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ABSTRACT 
Wind power is one of the fastest growing energy sources, which have 
advantages in terms of delivering clean, cheap and fast energy. Many actors 
and organizations have realized this potential, which has lead to exponential 
growth of the wind power over recent couple of years. Despite promising 
future of clean and green energy through wind there are still areas to be 
improved to tackle main hinders for further development on a larger scale. 
The larger scale development of wind power has up-to-date been reached in 
only few countries such as Denmark and Germany. The most potential can be 
found through offshore wind turbines due to, among other, lesser height and 
noise restrictions than inland wind turbines as well as better wind resources.  
 
This thesis is mainly characterized by the mixed-method method, which is in 
its turn characterized by mixing different research methods such as induction, 
deduction and abduction as they might be suitable to apply during the 
different stages of the research process. In this thesis the system approach will 
be considered to model the scope of this study’s context. As this thesis was 
constructed as a theoretical study the systematic literature review was used as 
the main source for data collection. The synthesis of the reviewed articles was 
initially performed in a broad manner to show overall picture of research 
related to the scope of this thesis. In the following step, the adopted LCM 
tool was used to extract study specific data from the reviewed and additional 
articles. This enabled to link some of the current problems, in wind power 
area, and ‘unfulfilled’ stakeholder requirements.     
 
This thesis aim was to identify important stakeholders and to address their 
respective requirements within the scope of supportability engineering applied 
in the wind power context, particularly stakeholder requirements that have not 
been considered by previous research. The purpose of it was to compare 
different requirements with current issues in the wind power sector. 
Conducted systematic literature review showed significant and costly 
(development) issues related to the supportability engineering such as 
reliability, availability, maintainability, accessibility problems etc. This was 
fully in line with the stakeholders’ requirements, which in several cases 
demanded higher dependability i.e. availability performance and its 
influencing factors.   
 
The thesis also included definition of supportability engineering framework, 
through comparing several widely accepted and standardized theoretical 
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concepts. This comparison enabled definition of more focused approach with 
requirements on the ‘supported system’ and to lesser extent the ‘support 
system’. These requirements are usually mixed within the different theoretical 
concepts. 
 
The main findings from this study are that application of supportability 
engineering framework would lead to earlier identification of important 
stakeholders and their requirements. Considering these requirements, for 
instance availability and maintainability of the wind turbines, at earlier stages 
of the life cycle through better design and improved supportability 
infrastructure could potentially decrease amount of current problems in the 
wind energy sector in particular for the offshore part. Another result was that 
different stakeholders and their requirements were identified. Thesis 
contribution overall was a new ‘refined approach’ to deal with supportability 
issues through supportability engineering framework, whose main focus is the 
‘supported system’.  
 

KEY WORDS 
Supportability, Supportability Engineering, Stakeholders Requirements, Non-
functional Requirements, Integrated Logistic Support, Asset Management, 
Maintenance Support, Logistic Support, Wind Energy, Wind Power, 
Accessibility, Maintainability, Serviceability, Supported System   
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KEY TERMS AND DEFINITIONS  
Asset Management: "Systematic and coordinated activities and practices, 
through which an organization optimally and sustainably manages its assets 
and asset systems, their associated performance, risk and expenditure over 
their life cycles for the purpose of achieving its organizational goals."PAS_55-
1:2008 (2008) 
 
Dependability: “collective term used to describe the availability performance 
and its influencing factors: reliability performance, maintainability 
performance and maintenance support performance” 
 
Note This term is only used for general descriptions in non-measurable terms" 
IEC_60300-3-14 (2004) 
 
Corrective maintenance: "Maintenance carried out after fault recognition and 
intended to put an item into a state in which it can perform a required 
function" IEC_60300-3-16 (2008) 
 
Effectiveness: "extent to which planned activities are realized and planned 
results achieved" PAS_55-1 (2008)    
 
Efficiency: "relationship between the result achieved and resources used" 
PAS_55-1 (2008)  
 
Indenture level: "level of subdivision of an item from the point of view of a 
maintenance action" IEC_60300-3-14 (2004) 
 
Integrated Logistic Support: “Integrated Logistics Support (ILS) is the 
disciplined and unified management of all activities necessary to produce a 
supportable system design and a reasonable support capability to achieve a 
predetermined set of measurable objectives within an acceptable cost of 
ownership.” Jones (2006)  
  
Life Cycle Cost Analysis: "LCCA may be defined as a systematic analytical 
process for evaluating various designs or alternative courses of actions with the 
objective of choosing the best way to employ scarce resources." Durairaj et al. 
(2002) 
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Maintainability (performance): "ability of an item under given conditions of 
use, to be retained in, or restored to, a state in which it can perform a required 
function, when maintenance is performed under given conditions and using 
stated procedures and resources 
Note The term 'maintainability' is also used as a measure of maintainability 
performance" IEC_60300-3-14 (2004) 
 
Maintenance echelons: "position in an organization where specified levels of 
maintenance are to be carried out on an item" IEC_60300-3-14 (2004) 
 
Maintenance support: "resources required to maintain an item, under given 
maintenance concept and guided by a maintenance policy" IEC_60300-3-16 
(2008) 
 
Maintenance concept: "interrelationship between the maintenance echelons, 
the indenture levels and the levels of maintenance to be applied for the 
maintenance of an item" IEC_60300-3-16 (2008) 
 
Preventive maintenance: "maintenance carried out at predetermined intervals 
or according to prescribed criteria and intended to reduce the probability of 
failure or the degradation of the functioning of an item 
 
Note 1 Preventive maintenance includes condition-based tasks that consist of 
condition monitoring, inspection and functional testing. 
 
Note 2 Predetermined intervals apply to repair or replacement that are carried 
out at specific intervals such as elapsed time, operating hours, distance, 
number of cycles or an other relevant measures." IEC_60300-3-14 (2004)  
 
Stakeholder: "person or group having an interest in the organization's 
performance, success or the impact of its activities 
 
Note 1 Examples include employees, customers, shareholders, financiers, 
regulators, statutory bodies, contractors, suppliers, unions, or society. 
 
Note 2 A group can comprise an organization, part thereof, or more than one 
organization." PAS_55-1 (2008) 
 
Supportability: "A prediction or measure of the characteristics of an item that 
facilitate the ability to support and sustain its mission capability within a 
predefined environment and usage profile", Jones (2007, p 1.1).   
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Supportability Engineering: "The concept of supportability engineering 
contains guiding principles that make a basis for attaining highest operational 
effectiveness and availability cost-effectively (for acceptable cost of 
ownership). Supportability engineering has its focus on the design and 
development of the products," Jones (2007).  
 

ABBREVIATIONS 
CBM: Condition Based Maintenance 
FR: Functional Requirements 
FMEA: Failure Mode and Effect Analysis 
HVDC: High Voltage Direct Current 
KPI: Key Performance Indicator 
LCC: Life Cycle Cost 
LCCA: Life Cycle Cost Analysis 
LCM: Loss Causation Model 
LSA: Logistic Support Analysis 
MCDM: Multiple Criteria Decision Making 
MTBF: Mean Time Before Failure 
MTTR: Mean Time To Repair 
NFR: Non-Functional Requirements 
O&M: Operation and Maintenance  
OEM: Original Equipment Manufacturer 
RCM: Reliability Centered Maintenance 
ROI: Return On Investment 
RAMS: Reliability, Availability, Maintainability, Serviceability (or 
Supportability) 
RPN: Risk Priority Number  
SEF: Supportability Engineering Framework 
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1. INTRODUCTION 
Chapter one starts by introducing the background, which outlines the broad field of 

study related to wind power. This is followed by the problem discussion which 

discusses the issues/challenges, outlined in the background, moreover how and if these 

problems are managed in some way. Afterwards the research questions are presented, 

followed by the aim and relevance of the study. Lastly in this chapter, the thesis 

delimitations are brought up.  
 

1.1. Background 
Wind power is a feasible energy source alternative compared to conventional 
based on fuels such as coal, oil and natural gas. It is regarded as the cheapest 
renewable energy source, which encourages investment and creates benefits in 
terms of employment, research, funding, energy independence etc., Bilgili et 
al. (2010). Evans et al. (2009) reported that wind power is the most 
sustainable source of energy, considering that it had lowest relative greenhouse 
emissions, acquired most favorable social impacts compared with other energy 
technologies and least water consumption requirements. There are over 
400 000 people employed in the wind industry, but the prognosis is that the 
industry will create many new job opportunities with figures passing million(s) 
of employees in near future, Bilgili et al. (2010). 
 
The wind power industry experienced an exponential growth in the last couple 
of years, see for instance Ardente et al. (2006), Martinez et al. (2009) or 
Mostafaeipour (2009). The reasons for this are many, in particular due to the 
improvements in accomplished technology, the need to find solutions for 
mitigating global warming and limited oil resources. Bilgili et al. (2010) 
present recent years figures which show that the wind energy with 8484 MW 
installed in 2008 is ahead of all conventional sources of energy in terms of new 
installed capacity, a breakpoint that was reached for the first time. With this, 
wind power has also become an important player in worldwide energy market, 
being installed in almost 80 countries. The installations of wind power 
through year 2008 corresponded to 36.5 billion dollars.  
 
Wind energy is exploited either through onshore or offshore based wind 
turbines. Onshore wind power has been exploited for power generation for 
more than two millenniums, while the latter one has a fairly recent history. 
The development and popularity of wind power has been affected as a result 
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of fluctuating fossil fuels prices. The interest in wind power almost 
disappeared after World War II, the time when the price of fossil fuels fell but 
it resumed during 1970s when the world faced severe oil crises, Bilgili et al. 
(2010). 
 

There are vast available resources across Europe for extracting wind energy, 
particularly in Northern Europe with Denmark as one of the leading 
countries, which are in theory capable of providing all electricity needs for the 
entire continent, Wizelius (2007). The EU binding targets of 20% energy 
production through renewable sources can be provided quickly and efficiently 
through wind energy. Vision of year 2020 is that 12-14% of the EU’s total 
electricity consumption should derive from the wind energy. By year 2030 the 
wind energy is expected to be the major modern energy source, which is cost-
competitive and reliable, EWEA (2008). 
 
Economic issues have been a targeted area by many researchers in the context 
of electricity generation and influence on economy and environment, Evans et 
al. (2009). Reliability issues are also frequently studied, particularly for the 
offshore based wind power. Offshore wind power is often regarded as not 
competitive enough due to the effects from reliability problems, see Junginger 
et al. (2004) or Marsh (2007). High economic expense comes often with 
uncertainties over costs of operation and maintenance. Various onshore wind 
farms with good wind resources have become cost-competitive while many 
issues offshore remain uncertain, Henderson et al. (2003) and EWEA (2008). 
Knowledge with offshore based wind power is a couple of decades old and 
most of the experience is based on onshore wind power. One of the possible 
issues with this is that onshore based turbines are being modified for offshore 
context, which are not completely optimized for the this type of environment, 
Henderson et al. (2003).  
 
Andrawus (2008) brings out several studies which show that various 
component breakdowns, such as bearings and gears, were responsible for most 
of the wind turbines failures. Moreover the failure rate for onshore wind 
turbines was approximately 1.5-4 times a year, while the offshore turbines 
required about five service visits a year, which is rather costly and effort 
demanding having in mind the economic, operational, health, safety and 
environmental consequences. Andrawus (2008) furthermore emphasizes the 
need to determine a technically as well as economically feasible maintenance 
strategy, which will enable effective reduction of the life cycle costs and bring 
maximum return on investment of the wind farms. 
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The need for significant cost reduction is raised in the offshore wind farms to 
be able to become more competitive. The initial investment cost (mainly 
turbines, foundations, grid connections etc.) for wind farms determines larger 
amount of the electricity cost (about 70% for offshore wind farms), Junginger 
et al. (2004). Moreover they identify improvements in design of wind turbines 
and up-scaling of turbine dimensions and capacities as main drivers for cost 
reduction. Factors that directly or indirectly influence the cost reductions are 
(reduction of) steel prices, ‘learning-by-doing’, turbine and foundation design 
standardization, economies of scale etc, Junginger et al. (2004). 
 
Harsh weather conditions, transport vessels, maintainability, serviceability, 
large cranes, site accessibility, large spare parts are some of the major aspects 
that need to be considered in order to restore a failed component in the 
turbine. Hansen (2007) emphasizes the need to design turbines with 
maintenance, service and human factors in mind, as these factors could reduce 
the costs of downtime due to unscheduled maintenance. Warranty periods, 
transfer of maintenance knowledge and experience pose implications for the 
operator, the manufacturer as well as other stakeholders. Andrawus (2010) 
says that achieving highest return on investment is influenced by different 
interrelated stakeholders' requirements as well as technical obstacles related 
with the assets.    
 
Mostashari (2005) talks about the growing need to involve stakeholders in 
decision making of engineering system projects at an early stage as it affects 
the ethical and success aspects of a project. The same reference states that this 
is a result of the traditional view where different stakeholders are involved at a 
later stage letting them a little or non-existent opportunity for opinions during 
initial decision making, which leads to conflicts and delays for engineering of 
the systems.  Furthermore Mostashari (2005) states that the involvement of 
stakeholders’ opinions and requirements at an early life cycle stage can lead to 
system representation that is superior compared to an expert-based approach. 
 

1.2. Problem Discussion 
Reaching the wind energy goals by year 2020 will require efforts such as 
improvements in reliability and large cost reductions. Today’s main issues in 
wind power sector are availability, reliability, uncertainties over the operating 
and maintenance costs, maintenance warranty periods, transfer of knowledge 
and experience, consideration of important stakeholders requirements etc. The 
wind power branch is still in relatively early stage of its development with 
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limited experience. The sector of wind power might find itself in the 
transition between traditional product-oriented mindset to a more trendy 
service-oriented view. 
 
Traditionally manufacturing companies have focused on the developing, 
designing, and producing physical products and delivering them to the 
market. In today’s global competition this product-oriented mindset has 
shifted to more service-oriented. According to this mindset the customer 
value is created through the activity and knowledge associated with the use of 
the product rather than ‘just’ functions and the performance of the product 
itself. Today’s service-oriented view has forced companies to consider the 
service/support aspects throughout the whole life cycle of the product i.e. 
creating customer value long time after-sales. The value is created through 
supporting and enhancing the customer’s use of the products, which is done 
through service support activities and expert knowledge. This ensures optimal 
operation and maintenance in relation to customer’s needs, Tan et al. (2010). 
Integrated Logistic Support has been applied in military and civil branches, 
see Jones (2006), as management concept with the main task to assure and 
provide the consumer (user) a system that meets performance requirements at 
the same time economically supportable throughout the intended life. ILS 
involves initial planning, funding and control which help assuring these 
requirements, Blanchard (1986).   
 
Commonly applied strategies for designing and developing products with 
different requirements are systems engineering and ‘Design for x (DfX)’ 
approaches such as ‘design for maintenance’, ‘design for service’, ‘design for 
maintainability’, ‘design for assembly’ etc. The ‘X’ may relate to different 
system phases of a product life cycle that are aimed to be optimized such as 
manufacturing, assembly, configuration, disassembly etc. On the other hand it 
may also relate to the product properties, during any life cycle phase such as 
quality, cost and reliability, see Tan et al. (2010) and Haskins et al. (2007). 
Designing products (or turbines in this case) with consideration on product 
support, competence and capability of users, maintenance and factors 
influencing service delivery performance can be a major source of revenue and 
competitive advantages for the users, manufacturers and distributors (agents). 
“Especially, in industries where operations are often located in remote areas, a 

serious consideration of maintenance and product support can play a key role in 

ensuring customer loyalty,” Markeset and Kumar (2003). Product support 
strategy must be defined during design stage, in terms of product design and 
service delivery to be able to deliver undertaken product performance to the 
customers. The whole idea is to design proactively to avoid reactive support 
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(e.g. failure restoration), which is in turn reflected on the customer 
satisfaction/dissatisfaction, see Grönroos (2000). The needed support and 
maintenance of the system will be more or less decided during design and 
manufacturing phases, Markeset and Kumar (2003).  
 
Essential aspects for development of wind power sector is to find effective 
ways to reduce problems for example by smarter design of the components 
having in mind the maintainability, serviceability and human factors. Most 
involved stakeholders could benefit from considering these aspects at an early 
stage. This mainly applies to providing product support throughout life cycle 
of the product, both the period covered by some type of maintenance and 
support warranty and the period after. If one start thinking ‘design for 
supportability’ then these aspects, per definition, need to be considered when 
designing and developing the product (turbine). Supportability engineering or 
design for supportability takes into account both the system reliability and the 
life cycle costs, Jones (2007), Markeset and Kumar (2005) & Tan et al. 
(2010). 
 
Designing with supportability in mind could enhance the reliability of the 
wind farms and thus minimize the amount of corrective support needed. 
Supportability also sets the frame of cooperation between the stakeholders 
such as owner, investors, manufacturers, shareholders etc., which in this 
context could enhance the product support but also the amount of support and 
warranty periods.  
 
Considering aspects brought up in the problem discussion, two research 
questions have been formulated. The first one aims to perform a thorough 
literature review to see what has been done within the topic. This question 
also helps to identify gaps in theory and how these could be filled. The second 
question was formulated after the conducted literature review and theoretical 
exposition, which showed several issues in wind power sector which could be 
approached with the supportability engineering framework. The so-called 
issues are considered from stakeholders’ viewpoints and their requirements. It 
is in other sense a more specific question of how problems in today’s wind 
power branch are linked to different stakeholders’ requirements. Finally the 
aim of second research question to is to identify the ability and extent of 
supportability engineering framework to fit different requirements.  
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1.3. Research Questions 
RQ1: What has been published already on topic supportability engineering within 

Wind Energy and who are the primary research actors? 

 
RQ2: To what extent do the stakeholders’ requirements fit in to the supportability 

engineering framework? 

 

1.4. Thesis Aim 
The aim of thesis is to address important stakeholders and their requirements 
in wind power sector, particularly those that have not been considered by 
previous research. The idea is to conduct a study that considers major 
obstacles that are affecting or hindering wind power development. This is 
motivated through findings from a comprehensive literature review and 
analysis of stakeholders’ requirements in the wind power area. Another aim of 
this study is to create a strong theoretical foundation for further studies on the 
topic, which could lead to conducting field studies and publishing articles 
based on the findings in this study. 
 

1.5. Relevance 
In this paragraph we discuss the relevance of the research topic and make 
arguments for the importance of doing research in this area. The research 
problems addressed in this thesis are very relevant and important considering 
the development issues in wind power sector. Some of the main arguments for 
these statements are listed below:  

• As mentioned earlier in this chapter, issues regarding the reliability 
and availability of the wind turbines are frequent target for research 
particularly in the offshore environment. The offshore context has 
still not reached cost-competitive levels, mainly due to high and 
uncertain operation and maintenance costs. 

• Designing for supportability is not extensively researched area, even 
though there are a few researchers that suggest designing of wind 
turbines should be done with some of the supportability aspects in 
mind, see Hansen (2007) and Park et al. (2010).   

• Designing for supportability is not a widely applied strategy in the 
industry, but those companies which has applied the concept have 
experienced large cost reductions and thus competitive advantages, 
Goffin (2000).  
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• Designing with consideration on supportability can be a major source 
of revenue and competitive advantages for different stakeholders e.g. 
users, manufacturers and distributors (agents), Goffin (2000) & 
Markeset and Kumar (2003). 

• Generic business models have in past been used to manage assets but 
these have not succeeded to consider and align specific needs related 
to the assets with the corporate business values. There is a need to 
develop an industrial Asset Management model that incorporates 
maintenance management strategies which will deliver maximized 
return on investment on physical assets, Andrawus (2010). 

• There is a growing need to involve stakeholders in decision-making 
at an early stage of the project development as it affects ethical and 
success factors, Mostashari (2005). 

 

1.6. Delimitations 
Delimitation in this thesis is that it will not contain any empirical study or 
articles written by the author of this thesis (as in case of joint thesis). Instead 
the thesis will be shaped as a monograph, focusing on extensive systematic 
literature review with the main focus to map out issues and findings from 
earlier and recent studies on the topic related to supportability engineering. 
The focus in this thesis is on the wind power systems, while electrical systems 
such as the power grid are not considered since it is out of scope of this study. 
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2. METHODOLOGY 
Chapter two describes main methodological theories that explain the theory behind 

the different scientific approaches used when conducting a research. The chapter also 

reflects over the scientific views and theories applied in this thesis. Thus the chapter 

is combined with a personal character aiming to strengthen and ensure that the 

researchers’ scientific attitude and bringing additional value to the thesis in whole. 

Italic text is used to distinguish the method theory and own reflections of the chosen 

approaches and methods for this thesis and argumentation behind selection. Finally 

the paragraph 'Thesis Research Design' shows how and what methodological 

methods have been deployed to achieve the research objectives.  
 

2.1. Scientific Approach 
Prior going into the different scientific approaches, or procedures which result 
in science a scientific mindset should be clarified. Robson (2002) refers to this 
as “A scientific attitude” which consists of three main adjectives according to 
which research is carried out i.e. systematically, sceptically and ethically. The 
intention of scientific attitude is to, regardless of the research topic or subject, 
seek the “truth”. ‘Systematically’ is supposed to answer what the researcher is 
doing, how and why. ‘Sceptically’ is to subject researchers’ ideas of possible 
disconfirmation, but also subject observations and conclusions of the 
researcher to examination. ‘Ethically’ is about taking responsibility for the 
conducted research. It is performing the research according to a code of 
conduct that ensures that the interests and concerns of all people taking part 
or affected by the research are protected.  
 
Considering what Robson (2002) refers as “A scientific attitude” provided clear 

starting points for development of this thesis. This is visible throughout the thesis 

especially when it comes to ‘systematically’ and ‘sceptically’. The intention is to 

systemize the research conduction and presentation of the literature review but also 

when it comes to data analysis and conclusions.  In other words the questions “why” 

and “how” are attempted to be answered at all times. When it comes to the 

“sceptically” aspect, potential validity threats are addressed this thesis especially when 

being characterized by subjectivity, for instance when interpreting the literature. 

