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1. Introduction 

 

“A long time ago in a galaxy far, far away Rey used to be a scavenger specialized in 

removing parts from abandoned aircraft and selling them for a living.” 

 

This previous sentence could be used to start talking about Rey’s business, in “Star Wars: 

Episode VII - The Force Awakens”. In a non-regulated galaxy, that could be an acceptable 

commercial practice because this society could not be aware of suspected unsafe aircraft 

crossing the skies. Considering the fictitious context of this famous epic space opera, one 

may suppose something about the types and magnitude of the losses if an unairworthy 

aircraft flying close to the speed of light suddenly crashes a populated space site due to 

the failure of a critical safety component. Fortunately, in real life, every society and their 

governments are both aware of safety concerns regarding safe aircraft operations.  

Hence, they are only part of the network of stakeholders that shall keep in mind that 

retired aircraft can turn into significant social, environmental and economic problems if 

they are not appropriately treated when they reach the limits of their business life-cycle. 

The withdrawn of an aircraft from active service is a decision that belongs exclusively to 

its owner or operator, but the way they do that may give rise to the significant well known 

or emerging risks affecting the social welfare. These risks are the main reason that 

justifies the necessity of further researches to fully comprehend the challenges and 

opportunities facing the new business opportunities of end-of-life aircraft treatment. 

However, it is not just a matter of doing what is right concerning social, environmental 

and economic externalities due to the end-of-life aircraft treatment. There is an important 

business question about how to do the right thing making profit or reducing the  aircraft 

total cost of ownership, i.e., how to add value to all stakeholders. Sustainability involves 

social, environmental and economic aspects. Among the social aspects concerning end-

of-life aircraft treatment, one may argue that safety concerns are in the cornerstone. Air 

transport turbulent business scenarios call for productive activities in all these aspects.   
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1.1 Problem statement and contributions 

 

The aviation industry has been recently developing strategies to deal with commercial 

aircraft end-of-life  problem appropriately. New standards and best practices are on 

development by the aircraft recovery industry to help coping with safety, environmental 

and economic concerns arising from this problem. Aircraft owners and operators are not 

well familiarized with these procedures. They can count on this novel and expanding 

industry to manage their aircraft end-of-life phase while reducing liability risks arising 

from improper retired aircraft's final disposal.  

Before taking any decision about this issue, we need to analyze the aircraft end-of-life 

phase management considering one step behind, aiming to answer the following questions 

previously: 

1. When one may say that an aircraft has reached the end of its business life-cycle? 

2. What are the natures of the factors influencing how to determine that an aircraft 

has reached the end of its business life-cycle? 

3. What is the dynamics of the costs and revenues to be considered when deciding 

that an aircraft has reached the end of its business life-cycle? 

These three questions together are elected as the problem statement and guide our 

research efforts, looking for development of a systematic, technically feasible and cost-

effective analytic tool to better support aircraft owners and operators decision-making 

processes regarding end-of-life aircraft treatment. The current literature does not offer 

clear and complete theoretical and mathematical approaches to analyze and solve these 

questions, which reinforce the need for exploratory research endeavor. 

 

1.2  Research context and scope 

 

When aircraft are withdrawn from the active service, they are sent to storage at specific 

sites in desert regions, where they remained parked and preserved from significant 

deteriorations affecting their fuselage, equipment, and systems. Parking and preservation 

routines implies in high costs to aircraft owners or operators. During this inactive phase, 

commercial aircraft represent safety, environment and economic concerns to owners, 

operators, regulators and the society. According to IATA (2016a), the rate of aircraft 

retirement is growing annually, while their age at retirement decreases. Aircraft 

manufactures also forecast increasing numbers of aircraft retirement due to fleet renewal 

policies and new deliveries in the long-term, to support the continuous growth of the air 
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transport market. These circumstances tend to aggravate this new problem faced by the 

aviation industry, considering that more than 15,000 commercial aircraft are currently 

retired worldwide (IATA, 2016a). That increasing out-of-service fleet may be parked for 

an indefinite time, and can give rise to serious safety, an environmental and economic 

risk to different stakeholders involved in this problem. 

Sometime after parking an aircraft, its owner or operator needs to take another strategic 

decision about its final disposal: (1) relocate the aircraft at another potentially profitable 

market condition; (2) resell the aircraft as an asset in the second-hand market; or (3) retire 

and decommission it. In this last option, the aircraft is said to have reached its end-of-life 

and is eligible to be submitted to the recovery process (Keivanpour et al., 2015c). In this 

situation, the aircraft components are removed (disassembling) and recertified to be 

reused in the active fleet; the remaining structure is deconstructed (dismantling), when 

different materials are separated and pre-processed for recycling purposes; and both 

processes are aiming to reduce the amount of waste disposal (landfilling) (van Heerden 

and Curran, 2010). Although it may be deemed as a classical cost-benefit problem, the 

aircraft retirement decision involves many stakeholders’ interests or requirements and 

gives rise to safety, environment, and economic concerns, as related by Towle et al. 

(2004), that put all together can turn it into a complex problem. 

Considering this briefly described context we set the scope of this research focusing the 

aircraft parking, market relocation, retirement, and decommissioning decisions to identify 

and comprehend the main drivers behind this strategic decision, and also assess their 

impacts to all related stakeholders.  The aircraft decommissioning decision and its 

implications will be analyzed under the concepts and scope of the recovery problem, as 

posed by Navin-Chandra (1994). Examining the motivations presented by the mentioned 

work, we may conclude that there are significant relationships between products early 

design decisions and the recovery solutions at their end-of-life phase. These relationships 

are not well known if we consider explicitly the aircraft early design decisions and the 

end-of-life aircraft recovery context, that will also be analyzed under the scope of this 

research.  

An appropriated treatment of end-of-life aircraft can minimize or even prevent safety, 

environmental and economic adverse impacts, and potentially revert the parking, 

retirement and final disposal costs into revenues. All this dynamic also deserves an in-

depth evaluation during this research to highlight the challenges and opportunities to all 

involved stakeholders. For that reason and considering the industrial engineering 
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approach of this research, the relevant aircraft recovery problem will be theoretically 

discussed considering the intersections between the issues of Design for Environment 

(DfE), Reverse Logistics (RL), and Sustainability. This discussion will help to point out 

the main processes and drivers that support the implementation of eco-design solutions 

in the commercial aircraft manufacturing context. The eco-design solutions will then be 

the result of the adoptions of strategic decisions based on sound business sense, that turns 

these eco-design solutions into higher profits business practices (Srivastava, 2007). 

 

1.3 Motivation  

 

A recent study of the International Civil Aviation Organization highlighted the significant 

impacts of the air transport industry in the global economy (ICAO, 2016). This industry, 

directly and indirectly, supports the employment of 58.1 million people, contributes over 

$2.4 trillion to global Gross Domestic Product (GDP), and carries over 3.3 billion 

passengers and $6.4 trillion worth of cargo annually. According to the same study, since 

1977 the global air traffic has doubled in size once every 15 years and will continue to do 

so. Simply put, the air transport industry plays a significant role in supporting sustainable 

development, even helping local economies overcoming recession periods, due to 

strategic investments to create and continuously operate the required infrastructure. 

The most critical production assets that support this industry are the commercial aircraft 

engaged in the regular public transport of passengers and cargo. These aircraft must be 

submitted by their manufacturers to design, production and airworthiness approval 

procedures, in compliance with the requirements of the Title 14 CFR Part 21 [1], 1that 

establishes the aircraft certification procedures.  These aircraft must also be designed and 

constructed in order to demonstrate compliance with the safety requirements of the Title 

14 CFR Part 25 [2].   

Technically, the commercial aircraft models are subdivided into three groups: (1) regional 

jets – single-aisle aircraft with capacity between 50 and 160 seats (extended range jets) ; 

(2) narrow bodies – single-aisle aircraft with more than 160 up to 290 seats (short and 

                                                 
1 [1] and [2] The USA Aviation Regulations are enclosed in the Code of Federal Regulations (CFR), under the Title 14. This title 

encompasses all the aviation rules (called Parts), which contains the requirements related to each significant aviation concerns that 
needs to be regulated. Hence, the complete reference to these rules should be written as “Title 14 CFR Part XX”. For the sake of 

practicality, these references are generally written as FAR XX (Federal Aviation Regulation) or simply Part XX. Ex.: FAR 21 or Part 

21. 
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medium-haul jets); and (3) wide bodies – twin-aisle aircraft with more than 290 seats 

(long-haul jets).  

Under the macroeconomic point of view these aircraft are said to be non-ubiquitous 

production assets. Their project, development, and manufacturing are highly intensive in 

long-term investments, knowledge, workforce, leading-edge technological resources, and 

only a small caste of developed or developing countries can merge all these favorable 

conditions in a globally competitive manner. Between these countries are France, 

Germany, Spain and United Kingdom (Airbus), USA (Boeing), Brazil (EMBRAER), 

Canada (Bombardier), China (COMAC), Japan (Mitsubishi) and Russia (Irkut). Hence, 

commercial aircraft are high-cost and long-life assets, made of thousands of sophisticated 

components, and have a significant impact on the financial results of airlines.  

