a maximum output preferred. 

The calculation measures a products MCI by considering the percentage of virgin material, 

percentage of unrecoverable waste and the utility factor of the product, which is the product 

lifetime and intensity its of its use. For a new wind turbine, it is assumed that the product is 

made up entirely of virgin material, however, for all virgin materials a recycling fraction is 

incorporated; this is an estimation of the proportion of a material in use worldwide has been 

recycled and allows. It is also considered that all materials in the new turbine which can be 

effectively recycled at the end of the products life, will be with relative efficiency. The 

remanufactured turbine is comprised of both new and reused material, therefore to account 

for this, the fraction of materials which are used in new components will be considered in the 

same way as the new turbine. All reused materials will therefore 
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have maximum MCI. To get an overall MCI for the product, an aggregate of the MCI for 

the mass of each component is calculated. Firstly, the virgin material of the product is 

calculated using the following equation: 

� =  �(1 − �� − ��)

Where � is the mass of finished product ��, is the fraction of feedstock obtained from 

recycled sources and  is the fraction of feedstock obtained from reused sources. 

As all scenarios of this study are assumed to be collected for recycling where possible; 

unrecoverable waste, ��  , from the recycled material is calculated as: 

�� =  ��(1 − ��)

Where � is the mass of the �th material and ��  is the recycling efficiency of the nth 

material. 

As it is assumed that a fraction of the feedstock material was obtained from recycled 

sources, the calculation of unrecoverable waste, ��,is as follows: 

�� = ��

(1 − ��)

��

When calculating the total mass of unrecoverable waste, adding �� and , would result in 

some of the unrecoverable waste being double counted. To avoid this the following equation 

is necessary: 

�� =  
(�� − ��)

2

The next step is to calculate the Linear Flow Index (LCI), which takes in to consideration how 

much material is flowing in a linear take-make-dispose fashion, as described in section 2.6. LFI 

is presented with a value between 0 and 1, where 1 is an entirely linear flow. The equation 

for LFI is as follows:

��� =  
� − �

2� +
(�� − ��)

2

Finally, the Material Circularity Indicator can be obtained: 
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��� = 1 − ���(�(�))

Where � is the function of utility . As this study only considers one service lifetime of a 

wind turbine, F(X) = 1.

6.1.5. Energy to Manufacture 

The processes used to manufacture a turbine require a great deal of energy; as we aim to 

become more sustainable in the way we produce products it is important to consider how 

much energy is needed to do so, striving for efficiency. It is easy to overlook the energy used 

to manufacture a turbine as it has the benefit of being able to “payback” this energy during 

its lifetime. This criterion considers the energy used solely on the 

manufacturing/remanufacturing process. Using information provided from the LCA’s 

researched from this paper a calculation of the energy needed was conducted by considering 

the mass of the materials used and their relative embodied energy; the energy consumed by 

all processes necessary for production. The indirect energy, the energy needed for 

manufacturing, was then calculated and provided in MJ, with a minimum value preferred. The 

total energy to manufacture, ��, is described in the equation: 

�� = ����� + ����� + ⋯

Where EE is the embodied Energy for the nth material and m is the materials mass for the 

nth material. 

Due to the lack of research conducted on remanufacturing of wind turbines, the author has 

turned to research papers of other remanufactured products such as automotive engines, 

printing cartridges and electronic components. Similar findings were also published in the 

paper by Ortegon et al 2012, which has been used as further reference to the calculations. 

From this, an average of 50% of energy used was used for the components that are to be 

remanufactured in Scenario 2 and Scenario 3. Similar consideration was taken for the 

components which go through a high amount of wear and tear during the first life of the 

wind turbine. These components are paramount to the reliability of the turbine and so for 

the purpose of this paper they will be replaced. These components are the gearbox, 

generator, transformer and main shaft. 
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6.1.6. Co2 to Manufacture 

Co2 is inevitable when manufacturing new product but as the global outlook is focused on 

reducing the Co2 levels and governments are aiming to meet targets, it is important to access 

the levels we produce as a by-product. This criterion has been selected to evaluate the 

significance in both scenarios. In principle, the Co2 to manufacture is calculated in the same 

way as energy to manufactured but its provided in kgCo2, with a minimum value preferred. 

The same assumptions for the replacement of certain components will be transferred to 

these calculations. The total Co2 to manufacture is described in the following equation, where 

EC1 is the embodied Co2 for the nth material and m is the materials mass for the nth material. 

� = ������ + ����� + ⋯

6.2. Technical Criteria 

The Technical criterion has been introduced to gain an understanding of its significance 

on the development of a wind project. The sub-criteria consist of Availability, Risk and 

Lead Time. 

6.2.1. Availability 

The increase in wind power development must be met with an increase in wind turbine 

manufacturing; developers have a magnitude of turbine options when it comes to selecting one 

and although there are many aspects to consider when doing so, namely performance at an 

individual site, the availability of the turbine is paramount to ensure a smooth and fast project. 