The ethical consideration is not widely addressed aspect in this thesis, as that this 

thesis is a theoretical study and based on published material and secondary data.  
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The standard view of science is also known as positivistic approach and has its 
roots from natural science, Robson (2002) and Gummesson (2000). A 
positivistic research is characterized by description, explanation and objective 
knowledge, Gummesson (2000) and Robson (2002). Experience or 
observations are considered as objective knowledge (facts) that are available to 
science. Positivistic approach distinguishes between facts and values, and as 
mentioned uses facts. In other words the researcher values are irrelevant for 
this context. In essence this approach is seeking the existence of constant 
relationship between events or two variables (in language experimentation). 
The positivistic approach is largely based on quantitative data derived from 
strict rules and procedures. The positivistic approach is characterized by well-
defined and narrow studies, Gummesson (2000). 
 
The other well-known scientific approach or perspective, widely applied in 
social sciences and which is the opposite from positivism is known under the 
term hermeneutics. The hermeneutic approach is often described as the art 
and science of interpretation, Befring (1994) and Robson (2002).  Initially the 
main use of hermeneutics was when theologians interpreted the bible to the 
society in a meaningful way i.e. differing from the way it was originally 
written. The continuous pending between the contents from a text and the 
interpretation that creates insight is referred as the hermeneutic cycle, Befring 
(1994) and Robson (2002). The method means to systematically search for the 
subject and the holistic view, which requires that one is conscious about the 
premises according which we are interpreting.  “Hermeneutics has contributed 
to qualitative research methodology the notion of an active involvement by the 
researcher in the research process, (Robson, 2002, p.198)” 
 
Concluding the two scientific approaches one will find that the positivist-
oriented researcher will seek the truth about what is correct and what is 
wrong, without any involving his/her values. The hermeneutic researcher will 
try to explain, by interference of own prejudgment, why things are as they are. 
 
Along with the two main scientific approaches there is an approach that is 
within the boundary area between positivism and hermeneutics, even though 
this area is blurred, see Arbnor and Bjerke (2009). Arbnor and Bjerke (2009) 
discuss three different approaches the analytical approach, the systems 
approach and the actors approach. The analytical approach goes below the 
scope of explanatory knowledge or positivism as referred in this thesis. The 
actors approach refers to the understanding knowledge or hermeneutics. 
Analytic approach which is the oldest one among the mentioned sees the 
reality where the whole is the sum of its parts, which means that the 
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researcher studies the different parts of the whole which could be added to 
form the total picture. The knowledge based on the analytical approach is 
characterized by independent of the observer and his/her subjective 
experience.  
 
The systems approach, in contrast to analytical approach, pictures the reality 
where the whole differs from the sum of its parts, which means that the 
inherent parts and their relations (either resulting in positive or negative 
synergy) affect the whole. The systems approach considers external factors 
that affect the reality (referred as units or systems), such as environment, 
relations between inherent components and units etc. The characteristic of 
systems approach is that it be can used both to explain and understand the 
whole (reality), which is a combination of the analytical and actors approach. 
The latter approach defines the whole as social constructions where the 
knowledge depends on the individual.  
 
In this thesis the system approach will be considered more than the other two 

approaches due to the character type of this study. This can be seen as application of 

both positivistic and hermeneutic approach. The scientific view of this study can be 

seen as social interactions between human-made systems. To model the scope of this 

study’s context by means of the systems approach one can see the wind power system 

in which different actors or stakeholders interact which in turn either results in 

positive or negative synergy. The wind power system is for instance a wind turbine 

or wind farm. Wind turbine is a technical system consisting of a vast number of 

different components. In addition to this, there are external factors that interact or 

affect on the system. In this study, as well as in the case of systems approach, the 

function or the purpose of an ‘open’ system is affected by interaction of vast number 

of inherent components and units for instance gearbox and offshore wind conditions. 

The term “Open systems” is used to distinguish between systems studied in the 

context of their (operating) environment.   

 

2.2. Research Strategies  
Induction involves moving from original observations towards theories. It is 
when theories are constructed based on the individual cases using factive 
knowledge, Arbnor and Bjerke (2009). Induction means observation of a 
subject starts in reality thereafter the researcher tries to find patterns which 
can be concluded in models and theories. When using induction one can study 
a subject without reading existing theory, instead theories are constructed 
based on the gathered empirical data, Björklund and Paulsson (2003). For 
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instance a researcher creates a mathematical formula that is perceived to suit 
the facts that he/she is trying to incorporate in theory. Afterwards the creator 
of knowledge needs to go back to the reality (world of facts) to verify his/her 
construction, see fig. 1. 
 

 
Figure 1 – Illustration of induction and deduction, inspired by Björklund and Paulsson (2003). 

 
The opposite from induction is the deduction, which starts from the theory 
and based on it makes predictions about the empirical findings, see figure 1. 
These predictions should be verified through gathering of empirical data. One 
example of deduction is when predicting tomorrow's development of a stock 
market which fluctuates by rising from day to day, and then it falls and rises 
again. This in other words cannot be observed indefinitely. From that reason 
creator of knowledge has to see what his/her general theory says about 
tomorrow's development. Creating knowledge through deduction is to infer 
single cases from general laws, in other words, a logical analysis on specific 
event tomorrow based on the general theory.  
 
Abduction is when going back and forth between induction and deduction, 
Björklund and Paulsson (2003). It starts from facts towards theory as 
induction but it is closer to deduction as it does not turn away from theoretical 
knowledge. Abduction can be seen as a research tactic, while the induction 
and deduction more refers to research strategies. 
 
This thesis starts as deductive research strategy since it begins with the theory and 

provides answers to the problem areas where possible. For the most part though, this 

thesis uses inductive strategy i.e. when starting with the theory which is in fact the 

secondary data or empirical findings intended for some other context. Another 

argument for applying induction in this thesis is that secondary data is used to find 
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patterns, which can be concluded in models and theories. This also makes it suitable 

to state that abductive research “tactic” is applied as switching induction and 

deduction occurs.  

 

2.3. Research Methods 
Research methods are often divided into qualitative and quantitative types. 
Quantitative studies contain information and data that can be measured or 
quantified numerically. Quantitatively oriented researchers gather facts and 
studies the relations between the different sets of facts, Befring (1994). Yet, 
far away from everything can be measured, which is limiting the knowledge 
generation through quantitative studies. The qualitative method is used when 
you want create a better understanding of a specific subject, an event or a 
situation.  
 

Mixed-method research  

Johnson and Onwuegbuzie (2004) define the mixed-method research as: "the 
class of research where the researcher mixes or combines quantitative and 
qualitative research techniques, methods, approaches, concepts or language 
into a single study." Mixed-method studies are inclusive or pluralistic which 
legitimates the researcher to search and find the answers using multiple 
approaches. The authors state that many research questions are answered best 
and fully through mixed research solutions. The mixed method will be 
characterized by usage of induction, deduction and abduction, see fig. 1.  
 
To enable effective mix of research the researcher should consider the relevant 
properties of qualitative and quantitative research. The traditional quantitative 
research is characterized by having focus on deduction, which involves 
theory/hypothesis testing, confirmation, prediction, explanation, standardized 
data collection, statistical analysis etc. The traditional qualitative research is 
focused on induction approach, discovery, theory/hypothesis generation, data 
collection where the researcher is the primary "instrument", qualitative 
analysis etc. The fundamental principle of mixed research is proposing the 
researcher to combine the different research strategies, approaches and 
method in order to achieve complementary strengths and non-overlapping 
weaknesses given that each sole research has strengths as well as weaknesses, 
Johnson and Onwuegbuzie (2004). 
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Robson (2002) mentions eleven different approaches to combine qualitative 
and quantitative methods. Particularly one of the approaches was interesting 
and relevant to this thesis. The approach in question to combine the 
qualitative and quantitative methods is 'Stage of the research'. Robson (2002) 
defines it as following: "Different methods may be appropriate at different 
stages of the research process (for example, a fixed design study may be 
preceded by, or followed by, the use of qualitative methods)". In the last 
paragraph of this chapter this is furthermore elaborated.  
 
This thesis is mainly characterized by the qualitative research method, which is in its 

turn characterized by induction, discovery, theory/hypothesis generation, data 

collection where the researcher is the primary "instrument", qualitative analysis etc. 

One can also say that a mixed method is applied here since inductive, deductive and 

abductive approaches are applied which characterizes a mixed method. After reading 

about scientific methodology and different approaches and strategies it was obvious 

that “straight-line” hermeneutic or positivistic perspective is neither suitable nor 

advantageous for this study. Meaning that strict focus on for example hermeneutic 

line is not beneficial. As Johnson and Onwuegbuzie (2004) say the principle and 

reason for combining different approaches and methods is to achieve complementary 

strengths and non-overlapping weaknesses. Systems approach was found suitable for 

overcoming such issues and chosen together with a set of suitable methods and 

strategies that will be suitable to provide answers to the research questions.  

 

2.4. Validity, Reliability & Generalization 
How to establish trustworthiness of the findings from an enquiry or study? 
What makes your study trustworthy and believable? This is just a sample of 
questions that are of central importance for any study. To be able to answers 
these type of questions we need to look at validity, reliability and 
generalization concepts. Validity is a measure on if a certain question measures 
or describes what you want to measure or describe, Bell and Nilsson (2000). 
Validity is telling us how valid the measurement results are. For instance one 
need to ask following: “did we get a measurement result for what was initially 
aimed to measure or was the result affected by other factors as well?”, Befring 
(1994). Reliability is a measure on the measuring instruments i.e. to what 
extent do we get same results if we repeat the study of investigation, Björklund 
and Paulsson (2003). Reliability is also about the measurement error and if it 
reduced or minimized, moreover to what degree the measurement results are 
stable and precise, Befring (1994). Generalization refers to what extent the 
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result or the contribution from a study can be used in other areas, Björklund 
and Paulsson (2003) & Robson (2002).  
 
In this study there are several validity threats involved such only usage of secondary 

data as empirical data. The upraised articles contain studies in rather close present 

time. However, sometimes one year or less could mean plenty in today's fast 

developing technology and improvement of efficiency through different strategies. In 

order to be up-to-date with latest literature I have conducted the literature search 

process at two time periods (about nine months in-between) during the licentiate 

thesis.  

 

The most accurate way to prevent validity threats would be to collect primary 

empirical data though directs contact with the wind power companies. This is 

motivated due to the fact that the time frame of this study is limited as being 

developed as a theoretical study. The plan in near future is to collect empirical data 

from the wind power companies with the aim to test the hypothesis if this study's 

findings are valid.  

 

There are also validity threats when it comes to the selection of the theory. This was 

mainly done from author’s (of this thesis) experience and work with the theory 

concepts in question, it is more thoroughly explained in ‘supportability engineering 

framework’ chapter. Another validity threat concerns the defined research questions 

i.e. does it describe or measure the intended issues in the study. To deal with that 

several sub-questions were formulated in order to capture larger extent of the 

research questions. Despite that there is always a risk that something important has 

not been included; however the intention was to prevent that.  

  

2.5. Data collection methods 
There are several types of different methods for data collection. Björklund and 
Paulsson (2003) mention following collection methods:   

• Literature studies: all forms of written material, for instance book, 
journals and brochures. Information collected from literature studies 
are called ´secondary data´, because the data has initially been 
developed with other purpose than from the actual study. From this 
reason it is of great importance that the author is conscious about that 
the ´secondary data’ can be biased or not covering the whole picture. 
Likewise, the search routines used at the systematic literature review 
can mean that the reviewed literature is incomplete. For instance 
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combination of search words/phrases used as well as the databases 
and or search engines.  

 
Literature review is conducted in this thesis, dedicated in chapter 4. The 

literature study is mainly based on scientific journals and books. To some 

extent there are also conference papers. These are included in some cases as 

they often are the most recent publishing. The reason for limiting their 

extent on the other hand is the quality aspect. This is also addressed during 

the systematic literature review where several sources are controlled 

periodically in order to see the latest updates on the subject. Overall it can 

be said that journals are the main source as they per definition have gone 

through several quality checks before their publishing.  

 
• Presentations on conferences, lectures etc: Through attendance on 

different types of presentations such as on a conference can give the 
researcher valuable information for the study. The size of people 
assemblies during the presentations is differing from several hundred 
members to a small group of specialists. What is important to keep in 
mind that this type of information belongs to secondary data and the 
researcher needs to consider to whom information concerns?  

 
During the time for this thesis I have been attending several presentations, 

dissertations, conferences, courses, seminars, meetings that have been 

inspirational for my own thesis. Some of the activities such as courses and 

seminars in topic area context have been directly value adding while for 

instance conferences and dissertations were indirectly inspiring. Also 

throughout some courses within the licentiate study I have met people 

working in the wind industry who have had valuable comments and 

suggestions.    

 
• Interviews: can be manifested in different types of "cross-

examinations". The interviews can be performed through immediate 
contact, phone and even through email and sms in some cases. 
Through interviews the researcher can get access to primary data, 
which is the data, aimed for the study in question. The interviews can 
be either structured or unstructured. There are several aspects to be 
considered when making interviews such as number of respondents 
and interviewers, number and type of questions, data registering 
techniques. 
 

 15 



No direct interviews with intention to gather primary data were 

conducted in this study. Some informal interviews (discussions) were 

conducted, as described in the previous point.  

    
• Surveys: consists of a number of predetermined questions and answer 

alternatives. The answer alternatives might be yes/no options or on a 
scale from 1 to 5. In surveys the respondents may also get a possibility 
to elaborate their answers. 

   
No surveys were conducted as no primary data were collected.  

 

• Observations: can be carried out in several different ways. The 
observer might actively participate in the study or just observe the 
study from outside. The observations can be made by means of a 
measuring equipment e.g. a stopwatch, or though subjective 
assessments. 
 
As this thesis is a theoretical study no direct observations were made. The 

focus of this study was the literature study as well as proposal of new 

concepts to tackle identified problems.  

 
• Experiments: are conducted in an artificial mini version of the reality. 

They have predefined variables, which are measured and varied under 
controlled conditions. It is adequate to describe the design of the 
experiment, measured variables and the approach in study areas where 
experiments as a data collection method is not well established. 
 
Likewise the previous point (observations) no experiments were done from 

the same reasons. Additionally it can be said that experiments would not be 

of great interest and relevance for this type of study where dealing with 

qualitative data for instance stakeholder requirements and the interaction 

of different requirements. In other words here we deal with a topic, which 

is difficult to assign numerical data.  

 

2.6. Data analysis tools and techniques  
To understand how the author extracted and analyzed data from the literature 
found and why certain techniques were chosen we need to give some 
background info. Loss Causation Model (LCM), by Bird and Germain 
(1987),  presented below was introduced to the author of this thesis in another 
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context than this specific study. The LCM is primary intended to be used as a 
tool for tracing roots and causes behind person or property related losses. In 
this thesis the LCM model will be used in a slightly different way with 
another purpose. The first question that comes to mind is why using LCM 
model and not something else. The answer would be that LCM provides a 
systemized approach, which can be used to identify or map out losses as well 
as roots and causes in the wind power context. Using a structured approach as 
LCM will clearly provide the main issues and reasons why they most 
commonly occur, see Bird and Germain (1987). Observe here that the LCM 
model will not be related to a specific case but a review of losses, roots causes 
found in the literature review. Simply expressed it will highlight specific issues 
from the already reviewed literature.    
 
In addition to LCM, several questions (denoted as “Questions–
Stakeholders/Requirements”) will be included and used as data extraction and 
analysis techniques. The questions are meant to provide a specific dimension 
of the stakeholders, requirements and generally who should be concerned by 
supportability. The whole idea is these two techniques will serve as necessary 
modules of a system.  
 
The two techniques together are meant to be complementary to each other 
and form a solid foundation when discussing the applicability of the 
supportability engineering concept to the mapped issues in the wind power 
context. For instance which losses occur (LCM), what does the stakeholders 
require (question) and finally how could the supportability concept (theory) 
provide the solution to the problems in wind power at the same time as 
answering on who should be concerned as well as when, in terms of the life 
cycle of the system in consideration. Another purpose with the ‘Questions – 
Stakeholders/Requirements’ is that they should extract same type of 
information from the articles in the literature review study as well as from the 
theory concepts, which makes the foundation to provide solution for the 
upraised problems during the systematic literature review in the following 
chapter. The questions below are presented in depth in chapter five.   
 

Loss Causation Model 

Chua and Goh (2004) describe LCM as a model that promotes proactive 
thinking and facilitates feedback on the behalf of the management. 
Furthermore the model prompts thorough investigations of each incident 
occurrence and with the management safety system. This model helps to 
improve the feedback mechanisms from incident occurrence to a framework 
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when conducting safety planning. LCM recognizes the ‘lack of control’ as the 
main cause behind an incident occurrence, Chua and Goh (2004).  
 
Furthermore LCM can help removing flaws in the management system and 
organizational culture by implementing systematic actions. LCM is useful for 
identifying and distinguishing between immediate causes (direct triggers of 
incident) and underlying factors which are indirect and contributing factors to 
immediate causes. These are often concealed in the organization and hard to 
detect. Underlying causes are also known as basic causes in the LCM figure 2, 
Chua and Goh (2004). 
 

 
Figure 2 – Loss Causation model. Own figure based on Bird and Germain (1987) 

 
Loss: Loss could be a result or outcome of an accident with people or property 
involved, as the most obvious example. The consequential and crucial related 
losses could be manifested in performance interruption, quality degradation, 
environmental damage and profit reduction. The proportions of a loss depend 
on the fortuitous circumstances or the precautions taken to minimize the scale 
of a loss, such as proper first aid and medical care as well as immediate repair 
of damaged equipment and facilities, Bird and Germain (1987). 
 
Furthermore Bird and Germain (1987) mention that the best way to motivate 
control of accidents that lead to losses is by using human and economic 
aspects.  
 
Incident: is the preceding event which directly causes a loss, e.g. the contact 
that causes harm; when someone (thing) is hit by a moving or flying object. 
Lacking control mean according to LCM is lacking preventive measures to 
prevent the incident. Example on such measures could be protective 
equipment for personnel. Permitting existence of substandard 
conditions/acts/practices (deviation from accepted standard or practice), such 
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as unguarded machine tools or gleaning with gasoline, will have potential for 
contacts that could harm or damage. 
 
Immediate Causes: are the preceding circumstances to a contact, which could 
usually be seen or sensed. They are frequently labelled as unsafe acts or 
conditions which are behaviours respectively circumstances which could 
permit occurrence of an accident. Examples on substandard acts or practices 
are ‘operating equipment without authority’, ‘operating at improper speed’, 
‘Removing or making safety devices inoperable’ etc. Examples on substandard 
conditions are ‘Inadequate or improper protective equipment’, ‘Inadequate 
warning systems’, ‘Noise and radiation exposures’, ‘High or low temperature 
exposures’ etc. Generally it can be said that substandard acts and practices are 
both individual acts as well as practices accepted throughout the organization. 
Substandard acts can become substandard practices if the management system 
does not correct or encourages these acts.    
 
The causes or symptoms behind practices and conditions should be 
thoroughly diagnosed by looking at the “diseases” behind the symptoms. 
Treating only symptoms will make them reoccur time after time. Bird and 
Germain (1987) suggests asking following questions when attempting to 
reach root causes of the symptom:  

• “Why did that substandard practice occur? 

• Why did that substandard condition exist? 

• What failure in our supervisory/management system permitted that 

practice or condition?” 

A thorough analysis of the questions will guide the way towards effective 
control.   
 
Basic Causes: Basic causes can be considered underlying causes behind the 
occurrence of the immediate causes. They are also sometimes referred as root 
causes, real causes, indirect causes, underlying or contributing causes. The 
basic causes are hard to detect as they are usually hidden in the organization. 
A clear identification and determination of the basic causes can lead to 
significant improvement in safety performance, which is depending of the 
investigators’ subjective judgement. When talking about basic causes one 
distinguish between job system and personal factors. Job system (or work 
environment) factors are related to work/task definition and execution for 
instance inadequate maintenance, engineering or work standards. 
Furthermore job system factors could also be  

• Inadequate purchasing,  
• Inadequate tools, equipment and materials,  
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• Inadequate leadership and/or supervision,  
• Wear and tear 
• Abuse or misuse 
 

Personal factors are related to the individual characteristics such as skills in 
work, knowledge, capability, attitude, managing stress and motivation, Chua 
and Goh (2004) & Bird and Germain (1987). 
 
When applying LCM, later in chapter 5 for literature data, the basic causes 
will correspond to the job system and personal factors or “trigger” of the 
failure or accident, which is not always obviously categorized in the two 
“original” categories.  
 
Lack of Control: There are four essential management functions whereof 
control is one of them. The other three are plan, organize and lead. The 
management functions could be related to any type of work and regardless of 
level or title. One must plan, organize, lead and control their work to be 
effective regardless if the function is administration, production, marketing, 
engineering, quality, purchasing or safety. Without an adequate control 
management, the cause and effect sequence of an accident is initiated and 
leads to losses if not corrected in time. Managing control is and presumes: 

• Knowledge about the standards 
• Planning and organization of work to meet the standards  
• Guiding (lead) people to attain the standards 
• Measurement of the performance of self and others 
• Evaluation of results and needs 
• Commend and constructively corrects performance 

 
Three common reasons behind Lack of control are: 

1. Inadequate system 
2. Inadequate standards 
3. Inadequate compliance with standards 
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As previously mentioned in this chapter several questions (denoted as 
“Questions–Stakeholders/Requirements”) will be used as data extraction and 
analysis techniques. This with the aim to provide a dimension of the 
stakeholders, requirements and concerned parties in supportability 
engineering concept.  
 