The commercial aircraft long-term business life-cycle is also intensive in maintenance 

services, fuel consumption, high-qualified workforce demand (operating and managerial 

levels), requires sophisticated logistics, complex supply chain, infrastructure, and is 

subjected to several regulations concerning safety risk controls.  

Ordering or leasing an aircraft demands complicated medium and long-term interactions 

between aircraft manufacturers and buyers (i.e., banks, leasing companies, and airlines), 

involving price negotiations, purchasing credits, anticipated payments mechanisms, and 

currency transactions. For those reasons, the accounting for aircraft acquisition and 

subsequent depreciation is complex. Although the airlines can count on the International 

Air Transport Association (IATA) standards on aircraft accounting (IAS 16 – Property, 

Plant and Equipment), this task requires judgements relating to useful business life-cycle 

and residual value, that must be revisited each reporting period. According to this 

reference, “the high value of aircraft carried on balance sheet coupled with earnings 

volatility in the industry has historically exposed airlines to potential assets 

impairments.” 

Considering this complexity concerning to aircraft fleet purchasing, leasing and 

accounting procedures, aircraft owners and operators need to be aware that the initial 

purchase price is not to be regarded as the only individual variable influencing the 

purchase decision-making. Aircraft manufacturers, by their turn, must be aware that the 

aircraft buyers’ behavior and purchasing decision may be affected by a broader 

assessment of the total cost of owning an aircraft, considering its whole business life-

cycle (“cradle-to-grave” costs). Taking into account the high differentiation between 

products that characterizes the commercial aircraft trading, investments in research and 
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development to significantly reduce the life-cycle cost can turn into a profitable, 

competitive advantage.  

That context highlights the utility of the concept of total cost of ownership (TCO), which 

takes into account all the pre-transaction, transaction and post-transaction cost elements 

or cost drivers (Ellram, 1993). This concept, also known as Life Cycle Cost (LCC), 

involves identifying, quantifying and evaluating all the costs associated with ownership 

of a production asset, such as its initial price, operating, maintenance, service, overhaul, 

and disposal costs (end-of-life costs), and can be offset by the trade-in value (Jackson and 

Ostrom, 1980). It is an important concept to be considered by both aircraft manufacturers 

and buyers, because it is generally accepted that between 70 to 80% of the life-cycle cost 

of an aircraft configuration is locked in the early stages of the aircraft conceptual design 

and development, when very little actual money has been spent (Jonhson, 1990). 

 

1.4 Research scope limitation  

 

Taking into account the context and motivation previously described it is necessary to set 

the boundaries of this research scope. We are only interested in discussing the main issues 

regarding specific TCO pre-transaction costs incurred during the aircraft early design 

phase and the post-transaction costs due to the aircraft recovery processes at the end of 

their business life-cycle. This limitation is justifiable because the current literature covers 

the determination of the aircraft early design concept (i.e., research, development, testing, 

and evaluation) and direct operational costs exhaustively (Jonhson, 1990). Hence, it is 

silent about detailing the TCO components costs due to the aircraft green design 

implementation (DfE) and the aircraft end-of-life treatment costs, as discussed in the 

structured literature review section of this research. 

1.5 Main deliverables 

 

This research aims to highlight and comprehend the correlations between the 

implementation of the Design for Environment (DfE) in the aircraft design, development 

and manufacturing and its total cost of ownership (TCO), regarding the dynamics of the 

costs and revenues incurred at the early design phase and at the end of the business life-

cycle, as well as best comprehend the retirement and decommissioning decision-making 

process itself. In other words, our main deliverable is the identification and evaluation of 

the outcomes of the implementation of the DfE methodology in the project, development, 
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and manufacture of the aircraft, regarding the dynamics of the costs and revenues incurred 

during the aircraft end-of-life phase. 

 The analysis and comprehension of these correlations can subsidize the strategic 

decision-making about the aircraft parking, market relocation, retirement, and 

decommissioning considering the following objectives: (1) finding the optimal point to 

take the aircraft parking decision, considering its total time-in-service and maintenance 

condition; (2) finding business opportunities to return parked aircraft to the active service 

(market relocation); (3) finding the optimal point to decommission the aircraft (maximum 

parking time); (4) reducing the costs during the recovery processes (disassembling, 

dismantling and landfilling); and (5) maximizing the profits made up by the recovery 

processes (optimal point of disassembly or dismantling). 

Taking into account this main research deliverable, the end-of-life aircraft recovery 

processes will be analyzed considering strategic objectives, as summarized in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

END-OF-LIFE 

AIRCRAFT  

REUSE  

RECYCLE  

ENERGY 

RECOVERY  

LANDFILLING  

Keep the aircraft in technical conditions to be returned to service 

(market relocation) or eligible to the recovery processes 

Minimize the parking and preservation costs  

 

Maximize the variety and the quality of the aircraft components 
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Figure 1 - Summarized view of the strategic objectives of the end-of-life 

aircraft recovery process.                                             Source: The author 
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1.6  Specific deliverables 

 

Considering the main deliverable of this research is focused in end-of-life aircraft costs 

and revenues dynamics, we set as specific deliverables the identification of the cost 

drivers that compose the initial and the final phases of the aircraft business life-cycle. 

They include the costs due to the implementation of Design for Environment in the 

aircraft early design phase, and the costs incurred during the recovery process at the of 

their end-of-life phase, both integrating the aircraft total costs of ownership (TCO). For 

this research, we consider as cost drivers the “measure that is used to distribute the cost 

of activities to cost objects proportionally” (Geiger, 1999; Ferrin and Plank, 2002). The 

recognition of these specific costs is considered as a relevant contribution to cover the 

detected lack of treatment of these issues in the literature dedicated to the determination 

of the aircraft TCO (Jonhson, 1990; Dhillon, 2010), as discussed in the structured 

literature review section of this research. Through the analysis of the cost components, it 

will be possible to assess how the early investments due to the implementation of Design 

for Environment in the aircraft early design phase can contribute to reduce the cost of the 

end-of-life aircraft recovery process and to optimize its profits, ensuring its leverage 

capability (Navin-Chandra, 1994). 

Another import contribution of this research is the discussion of the legal and regulatory 

scenarios affecting the aircraft recovery industry, mainly concerning the definition of 

stakeholders’ accountabilities for aviation safety and environmental impacts coming from 

the outcomes of the aircraft recovery processes. Many gaps can be found in the existing 

legal and regulatory framework, which need to be addressed through a broader 

rulemaking process. This process needs closer interactions between regulators, aircraft 

manufacturers, owners, operators, and the recovery industry, to set the standards 

regarding stakeholders’ accountabilities, competences, prerogatives, and limitations. 

 

1.7  Research framework 

 

Considering the complexity of the context involving the end-of-life aircraft treatment, it 

is firstly necessary to establish a theoretical framework that will set the limits of the 

research scope and then decide the point of view to be adopted to analyze the referred 

context. The proposed framework is presented in Figure 2. 
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This framework intends to summarize the dynamic forces acting on the context: safety 

and environmental protection concerns together represent the social pressures for aircraft 

safe operations and social welfare due to the environment preservation. Economic 

concerns express the main interests of business organizations contracting, coordinating 

or performing end-of-life aircraft recovery activities (i.e., aircraft owners, aircraft 

operators, aircraft maintenance organizations, aircraft second-hand parts distributors and 

specialized recovery industries). All these pressures act as important drivers to the 

development of technological resources needed to support the end-of-life aircraft 

treatment processes to turn it into an attractive commercial activity, considering the total 

costs imposed by aviation safety and environmental protection current and upcoming 

regulatory restrictions. Hence, this framework helps to clarify about the infrastructure that 

gives support to the end-of-life aircraft treatment processes and assist in identifying the 

measurable outputs of this process, to assess its performance, regarding required efforts 

and valuable results. Table 1 sets out key features of each part of the proposed framework 

in more detail. It is essential to emphasize that this research is focused on an in-depth 

analysis of the economic concerns related to aircraft parking, market relocation, 

retirement, and decommissioning decisions. 

 

 

 

 

 

 

Environmental protection regulation Safety regulation 

Safety concerns Environmental protection 

concerns 

Economic concerns 

Technological developments 

End-of-life aircraft treatment 

processes 

Figure 2 - Proposed theoretical framework to assess the end-of-life aircraft 

treatment process.                                                                   Source: The author 
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Table 1 - Key features of the proposed framework.    Source: The author 

Safety concerns: provide appropriate channels for disassembling and reprocessing 

aircraft parts and  materials to be recertified and reused in the aerospace industry to 

minimize adverse safety impacts.    

Environmental concerns: (1) provide appropriated channels for disassembling and 

reprocessing aircraft parts and materials to minimize adverse environmental impacts; 

(2) provide the achievement of sensitive decrease of the final disposal (landfills) to 

minimize adverse environmental impacts. 