Whilst there is an abundance of new turbines, making availability less of a concern, this criterion 

has been selected to consider the effect that the current availability and

variety of remanufactured turbines may pose of the selection process. As noted in the 

literature, although there is a market potential for medium scale turbines, the production has 

depleted due to the development of new turbine technology (Ortegon et al, 2012., Parker et 
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al, 2008). Due to the lack of quantitative data available to the author regarding wind turbine 

availability, this criterion will not present the estimated value of how many 2MW wind 

turbines are available for each scenario. Instead, the unit will be scaled between 1-10 with 

the authors judgement on the current availability with a maximum value preferred. 

Table 4: Scale of Turbine Availability 

Scale Availability 

1-2 Few 

3-5 Few to Some 

6-7 Some to Widespread 

8-10 Widespread 

6.2.2. Risk 

All wind power projects will undergo multiple risk analyses throughout the project. The main 

aim of these assessments is to minimise the economic risk of a project which can happen for 

many reasons such as delays, change in project value (i.e. drop in electricity price or subsidy 

cuts), or social and environmental impacts. When considering the turbine selection itself, a risk 

analyses is much harder to predict and mitigate. The main problem lies within the performance 

of the turbine throughout its lifetime. Although a deterioration in turbine performance is 

expected, it is the failing or radical underperforming risk that can cause great problems. 

Manufacturers offer warranty as well as operation and maintenance packages to ensure their 

turbines reliability and this criterion has been selected to address the grey area of the risk of 

remanufactured turbines. A scaled value between 1-10 has been selected by the author, taking 

in to consideration the performance, reliability, warranty, maintenance. A minimum value is 

preferred. 

6.2.3. Lead Time 

The lead time is the length of time between the initiation and completion of the product. For 

manufacturing of a new turbine, this relates to the time taken This includes the extraction and 

processing of the raw materials, transportation to the site, manufacturing and assembly of the 

wind turbines components. The lead time for remanufacturing differs as it involves the 

transportation of used turbine, disassembly, inspection, cleaning, remanufacturing or 
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replacement and assembly. It should be noted that although lead time could also fall under one 

of the previous two criteria, the author has chosen it as a separate criterion as a result of the 

literature review conducted. It is suggested that the lead time for a remanufactured turbine is 

less than three months (repoweringsolutions.org, 2017., PES Wind, 2017) whereas a new 

turbine can be anything from 12 to 16 months NREL (2004). The unit for this criterion is months 

and a minimum value is preferred. 

6.2.4. Product Development 

The current development of wind turbines focuses on the improvement of performance; this 

is not only evident in the increase in size of wind turbines over the years but also the 

development of blade efficiency and the durability of components to meet varying 

environmental demands. However, as this paper is focused on the sustainability of wind 

energy, this criterion has been selected as a way of applying the findings which suggest 

remanufacturing would encourage product design through greater product utilisation taking 

in to consideration factors such as life extension, design for disassembly and design for repair 

(Ellen McArthur Foundation 2015., Charter et al, 2008). A qualitative scale between 1-10 has 

been used for this criterion, with a maximum value preferred. 

Table 5: Scale of Encouragement of Sustainable Design 

Scale 
Encouragement of 
Sustainable Design 

1-2 Little 

3-5 Little to Some 

6-7 Some to Great 

8-10 Great 

6.3. Social Criteria 

As the main aim of this paper is to consider the options of comparing the benefits of a 

new turbine against that of a remanufactured one, there are fewer social aspects that are 

relevant. One that does stand out however, is the perceived quality of a wind turbine in 

both scenarios and this sub-criterion is explained in below. 
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6.3.1. Perceived Quality 

The author has researched papers that involved the perception of the remanufacturing process 

and its effect on decision making. As for now, the ambiguity of the remanufacturing process is 

thought to have an adverse effect on consumer’s perception, resulting in them not seeing 

equality between new and remanufactured products (Hazen 2016., Keoleian, 2004). Although 

the other sub criteria may have a more important impact on the development of wind energy, 

it is important to consider the stakeholders’ perception in all scenarios, as this would no doubt 

play a significant role in the outcome of a project. Again, this is provided as a qualitative 1-10 

scale with a maximum value preferred.

Table 6: Scale of Perception of Quality 

Scale Perception of Quality 

1-2 Very Low 

3-5 Low to Medium 

6-7 Medium to High 

8-10 Very High 

6.4. Summary of Criteria 

Table 7 presents the results from the calculations carried out for each criterion as mentioned 

in Section 6. 