Questions – Stakeholders/Requirements 

First. Identify the different actors/stakeholders (within the wind energy 
sector) 

 
Second. Identify different stakeholder requirements (within the wind 

energy sector) 
 

Third. Discuss interactions of different stakeholder requirements 
 
Fourth. Give examples on conflicting requirements and how does the 

concept deal with it 
 

2.7. Thesis methodology overview  
Figure 3 shows the overview of this licentiate thesis. After conducting the 
background of the thesis a systematic literature review is to be conducted. The 
findings from the literature review will allocate a problem area from which the 
research question(s) are defined. In order to enable chronological layout for 
the reader these research questions are placed in the introduction chapter. In 
reality these research questions are, as explained hereunder, formulated after 
the systematic literature review when the problem areas have been allocated 
and motivated.  The systematic literature review is mainly characterized by a 
qualitative approach, where the author is the instrument of data collection, 
interpretation and exploration. Another argument for this is that the empirical 
data (secondary data) to be gathered from the literature review is to be 
reviewed before looking at certain theories, as it is in the case of an inductive 
approach and thus likely a qualitative approach. Note that even here, likewise 
in case with research questions, the systematic literature review is placed after 
the theoretical framework chapter. It will expectedly enhance the reader’s 
understanding for the topic and problems discussed by having introduced the 
theoretical framework prior.  
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The quantitative approach is applied when coming to the stage of theory 
application (testing), where the secondary data is discussed together with the 
selected theory. This is mainly characterized by the deductive approach, which 
is mainly connected with the traditional quantitative approach. After testing 
the theory it will lead to a number of conclusions, which will reveal and verify 
if and to what extent the theory could be used to answer the defined research 
question. This may provide foundation for further research and perhaps 
development of new theories, which means going back to inductive approach 
(qualitative). This going back and forth between induction and deduction is as 
earlier stated called abductive. 
 

 
 

Figure 3 – Detailed construction of mixed-method study for this thesis. 
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Detailed steps for the mixed method applied on this thesis 
• Conduct systematic literature review on the topic based on the initial 

research question: RQ1: What has been published already on topic 

supportability engineering within Wind Energy and who are the primary 

research actors? 

• Perform qualitative analysis on the published literature on 
supportability engineering in wind energy sector. The secondary data 
found in the articles serves as empirical data for the thesis in question.  

• Define research question(s): RQ2: To what extent do the stakeholders’ 

requirements fit in to the supportability engineering framework? 
• The research question is defined upon the qualitative analysis and the 

problem areas found in literature review. 
• Discuss suitable research methods to be applied in order to answer 

the research question.   
• Construct a theoretical framework consisting of theories (and models) 

that could provide solution of current problems (found through 
qualitative analysis) in wind power related to supportability. Here the 
author has the possibility to use his/her previous knowledge and 
experience when selecting the theory. The theoretical framework will 
consist of different international standards, scientific articles and 
books on the supportability.  

• Apply deductive approach to ‘test’ the theory against the secondary 
data collected from the upraised articles in the systematic literature 
review. Analyze the applicability of the selected theory to provide 
answers to the problem areas where possible.  

• The last step is to provide conclusions, where I as the author will go 
back to the empirical findings (secondary data from lit. review) to 
verify whether the theory gives foundation to answer the defined 
research question. This is a step used in the inductive approach which 
is connected to the qualitative research method. 

 
Explanation of scientific reasoning and methodological awareness 
Qualitative study and analysis putts large requirements on clear thinking and 
interpretation by the analyst. Humans as observers have deficiencies and biases 
when observing a problem, which further more leads to a study validity issue, 
Robson (2002). Robson suggests adoption of more systematic approach which 
could minimize the human deficiencies. Large parts of this study have been 
conducted in a systematic manner. The qualitative study involves several steps 
where the researcher uses methodological approach(es) to collect and analyze 
the data.  
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A qualitative study description should address two main questions Robson 
(2002): 

 How to collect data?  
 How to analyze and interpret collected data? 

 
During the study preparation and development of researcher's ideas, it is 
important to address the intended approach to collect data for all parts of the 
research end product i.e. some type of article construction, report, 
compendium etc. 

 
Starting with ‘Introduction’ chapter which aims to provide explanation and 
argumentation why the researcher intends to perform the study in question. 
The introduction could be influenced by the literature review, which can be 
considered as reused data that was previously collected (more explanation 
later). However the general topic should be introduced using sources that 
describe a topic broadly in several aspects. To collect data for introduction 
chapter it was suitable to read international reports, articles on state-of-art 
technology and development, systematic review on the topic in general, recent 
books etc. The literature search process can be conducted way as in the case of 
the systematic literature review. Robson (2002) identifies four different 
approaches to qualitative analysis when conducting a literature review; 'Quasi-
statistical', 'Template', 'Editing' and 'Immersion'. The qualitative approach to 
analyze and interpret data for the introduction chapter was mostly based on 
the editing approach, which is characterized by flexible interpretation and 
codes which are influenced by the researcher's interpretation of the meanings 
or patterns in the texts. To get a better understanding of the approach used to 
structure and interpret introduction of thesis, see figure 4. The figure 
represent a narrowing approach, thereby an upside-down pyramid showing 
that the background to the topic is introduced very broadly which is later 
narrowed down in several steps. One can see in the figure that the ‘research 
questions’ are at bottom of the pyramid. These were formulated after 
completing the systematic literature review as discussed earlier. However the 
research questions are transparent with the introduction chapter.  The 
narrowing process is conducted in a flexible way, without strict 
inclusion/exclusion rules. Below follows explanation of the aim and approach 
of systematic literature review.  
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Fig. 4 – Introduction chapter 

development  

 
A qualitative study within 
the intended area starts with 
some type literature review 
or mapping of theory to 
justify the researcher's ideas 
for the research topic. There 
are several qualitative 
characteristics involved in a 
literature review e.g. when 
brainstorming (mapping out) 
the terminology used within 
the topic area. This is an 

important step, since it reflects the possible differences concerning the use of 
terminology. The brainstorming part could be conducted individually or with 
help other professionals within the subject. Regardless of the conduction there 
is a potential risk that all relevant terms have not been mapped out, thence it 
is important for the researcher to address all potential risks involved in a 
qualitative study. As an example of terminology related to supportability 
several closely related and frequently used terms can be found such as 
maintenance support, reliability, maintainability, maintenance management 
etc.  When the terminology is mapped out, the literature search process can be 
initiated. The search process should be based on the terminology that was 
mapped out and thence the combinations of keywords. Due high involvement 
of subjectivity during this stage, it is again important to address potential 
threats to the search process. The qualitative analysis approach used for the 
systematic literature review is mostly common with the 'Template approach' 
described by Robson (2002). This is characterized by key codes that are 
determined on based on the data derived from the research questions (RQ) 
and sub-questions referred as ‘Questions – Stakeholders/Requirements’, see 
chapter 2.6. Furthermore the codes are served as templates or bin for 
(literature) data analysis.  
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3. SUPPORTABILITY ENGINEERING 
FRAMEWORK 

This chapter contains a framework of theory, which is ultimately used to analyse 

how different stakeholders’ requirements would be addressed and fit into 

supportability engineering framework. The chapter includes main theory about 

stakeholders, requirements and supportability engineering. Furthermore this chapter 

outlines the standardized theoretical concepts; asset management, integrated logistics 

support and maintenance support. These, widely recognized, standards will be 

penetrated and used together to define the framework. The chapter starts by a 

comparison of the different theoretical approaches, followed by theory about 

stakeholders and requirements, and finally the theoretical concepts are thoroughly 

explained. 

 

3.1. Definition of Supportability Engineering 
Framework  

First step towards defining the supportability-engineering framework is to 
compare the mentioned theoretical concepts. The argument for reviewing 
several theoretical concepts is that they have overlapping as well as distinctive 
individual characteristics, which could be used with advantage when defining 
the framework. Table 1 outlines the comparison of the theoretical concepts by 
scope, important life cycle phase and stakeholders aspects (requirements) since 
they are in focus of this study.   

 

Table 1 – Comparison of theoretical concepts used for SEF 
Theoretical 
Concepts 

Scope Concept crucial life cycle phase Stakeholders 
aspects 

Asset 
management 
(AM) 

“Asset management can be 
defined as systematic and 
coordinated activities and 
practices through which an 
organization optimally and 
sustainably manages its 
assets and asset systems, 
their associated 
performance, risks and 
expenditures over their life 
cycles for the purpose of 
achieving its organizational 
plan.” (PAS_55-2 2008) 

No emphasis on a particular life cycle phase. “Asset 
management plans should address all the life cycle phases 
and all asset types, although the structure and 
composition of those plans may be varied accordingly”. 
(PAS_55-2 2008) 

PAS 55 does not 
consider a wide 
range of 
stakeholders and 
stated to be outside 
the scope of the 
standard. 
 
Andrawus (2010) 
& (2006) version of 
asset management 
includes 
identification of 
key stakeholders 
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Theoretical 
Concepts 

Scope Concept crucial life cycle phase Stakeholders 
aspects 

Maintenance 
and 
maintenance 
support 

Management and provision 
of maintenance support and 
necessary infrastructure 
throughout whole life cycle.  
 
“The major maintenance 
driver is the initial design, 
which determines the 
maintainability of an item.”  
IEC_60300-3-14 (2004) 

Design and development. Achievement of high 
dependability is strongly influenced by decisions taken 
during early life cycle phases. Maintenance planning is to 
be performed as early as possible to enable consideration 
of trade-offs between functional needs, LCC, reliability, 
maintenance support etc. 
 
Operation and maintenance. Essentially the concept has 
a very large focus on during the operation and 
maintenance phase, ensuring that necessary maintenance 
support is provided to the ‘supported system’. Generally 
it corresponds to maintenance management system. 

Identification of: 
Customer needs, 
requirements and 
constraints. 
 
The other 
important 
stakeholders are not 
aimed to be 
explicitly 
considered. 

Integrated 
Logistic 
Support (ILS) 

ILS brings together all the 
support services demanded 
by a customer in a 
structured manner in 
conjunction with an item. 
ILS is to be applied to 
influence the early concept 
and definition phase of an 
item through supportability 
considerations.  ILS should 
be applied throughout all 
life cycle phases. 
Establishment and use of a 
LSA database is advocated 
throughout the life cycle. 

Design and development. ”ILS should be applied to the 
design and development of an item to ensure that all the 
logistic implications of introducing an item have been 
properly considered so that it can be supported in most 
cost effective manner” IEC_60300-3-12 2011 
 
Operation and maintenance. 
Due to interfaced area with maintenance support 
concept. 

 “Only” customer 
profile constraints 
are covered.  
 
The other 
important 
stakeholders are not 
aimed to be 
explicitly 
considered 

 
After reviewing the concepts in broad outlines, several conclusions can be 
drawn. First regarding the Asset Management, which is a comprehensive 
concept containing several different levels of organizational management. It 
covers overall business perspectives as well as the down-level maintenance of 
organizational physical assets. In other terms the Asset management is 
attempting to incorporate the link of enabling “optimal” and “sustainable” 
management of its assets to achieving overall business effectiveness and goals. 
‘Maintenance and maintenance support’ and ‘ILS’ have a large interface area 
between each other covering many foundational overlapping aspects. The 
difference between these concepts is rather small. ILS largely focuses on the 
establishment of the Logistic Support Analysis database, which broadly covers 
coordination of logistic and ‘maintenance and maintenance support’ activities, 
which in its turn focuses on provision of the necessary maintenance support 
and infrastructure to the ‘supported system’. Moreover both ILS and 
‘maintenance and maintenance support’ aims at affecting the design and 
development of ‘supported system’. Table 2 outlines the different activities 
throughout the life cycle of the item, which shows that the concepts are also 
very crucial and frequent during the operation and maintenance phases. A 
common characteristic of the three theoretical concepts is that they are, or aim 
to, incorporating the requirements for both ‘support system’ and the 
‘supported system’. Furthermore the concepts are not very keen of 
incorporating different stakeholder needs and requirements. The asset 
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management version by Andrawus (2010) & (2006) includes identification of 
key stakeholders, nevertheless the focus is on business strategic level which in 
essence is conversion of stakeholders requirements into measurable key 
performance indicators which are aimed to be optimized.  

 

Table 2 (part 1) – Comparison of theoretical concepts throughout life cycle phases 
Theoretical 
Concepts 

Concept Design and 
development 

Manufacturing 
 

Operation and 
Maintenance 

Disposal 

Asset 
management 
(AM) 
 
---------------- 
Hastings (2009) 
 
PAS_55-1 
(2008) 
 
PAS_55-2 
(2008) 

In AM the content of life cycle 
phases are established in the asset 
management plan, which occurs 
during Plan-phase of PDCA cycle 
i.e. corresponding to Concept and 
Design phases. 
 
Ensure that new assets meet the 
quality assurance requirements.  A 
due attention should be given to the 
training and knowledge transfer as 
well as for the assumptions, 
guidance and data related to the 
necessary design, operations, 
performance, life cycle 
considerations, maintainability, 
reliability etc 
 
It is essential that records and assets 
information are being kept and 
updated. 

 In AM the “Utilize” 
and “Maintain” 
phase correspond to 
“Operation and 
Maintenance”  
 
Utilize: Consider 
how operating 
criteria are defined, 
communicated, 
documented, 
controlled and 
monitored. 
Operational 
parameters and 
controls managed in 
conjunction with 
maintenance 
activities so that 
proper maintenance 
resources can be 
allocated based on 
the operational 
requirements and 
vice versa. 
 
Maintain: Ensure 
that control 
mechanisms for 
maintenance are in 
compliance with 
asset management 
related policy, 
strategy and 
objectives as well as 
the asset operating 
parameters.  
 
It is essential that 
records and assets 
information are 
being kept and 
updated. 

In AM the 
“Renew/dispose” 
phase 
corresponds to 
“Disposal” 
 
Apply safe 
management 
which follows 
appropriate 
policies, when 
decommissioning 
the asset. 
Consider long-
term 
management of 
similar assets and 
retention of e.g. 
spare parts is 
feasible. 
 
It is essential that 
records and assets 
information are 
being kept and 
updated. 
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Table 2 (part2) – Comparison of theoretical concepts throughout life cycle phases 
Theoretical 
Concepts 

Concept Design and 
development 

Manufacturing 
 

Operation and 
Maintenance 

Disposal 

Maintenance 
and 
maintenance 
support 
 
---------------- 
IEC_60300-3-
14 (2004) 

Identification 
of : 
Customer 
needs, 
requirements 
and 
constraints 
 
Required: 
maintainabilit
y, testability 
and reliability 
 
General 
maintenance 
support 
definition 

FMEA to 
evaluate design 
and identify 
unacceptable 
failure modes. 
 
Maintenance 
concept 
definition 
 
Maintenance 
support resources 
planning 
 
RCM 
 
Preparation of 
training and 
technical 
documentation 

Preparation of 
training and 
technical 
documentation 
 
Verification of 
maintenance and 
maintenance 
activities 
 
Provision of tools, 
spares, support 
equipment, facilities 
etc.  
 
Collect data and 
information related 
to maintenance 

FMEA to evaluate 
design and identify 
unacceptable failure 
modes. 
 
Maintenance concept 
definition 
 
RCM 
 
Verification of 
maintenance and 
maintenance 
activities 
 
Provision of tools, 
spares, support 
equipment, facilities  
 
Collect data and 
information related 
to maintenance 
 
Maintenance 
preparation, 
execution, 
performance analysis 
of it and 
improvement/modifi
cation 

Elimination of 
support resources 
and maintenance 
activities  

Integrated 
Logistic 
Support (ILS) 
 
---------------- 
IEC_60300-3-
12 (2011) 

Identification 
of : 
- customer 
profile 
constraints 
- 
supportability 
factors 
 
Outline 
(basic) 
maintenance 
and logistic 
support 
activities 
 
Establishmen
t of Logistic 
Support 
Analysis 
Database 

Update (if 
necessary): 
- customer profile 
constraints 
- supportability 
factors 
 
Detailed 
description of 
maintenance and 
logistic support 
activities 
 
Potential impact 
on existing 
support for new 
items 
 
Maintenance 
support task 
 
Post-production 
support 
 
Verification of 
logistic 
supportability 
 
Logistic Support 
Analysis 
Database - phase 
data repository 
 

Potential impact on 
existing support for 
new items 
 
Maintenance support 
task 
 
Post-production 
support 
 
Verification of 
logistic supportability 
 
Collect data and 
information 
particularly related to 
supportability 
 
ILS outputs to 
optimize logistic 
support requirements 
and identify and 
provide logistic 
support elements.  
 
Logistic Support 
Analysis Database - 
phase data repository 

Potential impact on 
existing support for 
new items 
 
Post-production 
support 
 
Verification of 
logistic supportability 
 
Collect data and 
information 
particularly related to 
supportability 
 
ILS outputs to 
optimize logistic 
support requirements 
and identify and 
provide logistic 
support elements.  
 
Logistic Support 
Analysis Database - 
phase data repository 
 
Feed-back to future 
of logistic support  
design 

Potential impact 
on existing 
support for new 
items 
 
Post-production 
support 
 
Collect data and 
information 
particularly 
related to 
supportability 
 
ILS outputs to 
optimize logistic 
support 
requirements and 
identify and 
provide logistic 
support elements.  
 
Logistic Support 
Analysis 
Database - phase 
data repository 
 
Feed-back to 
future of logistic 
support  design 
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Having the concepts outlined in table 1 and 2, based on the scope, level and 
life cycle activities it is appropriate time to define the conceptual view of 
Supportability Engineering and its relation to the mentioned theoretical 
concepts that are used in the framework.  The Supportability Engineering 
Framework can be seen in figure 5, which represents the different parts of this 
chapter but also the model to approach discussed problems in wind power as 
of today related to supportability of the wind turbines. The supportability 
engineering is initiated by identifying different stakeholders' requirements and 
expectations. These are inevitable to business success why they have to be 
identified at an early stage of the life cycle phase, which goes in line with 
concepts ILS and ‘maintenance and maintenance support’ standards. The 
requirements could take two directions, either through the corporate strategic 
plan or directly into the supportability engineering framework. These 
requirements could be legal and stakeholder requirements and expectations. 
The reason for having two different directions is to show that some 
requirements could be identified and included through corporate strategic 
plan and other by the supportability engineering, having in mind RQ2.  
 
 

Now what is the supportability 
engineering? As mentioned in the 
beginning of this chapter, the 
presented theoretical concepts 
include requirements related to both 
the ‘supported system’ and the 
‘support system’, thus speaking of 
two related by rather different 
aspects. The aim of supportability 
engineering is not to replace one of 
the concepts but to identify and unify 
the characteristics and requirements 
needed for the ‘supported system’, for 
instance the wind turbine or wind 

farm.  

Figure 5 - Supportability Engineering Framework 

 
It is for extracting specific requirements from ILS, ‘maintenance and 
maintenance support’ and asset management as they form the fundaments of 
the supportability engineering framework. From figure 5 it can be seen that 
supportability engineering encompasses the interfaced area between asset 
management, integrated logistic support and ‘maintenance and maintenance 
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support’, which is as previously mentioned focusing on the ‘supported system’ 
and considering important stakeholder requirements at an early phase of the 
life cycle making it possible to influence on the design of the system.   
 
The supportability engineering also aims at incorporating stakeholder 
requirements by careful and thorough identification and analysis of the 
stakeholders and their requirements. For that purpose theory about 
stakeholders and requirements identification will be included in the chapter, 
which provides basis for RQ2 related to requirements aspect. The coverage of 
Supportability Engineering the theory is rather limited. In chapter 3.8, Jones 
(2007) version is presented briefly. It can be stated that it shares the same 
fundamental idea of supportability engineering but differs when it comes to 
the approach i.e. including stakeholder requirements consideration and 
theoretical foundation. The important stakeholder according to Jones (2007) 
likewise the ILS and ‘maintenance and maintenance support’ is the end-user, 
whilst the other important stakeholders are not explicitly considered.  
 
In the following the interfaced area of supportability engineering and its focus 
on the ‘supported system’ will be penetrated by grouping and extracting 
relevant requirements from the three theoretical concepts used in the 
framework, see table 3. The requirements related to the ‘support system’ are 
found in table 4. The requirements that are shared i.e. the “grey-zone” 
between ‘supported system’ and ‘support system’ requirements are 
incorporated in both tables. 
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Table 3 - Requirements for ‘Supported system’ (Supportability Engineering)   
Theoretical 
Concepts 

Concept Design and 
development 

Manufacturing 
 

Operation and 
Maintenance 

Disposal 

Supportability 
Engineering 

Ensure that new 
assets meet the 
quality assurance 
requirements. 
 
Identification of : 
Customer needs, 
requirements and 
constraints 
 
Required: 
maintainability, 
testability and 
reliability 
 
Identification of : 
- supportability 
factors 
 
A due attention 
should be given 
to the training 
and knowledge 
transfer as well as 
for the 
assumptions, 
guidance and 
data related to 
the necessary 
design, 
operations, 
performance, life 
cycle 
considerations, 
maintainability, 
reliability etc 
 

Update (if 
necessary): 
- customer profile 
constraints 
- supportability 
factors 
 
Failure mode and 
effects analysis to 
evaluate design 
and identify 
unacceptable 
failure modes. 
 
Reliability 
Centered 
Maintenance 
 
Verification of 
logistic 
supportability 
 
Preparation of 
training and 
technical 
documentation 
 

Collect data and 
information related 
to maintenance 
 
Verification of 
logistic supportability 
 
Collect data and 
information 
particularly related to 
supportability 
 

Consider how operating 
criteria are defined, 
communicated, 
documented, controlled 
and monitored.  
 
Failure mode and effects 
analysis to evaluate 
design and identify 
unacceptable failure 
modes. 
 