Economic concerns: create value to stakeholders by ensuring the minimization of the 

aircraft’s total cost of ownership (TCO) and maximization of value extraction from 

second-hand aircraft parts and recyclable aerospace materials. 

Technological developments: ensure higher quality and quantity of second-hand  

aircraft parts and recyclable aerospace materials, based on the fundamentals of green 

aviation design and manufacturing, green aviation supply chain, reverse logistics and 

end-of-life treatment channels (Design for Environment). 

Safety regulation: establish directives and requirements to support the development, 

operation, and control (oversight) of channels dedicated to the recertification of  

second-hand aircraft parts and aerospace materials reentering the aviation industry 

supply chain 

Environmental Protection Regulation: establish directives and requirements to 

support the development, operation, and control (oversight) of the channels 

reprocessing and disposing end-of-life aircraft parts and aerospace materials. 

End-of-life aircraft processes:  Decommissioning, Disassembling, 

Deconstruction/Dismantling  

(“3D Process” – As defined by AIRBUS PAMELA Project) 
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1.8      Research structure 

 

This research is structured in six sections, as outlined in Figure 3, that also point out their 

specific purposes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. INTRODUCTION 

2. STRUCTURED 

LITERATURE 

REVIEW 

3. RESEARCH 

METHODOLOGY  

4. CASE STUDY  

5. RESULTS AND 

DISCUSSION 

• Provide familiarization with the research core subject (i.e., end-of-

life aircraft treatment processes), considering the growth context 

of the air transport industry in the long-term 

• Present the research motivation (problem statement), its scope 

limitations and deliverables 

• Highlight the state-of-the-art of the research about end-of-life 

aircraft treatment processes 

• Provide  a basic review about the fundamentals of Design for 

Environment, Reverse Logistics, Recovery Process, 

Sustainability, Total Cost of Ownership, and other related issues, 

in the context of the end-of-life aircraft treatment processes 

• Provide an overview about aircraft appraisal, trading and 

accounting procedures 

• Indicate solutions to the proposed questions 

• Develop a mathematical approach to support the discussions of 

economic concerns related to the commercial aircraft end-of-life 

phase management 

• Propose a mathematical model that represents the dynamics of 

the principal costs and revenues incurred during the commercial 

aircraft business life-cycle 

• Provide a cost-benefit financial analysis to support commercial 

end-of-life phase decisions 

• Analyze  actual scenarios of cases of commercial aircraft end-of-

life phase decisions  

• Demonstrate the applicability of the proposed mathematical model 

• Highlight the principal contributions of the research for the 

upgrading of the knowledge about commercial aircraft business 

life-cycle 

• Point out research limitations and suggestions of future 

developments 

6. CONCLUSIONS 

• Discuss the results and analyze its coherence with the economic 

contexts of the commercial aircraft end-of-life phase management 

Figure 3 - Structured view of the research.     Source: The author 
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2.   Structured literature review 

 

2.1 Purpose  

 

The primary purpose of this structured literature review is to identify, track and analyze 

the level of development of the research dedicated to the core subject of the end-of-life 

aircraft treatment processes, taking into consideration specific purposes, as shown in 

Figure 2. These purposes demand efforts aiming to: (1) consolidate the usage of specific 

terms and their definitions (taxonomy); (2) identify the mainstream research topics within 

the core subject; (3) identify the principal authors, their approaches and core 

contributions; (4) verify the evolution of the theoretical framework; (5) provide evidence 

of the applicability of the theoretical framework in scientific studies; (6) identify 

knowledge gaps; and (7) point out future research agendas.  

 

2.2 Initial searching for relevant papers 

 

The searching for papers related to the subject of end-of-life aircraft treatment was 

performed through the web platform “Portal CAPES” (for accessing the SCOPUS and 

WEB OF SCIENCE databases), and also the public web platforms “Google Scholar” and 

“Sci-Hub”. The keywords used during this searching were “end-of-life aircraft”, “eol 

aircraft”, “aircraft retirement”, “retired aircraft”, “aircraft decommissioning”, 

“decommissioned aircraft”, “aircraft recycling”, and “aircraft recovery”. That searching 

took place from February to April 2018 and resulted in a total of 69 publications, 

including technical reports, technical magazine articles, papers, dissertations, thesis and 

books’ chapters. 

The collected papers were firstly analyzed considering their resume/abstract, 

introduction, findings, and conclusions contents. This analysis showed that the subject of 

end-of-life aircraft treatment requires a ground level of comprehension about other 

subjects, such as Design for Environment, Reverse Logistics, Recovery Process, 

Sustainability, Total Cost of Ownership, Aircraft production forecasts and Aircraft 

appraisal, trading and accounting procedures. Hence, it was necessary to look for seminal 

papers related to these subjects. Some of those papers were cited in the references of the 
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papers related to aircraft end-of-life treatment, what made easier this second step of the 

searching for papers. 

The reading of these papers was essential to have an overview of the fundamentals of 

each specific subject. They also contributed to essential findings that allowed us to better 

analyze and comprehend the end-of-life aircraft treatment, regarding its context, 

concerns, challenges, and opportunities. It was an essential step during the research that 

enables us to make useful correlations between these specific subjects and the end-of-life 

aircraft treatment issues.  At the end of that searching for papers, we classified the 

collected paper in two categories: (1) entirely dedicated to the end-of-life aircraft 

treatment works; and (2) general purposes supporting works. 

 

2.3     Mainstream research topics 

 

During the initial research for papers it was possible to identify the following 

mainstream research topics: (1) Analysis of long-term air transport industry growth; 

(2) Analysis of the end-of-life products treatment / recovery industry; (3) Analysis of 

sustainable product development; (4) End-of-life aircraft recovery strategies - 

mathematical modeling and performance evaluation; (5) Total cost of ownership 

fundamentals; (6) Aircraft appraisal, trading and accounting procedures; and (7) 

Aircraft retirement and storage trends. 

 

2.4    Principal authors and their research approaches 

 

The principal authors and their research approaches are listed in Table 2, according to the 

mainstream research topics, as shown in subsection 2.3, following the chronological order 

of the paper or technical report publication. Their core contributions will be summarized 

in subsection 2.5. 
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Table 2 - Principal authors and their approaches, according to mainstream research topics.                                     

Source: The author 

Mainstream 

research 

topics 

Authors Research approach Research focus 

 

theoretical 

 

mathematical 
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Navin-Chandra (1994) X X  X 

Dobler and Burt (1996) X   X 

Doherty (1996) X   X 

Tibben-Lembke (1998) X   X 

Rogers and Tibben-Lembke (1999) X   X 

Johansson (2002) X   X 

Towle et al. (2004) X  X  

Srivastava and Srivastava (2006) X   X 

Srivastava (2007) X   X 

Das and Kaufman (2007) X  X  

Carberry (2008) X  X  

Airbus (2008a) X  X  

Airbus (2008b) X  X  

Fiksel (2009) X   X 

Morimoto and Agouridas (2009) X  X  

van Heerden and Curran (2010) X  X  

Böckmann and Schmitt (2012) X X X  

Franz et al. (2012) X  X  

Asmatulu et al. (2013) X  X  

Keivanpour et al. (2013) X  X  

Johanning and Scholz (2013) X X X  

Mascle (2013) X X X  

Keivanpour et al. (2014a) X X X  

Keivanpour et al. (2014b) X  X  

Ribeiro e Gomes (2014) X  X  

TeamSAI (2014) X  X  

Ribeiro e Gomes (2015) X  X  

Keivanpour et al. (2015c) X  X  
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Zahedi et al. (2015) X  X  

Keivanpour and Ait-Kadi (2016) X  X  

Sabaghi et al. (2016a) X X X  

Sabaghi et al. (2016b) X X X  

Spoors (2016) X  X  

Zahedi et al. (2016) X  X  

Keivanpour and Ait-Kadi (2017a) X X X  

Keivanpour et al. (2017b) X X X  
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Latremouille-Viau et al. (2010) X X X  

Siles (2011) X X X  

Camelot et al. (2013) X X X  

Mascle et al. (2015) X X X  

Sabaghi et al. (2015) X X X  

Dayi et al. (2016) X X X  
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Jackson and Ostrom (1980) X   X 

Johnson (1990) X X X  

Cavinato (1991) X   X 

Cavinato (1992) X   X 

Ellram (1993) X   X 

Ellram and Siferd (1993) X   X 

Ellram (1994) X   X 

Ellram (1995) X   X 

Ellram and Siferd (1998) X   X 

Asiedu e Gu (1998) X   X 

Geiger (1999) X   X 

Ferrin and Plank (2002) X   X 

Castagne et al. (2004) X X X  

Curran et al. (2005) X X X  

Thokala (2009) X X X  

Dhillon (2010) X X X  
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Clark (2007) 

 

X  X  

Ackert (2011) X  X  

Ackert (2012) X  X  

IATA (2016b) X  X  

Aircraft retirement 

and storage trends 

Forsberg (2015) X  X  

IATA (2016a) X    

IATA (2018) X    
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2.5    Principal authors and their core contributions  

 

A detailed reading and analysis of the selected publications made it possible to highlight 

the most relevant findings and conclusions that are briefly exposed below, according to 

mainstream research topics. 