Table 7: Summary of Criteria 

Criteria Sub-Criteria Unit Direction Scenario 1 Scenario 2 Scenario 3 

Economic 
criteria 

Manufacturing 
Cost 

€ Min 2,279,100 1,139,550 1,595,370

NPV € Max 542,522.64 1,617,569.81 322,852.52

Environmental 
criteria 

MCI 
Qualitative 
Scale 1-10 

Max 6.6 9.5 9.5

Energy to 
Manufacture 

[MJ] Min 13,750.25 6,875.12 6,875.12

Co2 to 
Manufacture 

KgCo2 Min 1,068.08 534.04 534.04

Technical 
Criteria 

Availability 
Qualitative 
Scale 1-10 

Max 10 3 3

Risk 
Qualitative 
Scale 1-10 

Min 2 7 8

Lead Time Months Min 36 6 6

Product 
Development 

Qualitative 
Scale 1-10 

Max 2 9 9

Social criteria 
Perceived 
Quality 

Qualitative 
Scale 1-10 

Max 10 3 2



7. MCDA Results 

In this chapter a graphical representation of the results from the MCDA are presented, with 

each graph illustrating the preference of its respective stakeholder. 

Firstly, the results of the investor are presented in Figure 7, which shows that their preference 

is towards Scenario 2, with scenario 3 being least preferred. 

Figure 8 represents the preference of the developer and in this case, scenario 1 is most 

preferred and scenario 3 the least. 
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Figure 7: Preference of Investor

Figure 8: Preference of Developer



The results for the public, in figure 9 show that the preferred scenario is scenario 2, with 

scenario 1 being least preferred. 

In figure 10, the preference of the Environmental NGO can be seen. Whilst scenario 2 is the 

most preferred, it’s worth noting that scenario 1 was the least preferred by a large margin. 
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Figure 9: Preference of Public

Figure 10: Preference of Environmental NGO



In the case of the manufacturer, the preferred scenario is scenario 2, with 3 being least 

preferred. This can be seen in figure 11. 

The preference of the governmental body is presented in figure 12, with scenario 3 being 

most preferred and scenario 1, the least preferred. 
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Figure 11: Preference of Manufacturer

Figure 12:  Preference of Governmental Body



Finally, Figure 13 is a representation of the preferred scenario when considering all the 

stakeholders involved. As can be seen Scenario 2 was the most preferred and scenario 1 the 

least. 

Figure 13: Summary of preferred scenarios



8. Discussion

8.1. Introduction

In this chapter, the results presented in chapter 7 will be discussed. Focus will be placed 

on the reason behind each stakeholder’s preferred scenario with similarities between the 

stakeholders considered. 

8.2. Analysis 

From the results, it is noted that four out of six stakeholders preferred scenario 2, which was 

the remanufactured turbine, which would be remanufactured at 50% of the cost, energy and 

Co2 produced. Scenario 1, the newly manufactured turbine, was preferred by one 

stakeholder and scenario 3, the wind turbine remanufactured at 70% of the cost was also 

preferred by one stakeholder. On initial review, the reduced costs and environmental benefits 

have been the reason behind the preference of scenario 1, however it must be noted that the 

one stakeholder’s preference towards scenario 3 was unanticipated and suggest some 

inconsistency with the other results. 

The investors preferred scenario was scenario 2, which suggest that the potential for a smaller 

initial investment, met by a greater net present value were the main factors in the outcome. 

However, the margin between scenarios was minor, and with scenario 1 being the second 

preference, this indicates that there has been an influence of ‘willingness to pay’ from the 

investor, where the risk of investment was maybe not met by the value of return and perceived 

quality may have been the deciding criterion. The developer preferred scenario 1 which is most 

likely down to the concern about the current availability of remanufactured wind turbines, 

which could pose a threat to the time scale of their project. Less concern for the reduction in 

energy and Co2 during manufacture is another reason why Scenario 1 has come out on top. It 

is fair to note that while the public have a growing concern for the impact we have having on 

our environment, the main pull for them when it comes to energy generation is the reduction 

in electricity costs; Scenario 2 was the preferred scenario for the public due to the reduced 

project costs and while that does not necessarily imply that electricity costs will be reduced, it 

certainly shows potential for doing so. Scenario 3 was given higher preference than scenario 1, 

suggesting that the 70% cost to remanufacture 



met the ‘willingness to pay’ bracket as suggested by the studies presented in the literature 

review (Gan et al 2016). The results for the Environmental NGO were unsurprising with 

Scenario 2 being preferred. The reduction in energy and Co2 during manufacture are 

influential factors, but the Scenarios tendency towards a more circular economy, product 

lifetime extension and product development, were certainly the driving factors for this 

stakeholder. The manufacturer also took preference to Scenario 2, likely due to the potential 

for larger profit margins; a reduction in manufacturing costs allow for economic growth and 

driving a more competitive market. The shorter lead time for remanufactured turbines was 

also important to the manufacturer, allowing for higher turnover of business. The reduction 

of energy and Co2 to manufacture would allow for the manufacturer to meet any 

environmental targets set out by the company or the municipality. Finally, the results of the 

Governmental body show that scenario 3 would be the preferred scenario, which displays 

some irregularity in the results. Scenario 3 was chosen this study to act as a variance of the 

cost assumptions made, with the intention that it would define a range in which 

remanufactured wind turbines would be accepted. It was not expected that it would achieve 

a higher preference than scenario 2 from any of the stakeholders and so suggest some 

inconsistency. Nonetheless, the preference towards remanufacturing would suggest that 

high importance is placed on the reduction in environmental impact of the wind energy 

industry, with EU targets being the focus for this stakeholder. 