Reliability Centered 
Maintenance 
 
Collect data and 
information related to 
maintenance 
 
Verification of logistic 
supportability 
 
Collect data and 
information particularly 
related to supportability 
 
Operational parameters 
and controls managed in 
conjunction with 
maintenance activities so 
that proper maintenance 
resources can be 
allocated based on the 
operational requirements 
and vice versa 

Collect data 
and 
information 
particularly 
related to 
supportability 
 

Considering 
stakeholders 
and their 
requirements 

Identification of : 
Stakeholders 
needs, 
requirements and 
constraints 

Update (if 
necessary): 
- Stakeholders 
needs, 
requirements and 
constraints 
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Table 4 - Requirements for ‘Support system’  
Theoretical 
Concepts 

Concept Design and 
development 

Manufacturing 
 

Operation and 
Maintenance 

Disposal 

Support 
system 
related 
require-
ments 

Identification of : 
Customer needs, 
requirements and 
constraints 
 
General 
maintenance 
support 
definition 
 
A due attention 
should be given 
to the training 
and knowledge 
transfer as well as 
for the 
assumptions, 
guidance and 
data related to 
the necessary 
design, 
operations, 
performance, life 
cycle 
considerations, 
maintainability, 
reliability etc 
 
Logistic Support 
Analysis 
Database - phase 
data repository 
 

Maintenance concept 
definition 
 
Maintenance support 
resources planning 
 
Detailed description 
of maintenance and 
logistic support 
activities 
 
Potential impact on 
existing support for 
new items 
 
Maintenance support 
task 
 
Post-production 
support 
 
Logistic Support 
Analysis Database - 
phase data repository 
 
Preparation of 
training and 
technical 
documentation 
 

Verification of 
maintenance and 
maintenance 
activities 
 
Provision of tools, 
spares, support 
equipment, facilities 
etc.  
 
Potential impact on 
existing support for 
new items 
 
Maintenance support 
task 
 
Post-production 
support 
 
ILS outputs to 
optimize logistic 
support requirements 
and identify and 
provide logistic 
support elements.  
 
Logistic Support 
Analysis Database - 
phase data repository 

Ensure that control 
mechanisms for 
maintenance are in 
compliance with 
asset management 
related policy, 
strategy and 
objectives as well as 
the asset operating 
parameters. 
 
Maintenance concept 
definition 
 
Verification of 
maintenance and 
maintenance 
activities 
 
Provision of tools, 
spares, support 
equipment, facilities 
etc.  
 
Maintenance 
preparation, 
execution, 
performance analysis 
of it, and 
improvement/modifi
cation 
 
Potential impact on 
existing support for 
new items 
 
Post-production 
support 
 
ILS outputs to 
optimize logistic 
support requirements 
and identify and 
provide logistic 
support elements.  
 
Logistic Support 
Analysis Database - 
phase data repository 
 
Feed-back to future 
of logistic support  
design 
 
Operational 
parameters and 
controls managed in 
conjunction with 
maintenance 
activities so that 
proper maintenance 
resources can be 
allocated based on 
the operational 
requirements and 
vice versa. 
 

Apply safe 
management 
which follows 
appropriate 
policies, when 
decommissioning 
the asset. 
Consider long-
term 
management of 
similar assets and 
retention of e.g. 
spare parts is 
feasible. 
 
Elimination of 
support resources 
and maintenance 
activities 
 
Potential impact 
on existing 
support for new 
items 
 
Post-production 
support 
 
ILS outputs to 
optimize logistic 
support 
requirements and 
identify and 
provide logistic 
support elements.  
 
Logistic Support 
Analysis 
Database - phase 
data repository 
 
Feed-back to 
future of logistic 
support  design 
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3.2. Stakeholder Categorization 
Once the supportability engineering framework has been defined, the 
following paragraphs will used to address stakeholders and requirements 
definitions in order to cope with stakeholder/requirement aspect of the this 
study. There are several different areas that use their “own” definition to 
identify stakeholders. For instance in the area of information systems (IS) the 
stakeholders are defined as:  
 

“…participants (in the development process) together with any other individuals, 

groups or organizations whose actions can influence or be influenced by the 

development and use of the system whether directly or indirectly.” Sharp et al. 
(1999) 
 
One of the definitions used in the field of software engineering is: “System 

stakeholders are people or organizations who will be affected by the system and who 

have a direct or indirect influence on the system requirements”, Sharp et al. (1999). 
In this thesis the PAS_55-1 (2008) standard definition of stakeholder is used, 
see list of ‘key terms and definitions’. Nevertheless the practical problem 
remains when aiming to identify stakeholders which are relevant to specific 
projects or systems. Thus the stakeholder identification will vary from case to 
case and the essential aspect is to identify stakeholders according to their 
importance, stake or role in the project. In this thesis it will be of due interest 
to identify stakeholder according to their roles, why it was found feasible to 
use stakeholder categorization model by Sharp et al. (1999).    
 
Sharp et al. (1999) suggest seeing stakeholders as different roles instead of 
specific people.  They suggest a model according to which all different 
stakeholders are identified independently of the domain. The model identifies 
four different stakeholder categories or more specifically stakeholders ‘roles’, 
Sharp et al. (1999): 
 

• Baseline stakeholders. In this group of stakeholders one will find 
users, developers, legislators and decision makers.  

• Supplier stakeholders. These stakeholders provide support and 
information to the baseline. 

• Client stakeholders. The client stakeholders are the ones that inspect 
or process the baseline stakeholders’ products. 
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• Satellite stakeholders. The satellite stakeholders interact with the 
baseline, which may involve communication and searching for 
information etc.  

   

3.3. Stakeholder Requirements 
Prior discussing the requirements definition and analysis process, it is of 
interest to put a ‘definition’ on the term requirement and to see how different 
groups of requirements could be established and for what purpose.  
Söderholm (2005) describes stakeholder requirements as interests, wants, 
needs, perceived constraints and expectations on the project. Traditional way 
of categorizing requirements, particularly in software engineering and 
information systems, is by distinguishing functional and non-functional 
requirements, Grimshaw and Draper (2001) see also Dennis et al. (2010). 
Below follows a few definitions of the different requirement types: 
 
Functional requirements are the ones that define what the system does and 
non-functional requirements are the quality attributes of a system e.g. 
availability, reliability and safety (Grimshaw and Draper 2001) & (Söderholm 
2005). 
 
Functional requirements: “…relates directly to a process a system has to perform or 

information it needs to contain. For example, requirements that state that a system 

must have the ability to search for available inventory or to report actual and 

budgeted expenses are functional requirements. Functional requirements flow 

directly into next step of analysis (functional, structural, and behaviour models) 

because they define the functions that the system must have”, Dennis et al. (2010) 
 
The non-functional requirements could be used to define constraints on 
functional requirements or how the system works in relation to the 
organization. Furthermore non-functional requirements are not related to a 
particular function and are often specified in a way that lacks precision, 
Grimshaw and Draper (2001). 
 
Non-functional requirements: “… refer to behavioural properties that the system 

must have, such as performance and usability. The ability to access the system using a 

Web browser is considered a non-functional requirement. Non-functional 

requirements may influence the rest of analysis (functional, structural, and 

behavioural models) but often do so only indirectly”, Dennis et al. (2010)  
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Table 5 lists different types of non-functional requirements that describe a 
variety of system characteristics, based on Dennis et al. (2010) & Lauesen 
(2002). Note that the listed requirements represent a sample of different non-
functional types.  
 

Table 5 – Different types of non-functional requirements 
Non-
functional 
Requirements 

Description Reference 

Operational "The physical and technical environments in which the system will operate" (Dennis, Wixom 
et al. 2010) 

Performance "The speed, capacity, and reliability of the system" (Dennis, Wixom 
et al. 2010) 

Security "Who has authorized access to the system under what circumstances" (Dennis, Wixom 
et al. 2010) 

Cultural and 
political 

Cultural, political factors and legal requirements that affect the system" (Dennis, Wixom 
et al. 2010) 

Usability "How efficiently should the system work with the users: how easy should it be to 
learn, how efficient should it be in daily use" 

(Lauesen 2002) 

Maintenance "How easy should it be to repair defects, add new functionality etc." (Lauesen 2002) 
 

 

Process of Defining Stakeholder Requirements 

The process of requirements definition is a demanding and complex process, 
as it requires several inputs, studies and analysis such as cost/benefit analysis, 
performance analysis, trade studies, constraint evaluation etc. Stakeholder 
Requirements Definition Process is a crucial part in systems engineering, as 
requirements makes the foundation and basis of the project, design, 
manufacture, test and operations. Every requirement is related with a cost, 
why it becomes crucial to have a complete (minimum) set of requirement 
defined at an early stage of the development cycle. If changes in requirements 
occur in later phases it might be related with significant cost impact on the 
project, which could consequently result in project cancellation, Haskins et al. 
(2007).  
 
Requirements Analysis Process (RAP) is an iterative activity that is used to 
review, assess, prioritize and balance stakeholders, derived requirements and 
constraints. There are two main objectives of requirements analysis, first is to 
identify and express verifiable stakeholder needs/requirements in order to lead 
the concept development of a system and furthermore to provide an 
understanding of how various functions interact as well as obtaining 
requirements based on user objectives. During the iterative process new 
requirements are identified and constantly refined. RAP is used to transform 
derived requirements into a systems view (or specification) description, which 
shows how functional and technical properties are capable of meeting the 
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stakeholders’ needs. The establishment of the complete set of system 
requirements is to be done at an early stage as it makes the basis for all life 
cycle activities such as design, manufacturing, test, operations, maintenance, 
and decommission/disposal. That is also how large part of the life cycle costs 
is determined in the early stages of systems development, Haskins et al. 
(2007).  
For further reading about requirements analysis process, see appendix 1.    

Functional and non-functional requirements 

System Engineering is, at the beginning of the project, primary used for 
performing user requirements analysis. During that stage the design 
requirements are shaped and based on the translated user needs and 
performance requirements. Functional/performance and its support 
requirements cover the whole life cycle of the system and goes through several 
phases of definition, derivation and refinement. A technique applied within 
the systems engineering for dealing with non-functional requirements is 
Quality Function Deployment (QFD) with its ‘House of Quality’ tool. QFD 
is a practical tool for rapidly translating the customer needs that are not clear. 
It is conducted to translate the requirements into specifications in a systematic 
way that links the requirements with lower levels of design, parts, 
manufacturing, and production. The tool provides a ‘visual’ link between 
correlated system features and customer requirements, Haskins et al. (2007). 
 
The last three paragraphs of this chapter elaborate further the theoretical 
concepts (standards) that were used as foundation for the supportability 
engineering framework.   
 

3.4. Asset Management 
In this paragraph asset management will be addressed as well as the 
differences between its references. Hastings (2009) and PAS55 are essentially 
discussing the same aspects of an asset management system. Both references 
do not consider stakeholder requirements and expectations as well as how they 
constitute a basis for organizational strategic plan, which can be seen in figure 
5. Andrawus (2010 & 2006) realized that gap and developed an asset 
management model considering parts that have been excluded by Hastings 
(2009) and PAS55.  
 
The PAS 55 focuses on the management of the physical assets but 
acknowledges that these are linked to the other asset types; ”optimal life cycle 
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management of physical assets is heavily dependent upon information and 

knowledge, human assets and financial resources, and often has a significant impact 

on reputation and customer satisfaction”, PAS_55-1 (2008). According to (PAS 
55) following asset type is identified within organizations: 

• Financial Assets 
• Physical Assets 
• Human Assets 
• Information Assets 
• Intangible Assets 

 
The scope of PAS 55 applies on organizations of different sizes and aims at 
establishing, implementing and maintaining an asset management that 
enables sustainable and optimal management of physical assets throughout 
their life cycles. “Asset management plans should address all of the life cycle phases 

and all asset types, although the structure and composition of those plans may be 

varied accordingly”, PAS_55-2 (2008). 
 
The main life cycle activities are, PAS_55-2 (2008):  

• “Acquire/create” or enhancement of assets – In the early asset life 
cycle phases it is of high importance to assure that the new assets 
meet quality assurance requirements. Furthermore is crucial that the 
assets are provided in proper operational order to people responsible 
for future utilization and maintenance (life cycle activities) of the 
asset. A due attention should be given to the training and knowledge 
transfer as well as for the assumptions, guidance and data related to 
the necessary design, maintainability, reliability etc.  

 
• “Utilize” – During utilization of assets phase one should consider 

how operating criteria are defined, communicated and documented. 
It should be also clear how operating criteria are controlled and 
monitored, such as operating speed restrictions and temperature 
conditions. Furthermore the operational parameters and controls 
should be considered and managed in conjunction with maintenance 
activities so that proper maintenance resources can be allocated based 
on the operational requirements and vice versa.   

 
• “Maintain” – During this phase one should ensure that control 

mechanisms for maintenance are in compliance with asset 
management related policy, strategy and objectives as well as 
considering the asset operating parameters. A due attention should be 
given to ensure that: 
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• Competent staff are available at the point of work; 
• The concerned parties understand the operating parameters. 
• The asset related information and records are being kept for 

instance through maintenance management systems, which 
also eases the coordination and control of activities.  

 
• “Renew/dispose” – Renewal, decommissioning and/or disposal of 

assets. In the final stages of the asset’s life cycle it will be renewed, 
decommissioned and/or disposed. It is important to apply safe 
management which follows appropriate policies, including 
environment management when decommissioning the asset and 
redundant equipment. Also during this phase one should, from an 
asset management perspective, consider long-term management of 
similar assets and retention of e.g. spare parts is feasible. Likewise in 
the previous life cycle phases it is essential records and assets 
information are being kept and updated.  

 

Considering Stakeholders in development planning 

Normally in development of assets the stakeholders include business, 
maintenance and operations managers and staff. A stakeholder group may also 
be formed by suppliers and customers in cases where they are affected and 
subjected to business confidentiality. The development of assets has a big 
chance to succeed if all the stakeholders have contributed to its development. 
On the other hand stakeholders may have opposing interests and may thus 
resist the plan. Then it will be inevitable to use authority and management 
conclusion to provide a rationalized plan regarding from an overall business 
viewpoint, Hastings (2009). 
 
Andrawus (2010) & (2006) suggests starting with recognizing and putting 
together all the different and conflicting stakeholders' requirements, which are 
most often conflicting, in order to uncover fundamental business values that 
are the main drivers of wind farms performance as well as the long-term 
survival. This will according to the same source make the negotiation process 
between different stakeholders facilitated and also rational trade-off will be 
achieved between priorities that are conflicting. The following step is to define 
the appropriate key performance indicators that refers/corresponds to different 
stakeholders requirements such as 'return on investment', 'regulatory 
compliance', 'revenue generated', 'shareholder value' etc. This is done to 
enable an effective evaluation of the performance of producing assets on one 
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side compared with set goals on the other side. For further in-depth reading 
about the asset management concept, see appendix 2. 
 

3.5. Maintenance and Maintenance support 
"Maintenance and maintenance support need to be considered during all phases of 

the life cycle...The major maintenance driver is the initial design, which determines 

the maintainability of an item. Where an item is designed by one organization and 

used as part of a larger system or used within different applications or environments, 

the design of the system has to ensure that the inherent maintainability of the item is 

not degraded", IEC_60300-3-14 (2004), 
 
The key factor in ensuring the dependability of items such as products, 
systems and equipment is through the provision of maintenance and 
maintenance support throughout their life cycle. Factors that influence 
dependability, capability and functionality performance are amount of 
necessary maintenance and maintenance support in conjunction with sound 
operating practices, quality manufacturing and appropriate design, 
IEC_60300-3-14 (2004). During the life cycle of an item, maintenance and 
maintenance support should be considered throughout all its phases.  
 

Maintenance and maintenance support can be provided under different 
scenarios depending on who is responsible for their implementation and when 
their occurrence in the life cycle. This is commonly provided by the 
manufacturer as an integrated component of the delivery of the product, so 
these services are either carried out on the contractual basis or by the user 
when there is a need. Maintenance and maintenance support should be 
planned in the design and development phase and its provision is the primary 
responsibility of the manufacturer, the outsourced support organization or the 
vendor. Another usual scenario is when the user provides the required 
maintenance and maintenance support activities. In this case the item vendor 
provides only basic and standardized maintenance support planning. In such 
case, the vendor and the user need to establish the responsibility of developing 
maintenance and maintenance support, IEC_60300-3-14 (2004). In appendix 
3 one can read more about specific maintenance support (activities) 
throughout the life cycle phases and maintenance support service agreement.  
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3.6. Supportability Engineering 
"The concept of supportability engineering contains guiding principles that 
make a basis for attaining highest operational effectiveness and availability 
cost-effectively (for acceptable cost of ownership). Supportability engineering 
has its focus on the design and development of the products," Jones (2007). 
 
Supportability engineering is a relatively young discipline that has developed 
as the result of the new high support-demanding technologies. It is a 
management process and analysis methodology that is applied practically every 
major acquisition program in civil as well as military sectors. The concept of 
supportability engineering contains guiding principles that make a basis for 
attaining highest operational effectiveness and availability cost-effectively (for 
acceptable cost of ownership). Between the performance of a system and 
supportability there is a fine balance that must be strengthen with a reasonable 
investment in both the necessary support infrastructure and the system design. 
According to Jones (2007) the supportability engineering is the best approach 
to achieve this balance.  
 
Supportability engineering has its focus on the design and development of the 
products. Prior going in depth of this concept one need comprehend two 
definitions i.e. support and supportability, which in fact constitutes the 
foundation of supportability engineering. Support is "the physical act of 
enabling and sustaining an item to achieve a predetermined goal or objective", 
Jones (2007, p 1.1). Supportability is "A prediction or measure of the 
characteristics of an item that facilitate the ability to support and sustain its 
mission capability within a predefined environment and usage profile", Jones 
(2007, p 1.1).     
 
Support in other words refers to the support that is required to maintain the 
capability of a system. A system needs support in form of fuel, electricity, 
lubricants, coolants etc. to operate. However support is also the maintenance 
and service activities that are required, for when the system needs to be 
repaired in order to return it the normal (operable) state. Thus support can 
involve several areas such as operation and maintenance planning, manpower 
and personnel, supply support, technical documentation, training, support and 
test equipment, facilities, packaging, handling, storage and transportability. 
The support structure will depend on two major parts, which are the type and 
the quantity of support. The supportability engineering has the aim to provide 
processes and methods to produce supportable systems.  
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Supportability engineering main goals is to:  
• Minimize cost of ownership 
• Minimize cost of system production 
• Take part in design and procurement 
• Identification and elimination of potential cost drivers 
• Decisions to control cost drivers 
• Provide a design of a system that can be supported with reasonable 

resources   
 
According to Knezevic (1993) the concept of supportability also aims at 
answering how long is the support task going to last and that answer can be 
found seldom. One of the reasons for this is that product support is often 
neglected by the designers and due to lacking communication between 
designers and users. Supportability engineering has evolved as a result from 
these issues and gaps.  
 

3.7. Integrated Logistic Support 
According to IEC_60300-3-12 (2011) there are several key areas that 
interface with Integrated Logistic Support. Among those areas one can find 
‘Systems and Design Engineering’ (used in the scope of requirements 
definition and analysis) and ‘Maintenance and Maintenance Support’ which 
have been discussed earlier in this chapter. Logistic support is in most cases 
considered to be equal or corresponding to maintenance support, covering 
maintenance, personnel and manpower, training, technical documentation, 
transportation, logistical support resources, disposal etc. The management 
method Integrated Logistic Support (ILS) brings together all the support 
services demanded by a customer in a structured manner in conjunction with 
an item. ILS is to be applied to influence the early concept and definition 
phase of an item through supportability considerations. DEF_STAN_00-
600_Issue_1 (2010) identifies Supportability Analysis as the major tool of 
ILS, which is carried out iteratively throughout the lifecycle of the system. 
The aim is to influence the initial design and to study the consequences of 
potential changes to the design of the support system.  
 
AR_700-127 (2009) states that the process of ILS facilitates the development 
and integration of its elements to acquire, test, field, and support systems. 
Furthermore the acquisition strategy and supply support function assures that 
ILS element requirements are properly planned, resourced, and implemented 
as of earliest stages of the systems development. The same standard suggests 
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different trade-offs between the ILS elements aiming to attain a system that 
fulfils several factors such as (lowest) LCC, supportable, operable, sustainable, 
transportable, sound to environment etc. The goal of ILS is to make systems 
more supportable by considering ILS elements as inputs to the system 
engineering process. 
 
Furthermore ILS should ensure consistency in logistic support arrangements 
with design (including intended environment and use of the item) and each 
other throughout the whole life of the item. Another objective of ILS is to 
make sure that the necessary logistic support throughout the customer 
utilization is made at optimum cost. Essentially the aim of ILS is to improve 
the logistic support system, improve the item through influencing the design 
that suits the most cost-effective logistic support solution and to minimize 
LCC at the same time as meeting business and customer needs, IEC_60300-
3-12 (2011). 
 
Integrated Logistic support, likewise maintenance support, should be properly 
considered in the design and development phases of an item shaping the 
item’s design and the logistic support system in the most cost-effective way. 
ILS is stated to be applicable variety of items, including the one of large size 
such as power plants. ILS management methodology has an ‘inbuilt’ module 
called ‘Logistic Support Analysis’ (LSA) which is used for identification and 
analysis of supporting activities that are necessary to meet the requirements of 
an item. LSA encompasses several selective analysis activities that are used to 
assist the design process in complying with ILS objective such as 
supportability, IEC_60300-3-12 (2011).  

 

Inputs to the ILS 

Logistic support analysis is as mentioned an important part (module) of ILS 
methodology. IEC_60300-3-12 (2011) suggests an LSA database which 
collects the necessary inputs to the logistic support system of an item. One of 
the primary inputs is the ‘General support strategy and customer 
requirements’, which is a basic formulation of expected and needed 
maintenance support to be applied on the item.  This in its turn is usually 
defined within the customer profile report which defines how an item is, or 
will be, used and supported as well as information of the existing logistic 
support organization. The following input to the ILS system will be provision 
of the basic design and performance delivered by ‘Design configuration and 
design related performance data’ report. Additional inputs to the LSA is 
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‘customer profile constraints’, ‘identification of maintenance activities’ and 
‘investigation of maintenance activities and determination of logistic support 
requirements’. Final input to the logistic support analysis is the feedback from 
the customer, ‘customer involvement’, during the operation of the item. That 
way the customer provides feedback, which is used to improve the item, 
IEC_60300-3-12 (2011). Table 6 shows the life cycle view of different logistic 
support activities and the outputs from ILS.  
 