 

2.5.1 Analysis of long-term air transport industry growth  

 

According to ICAO (2016), since 1977 the global air traffic has doubled in size once 

every 15 years and will continue to do so. Considering these growth trends, it is essential 

to assess whether the current safety and environmental standards and their related risk 

control procedures will be enough and adequate to manage the adverse outcomes of that 

growth. Considering the similar context, Cunningham and de Haan (2006) made long-

term forecasting for the sustainable development of the air travel demand for 2050. 

Adopting two different approaches (i.e., ideal scenario and empirical modeling), they 

concluded that a 5.4% yearly rate of air travel demand is expected during that period. 

This result calls our attention to the central question posed by these authors at the very 

beginning of their problem statement: “How can we keep the positive effects (from flying) 

while at the same time reduce the negative ones?” The authors consider that the concept 

of Sustainable Development is promising in solving this dilemma, but unfortunately, it 

does not give us many practical solutions. They say that, at best, it gives us the criteria to 

which we can compare our long-lasting solutions to see whether they are actually 

contributing to sustainable development. 

The leading commercial aircraft manufacturers, Airbus, Boeing, Bombardier, and 

EMBRAER disclose their global market forecast annually, considering a 20-year 

threshold. These reports are import sources of global and regional air travel future 

demands, based on the forecasted economic growth rates. For instance, according to 

Boeing (2018), the traffic growth will reach 4.7% yearly rate, followed by a fleet growth 

of 3.5% yearly rate. All this growth will demand 41,030 new aircraft deliveries, 

representing a business of USD 6.1 trillion. Airbus (2018) and Boeing (2018) forecast 

that something between 10,000 and 18,000 aircraft, respectively, will be retired and 

decommissioned between 2017 and 2037. 
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Considering this research scope, we can say that the increasing global number of 

decommissioned commercial aircraft is one the most significant indirect adverse effects. 

According to IATA (2016a), 700-900 commercial aircraft were parked annually between 

2008-2014, resulting in more than 15,000 parked assets by the end of 2015, with an 

average age of around 27 years in-service. This amount represents around 55% of the 

existing active fleet, that reached more than 27,000 aircraft by the end of 2015, what 

remains relatively stable. The author also highlights that a slight decrease in the aircraft 

total time in-service in the period 2008-2014, such that in 2015 the average age reached 

around 22 years at the parking time, as consequence of the increase of the aircraft 

production rates and the earlier aircraft parking decision. The primary drivers of the 

aircraft parking and decommissioning decision-making are: (i) the aircraft fleet renewal 

policies (i.e., operators looking for fleet right-sizing or more efficient aircraft to reduce 

their direct operational costs and enhance competitiveness between them); and (ii) 

seasonal or local decreases in air transport demands around the globe (i.e., an effect of 

adverse economic conditions to the operations profitability operations).   

Coming back to the question posed by Cunningham and de Haan (2006), we can conclude 

that the implementation of a worldwide aircraft recovery industry is a feasible and 

sustainable solution to deal with the safety, environmental and economic risk concerns 

related to the aircraft parking and decommissioning decisions, considered as an adverse 

outcome from the growth context of commercial aviation operations. As highlighted by 

the referred authors, we can consider that the next important step is the establishment of 

sustainability indicators to assess the performance of the aircraft recovery industry 

accurately.   

It is important to consider that this newly established industry faces a low level of safety 

and environmental regulatory burdens. It is a particular case where the economic activity 

is following a developing rate while regulations are not yet well established to set 

accountabilities, competences, prerogatives, limitations, quality and risk controls 

standards. These standards are essential to help to promote the balance between the 

interests and objectives of all the stakeholders affecting or affected by the positive and 

negative outcomes from this economic growth scenario of the air travel demand, 

considering specifically the development of a sustainable aircraft recovery industry. 

 



 

18 

 

2.5.2  Analysis of the end-of-life products treatment / recovery industry 

 

The first known work dedicated to outlining the initial development of the aircraft 

recovery industry was issued by Towle et al. (2004), from the Department of Materials, 

Oxford University. It is a technical report based on the collection of a wide range of public 

domain information from websites dedicated to this subject. It was an initiative of the 

network called WINGNet (Waste reduction IN aircraft-related Groups), funded by the 

UK Engineering and Physical Science Research Council (EPSRC). WINGNet is focused 

on the development of technologies and infrastructure required to meet the challenges in 

the sustainable use and reuse of aircraft materials, considering the UK aerospace industry 

context. 

The main discussion raised by the referred authors is about product stewardship, also 

known as extended product responsibility (EPR). According to Towle et al. (2004), 

manufacturers can and must retain new responsibilities to reduce the environmental 

footprint of their products. Product stewardship calls on manufacturers, retailers, users, 

and disposers to share responsibilities for reducing the environmental impacts of 

products.   

The authors also argue that product stewardship can represent a business opportunity: 

manufacturers can increase productivity, reduce costs, foster product, and market 

innovation, and provide customers with more value at less environmental impact, by 

rethinking their product, their relationship with supply chain and the end customers. They 

also stress that in a competitive market like the aviation industry, where corporate identity 

and brand awareness have significant value, there is a growing reluctance for the original 

equipment manufacturer (OEM) to be associated with decaying structures. 

Besides to this discussion, Towle et al. (2004) also provide a ground level description of 

the leading industrial processes that support the end-of-life aircraft treatment, such as 

parting-out, parts control and distribution, and valuable materials selection, identification, 

separation, and recycling. Finally, it is important to highlight that these authors affirm 

that “in the absence of legislative drivers, projects and expenditure in this area have to 

be justified by economic benefit.” Therefore, this sentence is in alignment with our 

research motivation (problem statement) and the establishment of its deliverables. 

Das and Kaufman (2007) are concerned about the context of thousands of old aircraft that 

have been sitting in “graveyards” while the demand for recycled aluminum continues to 

increase. They argue that the recycled aluminum alloys coming from obsolete aircraft 
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could just be reused in the aerospace industry with additional processing, because of the 

strict controls on impurities and performance requires. However, this “secondary metal” 

can be reused by other industries for general purposes. The authors highlight that are two 

main driving forces to enable large-scale recycling aluminum aircraft alloys: (i) economic 

incentive: the production of aluminum as “secondary metal” permits energy savings of 

95% compared with the energy consumption required to produce primary aluminum; and 

(ii) environmental benefit: recycling results in the emission of only about 4% as much 

CO2 as does primary production. 

Das and Kaufman (2007) also describe the ideal process for aluminum alloys recycling 

and point out the related challenges to do so, aiming to have a feasible and cost-effective 

industrial process in place. Finally, they propose a strategic program to overcome those 

technical and logistic challenges. 

Carberry (2008) describes Boeing efforts and targets related to the development of aircraft 

recycling procedures, aiming to benefit Boeing aircraft owners and operators to manage 

the safety and environmental outcomes form their end-of-life assets. Boeing has been 

working in partnership with other companies to develop retired aircraft recycling 

standards in order to improve the performance of this new industry. This partnership was 

enhanced by the foundation of the Aircraft Fleet Recycling Association (AFRA), in 2006. 

It is a non-profit industry association whose mission is to enable airlines to manage their 

retired aircraft while maximizing value creation responsibly. AFRA’s primary goal is to 

achieve the highest possible commercial value for recovered components and materials, 

which would reduce the total cost of recycling aircraft for commercial airlines. 

The author notes that Boeing is particularly interested in the development of technologies 

for carbon fiber recycling, taking into account economic and performance drivers. 

Recycled chopped carbon fiber costs up to 70% less to produce and requires up to 98% 

less energy to manufacture than virgin chopped fiber, and the performance of the two 

materials are comparable. Boeing has already started testing the use of recycled carbon 

fiber to produce non-structural parts of commercial and military aircraft.  

The very first known systematic approach to end-of-life aircraft treatment was a technical 

report that summarizes the outcomes of a significant project from Airbus, during which 

the company gained experience of managing the parting-out of a retired model A300-B4 

(Airbus, 2008a). Airbus joined efforts with key partners to draw up and disseminate a 

systematic process for parting-out an aircraft managing safety and environmental 

concerns. This project was called PAMELA (Process for Advanced Management of End-
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of-Life of Aircraft) This initiative demonstrated that 85% of the weight of an aircraft 

could be reused or recycled, reducing the final disposal significantly in landfills (down 

by 66%). The main contribution of the PAMELA project is the systematization of an 

appropriate end-of-life aircraft recovery process, also called “3D process”, as outlined in 

Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Considering the safety concerns related to the end-of-life aircraft recovery processes, 

Airbus deems as necessary that all the technical work during the phases D1 and D2 must 

be performed by aircraft maintenance organizations (AMO), certified under EASA Part 

145 or other similar regulation of countries outside the EU. The significant contribution 

of the PAMELA technical report is the evidence that the end-of-life aircraft treatment 

processes can be expertly planned, performed and managed, in compliance with the 

current aviation safety and environmental regulations, and also turn into an attractive 

business. 