8.3. Limitations 

To carry out this study, the author has had to make number of assumptions. Due to the lack 

of research directly involving remanufacturing of wind turbines, studies from other 

remanufacturing industries have been used. The weighting of the criteria for each stakeholder 

was created by the author as there was a lack of information available from stakeholders in 

the field, and for consistency is was deemed appropriate to make all assumptions. Any 

assumptions of data have been provided in the relevant sections.



9. Conclusion 

9.1. Summary of the study 

Due to the rapid growth of the wind energy market over the last decade, the future of the 

industry will consequently see the dismantling of many wind turbines, both due to wind 

turbines reaching the end of their service life and to make way for surpassing technology, 

leaving behind a large amount of material that must be dealt with. It is estimated that total 

waste material will increase an average of 12% per year between 2014 and 2026 and 41% per 

year between 2026 and 2034 (Andersen et al, 2016). Furthermore, due to the advancing 

technology of wind turbines, there has been a decline in the number of medium sized wind 

turbines being manufactured. This aim of this study was to address the problem of future waste 

mitigation, whilst attempting to capture the medium scale market. As such, the study has 

looked at the idea of a circular economy, in which wind turbines are not considered as waste at 

the end of their service life, but rather an opportunity to recapture value through 

remanufacturing. This was approached by identifying the driver and barriers of remanufactured 

products, utilising knowledge from other industries with developed remanufacturing sectors. 

From this a Multi-Criteria Decision Analysis has been performed using the PROMETHEE II 

method. The aim was to draw a comparison of three scenarios, enveloped by a theoretical wind 

turbine selection project. The scenarios were created by the author and considered the 

implementation of a new wind turbine and remanufactured wind turbines, with the criteria 

selected to address the need to reduce waste within the wind energy industry whilst capturing 

the medium scale market potential. The study has shown that there is great potential for 

remanufacturing within the wind industry, not only due to the economic potential of 

developing the secondary market within the industry and driving competition, but as a means 

of developing wind energy whilst focusing on the most important reason for its 

implementation, the growth towards a sustainable future. Throughout the study it has been 

noted that remanufacturing costs are estimated to be, on average, 50% of the cost to 

manufacture a new turbine. However, the development of wind turbine technology is driving 

the reduction in wind turbines costs annually whilst the cost to remanufacture will most likely 

not decrease unless the market grows substantially. This could lead to further implications for 

its development as most developers of wind would 



opt for new wind turbines, rather than remanufactured models. However, the need for 

medium size turbines is still relevant and many factors, including restrictions on wind turbine 

size at specific sites, could allow for the development of remanufacturing to be achieved. It is 

worth noting that whilst legislation for waste management is being implemented, it is currently 

more of a guideline procedure on how to minimise the impact waste has on the environment. 

If there is to be a drive towards an economy which is circular, then further legislative action 

should be implemented to put greater responsibility on those who are designing, 

manufacturing and buying products. In the case of wind energy, this responsibility should 

stretch back to the manufacturer; currently a wind turbine manufacturers responsibility, and 

subsequent handling of the material is absorbed by the customer once the product has been 

delivered, leaving the manufacturer with less incentive to design a product which can be reused 

or remanufactured easily. The competitive nature of the industry can also be a barrier, as 

manufacturers are very secretive of the technology they have, and are developing. Whilst this 

is understandable in a market that is growing the way wind energy is, it somewhat suffocates 

the potential for overall development. 

9.2. Future Research 

As this study attempted to look at the potential for remanufacturing within the wind energy 

industry, it was noted that there are multiple areas that must be researched for its 

development. Firstly, a greater understanding of the remanufacturing process of a wind 

turbine, including all components which are suitable for remanufacturing should be 

researched thoroughly. In turn this would allow for accurate data regarding the costs to 

remanufacture and energy saving made. With more accurate data available, the use of an 

MCDA to compare new and remanufactured turbines could be improved. Studies in to the 

perceived quality of remanufactured wind turbines would help identify barriers that would 

need to be addressed for the development of a secondary market. Finally, research in to the 

design of wind turbines which aim at extending the lifetime of materials and components 

would benefit the transition towards a more circular economy.
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