Table 6 - Life Cycle Phases and Outputs of the ILS, based on IEC_60300-3-12 (2011)  

Concept Design  Production Operation Disposal 

Identification of 
customer profile 
constraints 

Update (if necessary) 
customer profile 
constraints 

   

Identification of 
supportability factors 

Update (if necessary) 
supportability factors 

   

Outline (basic) 
maintenance and logistic 
support activities 

Detailed description of 
maintenance and 
logistic support 
activities  

Update (if necessary) 
maintenance and 
logistic support 
activities 

  

 Maintenance support task 
Review operation and maintenance tasks required 
for an item to identify manpower and necessary 
resources to carry out the activities. 
Update (if necessary) Maintenance support task 
during Production phase.  

  

 Potential impact on existing support for new items 
-Could be considered whenever existing support system is shared with the new item. Should be considered 
continuously after this design phase. 

 Post-production support 
Identification of a long-term logistic support strategy to ensure that item is supportable for its expected 
service life (required by the end-user). It also contains steps to resolve post-production support plan problems 
such as OEM is not being in the business anymore, lack of resources for repair etc. 

 Verification of logistic supportability 
Is about assessing and confirming the effectiveness of the current logistic 
support arrangements. Moreover it is for identifying flaw, root causes and 
suitable actions to correct deficiencies. 

 

  Monitoring of field data 
Collect and use actual field data from practical usage to identify flaws, in 
particular data and parameters related to supportability such as MTBF, MTTR, 
frequency of logistic support requests etc. Should be continuously after this life 
cycle phase. 

  ILS outputs 
Becomes basically two different types of output: 

1. “Those that influence the design process to optimize the logistic 
support requirements” 

2. “Outputs used to identify or provide the logistic support 
elements” e.g. maintenance plan, personnel, training, spares 
provision, support equipment, technical documentation etc. 

Establishment of Logistic Support Analysis Database. Its aim is to provide a central database for all information related to logistics.   
 

   Feedback to future design 
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4. SYSTEMATIC LITERATURE 
REVIEW 

 
Chapter four presents a systematic literature review process and the synthesis of the 

selected literature. As this thesis constructed as a theoretical study, this chapter aims 

to provide main theoretical (secondary-data) findings for the literature data analysis 

chapter. This chapter also aims to cover the areas, which are in scope of this study i.e. 

supportability engineering and stakeholders requirements in wind power sector. 

 
How to review and interpret all available research related to research 
questions? 
 
"A systematic review is a means of evaluating and interpreting all available 
research relevant to a particular research question, topic area, or phenomenon 
of interest", Kitchenham (2004). The main aim of a systematic review is to 
bring out a fair evaluation of the research topic using a rigorous, trustworthy 
and auditable methodology. The guideline published in Kitchenham (2004), 
for a systematic review consists of three phases:  

1. Planning 
2. Conducting 
3. Reporting 

 
The content of the developed systematic review template, see appendix 5 and 
6, was inspired by Kitchenham (2004). The initial research question was: 
"What has been published already on topic supportability within Wind 
Energy?" The question contains the broad and overall research topic, thus the 
literature review will make an evaluation, identification and interpretation of 
the published research in the given area from scratch.  
 

4.1. Description of the systematic review and 
databases used  

Appendix 5 and 6 should be studied briefly before reading following part. 
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Figure 6 – Mind-map of brainstorming process and identification of keywords 
 
Before conducting the literature search the brainstorming on relevant 
terminology (related to supportability, stakeholders requirements and wind 
power) to be used was performed. Figure 6 shows the brainstorming process 
of keywords related to the topic “Supportability Engineering in Wind Power”. 
One can find straight as well as dashed lines, which are representing 
connecting and associating relationships between the keywords. In-between 
some connection lines one can see conjugation “AND” which denotes that it 
has been used as search phrase during the literature search process e.g. 
"Stakeholders" AND "wind energy".  
 
After the brainstorming process a first search was conducted, as shown in 
appendix 5 and 6. The search phrase was “wind energy” and “supportability” 
using logic conjunction (AND), in order to find the interface area of both 
keywords. The search was conducted in four different scientific databases, 
which are described thoroughly later in the text. In the ‘Date’ column the date 
of conducted search is presented, which is useful to keep track of when the 
search was conducted and also to show how accurate the literature review is. 
As mentioned in the chapter 2.4, the search for literature (articles) has been 
documented at two different occasions to enhance the accuracy but also 
validity and reliability of this study. The literature search presented in 
Appendix 5 refers to the first documented time occasion. Appendix 6 contains 
the second documented search, which for the most part an up-to-date search 
using same keywords as presented in Appendix 5, but it also contains new 
keywords. The main reason for including/adding new keywords to the 
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literature search process is to refine/filter out and emphasise the study relevant 
aspects compared with the first search, which was a broader review.    
 
In the column named ‘Field’ we register the width (range) of the search that 
we are about to conduct. As can be seen in appendix 5 and 6 it is written ‘all’ 
to denote that the entire search is being conducted in all available fields that 
that different databases contain. Example on fields is article title, abstract, 
keywords, DOI number, ISSN etc. Thus the option ‘all’ enables the search 
engine to search through all these fields to broaden the search as much as 
possible. This is also a way to deal with the validity threats by setting the 
“filtering” of the articles more broadly than just capturing found search words 
in the abstracts or titles.  
 
Following column presents the databases used (explained below). Results 
found column tells us about the number of hits with the previous settings for 
each search word/phrase. This is followed by ‘Inclusion and exclusion criteria’, 
which are used as a help-tool for selecting articles in a systematic manner.   
 

What were qualification/inclusion/exclusion criteria?  

Inclusion/exclusion criteria were applied for all conducted searches in order to 
defend the selection/exclusion of different articles, see table 7. This is 
particularly important when it comes to the subjective evaluation of the 
material, where there is a high tendency of bias. Thus judging on same 
grounds makes the process more reliable. The inclusion criteria often refer to 
the article type such as if it is peer review, if it is available in full-text, what 
kind of study it is a so further. The exclusion criteria are usually set if the 
article does not meet the inclusion criteria.  
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Table 7 – Qualification/Delimitation, Inclusion and Exclusion Criteria 
Study qualification/delimitation 

1 The article is preferably peer reviewed 

2 The article is conference paper  

3 The article is available in full text 

4 The article is a case study, comparative study, systematic literature review, development survey, future research review or theory 
gaps analysis  

Study inclusion criteria 

5 The article is to be included if it discusses, evaluates or mentions the concept of supportability within wind power 

6 The article is to be included if it discusses, evaluates or mentions supportability related issues within wind power such as 
logistics, maintenance support, accessibility, reliability, availability, maintainability. In this case term supportability may not 
have been used. 

7 The article will be included if the discusses supportability in other areas. 

Study exclusion criteria 

8 The article(s) do not match the inclusion criteria 

9 The article is talking about supportability in technical context i.e. wind turbine support / supportability structure 

10 The article title and abstract are not corresponding to the content of the article. This refers to cases where there are (very) large 
number of matching search hits and thus not feasible to review/read all of them. Instead the title and abstarct gives indication 
on their relevance. The selected articles are read entirely. If the content does not correspond to the title or the abstract then 
they shall be excluded. 

 
The column that follows Inclusion/exclusion criteria is ‘Limitation criteria’, 
which is a database setting to limit the search to only include journals and/or 
conference sources. This setting is applied when there is relatively larger 
number of hits such as more than 30. In such cases we are interested to 
minimise other sources for instance web-pages, internet links, non-peer 
reviewed papers etc. In case when it is relatively a few number of hits this 
setting is not necessary. Following column is ‘After refine search’ which shows 
the number of search hits when applying ‘Limitation criteria’. After applying 
limitation criteria, shown in table 7 and column 6 in appendix 5 and 6, on 
some search words/phrases the number of search hits was still rather high up 
to four thousand in some cases. This made it quite unreasonable to review all 
the search hits. In this case the database feature ‘relevance’ was used to sort the 
search hits according to the relevance displaying the most relevant hits in the 
beginning of the list. This enabled to review up to first 50 search hits.  
 
‘No of articles for review’ is the number of selected articles after applying 
‘Inclusion/exclusion criteria’ (in some cases also ‘Limitation criteria’). The 
following column is used to show selected the references i.e. author and year. 
Last three columns provides information on the ‘Relevant references found 
through the reviewed articles’, ‘Found references through citations on the 
reviewed articles’ and finally ‘Found references through two previous columns’. 
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For the systematic literature review four widely recognized databases were 
used. Several databases were chosen to increase the possibility of larger 
coverage of existing literature and to minimize important articles that may not 
have been included in all databases. Below follows a description of the 
different databases. 
 
Scopus: “Scopus is the largest abstract and citation database of peer-reviewed 

literature and quality web sources with smart tools to track, analyze and visualize 

research. It's designed to find the information scientists need. Quick, easy and 

comprehensive, Scopus provides superior support of the literature research process.” 
http://info.scopus.com.proxy.lnu.se/about/
 
IEEE Xplore: ”IEEE Xplore is a powerful online resource for accessing scientific 

and technical publications produced by the Institute of Electrical and Electronics 

Engineers (IEEE) and its publishing partners. IEEE Xplore provides access to a 

comprehensive collection of full-text PDF documents comprising the world's most 

highly cited journals in electrical engineering, computer science, and electronics. The 

content repository supporting IEEE Xplore contains more than 2 million articles 

from over 12,000 publications that encompass journals, conference proceedings, and 

technical standards, with select content dating back to 1893.” 
http://ieeexplore.ieee.org.proxy.lnu.se/Xplorehelp/Help_Welcome_to_IEEE_
Xplore.html
  
Scirus: “Scirus is the most comprehensive science-specific search engine on the 

Internet. Driven by the latest search engine technology, Scirus searches over 380 

million science-specific Web pages, enabling you to quickly: Pinpoint scientific, 

scholarly, technical and medical data on the Web. Find the latest reports, peer-

reviewed articles, patents, pre prints and journals that other search engines miss. 

Offer unique functionalities designed for scientists and researchers.” 

http://www.scirus.com.proxy.lnu.se/srsapp/aboutus/
 
Webb of Science: “Web of Science consists of seven databases containing 

information gathered from thousands of scholarly journals, books, book series, reports, 

conferences, and more.”  
http://images.isiknowledge.com.proxy.lnu.se/WOKRS49B3/help/WOS/h_da
tabase.html
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4.2. Reflections on the literature about supportability 
engineering and related issues in wind power up-
to-date 

Below follows the review of the articles selected from the two literature search 
occasions presented in appendix 1 and 2. The review is conducted in a flexible 
manner aiming to answer the RQ1 stated below.  
 
RQ1: What has been published already on topic supportability engineering within 

Wind Energy? 

 
The conducted systematic literature review showed limited coverage of 
supportability engineering in the field of Wind Power. The first reviewed 
articles were describing knowledge development, state-of-the-art technology, 
status and plans on wind power sector, Zaaijer (2009) & Henderson et al. 
(2003) & Breton and Moe (2009). Zaaijer (2009) is the author "Review of 
Knowledge Development for the Design of Offshore Wind Energy 
Technology". His approach was to map out the characteristics of the 
knowledge in order to suggest directions where research can contribute with 
knowledge. Among many findings, is that the research has been strong in 
design studies of sub-systems such as (technical) support structures providing 
knowledge about the design solutions and methods to assess behaviour and 
value. Crucial here what Zaaijer (2009) brings up is that these studies does not 
(generally) provide information about the effects of integration and possible 
trade-offs of the system. Henderson et al. (2003) and Breton and Moe (2009), 
brings up that expansion of wind power hasn’t been without problems and 
research and development is still needed, especially for larger turbine designs 
or deep-water turbine structures. According to Breton and Moe (2009) several 
offshore wind power parks have been developed in Europe, but the technology 
is still at an early stage. Henderson et al. (2003) further mention that despite 
considerable challenges of building offshore wind farms many experiences 
(problems) from other coastal engineering industries can be foreseen and 
utilized with advantage. The current offshore turbines tend to be onshore 
turbines that were modified for offshore environment, for instance by 
installing larger generators etc.  
 
Wood (2004) addresses some of the advantages and issues related to offshore 
in particular the higher production potential respectively the accessibility issue. 
The offshore site accessibility challenge/issue is confirmed by van Bussel and 
Bierbooms (2003), Bierbooms and Van Bussel (2002), Marsh (2007) and 
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Michler-Cieluch et al. (2009). The focus in Wood (2004) is on an UK 
offshore wind farm at Blyth in Northumberland, which had had huge 
availability issues with two wind turbines mainly caused by the generator 
failure. This in its turn was blamed on the manufacturing and the poor quality 
control in construction phase. Wood (2004) also mentions the case about 
Danish offshore wind power project at Horns Rev that experienced severe 
failures on large number of generators and transformers due to among other 
salt in the air. These problems were associated with the manufacture of 
generators, which forced the manufacturer to replace all the generators. Wood 
(2004) says that wind industry has not considerable experience for making 
major decisions in maintenance. He says furthermore that this will change 
with more offshore farms online but also more sophisticated monitoring of 
turbines performance. Bierbooms and Van Bussel (2002), van Bussel and 
Bierbooms (2003) and Marsh (2007) address furthermore problems related to 
maintenance activities such as transport of maintenance personnel, harsh 
weather conditions etc. The study in van Bussel and Bierbooms (2003) focuses 
on transportation of the maintenance personnel and smaller spare parts. They 
mention that maintainability of the offshore wind turbines is highly 
dependent on the access system used.  
 
Marsh (2007) addresses how offshore wind industry has experienced longer 
time than expected to become competitive among other because of 
uncertainties over the operating and maintenance costs, which make 70 % of 
the electricity cost for offshore wind farms, Junginger et al. (2004). Since the 
offshore industry is a young branch with relatively limited experience, 
operation and maintenance remain uncertain. The author discusses issues and 
implications of supporting activities for the offshore turbines among safe 
working conditions, transport of spare parts etc. Above mentioned issues are 
all related to high expenses. Michler-Cieluch et al. (2009) states that: 
"Operation and maintenance of any offshore installation is a major challenge 
due to restricted logistics and accessibility, forming a large part of the overall 
costs”. Krokoszinski (2003) states that operation and maintenance cost will be 
the key to economic viability of large offshore wind farms in future. Moreover 
since costs largely influence the economic capability it is mandatory to 
generate a comprehensive O&M strategy prior engineering or installation 
phase. Rademakers et al. (2003) main points is to raise the necessity to 
consider the cost related to operation and maintenance for offshore wind 
farms, which are much higher than for onshore based. Another interesting 
figure was that corrective maintenance costs are twice as high as costs for 
preventive maintenance for offshore turbines, while these costs for the onshore 
turbines are in balance. According to Rademakers et al. (2003) there are 
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several aspects that cause O&M costs e.g. maintenance concept chosen, size 
and reliability of the turbines, site and weather conditions.  
 
Marsh (2007) and Michler-Cieluch et al. (2009) discuss about the possibility 
of sharing transport vessels for offshore branches i.e. wind power, oil and gas 
sector. Supply chain in offshore wind sector is, according to the Marsh (2007), 
still not mature as in other industries. Concerning the maintenance Marsh 
(2007) addressed that it is important to decrease corrective maintenance in 
favour to preventive maintenance but also equally important to aim at 
reliability at each phase of the development and engineering cycle. 
Concluding the article is that focus need to be set at machine reliability and 
minimizing operation and maintenance costs and this might require the major 
changes in the design of the turbines.    
 
Junginger et al. (2004) raises the need for significant cost reduction in the 
offshore wind farms in order to be able to become more competitive. The 
initial investment cost, (mainly turbines, foundations, grid connections etc.) 
for offshore wind farm determines about 70 % of the electricity cost. Junginger 
et al. (2004) identify improvements in design as one of the main drivers for 
cost reduction. Furthermore they mention the economy of onshore wind 
farms are more favourable than the offshore based, due to larger investment 
costs but also larger costs for operation and maintenance. Another raised point 
is that different stakeholders such as policy makers, wind turbine industry and 
energy companies need to be aware of the potential in total cost reductions. 
The article identifies several factors behind cost reductions of offshore wind 
farms, which are related to design and standardization of Wind turbines, Grid 
connections, Foundations and installations. 
 
Ramírez (2010) discuss in his PhD thesis about the importance of structural 
design of offshore structures as they are affected by the damage from fatigue 
and corrosion, which decreases the system performance and increases the risks 
of failure. He suggests risk-based inspection planning methodology, usually 
applied in oil and gas industry, to inspect and control the deterioration process 
in offshore wind turbines. Furthermore a reliability-based framework for 
calibration of “Fatigue Design Factors (FDF)” is presented which can, among 
other, be used to determine a cost-effective design of the wind turbine 
considering both initial design costs as well as the service life costs, Ramírez 
(2010). 
 
Hameed et al. (2011) also mention a many new challenges related to shift 
from onshore to offshore wind power, related to design, development, 
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manufacturing, installation, O&M. They discuss the need, approach, 
application and benefits of reliability and maintainability database. It is argued 
that the database will enhance the understanding for the wind turbines 
operating in the marine environment as well as expected benefits from design 
to operation phases of the turbines life cycle. Furthermore Hameed et al. 
(2011) states that the research is focused designing robust wind turbines for 
the offshore environment, logistical issues such as type of vessels to be used for 
the installation, accessibility and O&M strategies. These together pose a great 
deal of concern for the wind offshore industry.  One possible way to address 
this is through consideration of RAMS factors from the very early stage of life 
cycle. They discuss the benefits of RAMS database, which should enable 
engineering for a reliable design, decreased downtimes, and stable production 
from the system. However, the objective is to improve RAMS database(s), 
which is expected to establish availability of the wind turbines by including 
strategies related to transportation, logistics and accessibility. The focus of 
Hameed et al. (2011) is not directly how to cope with stakeholders 
requirements and needs and what measure should be undertaken during 
design and development phases of the wind turbine. Instead the authors 
outline the RAMS as the possible application area for the engineering design.  
 
Karyotakis (2011) discuss in his PhD thesis about the optimization of 
operation and maintenance strategies for offshore wind farms. His works 
focus was on reliability, availability and maintainability of offshore wind 
farms. The thesis included a state-of-art review of current maintenance 
practices and implications related with it.  Furthermore he developed 
computerized models for simulation of planned maintenance activities, 
including maintenance expeditions offshore, versus currents practices and 
performance output in terms of reliability, availability and maintainability and 
corresponding financial gains. The thesis included several cases studies for 
investigation of CO2 emissions and costs related to offshore maintenance 
activities. Overall it can be said that Karyotakis (2011) is suggesting and 
examining possible solutions to current technical challenges related to 
maintenance practices of remote large offshore wind farms.       
 
González et al. (2010) introduce an ‘evaluative algorithm’ (EA) for overall 
optimal design and configuration of the wind farms, which involves 
assessment of the turbines layout, wind turbine type, tower height and road of 
the wind farm as well as optimization the design of the whole electricity 
infrastructure based on a life cycle cost approach. However the ’design’ aspect 
of the wind turbine itself is not discussed, such as the properties of the critical 
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components and modules. The suggested algorithm considers widely aspects 
related to production losses, O&M cost and disposal cost.  
 
Elkinton et al. (2005) talk about offshore wind farm layout optimization, 
which they consider to be significant engineering challenge. The main 
objective in the article is to develop a new analysis tool for optimization of 
wind farm layout and minimization of cost of electricity. They argue that most 
literature on optimization focus on the onshore wind farms rather than 
offshore based. The availability and O&M aspects are significant 
considerations for the design of the offshore wind farms, Elkinton et al. 
(2005).   
 
Nilsson and Bertling (2007) reported that a greater need for frequent 
maintenance come with high technical availability, in particular for offshore 
based wind turbines. They furthermore state that current maintenance 
planning is not optimized and they suggest condition monitoring systems 
(CMS) to resolve the demanding on maintenance management in the 
growing market. The CMS could increase reliability for the turbines especially 
offshore where service is costly and complex. Nilsson and Bertling (2007) also 
conducted a LCC analysis in order to get understanding if CMS is profitable 
considering the trade-off between costs and amount of maintenance needed. 
Their main finding is that cost of a CMS can be covered in many ways, in 
particular for the offshore based turbines which could benefit from a CMS by 
more efficient planning of maintenance.  
 
Besnard (2009) outlines in his licentiate thesis the optimal maintenance 
management by focusing on optimization of decisions concerning 
maintenance strategies and planning. He suggest models/approaches for 
assessing cost-effectiveness of different maintenance strategies/planning 
approaches, assessing benefits of CBM applied on different wind turbine 
modules such as drive train and finally for optimizing maintenance service 
intervals using reliability theory and different statistical models. The 
application of models in couple case studies, in Besnard (2009), showed that 
maintenance costs could be decreased when the maintenance strategies and 
planning are optimized. Besnard (2009) mentions that risks related to O&M 
costs in offshore environment are caused by uncertainties in reliability and 
accessibility. This in its turn could be mitigated through optimization of 
maintenance strategies/planning as well as through design optimization of 
wind turbine with respect to its application. The latter mentioned is outside 
the scope of Besnard (2009).   
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Besnard et al. (2010) discusses the need, methods and challenges for 
maintenance optimization methods to cope with current reliability and 
availability issues being curial to implementation of future wind power 
systems. They introduce a reliability-centered maintenance approach for 
optimizing maintenance of wind power plants, considering and comparing 
corrective and condition based maintenance options. The approach also 
considered life cycle cost in order to improve the profitability of the wind 
power plants. They suggest condition monitoring solutions on the drive train 
and blades of the wind turbines as cost-effective solutions to cope with 
reliability and availability. 
 
Hansen (2007) article has lot of considerations that will be investigated in this 
thesis. She talks about designing with maintenance, service and human factors 
in mind and talks about different stakeholders and conflicting interests. 
Hansen (2007) cited that original equipment manufacturers (OEM) can 
decrease unscheduled maintenance costs by designing with maintenance in 
mind. This article introduces the maintenance problem with different 
stakeholders involved. She says that unscheduled maintenance and repair 
posed a burden to the manufacturers during maintenance warranty periods. 
This trend has changed over the recent couple of years meaning that the 
facility owner has a bigger responsibility. She furthermore reports that a 
typical wind turbine usually has 2-5 years warranty, whereof the total useful 
design life is 20 years, Andrawus et al. (2007). Maintenance activities are 
transferred to the wind turbine operators at the end of the contract period, 
Hansen (2007).  
 