After analyzing the full picture of the end-of-life aircraft treatment, Airbus (2008a) 

concludes it is a tiny niche in the overall business of treating materials and cannot generate 
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Figure 4 - Systematics overview of the PAMELA “3D Process”.                   

Source: Airbus (2008a) 
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its dedicated reverse logistics and related treatment channels. This context, together with 

the aerospace industry specificities, makes difficult to directly apply the current end-of-

life treatment policies and procedures to the retired and decommissioned commercial 

aircraft, such as those established by the End-of-Life Vehicle Directive 2000/53/EC. 

Another valuable contribution to this subject comes from van Heerden and Curran (2010). 

They discuss “What can be done with these end-of-life aircraft, concerning the 5 W’s: the 

why, when, what, who and where?” The major difficult to effectively respond to these 

questions is the fact that there are no legislation nor aviation regulations setting rules and 

requirements, respectively, that obligates aircraft manufacturers or aircraft owners and 

operators how to design or deal with their end-of-life aircraft, respectively, or precisely 

how to design an aircraft that meets proper and due end-of-life requirements. 

The referred authors also present a complete set of terms and definitions to be used in 

structuring the end-of-life aircraft treatment processes. The definitions are in alignment 

with other specific aviation terms and its usage. They propose clear and useful definitions 

to “reuse”, “recycle”, “recovery”, “disposal”, “primary recycling”, “secondary 

recycling”, “down-cycling”, “disassembly”, and “dismantling”. At this point, it is 

important to highlight that the term “recovery” is used by van Heerden and Curran (2010) 

to designate the energy recovery process solely (i.e., burning rejected materials as 

fuel/heat source). In the context of this research, the term “recovery” is used to lump the 

terms “decommissioning”, “disassembly”, “dismantling”, “reuse”, “recycle”, “energy 

recovery”, and “landfilling” into a single word, similarly to the usage proposed by Navin-

Chandra (1994). That is why we prefer the term “end-of-life aircraft recovery processes” 

to designate the main subject of this research. Additionally, the term “parting-out” is also 

frequently used in the literature referring to “disassembly”, “dismantling” or both. 

The referred authors also describe in detail all the phases of the end-of-life aircraft 

recovery processes, in alignment with the PAMELA “3D process”. Thus, they propose a 

closed loop representation of these processes, as shown in Figure 5. 
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Additionally, van Heerden and Curran (2010) discuss the recovery process performance 

adopting a modified set of two equations, initially used to measure the performance of 

road vehicles recovery processes, as established by ISO reference 22628:2002(E). The 

authors argue that the main limitation of this method is that components that are removed 

are considered to be reused 100%, which of course is not always the case because some 

parts will never be reinstalled in another aircraft. One may also consider that the replaced 

component needs to be disposed of. These two factors affect the end-of-life aircraft 

recovery process performance measurement in such a manner that maybe not feasible to 

track and quantify. 

The economic aspects of the end-of-life aircraft were also discussed by van Heerden and 

Curran (2010).  Taking into account their arguments, we may conclude that the decision 

of parking and decommissioning an aircraft is influenced by three factors: (i) aircraft 

economics: the comparison between its value in the second-hand aircraft market and the 

total value of its used parts in the second-hand parts market; (ii) company economics: the 

discrepancy between its book value or net present value (usually higher) and its market 

value, due to depreciation; and (iii) global economics: its market value and total value of 

used parts is strongly affected by the laws of supply and demand for used aircraft or used 
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Figure 5 - Flow of an end-of-life aircraft.     Source: van Heerden and Curran (2010) 



 

23 

 

parts, due to fluctuations in the air travel demands around the globe and the size of the 

remaining active fleet, respectively. 

Finally, van Heerden and Curran (2010) emphasize the needs of the aviation sector to 

resolve the problem of the long-lasting parked aircraft and to develop industry standards 

for end-of-life aircraft treatment. They argue that the first steps were made by the 

founding of AFRA (Aircraft Fleet Recycling Association). This aviation industry 

association developed the Best Management Practices manual (BMP), aiming to set the 

first standards. Many parting-out companies around the world have been accredited in 

compliance with the AFRA BMP standards, that requires the implementation of some 

quality and safety risks control to perform end-of-life aircraft recovery processes 

appropriately. 

Asmatulu et al. (2013) provide an overview of the state of technological development in 

the aircraft recovery industry by 2011, focusing on materials recycling technologies. 

Advances in this area contribute to the reduction of virgin materials consumption, air, 

water and soil contaminations, as well as energy demand.  New procedures and tools 

dedicated to aircraft recycling are developed by this industry aiming to improve 

environmental efficiency and profitability. The authors also argue that the recycling 

industry promotes social benefits, such as employment creation, development of 

communities and a cleaner environment. 

Keivanpour et al. (2013) note the transdisciplinarity aspects of the end-of-life aircraft 

recycling projects, and then propose a conceptual framework to analyze this context and 

provide theoretical support to the implementation of these projects. The proposed 

framework has four essential elements: (i) business model; (ii) knowledge management; 

(iii) market and industrial context; and (iv) performance management. We may conclude 

that this framework can be useful to help all the stakeholders involved in aircraft recycling 

projects identifying and addressing the main challenges and risks facing these business 

opportunities, and hence, planning strategies to overcome them. Finally, the authors 

propose a research agenda pointing out many research highlights (topics) for each 

framework element, such as a value from owner perspective; the revenue from different 

recovered parts and materials; value-added operations; the act of aircraft 

manufacturers, and so on, that will be discussed during this research. 

Another significant contribution comes from TeamSAI (2014) technical report, showing 

the state of the aircraft dismantling and recycling industry. TeamSAI is a consulting 

services enterprise to the aviation industry that worked in partnership with the AFRA 



 

24 

 

surveying, measuring and assessing the global aircraft dismantling and recycling market.  

This survey made possible to have a better estimating of the following outcomes: (i) the 

impacts that dismantling firms are having on the maintenance, repair and overhaul (MRO) 

and aerospace market; (ii) the impacts on the second-hand parts market; (iii) the total 

market size; and (iv) future trends and technical challenges of the market. 

For this research, we will only take into consideration the technical challenges pointed 

out by the referred survey: (i) development of recycling solutions for new aeronautical 

materials (i.e., carbon fiber and other composites); (ii) finding qualified personnel; (iii) 

environmental regulations; (iv) better planning of the end-of-life phase by 

operators/lessors; and (v) falling value of aircraft second-hand parts. Despite these 

challenges, the survey demonstrates that it is a small market, if compared to the vehicle 

recovery industry, for instance, but is a quickly growing business sector, considering the 

rapid increase in the commercial aircraft parking and retirement trends for the next 

decades. 

Ribeiro and Gomes (2015) analyze the end-of-life aircraft recovery processes and its 

current context. They note that no legislation regulates the end-of-life aircraft treatment, 

and all the developments and efforts in this area are voluntary. In order words, we may 

consider that the end-of-life aircraft recovery industry is profit-driven because the 

involved stakeholders are motivated by value creation opportunities from this new 

business. However, the authors argue that this situation may change, and this industry can 

be affected by future legislation concerning an extended product responsibility (product 

stewardship), as also mentioned by Towle et al. (2004). Hence, the aviation industry could 

also face legislation similar to the regulations in the automotive industry. This opinion is 

contrary to Airbus’ conclusions, as stated in the PAMELA project report (Airbus, 2008a), 

which consider that the end-of-life vehicles European Directive (Directive 2000/53/EC) 

cannot be directly applied to commercial aircraft. 

The referred authors also note that much attention has been paid to Design for 

Environment (DfE) and Design for Disassembly (DfD). Aircraft manufacturers are 

interested in these design methodologies because they contribute to the reduction of 

production and maintenance costs, during the aircraft manufacturing and operational life 

phases, respectively. DfE and DfD also increase value extraction at the end-of-life phase 

because they improved the recoverability of parts and materials and made disassembly 

process more manageable and cheaper. 
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Finally, the authors revised the PAMELA “3D process” (Airbus, 2008a) and proposed a 

closed loop configuration for it, which agrees with van Heerden and Curran (2010) 

approach for the end-of-life aircraft recovery processes. The main advantage of this 

approach is that it helps track and quantify the recovery process sustainability outcomes. 

Their main conclusion is that understanding and controlling end-of-life aircraft decision 

supporting models is essential to facilitating economic growth and improving health and 

societal well-being. 

Keivanpour et al. (2015c) are interest in discussing the challenges and opportunities to be 

faced by the aircraft manufacturers during their interactions with the end-of-life aircraft 

recovery processes and its stakeholders. Considering this context, the authors pose the 

following research questions: (i) “What is the role of the manufacturers in the end-of-life 

aircraft problem?”; and (ii) “What are the different opportunities and challenges of 

aircraft manufacturers concerning retired aircraft as a part of product responsibility?” 