According to Hansen (2007), the owners of the wind turbines opt for shorter 
warranty to take the maintenance risk earlier and thus saving the money up 
front. While for instance financial institutions prefer to get longer warranty to 
let the OEM carry the maintenance risk. Hansen (2007) also reports that 
unscheduled maintenance costs largely affect company’s profit. Furthermore 
that designing becomes better with experience from maintenance. Through 
considering maintenance and maintainability in the design phase the OEM 
are aiming at minimizing unscheduled maintenance cost.  The generator and 
gearbox are most costly maintenance items. The gearbox can for example be 
designed so that contains fewer parts enabling easier maintenance. Hansen 
(2007) also talks about designing with service in mind. For instance to carry 
out maintenance logistics of big cranes are needed. Design with service in 
mind is for example by including on-board service cranes, which can handle 
replacements of gearboxes, electrical and cooling components etc. Also human 
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factors are considered by designing components that are easy to access, remove 
and replace. 
 
Andrawus (2008) PhD thesis named “Maintenance optimization for wind 
turbines” addresses the stakeholders’ requirements as the crucial driver for the 
asset management (AM) model for wind turbines that he suggests. His view is 
that AM model, which considers the stakeholders’ requirements shall tackle 
maintenance issues which one of the major challenges in the wind power 
sector. Furthermore Andrawus (2008) states maintenance is indispensible to 
core business objectives of the wind industry. At the same time, he mentions, 
that the current maintenance strategies are not sufficient to support 
commercial drivers of the wind industry. He furthermore presents the field 
study conducted for identifying different failures and maintenance data. The 
comprehensive literature review of his thesis covers review of asset 
management literature as well as systems failures, potentials and cost drivers in 
wind industry. The results, among other, are development of a hybrid 
approach for selecting optimum maintenance strategy and evaluation of 
feasibility and economic impact of condition-based activities applied on 
critical sub-systems. Different maintenance, reliability and mathematical 
models are applied for determining optimum maintenance activities, 
modelling system (wind farm) failures respectively distribution of critical 
systems and components. 
  

4.3. Stakeholders and Requirements 
Literature about wind power identifies several stakeholders such as wind 
turbine owners, manufacturers, investors, policy makers, energy companies, 
land owners, neighbours, authorities (local, regional, national, golobal), EU 
(specifically referring to binding targets from the union) etc. See for example 
Andrawus (2010, Junginger et al. (2004), Hansen (2007), Marsh (2007), 
Michler-Cieluch et al. (2009) and. Different stakeholders such as the 
regulators, shareholders, customers and the public are increasingly seeking 
assurance that the asset management system will deliver financial 
performance, continuity of service and safety. Organizations are very delicate 
to the impact of adverse public opinion and negative publicity. Establishing 
asset management and identifying all the stakeholder requirements is 
increasingly becoming a necessity rather than an option, PAS_55-1:2008 
(2008) & Andrawus (2010). 
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Andrawus (2010) reports that achieving highest return on investment is highly 
affected by technical issues associated with the assets as well as inter-related 
requirements from different stakeholders in the wind power context. He 
furthermore suggests an asset management model as a means to describe and 
deal with best practices in business to satisfy all stakeholders' requirements. 
Furthermore the same author identifies four main stakeholder groups i.e. 
government, investors, consumers and general public. The government require 
that the regulations, health, safety, environment, price control aspects are 
fulfilled. Investors on the other hand expect maximum return on investment, 
business survival and to increase the market share, in this case competing with 
other renewable energy sources. Consumers want lower cost of energy, 
increased efficiency as well as the service quality. General public will most 
probably require preservation of the operating and affected environment, eco 
systems, navigation and defence systems, Andrawus (2006). 
 
Wizelius (2007) suggest conducting a feasibility study containing among other 
conflicting requirements and opposing interests. Opposing interests can come 
from organizations, companies, and military, air traffic etc. that oppose the 
plans for installing wind farms or single turbines. It might disturb the military 
installations for instance radar and signal surveillance which cannot be found 
on the map. The high wind turbine structures might even pose a risk to air 
traffic. Local acceptance is about much about the opinions and attitudes of the 
local residents about having wind power in their neighbourhoods. Dealing 
with this could be delicate matter and it is very important from the side of the 
developer to inform and educate the inhabitants at an early stage, Wizelius 
(2007).   
 
Wolsink and Breukers (2010) present an international study of stakeholders’ 
perspectives when it comes to conflicting and contrasting core beliefs 
concerning effective implementation of wind power. This study systematically 
compares (using Q methodology) stakeholders’ views, originating from thee 
countries, concerning the implementation of wind power. The views concern 
institutional conditions and changes in the sphere of energy policy, spatial 
planning and energy policy. In this paper one analyse the opinion patterns 
concerning the implementation in three countries. The main issues mapped 
out in this paper were concerning landscape values; participation in project 
planning and local decision making; financial participation; the role of local 
authorities; and the interpretation of the motives behind opposition. The 
paper results show that these issues are leading the current debates on the 
implementation of wind power in all thee geographical locations. Another 
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finding was that the different perspectives or issues are not equally debated in 
the three countries.    
 
Enzensberger et al. (2002) presents a study on current policy instruments 
aiming at supporting development and growth wind energy projects. They are 
looking at a multi-perspective evaluation. The authors state that the policies 
are differing markedly when it comes to successful implementation. They also 
state that the developed criteria for selecting the suitable policy instruments 
are not supporting and partially neglecting interests and requirements of 
important stakeholder groups such player who might be able to invest in RE 
projects but at the same time they are not sharing the same investment 
requirements characteristics. To this group following can be accounted 
utilities, private investors, independent power producers etc. The paper 
suggests an integrated approach that considers stakeholder groups from three 
different perspectives or fields; ‘Renewable energy business’, ‘Political field’ 
and ‘Conventional energy business’.   
 
Enzensberger et al. (2002) also raises the strong political will that exists in 
European community to put the renewable energy (RE) on the future map of 
energy supply systems, yet the RE still faces cost disadvantages compared with 
conventional fossil-fuelled technologies. Another interesting reflection in this 
paper was that articles that discuss policy instruments bring their attention to 
legislative instruments due to widespread conviction that policy makers are 
not ensuring their political targets by relying on market forces since its has an 
important value for the society as a whole, Enzensberger et al. (2002). 
 
The paper by Enzensberger et al. (2002) contains an overview of typology of 
policy instruments which is divided into ‘legislative’ and ‘non-legislative’. 
Based on that overview Enzensberger et al. (2002) have managed to visualize 
the interests and requirements considered by current policy instruments. The 
legislative measures are divided into regulatory and economic fields. The 
regulatory measures are set by state authorities, which are forcing the market 
players (legally) to follow acceptable behaviours such as emission limits and 
safety standards. On the other side we have the economic measures which are, 
in contrast to regulatory, providing an economic framework for the market 
players which are economically attractive for instance through financial 
support for specific actions, entrepreneurial freedom, taxes etc.  
 
After the review of the current policy instruments the authors present the 
evaluation criteria typically used for selection of suitable policy instrument. 
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These criteria are evaluating the following aspects of the policy instrument, 
Enzensberger et al. (2002): 

• Effectiveness 
• Efficiency 
• System conformity 
• Practicability 
• Flexibility 
• Impact on economic development 
 

Enzensberger et al. (2002) state that these criteria are helpful for comparison 
but they neglect the interests of other important stakeholder groups. The 
authors suggest a new assessment of the market implications which might 
produce new insights on the inevitable redesign aspects which consequently 
provides an input to the policy design process. By having a framework for 
assessing implications posed for any stakeholder group of any preselected 
policy instrument would enable anticipation problems at an early stage which 
could treat hinders to the development, Enzensberger et al. (2002). 
 
Mostashari (2005) doctoral thesis suggests a model for effective involvement 
of stakeholders in engineering and decision-making of systems, which was 
applied in several cases whereof one offshore wind energy project, which 
verified his hypothesis i.e. stakeholder approach being more feasible than the 
expert-based approach. The approach for involving stakeholders (the general 
public) needs, opinions and interest managed to capture some of the effects 
that were not able to be captured by experts for instance wider consideration 
of social, economic and political aspects. However, these requirements were 
not directly related to the designing aspects of the wind turbine itself, instead 
it considered aspects related to social impacts of the wind power project, bird 
life and migration, marine life, avian impacts, navigation, safety issues, 
socioeconomic impact etc. The project had different wind farms alternatives as 
well as different locations to choose between, Mostashari (2005).  
 

4.4. Design for Supportability 
The article raises the importance of supportability considerations in the new 
product development. Goffin (2000) says that R&D engineers consider many 
conflicting requirements but the companies often neglect to ensuring easy and 
economical service and support of the products. According to Goffin (2000) 
several studies showed that support is neglected during new product 
development. The author furthermore mentions about the leading companies 
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take into account the support requirements at the design stage. The 
companies that fail in giving suitable attention to product support during early 
design phase will miss an opportunity as it is essential for achieving 
competiveness and satisfied customers in most cases. From those reasons 
Goffin (2000) explain why engineers need to understand scope and role of 
support, competitive advantages from support, design influence product 
support and to evaluate support requirements at design phase. Furthermore 
the article emphasizes that product support today is more than just about 
maintenance and repair. Nowadays it has come to involve other competitive 
advantages such as user training, customer consulting, upgrades, 
comprehensive documentation, on-line support etc. Another important point 
that is raised is that design of the product affects the quantity of support 
needed as well how it can be delivered. In the long run the supportability will 
have a great impact on the effectiveness and cost of the system. The article 
presents several companies that have worked with supportability during early 
stages of development and gained competitive advantages. The author 
mentions higher development costs, due to among other inclusion of design 
for supportability, and production costs can sometimes lead to lower lifetime 
costs. Another important point raised is that it is important for a company to 
consult with their suppliers about the design for supportability in the 
demanding markets as it can have a direct impact on the competitiveness of 
the finished product. Design for supportability methods are not just about 
reducing downtime and costs, it is also to about putting efforts into service 
provision that creates business opportunities.  
 
Tan et al. (2010) presents some typical factors that complicate development of 
products that are easy supportable and cost-effective: 
 

1. The supportability requirements are considered at a late stage the 
product development  

2. People with experience about support problems firsthand, such as 
field support engineers and managers, do not have the opportunity to 
influence product designs. 

3. Support activities can become more difficult or expensive as a result 
of decisions taken to lower production costs. 

4. Product feature are more prioritized than product support 
considerations.    

 
Rogers et al. (2002) discusses requirements for wind turbines intended for use 
in a remote (distant and difficult to access) locations as well as in hybrid 
systems (e.g. wind turbine used in combination with a diesel generator). This 
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paper includes the requirements for the design and operation of medium to 
large wind turbines, which is based on the previous experiences with similar 
type of wind turbine. These experiences have been utilized for requirements 
development for successful operation of medium-sized wind turbines 
connected to remote grids or hybrid power systems. One of the experiences 
from this is study is importance of turbine maintenance and repair making 
them essential turbine design requirements. Other important design 
requirements are robustness properties of the wind turbines related to cold or 
marine climate. They discuss for instance lightweight design, tilt-down lattice 
tower with two permanent winches at the site that facilitates the turbine 
repairs etc. The experience from the study furthermore shows that the 
availability has been much lower than anticipated due to unfeasible design in 
relation to the climate or site, remote site, special tooling requirements and so 
further. They also discuss easing maintenance, logistics and spare parts 
management by including inventories of spares at the site, facilitation of 
maintenance and repair through built-in lifting systems on the wind turbine 
for heavy objects, special tools etc, Rogers et al. 2002. 
 
Markeset and Kumar (2003) presents a general approach for designing 
product support strategy considering product design characteristics, capability 
of service delivery organizations, information technology applications, the 
manufacturer’s delivery capabilities, client service needs and expectations etc. 
These considerations are (should be) included in the early design phase of the 
product. The whole idea is to design proactively, in order to avoid reactive 
support (e.g. failure restoration) which is in turn reflected on the customer 
satisfaction/dissatisfaction. The needed support and maintenance of the 
system will be more or less decided during design and manufacturing phase. 
The authors state that product support strategy should not only be focused 
around the product and its operating characteristics but also to providing the 
customers that can help them to enhance the use and assign additional value 
to their business processes. The paper looks at the concept of RAMS 
performed during a case study which directly or indirectly influences the 
product support, maintenance cost and related costs. The authors say that 
these considerations are particularly important for the industries where the 
operations are located in remote areas which have more demanding 
maintenance and product support. Furthermore they report that existing 
literature is not paying much attention to the influence of product 
characteristics when designing product support. The main aspect that they 
argue for is that the support strategy should not only consider the product 
design and its operating conditions but also aspects such as customer training 
and adding additional value, Markeset and Kumar (2003). 
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Saraswat and Yadava (2006) discusses about application of RAMS 
engineering within the industry and research. Thus their paper contains a 
review of the topic. They state that demands for higher reliability, 
maintainability and supportability of the modern technology are not met due 
to design problems and poor product support. Furthermore Saraswat and 
Yadava (2006) say that the number of failures and their consequences could be 
minimized with proper consideration of RAMS factors early in the design, 
manufacturing and installation phase. RAMS technique is generally not 
applied within industry but a few industrial sectors applied it with success, in 
particular the military. One of the major findings in Saraswat and Yadava 
(2006) is that supportability aspect has been widely neglected by those who 
have applied RAMS technique within industry and research. Usually RAM 
(without S) part is focused or in some cases individually or two of them, 
Saraswat and Yadava (2006).  
 
Park et al. (2010) describes development of large offshore wind turbines. 
During design phase of the wind turbines high Reliability, Availability, 
Maintainability, Serviceability (RAMS) and low cost of electricity (COE) are 
considered. Integrated drive train, light weight and compact size generator, 
individual pitch system are some of the sub-systems that have been adopted 
for its operating environment considering RAMS. For the reliability aspect 
the design and safety analysed and proven through joint work between 
manufacturers. For the enhancing maintainability and achieving its 
requirements a maintenance crane is equipped with ability to handle every 
component in the nacelle and condition monitoring and diagnostic system are 
been considered. The inclusion of RAMS is expected to give competitive 
advantages in the wind energy market, Park et al. (2010). 
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4.5. Overview of origins of published literature on 
areas related to supportability engineering and 
wind power context 

 

Table 8 – Origins of published literature  
 

Journals Conference

Wind Energy International Conference on 
Marine Renewable Energy 

Journal of Environmental 
Planning and Management 

Prognostics and Health 
Management Conference, 2010 

Renewable and Sustainable 
Energy Reviews 

Electrical Machines (ICEM), 
2010 XIX International 
Conference on 

Research Technology 
Management 

Proceedings of the 2nd Joint 
International Conference on 
Sustainable Energy and 
Environment 

Renewable Energy Innovative Smart Grid 
Technology Conference Europe 
(ISGT Europe), 2010 

Ocean & Coastal 
Management 

 

Energy Policy  

Wind Engineering   

Journal of Quality in 
Maintenance Engineering 

  

International Journal of Steel 
Structures 

  

IEEE Transactions on 
Energy Conversion 

  

Power and Energy 
Magazine, IEEE 

 

Power Engineer   
International journal of 
power & energy systems 

  

Refocus  
Current Applied Physics  
EWEC Rademakers  
International Journal of 
Quality and Reliability 
Management 

 

CIRP Journal of 
Manufacturing Science and 
Technology 

 

Table 8 shows an overview of the 
published articles in journals and 
conferences within the area 
supportability engineering and 
wind power context. This in other 
words refers to the references used 
for the systematic literature 
review. The main purpose of this 
table is to provide an overview 
picture of where related research is 
published, when speaking of 
journals and conferences. This 
enables the researcher to conduct a 
rather quick update of latest 
publishing. 
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4.6. Discussion of the systematic review limitations 
The conducted search was done using several well-known and recognized 
databases (see 4.1) in the topic area, in order to capture as much as possible of 
the available literature. Possible limitation of this review could be that some 
excluded databases might have had additional articles on the research topic. 
However the selection of databases was done carefully and with the topic in 
mind. Intentionally to prevent such possible limitation several databases 
(search engines) were used to conduct the literature search process. Another 
limitation is when it comes to the selection of the different articles as well as 
the inclusion/exclusion criteria. Here several different and synonymous 
keyword and phrase combinations were used to get relevant hits. However 
some other keywords could be relevant in this context, in particular when 
there is no standardized or consensus among terminology used.  
 
During conduction of the second literature search (presented in appendix 6) 
Scopus database, which was used during the first literature search, was halted 
as Linnaeus University chose to not renew the licence. Consequently, Scopus 
was unintentionally excluded from the second search. Despite the disabled 
access to the database in question, it was not found inevitable to replace it 
with some other database(s). This is mainly due to the fact that the remaining 
thee databases (search engines) that were used contain more or less the same 
content as singular databases and thus scientific information. Another aspect 
that might have changed and affected the conditions for the repeated 
literature search was the evident alteration of search results in the different 
databases. This can be noticed by comparing the search results from Appendix 
5 and 6. For instance search phrase: “Wind Energy” AND “Supportability” 
resulted in 2254 hits respectively 1 hit. This indicated a possible change on 
indexing in IEEE Xplore.  
 
Inclusion and exclusion that was discussed earlier might contain additional 
factors or some aspects could be removed. This part was constructed carefully 
with respect to available and accessible literature.   
 
In this study there are several validity threats involved such only usage of 
secondary data as empirical data. The selected articles contain studies in rather 
close present time. However, sometimes one year or less could mean plenty in 
today's fast developing technology and improvement of efficiency through 
different strategies. The most accurate way would be to collect primary 
empirical data though directs contact with the wind power companies. The 
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plan to address this aspect is likely to occur after the licentiate, thus during 
continuation for doctoral thesis where it is planned to gather primary data as 
well. Another validity threat is the defined research question; does it describe 
or measure the intended issues in the thesis. This part will be addressed 
though thorough analysis on its importance through bringing out all relevant 
arguments. As mentioned in the beginning of this thesis in the wind power 
sector there are several different stakeholders with different requirements. The 
aim is to use the supportability engineering as a tool to define these aspects. It 
was obvious from the literature review that many problems in wind power 
sector related to supportability have their roots in the planning and conceptual 
phases of the life cycle, such as not fully considered offshore logistical 
implications, maintainability and serviceability of the crucial components. By 
looking at different requirements from the stakeholders at an early stage, 
might tackle these problems more effectively. 
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5. LITERATURE DATA 
EXTRACTION AND ANALYSIS 

Chapter five is named ‘Literature Data Extraction and Analysis’. It is primary used 

for analysis of data from the systematic literature review and the supportability 

engineering framework chapter. In this chapter main aspects of this study are 

analysed with respect to the research questions i.e. aspects related to supportability 

engineering and stakeholders requirements in the wind power branch.   

 
Figure 7 shows the literature data extraction and analysis process. During the 
process different tools are applied and explained (“What” row). The data 
extraction process starts with applying the LCM to extract relevant data from 
the different articles dealing with supportability related topic. The author (of 
this thesis) matches information found in the articles to the correct category or 
level in the LCM model. The data is afterwards compiled in the LCM table, 
see table 9. Following step in the data extraction process is answering the 
specific supportability/stakeholder related questions, in the similar way as with 
LCM i.e. the author interprets the context and formulates the answers to the 
different questions. Next (final) step in the process is the data analysis in 
which main findings from the LCM, Questions and theoretical framework are 
discussed parallel with each other with the aim to provide a solid foundation 
for answering the research questions of this thesis.  
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Figure 7 – Process of Literature Data Extraction and Analysis 

 
The aim with LCM table is to provide a summarized picture of today’s 
problems in wind power sector as well as showing different reasons behind 
failure/problem occurrences. The columns in table 9 contain data from 
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different references relevant to the topic. Note that the data in the different 
rows do not represent a direct link between the losses and triggers of the 
problem, instead they are aimed to show the set of relevant information for 
each column (category) and also provide an approach to analyse different 
losses and areas for improvement. Note also that there are empty cells in the 
table, which is due to the lacking/or non-existing coverage of 
data/information in question for corresponding column. This also shows that 
the deep-going analysis of losses related to assets in the wind power are 
lacking. This study suggests LCM as new tool within the wind power sector 
for analysis of losses or areas of improvements. Appendix 4 contains additional 
literature data analysis based on different articles (references) using LCM tool.  
 

Table 9 – LCM of Wind Power Literature Data 
Lack of 
Control 

Basic Causes Immediate causes Incident Loss (Areas for 
improvement) 

Reference 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Example on basic 
causes:  
 
Damaged lightening 
receptor 
 
De-lamination of 
composite materials 
 
Fatigue 
 
Misalignments 
 
Poor lubrication 
 
Wear and tear 
 
Lack of lubricant 
 
Operating 
beyond lubricant life 
 
Excessive force used 
during fitting of 
couplings 
 
Wheels 
misalignments 
 
Particles in lubricant 
 
Vibration and shock 
 
Thermal expansion of 
components 

Blade failure due to: 
• Cracks arising from 

fatigue 
• Defects 

accumulating to 
critical cracks 

• Lightening strikes 
• Ice build-up 
 
Gearbox failure due to: 
• Bearing failure 
• Gear Teeth Pitting 
• Etc. 

 
Generator failure due to: 
• Loose rotor on 

shaft 
• Rolling bearing 

seizes 
• Stator insulation 

breakdown 
• Broken rotor bar 
• Crack between 

rotor bars and rings 
• Overheating 
• Torsional and 

lateral vibrations 
• Interaction between 

gearbox, mounting 
and supporting 
structures 

• Use of wrong 
lubricant 

 
Yaw system failure due 
to: 
• Bearing failure 
• Pinion and bull 

gear pitting 
• Yaw brake failure 
• Pinion and bull 

gear failure 

Field data from 
Germany based on 
15 500 grid 
connected wind 
turbines, 
Andrawus (2008). 
 