The authors describe the end-of-life aircraft context as different from other end-of-life 

products’ recovery solutions due to the following aspects: (i) the small volume of the 

recovered materials; (ii) the condition and reliability required for the disassembled parts; 

(iii) the recertification procedures required for reusing recovered parts and materials; (iv) 

the second-hand parts market structure and procedures; (v) the complexity of treatment 

processes; and (vi) the  specific supply chain contextual relationship in the aerospace 

industry.  

In order to analyze this context and respond to these questions the referred authors 

propose a conceptual framework to support the discussion on a theoretical basis, 

considering the following elements: (i) supply chain competency; (ii) governance policy; 

(iii) aerospace industry context; and (iv) relationship in supply chain.  

The authors argue that the primary challenge in this context is the implementation of a 

green supply chain and a reverse logistics infrastructure in the aerospace industry to 

support the end-of-life aircraft recovery industry development. The current aviation 

regulations do not impose any responsibility to aircraft manufacturers for dealing with 

end-of-life aircraft in routine. Hence, their motivation to interact with that problem is 

based on corporate social responsibility image and extended product responsibility. At 

the end of this analysis, the authors propose a list of opportunities and challenges to be 

faced by the aircraft manufacturers to implement green supply chain and reverse logistics 

solutions in their operations and business models. 
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Analyzing this contribution, we can conclude that the aviation industry complexity and 

particularities, in terms of: (i) worldwide operations; (ii) regulatory frameworks diversity, 

gaps and conflicts; (iii) airlines business model alternatives; and (iv) safety and 

performance requirements for recovered aircraft parts and materials are some of the 

barriers that make challenging to implement classical solutions to the aircraft recovery 

problem, similar to the ones adopted in the automotive and electronics industries, for 

instance. 

Spoors (2016) provides a technically detailed description of the end-of-life aircraft 

recovery processes, from after the last landing to the parting-out procedures, considering 

peculiarities regarding aircraft parts removal and recertification, depollution and 

recycling challenges. The author notes that in the past the aircraft used to be retired on 

average at 30-plus years old, but nowadays the retirement age is about 20 years, and it 

has been reducing. She comments that industry average for aircraft recycling is achieving 

a rate of 80-85%, but GJD Services Ltd (a UK based aircraft recovery company) currently 

aim to achieve a recycling rate of at least 95%. That company achieved a 99% recycle 

rate for an airline. She notes that it is “an additional cost element, but larger airlines are 

willing to pay to reduce their carbon footprint as part of their corporate environmental 

responsibility.”  

Spoors (2016) also notes that due to the EU Waste Framework Directive 2008/98/EC, 

decommissioned aircraft have to comply with the end of life vehicle (ELV) legislation. 

However, she argues it is a challenging process because currently working practices 

employed in the vehicle recovery industry did not fit to the aircraft recovery industry, and 

it is hard to determine when an aircraft becomes “waste”.  

 

2.5.3 Analysis of product sustainable development 

 

The end-of-life aircraft recovery process is recognized as a transdisciplinary problem 

(Keivanpour et al., 2013) that needs to be analyzed and solved considering the 

sustainability principles putting the screws on profit-driven activities, aiming to keep their 

outcomes under evaluation and control.  Social interests, such as safety, environment 

preservation, welfare, and social development need to be sheltered by legal and regulatory 

frameworks and balanced with profitability targets. For this reason, enterprises have been 

embodying sustainability principles and practices in their policies and business models, 

respectively. The technical report named “Our common future” (also known as 
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Brundtland Report) set the sustainability principles, summarized in the following 

sentence: “Sustainable development is a development that meets the needs of the present 

generation, without compromising the ability of future generations to meet their needs.” 

Considering the application of these principles and practices in the transportation 

industry, the European Commission established the definition of sustainable transport. 

For the purposes of this research, we will focus our attention on the part of its definition 

that talks about the “need of limiting the emissions and waste within the planet’s ability 

to absorb them, using renewable resources at or below their rates of generation, and, 

uses the non-renewable resources at or below the rates of development of renewable 

substitutes while minimizing the impact on land and the generation of noise”.  

That is the context of the end-of-life aircraft recovery problem: it is necessary to solve 

the dilemma of supporting the increasing global demand of air travel and keep its positive 

effects while reducing the negative ones (Cunningham and de Haan, 2010). Between the 

adverse effects we can highlight the increasing annual rate of parked and decommissioned 

commercial aircraft, with little perspectives of returning to service, also susceptible to 

turn into serious safety, environmental and economic concerns. 

Aiming to have a broader view of the complexity of the end-of-life aircraft recovery 

problem it is useful to set a theoretical basis to discuss that problem, considering the 

contributions from other research areas, namely: Design for Environment, Reverse 

Logistics, and Recovery Processes. Firstly, a ground level approach about these issues 

will be presented. Afterward, it will be possible to recognize some intersections between 

these issues, that will enable us to correctly place the problem in the context of the 

sustainable development, considering social (people) environmental (planet) and 

economic (profit) outcomes, also known as the “sustainability 3P axis”. 

 

(a) Design for Environment  

Fiksel (2009) defines Design for Environment (DfE) [3]2as “the systematic consideration 

of design performance concerning environmental, health, safety, and sustainability 

objectives over the full product and process life-cycle.” Taking into account that the 

product life-cycle encloses its decommissioning and end-of-life phase, which justify 

efforts to design products for recovery, i.e., to develop products that are both 

environmentally compatible and commercially viable (Navin-Chandra, 1994). 

                                                 
2 [3] Design for Environment is also referred to as Eco-Design, Life-Cycle Design, and Design for Eco-efficiency. (Fiksel, 2009) 
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Complementing these understandings, Johansson (2002) highlights that DfE “is aimed at 

minimizing a product’s environmental impacts during its whole life-cycle, without 

compromising other essential product criteria, such as performance and cost.” This same 

author also notes that environmental issues in product development deem to be considered 

as an essential part of environmental concerns of the enterprises, since product 

development merges current markets, technology trends and regulatory demands into 

product characteristics. 

Airbus was the first commercial aircraft manufacturer to issue a technical report dedicated 

to show its DfE approach to be implemented in the aerospace industry (Airbus, 2008b). 

According to this report, the main drivers behind DfE implementation are: (i) compliance 

with legislation; (ii) satisfaction of stakeholders’ expectations; (iii) search for competitive 

advantage; and (iv) opportunities to reduce costs and increase values. In order words, DfE 

practices are intended to develop compatible environmental products, while maintaining 

or improving price, performance and quality standards. This report starts briefly 

discussing the main parameters of a successful DfE implementation.   

Airbus (2008b) considers that DfE encompasses a range of improved practices, such as: 

(i) Design for disassembly; (ii) Design for recycling; (iii) Design for remanufacture; (iv) 

Design for energy efficiency; (v) Hazardous materials minimization; and (vi) Compliance 

with regulations and standards. All these practices together made it possible to reach the 

following objectives: (i) optimizing consumption of materials and resources across the 

product life-cycle; (ii) reducing emissions across the product life-cycle; (iii) reducing 

energy consumption; (iv) enhancing re-usability and recycling potential; (v) minimizing 

hazardous materials consumption and final disposal; (vi) facilitating dismantling or 

recovery at the product end-of-life. Thus, the analytical tool supporting DfE is Life Cycle 

Assessment and its streamlined versions. 

Airbus (2008b) highlights the main barriers for implementing DfE in the aerospace 

industry: “The structural inertia inherent to a large and complex organization designing 

safety-critical systems will almost inevitably lead to a lengthy process of change. This 

process can only be accelerated by tougher regulations and more clear financial 

incentives for environmental actions.”  They consider it can be an effective manner to 

strengthen the business commitment, as happened to other industries, such as the 

automotive industry. These incentives may come from the regulation, derived from 

customer requirements or the results of the company policy or commitments, but they 

must be part of the design requirements at the beginning of the aircraft program. Finally, 
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they consider the application of life-cycle thinking in decision-making needs to be guided 

by appropriate tools and methods. Due to the complexity of a commercial aircraft and the 

massive supply chain demanded, the full data requirements of standard Life Cycle 

Assessment methods may not be feasible and manageable. 

Also considering specifically the context the aerospace industry, Morimoto and 

Agouridas (2009) argue that the implementation of life-cycle approaches, such as DfE, 

enable aircraft manufactures to assess and control not only the environmental impacts but 

also costs systematically, from research and development to aircraft retirement.  In other 

words, it means development efforts to improve lifecycle efficiency, because the end-of-

life costs can be reduced or overcome by revenues, due to aircraft parts reuse and 

materials recycling. Finally, these authors highlight that implementing life-cycle 

approaches in the aerospace industry depends on facing many challenges and resistances, 

that is thoroughly analyzed through their article. However, they can be all surpassed 

“getting the right products to the right market, at the right time, for the right cost.”  

 

(b) Reverse Logistics 

According to Rogers and Tibben-Lembke (1999), Reverse Logistics (RL) is the process 

of moving a product from its point of consumption to the point of origin to recapture value 

or for proper disposal. Srivastava and Srivastava (2006) propose a more technically 

detailed definition to RL, as “the process of planning, implementing, and controlling the 

efficient and effective inbound flow, inspection, and disposition, returned products and 

related information to recover value.” They also note that three drivers – economic, 

regulatory and customer pressure – drive product returns worldwide, where the volume 

of returns drive the decisions (“push” system). The referred authors also argue that 

Reverse Logistics in regulatory-driven in EU, profit-driven in the USA, and is at an 

incipient stage in other parts of the world. Thus, considering the increasing disposal costs 

and current environmental regulation, experts predict that shortly RL will play an 

important role in strategic business planning (Doherty, 1996).  

Talking about this scenario, Tibben-Lembke (1998) notes that although the regulatory 

pressure for RL may increase, the factor that will continue to motivate RL systems is the 

economic benefit that can be gained. The author also raises an interesting discussion about 

the relations between Reverse Logistics (RL) and Total Cost of Ownership (TCO). As 

explained previously, TCO is a purchasing methodology in which the goal is an 

understanding of the actual cost of buying a particular good or service from a particular 
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supplier (Dobler and Burt, 1996), which considers the analysis and accounting of the end-

of-life phase costs, as well. According to Tibben-Lembke (1998), RL is the process of 

moving products the “wrong way”, and the incurred costs should be taken into account 

in the calculation of the TCO. Therefore, these product return costs may influence the 

purchasing decision-making. Managing product returns in an effective and cost-efficient 

manner are of increasing interest in the business. It leads to profits and at the same time 

increased customer service levels and higher customer retention (Srivastava and 

Srivastava, 2006). 

Considering the aerospace industry context, this does not mean that the retired aircraft 

will be returned to its manufacturer because this industry is not currently subjected to 

“take back” directives, as is the case of the automotive and electronics industries. The 

end-of-life aircraft recovery industry is essentially a profit-driven business, which counts 

on a well-established network for disassembly, dismantling, materials recycling and 

second-hand parts distribution. The aerospace industry supply chain is fully dedicated to 

supporting the production parts and materials for new aircraft and is not currently 

prepared to manage “take back” products for reconditioning and recertification, without 

compromising the production schedules established by the aircraft manufacturers. Under 

this point of view, we may cite Keivanpour et al. (2015c), when they argue that the 

aerospace industry cannot merely apply practices and solutions of reverse logistics in 

place in other industries, considering its contextual challenges.  

Within this context, the end-of-life aircraft recovery industry demands a reverse logistics 

system that has been operated by third-party enterprises with little or no support from the 

original equipment manufacturers (OEM), whose current business models are not fitted 

to face these business opportunities without significant strategic and operational changes. 

From the customer's perspective, as noted by Tibben-Lembke (1998), we can assume that 

aircraft owners and operators can see a potential benefit in using this reverse logistics 

system, even bearing the costs of disposal to manage their end-of-life assets appropriately. 

It can turn into a significant competitive advantage, that deems to be considered by 

aircraft manufacturers and their supply chain partners. 
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(c) Recovery Processes 

Based on Navin-Chandra (1994), we assume that the recovery processes enclose all the 

operations to parting-out a retired commercial aircraft (see PAMELA project “3D 

process”), the reuse or recycling of the harvested parts and materials, and the 

corresponding safety, environmental and economic gains coming from these processes. 

This author stresses that the recovery process is a complex and defiant problem, that 

requires mathematical modeling to improve its efficiency, which also helps to find 

environmentally better product design alternatives. Anecdotally, the author affirms that 

the recovery process is like chess game: one has to be willing to lose some pieces along 

the way to reach the objective. Its optimal solution is a trade-off between cost, time and 

environmental concerns. 

Navin-Chandra (1994) poses the recovery problem as the following statement: For a 

given product or design, find a recovery plan that balances the amount of effort that is put 

in recovery and the amount of effort that is saved reusing parts and recycling materials. 

“In this way, recovery is a leverage process – one gets back or saves more than one puts 

in.” Hence, the recovery problem can also be viewed in graphical terms, where costs and 

revenues can be plotted and compared, in order to estimate the profits. During the time of 

this initial searching for publications, no articles were found discussing this subject of 

costs and revenues, in the context of the end-of-life aircraft recovery processes. The 

recovery problem, as posed by Navin-Chandra (1994), is the cornerstone to support all 

the discussions about the performance of the end-of-life recovery industry. 

 

(d) Recovery problem statement 

After this necessary review concerning Design for Environment (DfE), Reverse Logistics 

(RL) and Recovery Processes (RP), it is possible to outline intersections between them, 

and identify the main drivers, resources and variables within each intersection, which 

made possible to track and quantify their contribution to the end-of-life recovery problem 

statement. Figure 6 and the following explanation illustrate a tentative of representing this 

complexity using a more straightforward approach. 
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Figure 6 - Intersections between Design for Environment, Reverse Logistics, and 

Recovery Processes.                                                                              Source: The author 

 

The Design for Environment methodology is dedicated to the concept of a product taking 

into consideration materials, energy and labor savings at or below of the minimum 

amounts required (green design and manufacturing) to ensure that the final product in 

compliance with the applicable requirements (i.e., safety, operational performance, 

environmental and costs).  The DfE is linked to the Reverse Logistics aiming to 

effectively plan and manage the logistics pathway of the product’s “take back”. These 

objectives are only possible through a green supply chain dedicated to supporting the 

manufacturer meeting the green product requirements.  

All the decisions during the DfE phase will significantly influence the TCO during the 

product business life-cycle, which is planned to consume renewable resources at or below 

their rates of regeneration and non-renewable resources at or below the rate of 

development of renewable substitutes while minimizing impacts on the environment 

(green product). Reaching these objects depends on the level of technological 

development embodied in the green design and manufacturing process and the accuracy 

of the Total Cost of Ownership. These costs will also influence the customer’s decision 

regarding the product treatment at its end-of-life phase, i.e., when and how to plan and 

perform the product recovery processes. 

The reverse logistics and the recovery processes are linked to help to deal with the adverse 

outcomes of an unappropriated product end-of-life treatment, preventing or reducing 

undesirable outcomes to all the involved stakeholders (green end-of-life treatment). These 
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objectives are made possible only with the support of an efficient green end-of-life 

industry, with technical capabilities to perform the recovery processes. 

Thus, the recovery problem poses in the triple intersection of these sets, showing that it 

will only be a leverage process if all these conditions mentioned above are satisfied. That 

is an optimization problem, whose solution represents a trade-off between cost, time and 

environmental concerns (Navin-Chandra, 1994). It also shows the importance of 

alignment of business strategies between the major stakeholders and rethinking of their 

business models concerning sustainable development and competitiveness. That it is 

probably one of the main challenges to be faced by the aerospace and the air travel 

industries, but the analysis and treatment of these concerns are scarce in the current 

aviation literature.  

Additionally, Tibben-Lembke (1998) concludes that “although the literature agrees that 

costs of disposal must be considered in TCO, more consideration of the impacts of the 

end-of-life issues on TCO is needed.” His conclusion can be extended to say that more 

discussion is deemed to fully comprehend the effects of the implementation of the Design 

for Environment, Reverse Logistics and Recovery Processes on the commercial aircraft 

TCO analysis and accounting procedures. That is precisely the core discussion topic of 

this research effort.  

 

(e) Green supply chain management and the recovery problem 

Srivastava (2007) defines Green Supply Chain Management (GrSCM) as “integrating 

environmental thinking into supply chain management, including product design, 

material sourcing, delivery of final product to the customers, as well as end-of-life 

management of the product after its useful life.” He notes that GrSCM literature is divided 

into three streams: (i) the importance of GrSCM; (ii) Green Design (DfE); and (iii) Green 

Operations. The recovery problem is within the green operations stream and is analyzed 

considering the reverse logistics angle. The author argues that the establishment of 

efficient and effective reverse logistics is a pre-requisite for the efficient and profitable 

product recovery process. Thus, considering this research point of view, we can analyze 

the end-of-life aircraft recovery problem from green design and green operations. 
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(f) Green design and green operations in the context of the aerospace industry 

The aerospace industry operates in a heavily regulated environment, concerning safety, 

operational performance and environmental (i.e., noise and emissions) requirements. 

Besides that, aircraft buyers pressure aircraft manufacturers to design and develop aircraft 

which meet their operational standards, concerning load capacity, engine thrust, fuel 

consumption, cabin, and interior configurations, and operating costs. Meeting all these 

regulations and customers standards demands the establishment of long-term projects, 

aiming at the development of sophisticated and complex equipment and systems. The 

success of these projects demands the contracting of many specialized partners to design, 

manufacture and integrate all equipment and systems. In this context, the aircraft 

manufactures act as the main technology integrator, remaining responsible for ensuring 

that the final product complies with the applicable regulations and customers standards. 