Three major type 
of failures cause 
for 74 % of the 
wind turbine 
failures. 
Component 
failure (42%), 
Control system 
failure (21%) and 
other causes 
(11%).  
 
Case in UK: 
 
Electrical control 
13% 
Gearbox Failure 
12% 
Yaw system 8% 
Generator Failure 
5% 
Blade Failures 5% 
 
Case in 
Netherlands:: 
 
Blades 34% 
Generator failure 
32% 
Gearbox failure 
21% 
 
 

Cost significant 
components (based 
on total cost of the 
wind turbine) 

• Nacelle 
(56%) 

• Towers 
(29%) 

• Rotor 
(15%) 

 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
 

Andrawus 
(2008) 
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Table 9  (part 2) – LCM of Wind Power Literature Data 
Lack of 
Control 

Basic 
Causes 

Immediate causes Incident Loss (Areas for 
improvement) 

Reference 

Poor quality 
control during 
construction 
phase.  
 
“The varnish 
injection was 
bad and the 
windings 
overheated, he 
said.”  
 
Poor quality 
manufacturing. 
 
Transformers 
components 
were not 
correctly 
insulated, which 
gave way to 
shirt circuits.  
 
Reason behind 
generators 
failures was the 
windings which 
were not 
functioning 
correctly. 
 

 Generator failures due to: 
“The fan blew out, dust from 
the brushes mitigated into the 

generator windings”. 
 
Technical failures affected 
20-30% of the 
transformers, due to: 
• combination of 

manufacturing 
problems 

• Weather conditions 
offshore, salt in the air. 

 
Blade failure due to: 
• Lightning strikes 

 

Generator failures  
 
Transformer 
failure 
 
Gearboxes 
(acknowledged as 
a leading source of 
wind turbine un-
serviceability) 
 
Blade Failure 

 Wood (2004) 

 

5.1. Questions – Stakeholders/Requirements 
The answers on the questions are categorized into two answers groups based 
on the sources (articles) from used in the systematic literature review and 
answers based on the theory chapter. This will make it easier to compare the 
similarities and differences between the published articles on supportability 
engineering related topic and the supportability engineering framework.  
 
 
First. Identify the different actors/stakeholders (within the wind 

power sector) 
 
Baseline stakeholders: 

• Wind turbine owners 
• Authorities (local, regional, national, global) 
• EU (specifically referring to binding targets from the union) 
• Policy makers 
• Government 
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Supplier stakeholders 
• Investors 
• Private investors 
• OEM:s 
• Utilities 

 
Satellite stakeholders. 

• Independent power producers 
• Energy companies  
• Utilities 
• General public 
• Land owners,  
• Neighbors,  

 
Sources from lit. review (chapter 4) 

 
 
According to PAS_55-1:2008 (2008) the major stakeholders are the 
government, investors, consumers, shareholders, regulators, employees, 
suppliers, society or general public. The primary task of an Asset management 
system is to support the strategic goals in order to meet the expectations from 
variety of stakeholders. IEC_60300-3-12 (2011) and IEC_60300-3-14 (2004) 
mainly considers the customer or end-user stakeholder.  
 

Sources from supportability engineering framework (chapter 3): 

 
 
Second. Identify different stakeholder requirements (within the wind 

power sector) 
 
Non functional requirements: 

 Increased reliability of the wind turbines  
 Increased availability of the wind turbines 
 Achieving highest return on investment 
 Enhance maintenance support 
 Design with maintenance in mind  
 Design with human factor in mind 
 Design with logistics in mind 
 Decrease the operation and maintenance costs 
 Decrease the cost of ownership 
 Decrease the cost of energy 
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 Emission limits  
 Increasing market share 
 Lower cost of energy 
 Service quality 
 Opposing interest on installation from military, public, air traffic etc. 

 

Functional requirements: 
- 
 
Sources from lit. review (chapter 3) 
 

 

Dealing with non-functional requirements in other areas 
Grimshaw and Draper (2001) attempted to study non-functional requirement 
determination process and methodologies used in that process. The main 
conclusions related to this were that non-functional requirements are often 
neglected due to lack of connection between developers and users as well as 
lacking consensus about non-functional requirements. Furthermore the 
methodologies do not handle the non-functional requirements adequately. Based 
on this the author suggests a stakeholder approach to elicit and explicit their non-
functional requirements.   
 
In a study conducted by Donzelli and Basili (2006) non-functional requirements 
on NASA air traffic control system are mapped out. As a tool the authors 
developed a framework user interface (referred as UMD tool) for modeling 
dependability requirements from different stakeholders. The “acting” stakeholders 
(involving a group of researchers and students) had expressed several attributes as 
crucial to the air traffic control system. The process requirements elicitation 
involved scope definition and requirements modeling. Below follows several non-
functional requirements identified on air traffic control system, Donzelli and 
Basili (2006):  

• Great “Reliance” on dependability (containing attributes below) 
• Availability 
• Accuracy 
• Maintainability 
• Real-time response 
• Ability to avoid catastrophic failures 
• Capability of resisting adverse conditions 
• Prevention of deliberate intrusions 

 
Examples from air craft industry Rios et al. (2007). Non-functional requirements 
on airframe. 
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• “Temperatures - The airframe shall be designed to accommodate the 
temperature distributions in the wing specified in the document...” 

• “Critical features and spring back - The achievable manufacturing tolerances 
for the airframe shall be in accordance with the following document…” 

• “Structure requirements - The design of the airframe should minimise the need 
for special detailed inspections.” 

 
Examples on non-functional requirements on air cargo temperature regulating 
containers for shipping temperature sensitive products, see Nilsson and 
Fagerström (2006). The stakeholder requirements/needs are linked with 
corresponding functional requirements and constrains in an interrelationship 
diagram.  

• Air worthiness certification 
• Lifetime at least 5-7 years 
• Low life-cycle cost 
• Low weight 
• World-wide usage 
• Robust and reliable design 
• Expected functionality 

 

 
 
Different stakeholders such as the regulators, shareholders, customers and the 
public are increasingly seeking assurance that the asset management system 
will deliver financial performance, continuity of service and safety. 
Organizations are very delicate to the impact of adverse public opinion and 
negative publicity. Establishing asset management and identifying all the 
stakeholder requirements is increasingly becoming a necessity rather than an 
option, PAS_55-1:2008 (2008) & Andrawus (2010).  
 
Identification of customer needs, requirements and constraints is a major 
consideration within ILS and ‘maintenance and maintenance support’, see 
IEC_60300-3-12 (2011) and IEC_60300-3-14 (2004). 
 
Sources from supportability engineering framework (chapter 3): 

 
 
Third. Discuss interactions of different stakeholder requirements 
 
Some articles from the literature discuss the role and requirements of different 
stakeholders. For instance Hansen (2007) talks about original equipment 
manufacturers (OEMs) and their role to affect (decrease) unscheduled 
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maintenance costs by having maintenance in mind when designing the 
product (wind turbine). The trend is showing that facility /wind turbine 
owners get more responsibility when it comes to operation and maintenance 
activities.  
 
Junginger et al. (2004) discusses potential total cost reductions by involving 
several different stakeholders such as policy makers, wind turbine 
manufacturers and energy companies. The author identifies several cost 
reduction factors which could be referred to different stakeholders related to 
design and standardization of wind turbines, grid connections, foundations 
and installations.   
 
Marsh (2007) discusses different stakeholders for the offshore environment 
such offshore wind, gas and oil branch. The author suggests that their role 
should be to analyze the possibility to share transport vessels used during 
different installation, maintenance, logistics and support activities.  
 
Enzensberger et al. (2002) presents present the evaluation criteria typically 
used for selection of suitable policy instrument. These criteria are evaluating 
the following aspects of the policy instrument: 

• Effectiveness 
• Efficiency 
• System conformity 
• Practicability 
• Flexibility 
• Impact on economic development 
 

The author state that these criteria are helpful for comparison but they neglect 
the interests of other important stakeholder groups. The authors suggest a 
new assessment of the market implications which might produce new insights 
on the inevitable redesign aspects which consequently provides an input to the 
policy design process. By having a framework for assessing implications posed 
for any stakeholder group of any preselected policy instrument would enable 
anticipation problems at an early stage which could treat hinders to the 
development, Enzensberger et al. (2002). 
 
Sources from lit. review (chapter 4) 
 
 
According to IEC_60300-3-14 (2004) the general customers (stakeholders) 
needs, constraints and requirements are defined during concept and definition 
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life cycle phase. The supportability and maintenance support factors are 
defined as early as possible inline with the stakeholders and technical 
requirements. The same source advocates that aspects of supportability such as 
maintenance and maintenance support should be considered throughout all 
life cycle phases of an item. Many of the maintenance and maintenance 
support needs are dynamic and require to be overlooked from time to time. 
 
Sources from supportability engineering framework (chapter 3): 
 

 

Fourth. Give examples on conflicting requirements and how does the 
concept deal with it 

 
According to Hansen (2007), the owners of the wind turbines opt for shorter 
warranty to take the maintenance risk earlier and thus saving the money up 
front. While for instance financial institutions prefer to get longer warranty to 
let the OEM carry the maintenance risk. Hansen (2007) also reports that 
unscheduled maintenance costs largely affect company’s profit. Furthermore 
that designing be becomes better with experience from maintenance. Through 
considering maintenance and maintainability in the design phase the OEM 
are aiming at minimizing unscheduled maintenance cost.  The generator and 
gearbox are most costly maintenance items. The gearbox can for example be 
designed so that contains fewer parts enabling easier maintenance. Hansen 
(2007) also talks about designing with service in mind. For instance to carry 
out maintenance logistics of big cranes are needed. Design with service in 
mind is for example by including on-board service cranes, which can handle 
replacements of gearboxes, electrical and cooling components etc. Also human 
factors are considered by designing components that are easy to access, remove 
and replace. 
 
Wizelius (2007) suggest conducting a feasibility study containing among other 
conflicting requirements and opposing interests. Opposing interests can come 
from organizations, companies, and military, air traffic etc. that oppose the 
plans for installing wind farms or single turbines. It might disturb the military 
installations for instance radar and signal surveillance which cannot be found 
on the map. The high wind turbine structures might even pose a risk to air 
traffic. Local acceptance is about much about the opinions and attitudes of the 
local residents about having wind power in their neighbourhoods. Dealing 
with this could be delicate matter and it is very important from the side of the 
developer to inform and learn the inhabitants at an early stage, Wizelius 
(2007).  
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Sources from lit. review (chapter 4) 

 
 
The government will require compliance with different regulations, Health, 
safety and environment aspects, price control. Investors requires maximum 
return on investment, survival of the business, increase the market share. 
Consumers on the other hand wants for instance lower price of energy, 
increased quality of service and increased efficiency etc. General public will 
most probably require preservation of the operating and affected environment, 
eco systems, navigation and defence systems, Andrawus (2006). 
 
Andrawus (2010) suggests starting with recognizing and putting together all 
the different and conflicting stakeholders' requirements. Also at the stage one 
should identify the business values, which control the performance of the 
industry. The following step is to define the appropriate key performance 
indicators that refer/correspond to different stakeholders requirements such as 
'return on investment', 'regulatory compliance', 'revenue generated', 
'shareholder value' etc. This is done to enable an effective evaluation of the 
performance of producing assets on one side compared with set goals on the 
other side.  
 
Sources from supportability engineering framework (chapter 3): 
 

5.2. Summary of literature data analysis 
Below follows a summary of the main findings from literature data analysis 
using different tools on one side and the corresponding supportability 
engineering framework on the other side to approach stated issues.  
 
LCM table provided an overview of issues and challenges in wind power 
particularly those related to the supportability engineering topic. Downtime 
and unavailability of the wind turbines can be accounted to current issues as 
well as the high costs due to unscheduled maintenance but also uncertainty 
over O&M costs in general. Specifically generator and gearbox failures are 
very costly and require expensive logistics and repair. They also causes 
considerable downtime of the wind turbines. The current offshore turbines 
tend to be modified on-land turbines, which eventually could result in 
problems due to different operating conditions. Furthermore, many 
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researchers address cost reductions as essential for the development of the 
offshore wind power.  
 
The “Questions – Stakeholders/Requirements” helped addressing stakeholders 
and their requirements. Example on stakeholders are wind turbine owners, 
investors, general public, OEM:s, authorities, utilities etc. Stakeholder 
requirements are for instance; achieving highest return on investment, lower 
cost of energy, increased reliability and availability of the wind turbines, 
designing wind turbines with maintenance and human factor in mind, 
decrease the operation and maintenance costs, decrease the cost of ownership, 
decrease the cost of energy etc. The identified stakeholder requirements in 
wind power sector are typically non-functional i.e. they are not related to a 
specific function and they are describing quality attributes of a system.  
 
The stakeholders’ non-functional requirements and the LCM data analysis 
show clearly that there exists a link between these, in particular when it comes 
to unavailability of wind turbines and the stakeholder expectations of 
increased availability and reliability. Downtime of wind turbines is a big 
challenge for the wind power industry. Many researchers mean that to become 
competitive the industry must develop further their maintenance strategies in 
order to prevent it. Andrawus (2008) cites Learney et al. (1999) where they 
state that the “...net revenue from a wind farm is the revenue from sale of electricity 

less operation and maintenance (O&M) expenditure. Thus, to increase the 

productivity and profitability of the existing wind farms, and to ensure the lowest 

total LCC for successful future developments will require maintenance strategies 

that are appropriate (technically feasible and economically viable) over the life-cycle 

of wind turbines.”  
 
Another highlighted issue was that the original equipment manufacturers have 
had the larger part of the burden to take care of unscheduled maintenance and 
repair. In the recent years this has shifted to become a larger responsibility of 
the facility owners, see for example Hansen (2007). 
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6. RESEARCH RESULTS 
This chapter provides research results through answering the research questions of 

this study.  

 
RQ1: What has been published already on topic supportability engineering within 

Wind Energy and who are the primary research actors? 

 
The listed points refer to findings in chapter 4. 
 

• Already published literature discusses several of the supportability 
issues such as availability, maintainability, accessibility, logistics etc.  
 

• Supportability engineering has up-to-date not been introduced in 
wind power sector according to the conducted literature review. 
RAMS technique is applied to lesser extent, however the S (or 
supportability) is usually not considered. 

 
• Many of the highlighted issues in the wind power industry can be 

derived from product design stage, such as downtime issues caused by 
caused by critical components that fails such as gearboxes and 
generators.  

 
• The comprehensive systematic literature review, gave a broad picture 

of what has been published on the area up-to-date. It was found out 
that there are many challenges remaining in the wind power sector 
related to the supportability engineering such as maintenance issues, 
downtime (unavailability), uncertainty and high operation and 
maintenance costs, accessibility, logistics etc. Most of researchers 
share the belief that these issues have to be resolved in order for wind 
power to become cost competitive. 
 

• A table (table 8) showing the overview of origins of published 
literature on areas related to supportability engineering and wind 
power. From this table, one can see that related research is frequently 
published in following journals: “Renewable and Sustainable Energy 
Reviews”, “Renewable Energy” and “Wind Engineering”. This 
knowledge enables further examination of more recent 
publishements.  
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RQ2: To what extent do the stakeholders’ requirements fit in to the supportability 

engineering framework? 

 
The listed points refer to findings in chapter 3 and 5. 
 

• A first illustration of how to approach and address stakeholders’ needs 
and requirements is shown by figure 5. In the context of this thesis it 
is of interest to find out how today’s issues and challenges can be 
resolved by early addressing different stakeholder requirements. The 
supportability engineering framework is highlighting the 
considerations important to account when dealing with ‘supported 
systems’ related aspects. For instance the framework chapter brings 
up management, stakeholders and requirements considerations 
during life cycle phases of the product (in this case wind turbine).  

 
• With previous point in mind, one could attempt to answer RQ2 by 

referring to table 3 which shows the requirements extracted from 
theoretical concepts about asset management, integrated logistics 
support and ‘maintenance and maintenance support’. From the 
approach shown in figure 5 and requirements for supportability 
engineering framework, the process should start with identifying the 
different stakeholder groups as suggested in chapter 3.2. This would 
map out a variety of stakeholders, grouped according to their roles in 
the project. The stakeholders could also be grouped according to 
amount of interest in the project or similar. Having the stakeholders 
mapped out, it is appropriate time to identify and analyse stakeholder 
requirements following different procedures and criteria described in 
chapter 3.3. It is appropriate to divide stakeholder needs and 
requirements into functional and non-functional requirements. 
During the literature data analysis is was found that all requirements 
in wind power sector related to supportability engineering topic are 
non-functional, which are difficult to deal with for the manufacturers 
of the wind turbines. As example the non-functional requirements 
could be ‘refined’ and linked to different system functions using 
correlation ratios by means of Quality Function Deployment tool. It 
is also advocated that all the stakeholder requirements follow 
requirements definition, elicitation and analysis process, as this is an 
iterative process, which requires refining, defining measures, 
prioritizations etc.  
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• Summarizing the previous two points the stakeholders, it is important 
to identify the importance of different stakeholders and their 
requirements accordingly. Only that will give accurate extent 
estimation to which stakeholders’ requirements would fit in to the 
supportability engineering framework. Considering the findings from 
this study it can be said that majority of the stakeholder requirements 
would potentially and expectedly fit into the framework. To 
exemplify and argument that, let us have a look at the different 
stakeholder requirements within the wind power sector (presented in 
chapter 5.1) and how they could be approached with the 
supportability engineering framework during early life cycle phases in 
order to influence the design for supportability. Table 10 shows the 
wind power stakeholders’ requirements in supportability engineering 
framework. The early life cycle activities of the framework are shown 
intentionally, since the approach advocates early influence of the 
design of the ‘supported system’. For instance first two requirements 
from the stakeholders within wind power were ‘increased’ reliability 
and availability of the wind turbines. Furthermore in the second 
column of table 10 it can be seen that these requirements fit into the 
supportability engineering framework. Now by looking at the third 
and fourth column one can see those activities that consider the 
requirements in question, see for example activity ‘Required: 
Maintainability, testability and reliability’ or identification of 
supportability factors. The same analogy is used for other 
requirements.     
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Table 10 – Non-functional Requirements in Supportability Engineering Framework   

Non-functional 
requirements in 
Wind Power 

Supportability 
Engineering 
Framework (SEF) 

How? Activities in SEF 
during concept phase 

How? Activities in SEF 
during design and 
development phase  

Increased reliability of 
the wind turbines  
 

Fits 

Increased availability of 
the wind turbines 
 

Fits 

Achieving highest return 
on investment 
 

Indirectly. Fits when it 
comes to contribution to 
operational effectiveness. 

Enhance maintenance 
support 
 

- 

Design with maintenance 
in mind  
 

Fits 
 

Design with human 
factor in mind 
 

Fits 

Design with logistics in 
mind 
 

Fits 

Decrease the operation 
and maintenance costs 
 

Fits 

Decrease the cost of 
ownership 
 

Fits 

Emission limits  
 

Partially. Reliable systems 
will require less logistic and 
maintenance activities  

Increasing market share 
 

Partially 

Lower cost of energy 
 

Partially 

Service quality 
 

- 

Opposing interest on 
installation from military, 
public, air traffic etc. 
 

- 

Ensure that new assets meet the 
quality assurance requirements. 
 
Identification of : 
Customer needs, requirements 
and constraints 
 
Required: maintainability, 
testability and reliability 
 
Identification of : 
- supportability factors 
 
A due attention should be given 
to the training and knowledge 
transfer as well as for the 
assumptions, guidance and data 
related to the necessary design, 
operations, performance, life 
cycle considerations, 
maintainability, reliability etc 
 
Identification of : 
Stakeholders needs, 
requirements and constraints 

Update (if necessary): 
- customer profile constraints 
- supportability factors 
 
Failure mode and effects analysis 
to evaluate design and identify 
unacceptable failure modes. 
 
Reliability Centered 
Maintenance 
 
Verification of logistic 
supportability 
 
Preparation of training and 
technical documentation 
 
Update (if necessary): 
- Stakeholders needs, 
requirements and constraints 
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7. CONCLUSIONS 
This chapter will provide conclusions concerning the outcome from this thesis. In this 

chapter the results will be discussed in a larger context providing discussion of thesis 

contributions, thesis criticism and ideas for future research. 

7.1. Thesis Contribution 
This thesis has contributed with a systematic procedure to review the 
literature, making the article selection process structured and even more 
important to make the study repeatable and traceable, see Appendix 1 and 2. 
The developed framework for systematic review can be reused in its original 
version or modified version for any field which demands a literature review to 
create arguments for the researchers study objectives and intention. The 
framework makes it rather simple to assess what kind of search that has been 
conducted, to see lacks of coverage or to pinpoint criticism.  
 
Another contribution from this thesis is the application of Loss Causation 
Model for literature data extraction and compilation, which is rather different 
from its original intended, that was for tracing roots and causes behind person 
or property related losses. The application of LCM model made it feasible to 
extract topic specific data from published journals and conference papers. The 
LCM provided a structured tool to compile and summarize losses or areas for 
improvement, incident causing losses, causes behind incidents, and so on. In 
addition to the LCM, several questions have been formulated with the same 
purpose as with LCM i.e. data extraction and analysis. These questions aimed 
at extracting literature data specific to identifying stakeholders and their 
requirements as well as who should be concerned by supportability 
engineering.   
 
One of the major contributions of this thesis is the definition of the 
Supportability Engineering Framework. Prior its definition a three widely 
recognized asset and maintenance/logistic management concepts were 
compared with each other, which made it possible to see major similarities 
and differences. This was a valuable input for the supportability engineering 
framework and contribution of this thesis. Specifically related to the 
supportability engineering framework, requirements were extracted for the 
‘supported system’ from the three theoretical concepts. This resulted in the 
obtaining requirements related to the ‘support system’, when those related to 
the ‘supported system’ were removed from the list, see and compare tables 2, 3 
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and 4. Stakeholders requirements were added to this specification according to 
the figure 5, which illustrates how these requirements goes into the 
supportability engineering framework. Another contribution of this thesis was 
the connection of different stakeholders’ requirements with the suggested 
supportability engineering framework, which was shown in table 10.  Finally, 
a crucial, contribution of this thesis is that it provided an approach to identify 
categories of stakeholders in the wind power and their requirements that were 
defined as non-functional since they cannot be linked to any specific system 
function. Below follows a discussion of the findings, aiming particularly to 
address the title of this thesis. 
 
 

Supportability Engineering in Wind Power Systems - Who Cares? 

 
Supportability engineering concept should be of interest primary to the 
stakeholders with an economic and performance dependability interest to a 
wind power project. As supportability engineering aims to achieve highest 
operational effectiveness and availability, at the same time as the costs of 
ownerships are minimized it is important provide the necessary support 
infrastructure system which will enable these goals, thus wider group of 
stakeholders could be concerned by this approach such as financiers, banks, 
shareholder etc. Discussed issues regarding the availability and system 
reliability of the wind turbines (in particular offshore), derives in some cases 
from poor manufacturing and quality controls of the components, improper 
design, improper lubrication etc. The availability issues are often manifested 
due to long corrective maintenance actions especially for the offshore wind 
power context. These are also some of the reasons for high corrective 
maintenance costs. Application areas that face high costs of downtime and 
corrective maintenance actions will have difficulties in surviving the 
competitive long term market, based on several sources in the literature 
review.  
 
According to several sources, among these EWEA (2008), addresses 
availability and reliability improvement as critical and vital in becoming cost 
competitive energy source. This is also connected with the cost for operation 
and maintenance that are crucial for commercialization of (offshore) wind 
power. Thus deploying maintenance concept(s) that will increase availability 
and system reliability are attractive requests from different stakeholders e.g. 
the wind turbine owners who opt for shorter warranty to take the maintenance 
risk earlier and thus saving money up front. Furthermore financial institutions 
who instead prefer the original equipment manufacturers shall carry that risk, 
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other investors with return on investment demands, consumers with demands 
on lower price of electricity, government with legislative/penalty threats etc. 
Each and one of these requirements are affected by unscheduled maintenance 
costs, which largely impact on the company’s profit. Due to this reason several 
authors in particular Hansen (2007) say implicitly as well as explicitly that 
maintenance, maintainability, logistics, accessibility issues have to addressed in 
the design phase where the technical properties are weighted against the 
human factors i.e. facilitating the service, access of wind turbines in the long 
run minimizing the costs. It is essentially to focus on the design of ’supported 
system’ in the early phases of the life cycle and incorporating the relevant 
stakeholders requirements after a thorough definition and analysis of the 
requirements.   
 
Supportability framework is for considering supportability aspects at design 
stages of product development, thus thinking ahead of possible problems 
before they occur. Critical components/modules such as gearbox and 
generator would be given greater attention, considering supportability aspects. 
This is in line with what Hansen (2007) refers as “designing with 
maintenance in mind”.  By focusing on the maintenance and maintenance 
support of the wind turbines would potentially decrease the uncertainty over 
O&M costs, which constitute up to 70% of the electricity cost. Several 
stakeholder needs could be fulfilled indirectly through giving this aspect 
higher attention such as customers with requirements on return on investment 
or the ones who would like to decrease the cost of energy etc. All wind power 
developers, and concerned stakeholders, that share the belief that wind power 
sector has to become competitive under same conditions as the regular 
sources, should seek the solutions within the maintenance and supportability 
engineering area, as there are evident problem related to it in today’s wind 
power sector.   
 

7.2. Comments on and criticism of the thesis 
Some of the criticism to this thesis has been discussed in chapter 2 and 3. In 
those chapters the limitations and criticism have been outlined related to 
chosen research methodology approaches and to literature review process. 
Thus these aspects are valid under this heading but will not be repeated here. 
However there are some general aspects of this thesis that should be critically 
reviewed as following: 

• The thesis is only constructed as a theoretical study, which could 
decrease the practical validity. On the other hand, the theoretical 
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study has “opened up” doors for future research, with well-founded 
arguments and theoretical solutions for different problems.  

• Due to usage of only secondary data there might be other important 
issues that have not been covered by the literature up-to-date and that 
would have affected this study.  

• Supportability Engineering Framework has not been verified nor 
practically tested, thus it might affect the answer to the RQ2.  

 

7.3. Future Research 
The idea for future research is to write 2-3 papers based on the findings of this 
thesis. Some of the thesis findings such as the literature review would be 
appropriate to further develop into a paper. One of the major topics for future 
research will be further development of supportability engineering framework. 
This would also involve gathering of primary data from wind power 
companies and organizations to be able to test and verify the framework 
practically.  
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APPENDIX 1 – REQUIREMENTS ANALYSIS 
PROCESS 

Requirements development process is essentially characterized by the concept 
of operations (which describes how the system works from the operator’s 
viewpoint), implicit design considerations, and related demand on applicable 
technology, which are requirements from various sources. When the 
requirements are being defined in a specification, several criteria/questions 
need to be considered for each requirement to assure that they are 
appropriately crafted, Haskins et al. (2007):   
 

1. “Is each requirement clear?” 
2. “Is each requirement a proper requirement?” 
3. “Is the requirement necessary?” 
4. “Is each requirement consistent with product standards?” 
5. “Is each requirement achievable?” 
6. “Do the requirements pass the traceability test?” 
7. “Is each requirement verifiable?” 

 
Inputs to the requirements analysis process, Haskins et al. (2007): 

• Primary input is the baseline documented during definition phase,  
• Applicable statutes,  
• Policies 
• Regulations 
• Intended operational use  
• Utilization environment 
• Constraints (design and enterprise) 
• Life cycle support considerations 
• Applicable standards 
• Environmental and safety considerations 
• Etc. 

 
Outputs of the Requirements Analysis, Haskins et al. (2007): 

• Technical description of necessary system properties to meet the 
stakeholder requirements  

• Requirements required to meet project and design constraints 
• Functional requirements (boundaries for the system) 
• Performance requirements 
• Non-functional requirements 
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APPENDIX 2 – ASSET MANAGEMENT 
Asset management can be defined as systematic and coordinated activities and 
practices through which an organization optimally and sustainably manages its 
assets and asset systems, their associated performance, risks and expenditures 
over their life cycles for the purpose of achieving its organizational plan. For 
an effective implementation of asset management it is demanded to use a 
strict approach which creates/maximizes value and enables to achieve strategic 
goals through life cycle management of its assets. Asset management includes 
determination of justifiable assets to procure of create. The following 
considerations are how to operate and maintain these assets in the best way, 
renewal adoptions and finally decommission and/or disposal alternatives. 
Truly optimized, whole life asset management includes risk exposures and 
performance attributes, and considers the asset's economic life as the result of 
an optimization process (depending upon the design, utilization, maintenance, 
obsolescence and other factors), Hastings (2009).  
 
Asset Management is a holistic approach to look at an organizations ' system 
of assets throughout life cycle with respect to the organizational strategic goals 
and objectives. There key principles that define a successful asset management 
are holistic, systematic, systemic, risk-based, optimal, sustainable and 
integrated. Holistic is to have on overall view on all different asset-types and 
their managing throughout the different life cycle stages of an asset. 
Systematic means that the approach should be methodical which promotes 
repeatable, consistent and assessable decisions and actions. Systemic means 
that the focus should be on optimizing the asset system rather than individual 
assets. Risk-based is about setting appropriate focus and priority on identified 
risks and associated costs/benefits. Optimal is to maximize the life cycle value 
of assets through best compromise between competing elements such as risk, 
cost and performance. Sustainable is about awareness and responsibility and 
consequences of short-term activities in the long term for instance economic 
or environmental, social responsibility etc.  Integrated is to combine all the 
mentioned principles in a joint approach, which are coordinated to deliver net 
value. It is also about recognizing that combined efforts and interdependencies 
constitute major cornerstones of success, Hastings (2009). 
 
Essential elements for successful implementation of asset management is 
organizational structure, leadership, competency, commitment, information 
flow and communication, asset related knowledge, cross-functional 
coordination etc. In order to establish a good asset management the top 
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management should give coherent directives and guidance but it is also crucial 
that the personnel are appropriately competent and empowered, Hastings 
(2009). Physical Asset Management is particularly important in branches were 
there is wide usage machinery, plant and infrastructure such as for example 
electricity and water utilities, oil and gas processing, transportation etc, 
Hastings (2009). 
 
The different professionals in an organization have their own competences 
and skills that often are incongruous. Asset management approach tries to 
acknowledge and recognize all different professions and skills within an 
organization but also to make its professional aware for other areas and thus to 
build bridges between gap zones. For instance the economists should have an 
insight to technical aspects of an asset and vice versa. An information 
technologist for instance is skilled for developing data management and 
communication systems but the usability and content of the information 
belongs somewhere else. This field, with broader and holistic view on asset 
management has not been widely recognized area when it comes to training 
and education, Hastings (2009).   
  
Managing in-service assets  
When speaking of deployed assets across an organization there is a need to 
have strategic management of logistics, maintenance and support. 
Consequently it will be necessary to assign functions that provide and conduct 
the support over assets life time. The support of in-service assets is aimed to 
ensure the deployed assets are capable of achieving business goals as well as 
providing the intended function over their expected life. To achieve business 
goals the organization has to make sure that their deployed assets are able to 
provide availability, capacity, safety and other needs set by the regulators or 
stakeholders. If the support policies are directed in a proper manner and given 
that the expenditures (including the ones for maintenance) are coherent, it 
will enable the deployed assets to effectively support the business goals. This 
will also avoid premature replacement of the asset and thus reduce 
expenditures and the need for additional equipment.  
 
In-Service Support Activities 
For support of deployed assets there are several required activities. Hastings 
(2009) defines the in-service management function to be the key role in the 
total asset management. Following activities are listed as required: 

• “Information and decision support”. All relevant information in order 
to deliver and maintain the required capability of an asset, inventory 
levels, deployed assets, condition of the equipment, maintenance 
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planning, logistic support status etc. The information on above 
mentioned is used as a basis for decision making when it comes to 
procuring new spare parts, equipment deployment, maintenance, 
overhauls and disposals.  

 
• “Procurement”. Initially, during acquisition phase, this activity refers 

to initial procurements of equipment, consumables, spare parts etc. 
At later stage, when the equipment is in service, this activity involves 
procurement of spare parts, replacement equipment, consumables, 
rotables and so further. Furthermore this will also include to monitor 
and control stock levels, procurement contracts, to sett reorder 
controls, keep up-to-date with changes in technology and changes 
related to supplier and support services.  

 
• “Facilities and resources”. This activity includes cross-organizational 

planning of maintenance staffing and training, facilities for logistic 
support and maintenance during the life span of the deployed 
equipment.  

 
• “Regulatory issues”. Considering and responding to regulatory need 

including safety, health, environmental, technical specifications 
related to the assets. This also involves requirements for maintenance 
activities and inspections.   

 
• “Information Systems. Application development and support” 

 
• “Technical developments”. Related to technical applications in field 

of maintenance such as condition monitoring, rather than using a 
failure-based approach. 

 
• “Configuration Management”. Is to be developed as a part of logistic 

support plan. This activity is about keeping track of configuration 
status of the in-service assets with respect to all the important factors 
for their (assets) operation and maintenance such as timing of work 
and facilities as well as making equipment available. It is also about 
controlling, managing and evaluating changes with respect to their 
functional and logistic implications before being employed. The 
consequence of lacking configuration management can generate 
problems for operation, maintenance and logistic support.  
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• “Deeper maintenance awareness and planning”. Here it is important 
to pay attention to awareness of equipment’s status and their 
respective maintenance needs. This also involves planning for deeper 
or more comprehensive maintenance, and arrangement of deeper 
maintenance contracts.   

 
• “Outsourcing”. Consisting of maintenance strategy and contracts and 

related support activities. 
 

• “Replacement analysis”. This activity considers/reviews condition and 
supportability properties of the equipment, Management and Life 
Cycle Costs, replacement and/or repair strategy and the decisions 
related to economic life input.  

 
• “Disposal Budgeting”. Concerns all In-Service Support Activities 
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APPENDIX 3 – MAINTENANCE AND 
MAINTENANCE SUPPORT 
THROUGHOUT THE LIFE CYCLE 
PHASES 

 
Concept and definition phase 
Maintenance and maintenance support are very crucial and should be 
considered at earliest stage of the life cycle. Decisions made at an early stage 
could either enhance or limit the effectiveness of the maintenance support 
during later phases of the life cycle. This can be achieved, during the concept 
and definition phase, by identifying a conceptual maintenance policy that 
contains general maintenance and maintenance support objectives. 
Furthermore it contains regulatory requirements, customer needs, constraints, 
reliability, required availability, maintainability and testability. Finally the 
definition of general maintenance and maintenance support definition should 
be included, IEC_60300-3-14 (2004). 
 
Design and development phase 
The needs defined in the concept and definition phase will be basis for 
identifying specific maintenance and maintenance support needs during the 
design and development. Performance, safety, production, availability and 
economic objectives often depend on achieving a high degree of reliability, 
maintainability and maintenance support. Operational and environmental 
considerations are also important. The tool (failure mode, effect and criticality 
analysis) may be applied to identify unacceptable failure modes and for 
evaluating the design, IEC_60300-3-14 (2004).    
 
The user and the developer of the maintenance and maintenance support plan 
should determine the maintenance concept in the early design phase. The 
maintenance and maintenance support needs should be established prior to 
operation in order to enable proper planning, regardless of who is responsible 
of finalizing these needs. The adjustments of maintenance and maintenance 
support and trade-off may need to be made to optimize cost, safety, 
performance, reliability and maintainability. If it is economically feasible and 
technically possible it may be desirable to eliminate the need for maintenance, 
IEC_60300-3-14 (2004). 
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Manufacturing phase 
Besides the design and selection of the component, the manufacturing quality 
has a direct impact on the reliability of products and systems. This will 
subsequently affect the maintenance efforts required. In order to achieve 
planned maintenance and maintenance support objectives during the 
operation and maintenance phase, the users should (where feasible) ensure 
that the level of reliability, maintainability and testability meet their objectives, 
IEC_60300-3-14 (2004). 
 
Installation phase  
During this phase it is essential to perform accurate installation and 
commissioning of items in order to acquire successful use and operation. The 
items should not be operated outside specified limits during testing. 
Furthermore the procedures and instructions provided by the manufacturer 
should be followed. In addition to testing during earlier phases of an item's 
life cycle, maintainability and maintenance support testing may be carried out 
during this phase. At this stage performance and other tests could be 
conducted as they would constitute a baseline for maintenance tasks and for 
condition monitoring, IEC_60300-3-14 (2004). 
 
Operation and maintenance phase 
In this phase the operator or user implements the planned maintenance and 
maintenance support from the design and development phase. In case 
maintenance and supporting activities have not been fully concluded then 
these need to be documented as early as possible. During the initial warranty 
period it is important to follow operation and maintenance practices and 
recommendations provided by the manufacturer to not compromise with the 
validity of the warranty in case of failure. The user should define and assign 
maintenance and maintenance support organization responsibilities. The 
required maintenance and maintenance support may be carried out either in-
house or outsourced to some extent or fully. In cases where some or all the 
maintenance support activities are outsourced it is still the user who retains 
the ultimate responsibility, instead it becomes crucial to determine a service 
level agreement. When this is established contractual obligations can be 
specified with external organizations to which the maintenance and 
maintenance support activities are outsourced. The manufacturer may be 
responsible for providing technical support and spare parts during a prescribed 
time either as part of original procurement agreement or a maintenance 
agreement that is done subsequently. Maintenance and maintenance support 
needs are dynamic and requires to be overlooked at regular basis to meet the 
changing operating conditions, customer needs and technology (e.g. condition 
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monitoring methods). If modifications are made or new systems added, then 
maintenance and maintenance support changes should be considered, 
IEC_60300-3-14 (2004). 
 
Disposal phase 
The disposal of an item can be due to a number of reasons such as 
obsolescence, degradation of functional ability to a level which does not meet 
specifications, economic reasons, withdraw of maintenance support by 
manufacturer but also the of suitable and/or cost effective maintenance 
support.  It is very important to always examine the availability of long-term 
support throughout the item’s life span, IEC_60300-3-14 (2004). 
 
Responsibility for provision of maintenance and maintenance support 
The main responsibility for ensuring that maintenance and maintenance 
support are provided lays at the management representing the owners, users, 
operators, manufacturers, suppliers or customers. Management need to ensure 
that this is provided as a part of general dependability plan in conjunction 
with the economic operating conditions. The responsibility involves 
establishing a maintenance policy and planning strategy during design and 
development phase, trade-offs functional needs and life cycle costs etc. 
Depending on type of item in question the responsibility either remains the 
duty of the manufacturer or just last for the initial time period. In the latter 
case the manufacturer is responsible for identifying the maintenance support 
needs and the user has the responsibility for finalizing the planning process 
and implementation of the results. In some cases the user is the customer and 
depends largely on the manufacturer. This requires customer feedback as well 
as good communication between the manufacturer and the user, IEC_60300-
3-14 (2004). 
 
Maintenance policy  
A maintenance policy should be defined on a conceptual basis during the 
concept and definition phase and should be made more specific in the 
following phase. Additional changes can be conducted during the operation 
and maintenance phase, in other words the maintenance policy is to be 
updated periodically. The maintenance policy should be based on objectives 
for maintenance e.g. availability, safety, performance, maintenance cost. These 
are in its turn developed from customer needs and corporate policies. The 
maintenance policy and its objectives should be clearly communicated to all 
the employees within maintenance and maintenance support, IEC_60300-3-
14 (2004). 
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Maintenance Support Service Agreement 
Many product users and companies may require some type of internal or 
external maintenance support provider throughout the life cycle of the item. 
These types of services are often specified in some type of agreement that 
defines the range and amount of service. The agreement also clearly states 
how a service should be managed, monitored and controlled. Services are 
either provided on short-term basis with more limited range of application or 
on longer term basis which may include performance guarantees which are in 
its turn based on the requirements from the customer. The long-term 
agreements demand more complex agreement but also continuous 
management and monitoring between the involved parties. External 
maintenance support services can be categorized according to following 
agreements, IEC_60300-3-16 (2008):     
 
1. Basic maintenance agreements should involve maintenance labour, spare 

parts, training, repairs and overhauls, refurbishment and modifications. 
Traditionally it is the manufacturer that provided these basic support 
services.  

2. Limited service agreements are usually made with a service provider or 
equipment manufacturer. These include additional maintenance support 
services to basic agreement. Example on these is condition monitoring of 
items, maintenance policy and concept development etc. These services 
are usually defined on short-term e.g. yearly basis. The result or 
performance of the agreement can be measured through a quality 
indicator of the provided service. In general the service provider grants a 
limited warranty for provided services and work as well for the supplied 
parts.   

3. Long term service agreements (LTSA) 
These types of agreements usually include a wide range of maintenance 
support services and performance guaranties during longer time period 
e.g. 3-10 years or longer in some cases. The long term service agreements 
are often provided by the manufacturer or the supplier of major items. 
LTSA is a wide coverage assurance to items making their (items) costs 
more foreseeable which in turn leads more accurate budget forecasts and 
less variation in life cycle costs of the item.  This also leads to reduced or 
even removed risks related maintenance where most or all the costs are 
covered.  
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APPENDIX 4  – LCM OF WIND POWER 
LITERATURE DATA 

Appendix 3 - Table 1 

Lack of 
Control 

Basic Causes Immediate 
causes 

Incident Loss (Areas for 
improvement) 

Reference 

No info    There are requirements that 
the offshore wind power has 
to become competitive in the 
energy market under the same 
conditions as the regular 
sources. 

Zaaijer (2009) 
& Marsh 
(2007) 

    Significant losses are inquired 
due to unacceptable downtime 
of the offshore wind power 
plants. 

 
van Bussel and 
Bierbooms 
(2003) 

    Downtime losses. Analyses 
revealed that the revenue 
losses are about 50 to 80 % of 
the costs for corrective 
maintenance. 

 
Corrective maintenance is 
approximately twice higher 
than costs for preventive 
maintenance in the offshore 
wind context. For the onshore 
part the costs are about the 
same. 

Engels et al. 
(2009) 

 Offshore wind power 
condition that obstruct 
access and repair work: 
• Current loading 
• Ice loading 
• Corrosion 

  Access to offshore sites for 
maintenance and repair pose is 
the major concern. Some of 
the problems were found in 
the wind turbine generator 
and transformer 

Breton and 
Moe (2009) 

 More efforts should be 
made to design with 
maintenance in mind. 
“By designing with 

maintenance in mind, 

OEMs are aiming to 
mitigate unscheduled 

maintenance costs.” 
 

 Generator 
failure 
(Generators 
have notched 
up failures) 
 

“Unscheduled maintenance costs 

can awaken a company’s bottom 
line, so wind turbine 

manufacturers are beginning to 

design with maintenance in 

mind.” 
(Hansen 2007) reports that the 

original equipment 

manufacturers have had the 
larger part of the burden to take 

care of unscheduled maintenance 

and repair. In the recent years 
this has shifted to become a larger 

responsibility of the facility 

owners. 
Furthermore Hansen (2007) 
says that maintenance costs 
have been knocking the 
manufacturers, but will soon 
start hitting the owners 
negatively impacting on 
company’s internal rate of 
return. 
 
“Wind turbines are on of the 
most demanding applications for 

gearboxes due to variable loads 

that are extremely hard to 
predict.” 

Hansen (2007) 
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Appendix 3 - Table 2 
Lack of 
Control 

Basic Causes Immediate 
causes 

Incident Loss (Areas for 
improvement) 

Reference 

    Offshore wind industry has 
experienced longer time 
than expected to become 
competitive among other 
because of uncertainties 
over the operating and 
maintenance costs, which 
make 70 % of the electricity 
cost for offshore wind 
farms, Junginger et al. 
(2004).  
 
Since the offshore industry 
is a young branch with 
relatively limited 
experience, operation and 
maintenance remain 
uncertain. 

Marsh (2007) 

 Corrosion 
 
Mechanical 
Overload 
 
Vibration fatigue 
 
Presence of debris 
Overheating 
 
Maintenance fault 
 
Installation defect 
 
Connection failure 

Material failure 
fracture 
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