Thus, aircraft manufacturers must establish documented quality system procedures, 

which ensure that each supplier-provided product, article, or service conforms to the 

production approval holder’s requirements, as required by FAR § 21.137(c)(1). This 

requirement imposes aircraft manufacturers the obligations of managing and assessing 

their supply chain. However, in practice, this does not mean that the aircraft 

manufacturers have direct and full control of each development decisions made by their 

partners. It shows a critical limitation to the development of the “totally green” aircraft 

design and operating concepts. Each technology developer within the aerospace supply 

chain takes its own decisions on how the applicable requirements will be met, and the 

cost-benefit of adopting green solutions. Gaps in the current regulations regarding these 

issues can be considered as “degrees of freedom”, to be appropriately used and managed 

by the industry to find the equilibrium point between meeting requirements and meeting 

production and operating costs savings, in order to satisfy both the aerospace and the air 

travel industry needs.  

All the decisions taken during these phases of design, development, integration, and 

manufacturing will set the boundary conditions for the management of the aerospace 

green supply chain, which in turn, provides support to the end-of-life aircraft recovery 

processes. 

 

(g) Green design and end-of-life research developments in the aerospace area 

Franz et al. (2012) present an interdisciplinary approach for Life Cycle Engineering 

(LCE) during the preliminary aircraft design, enabling the evaluation of costs and 
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environmental impacts of the entire aircraft life-cycle. According to them, the existing 

methods for assessing the aircraft life-cycle are focused on life-cycle costing or on 

sustainability assessment of only certain life-cycle phases, mainly the operating phase. 

Thus, they are insufficient to provide an assessment of the whole aircraft life-cycle from 

“cradle-to-grave”, concerning sustainability already in the design stage. This new 

approach was developed within the scope of the project named “Air Transport Vehicle 

Life Cycle Analysis” (ATLA). 

The LCE approach developed by Franz et al. (2012) combines the design for cost and the 

design for the environment under the consideration of technological restrains. They argue 

that the primary challenge of LCE in the preliminary aircraft design is the lack of data. 

The complexity of the processes within each life-cycle phase, the large number of 

stakeholders and the complexity of the aircraft itself with its thousands of components 

are additional challenges to be overcome to fully assess the economic, social and 

environmental impacts of the aircraft through its entire life-cycle. However, this approach 

enables to assess and compare different aircraft designs based on their impacts on 

sustainability and optimize it during the early design phase.  

Böckmann and Schmitt (2012) both belong to the research team of ATLA project and 

present a practical application of the LCE approach developed by Franz et al. (2012). 

They used the referred approach to assess the production process of a civil aircraft 

fuselage, concerning economic and environmental impacts. The results showed that 

choosing composite materials instead of aluminum for a fuselage is preferable in 

economic and environmental terms, based on the assumptions and available data. The 

authors highlight that other results are possible because the approach is sensible to 

database and assumptions. However, the approach can be applied to other aircraft 

components. The main advantage is that it enables to detail and model aircraft design and 

manufacturing decisions on a detailed technical level. 

Johanning and Scholz (2013) develop a Life Cycle Assessment (LCA), based on ISO 

14040 standards, in order to evaluate the environmental impacts of each aircraft life-cycle 

phase during its early design. They concluded that the processes occurring once in the 

life-cycle of an entire aircraft fleet have a minor influence on the environmental impacts, 

as they are distributed over all passenger-kilometers traveled by the whole fleet. In a first 

analysis, we argue that this conclusion should not be applied to the end-of-life phase, 

although the recovery processes occur only once in the aircraft life-cycle. It is a 

reasonable result for events occurring once during the operating cycle, which is not the 
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case of the aircraft recovery processes.  For this reason, we also argue that the total fleet 

must multiply the environmental effects from each end-of-life aircraft. 

Mascle (2013) proposes a methodology and a mathematical model to assess how aircraft 

manufacturers could manage design for rebirth and green supply chain decisions, 

addressing the following issues related to the end-of-life aircraft treatment: (i) incomes 

generated from spare parts and materials sales; (ii) treatment costs; (iii) compliance with 

regulations; and (iv) environmental performance. It enables manufacturers to design 

aircraft considering objectives defined by its end-of-life and its general engineering 

requirements during its early design phase. This effort results in a design approach 

focused on reducing the environmental impacts of the aircraft at its end-of-life phase. 

However, the author argues that this approach does not explicitly address the influences 

of costs and the market in the design decision-making. 

Mascle (2013) notes that Design for Rebirth aims to ease of disassembly, reuse, 

remanufacturing, upgradability and recovery, increasing the possibilities to recover 

higher values at its end-of-life phase. However, the author argues that maximizing the net 

profit of the recovered parts and materials is not always the same as minimizing the 

disassembly costs. Some low-value non-functioning parts need to be removed first, in 

order to provide access to the high-value functioning parts, and these operations may 

affect the disassembly costs. 

The author highlights that cost-benefits considerations impose a significant constraint on 

the achievability of a higher level of sustainability in the design. Using this model, the 

designer can only have a quick evaluation of the aircraft environmental performance to 

modify the project to satisfy the design requirements. 

Keivanpour et al. (2014a) develop a decision tool framework to support aircraft 

manufacturers in the early stage of design to select a portfolio of eco-design techniques 

to maximize the value perceived by all stakeholders during the aircraft physical and 

busines life-cycles. That is a conceptual work that needs further developments and 

application to actual cases of aircraft design considering economic and environmental 

performances. 

Ribeiro and Gomes (2015) propose a conceptual framework to integrate the end-of-life 

treatment into the aircraft early design stage. This concept is based on LCA principles, 

and aims to close the aircraft life-cycle loop, concerning physical product and its 

information from the end-of-life phase to the preliminary design phase. It enables the 

management of every phase and activities through the whole manufacturing and end-of-
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life phases concerning the environmental impacts. The authors note that current designers 

do not look beyond the operating phase of an aircraft when they take design decisions, 

even when adopting DfE methodologies. 

Keivanpour and Ait-Kadi (2016) propose a conceptual framework for modeling the end-

of-life phase of complex products, such as commercial aircraft, also a closed-loop 

approach based on LCA principles. It aims to contribute to the selection of the appropriate 

model for the end-of-life phase, in order to improve the recovery problem analysis and its 

solution. The framework takes into consideration the following elements or boundary 

conditions to model a complex product end-of-life phase: (i) product characteristics; (ii) 

modern context and regulations; (iii) sustainability principles and tools; and (iv) end-of-

life models defined by product experts. That framework was then enhanced and adopted 

as the basis of a mathematical model developed by Keivanpour and Ait-Kadi (2017), to 

be applied to the end-of-life aircraft recovery problem. The authors established an expert 

panel to propose end-of-life aircraft models. The experts’ opinions were collected and 

treated using fuzzy approaches, aiming to make possible the comparison between 

different end-of-life aircraft models, considering strategical, operational, tactical and 

sustainability aspects of end-of-life management. The authors recognize that further 

researches in this area are needed to test the proposed model in the context of other 

industries. 

Sabaghi et al. (2016b) note that every year, hundreds of aircraft remain parked in airfields 

with no appropriate treatment, mainly due to the lack of proper design for end-of-life. 

This context highlights the importance of considering disassembly aspects at the time of 

retirement during the early design phase. Considering disassembly as a multi-criteria 

decision-making problem, the authors developed a mathematical model to determine 

which disassembly criteria are more critical and need to be primarily during the early 

design. Five technical disassembly parameters were initially considered: (i) accessibility; 

(ii) mating faces; (iii) tools types; (iv) connections types; and (v) quantity and variety of 

connections. The results showed that “accessibility” and “quantity and variety of 

connections” are the most significant ones who can profoundly influence the disassembly 

tasks. Paying attention to these findings, aircraft designer can design more natural 

disassembly hierarchies and tasks, at lower costs, improving the recovery processes 

performance. 

Keivanpour et al. (2017b) propose a holistic approach to end-of-life aircraft treatment, 

considering lean management, sustainable development, and the global business 
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environment. According to the authors, three significant challenges must be faced by the 

aerospace industry to deal with the economic, environmental and social concerns coming 

from the retired aircraft problem: (i) the literature on end-of-life aircraft treatment is not 

productive and well developed; (ii) the classical frameworks for logistics networks of 

product recovery are not entirely applicable to the aerospace industry context; and (iii) 

low availability of costs and technical data. 

The authors also develop a multiple objective mixed-integer a nonlinear programming 

model to simulate feasible solutions for the end-of-life recovery problem. Running this 

model with the support of a user-friendly interface, the end-of-life aircraft problem owner 

and other stakeholders can have access to useful information about costs, environmental 

impacts, and social benefits, in order to support its decision-making process regarding the 

most cost-effective solution for the end-of-life aircraft recovery problem.  

 

2.5.4 End-of-life aircraft recovery strategies – mathematical modeling and performance 

evaluation 

 

The following studies were summarized to show that the current researches involving 

mathematical models are dedicated to developing algorithms aiming to improve planning 

and efficiency of the disassembly process, i.e., to reduce its time-consume, labor demand 

and related costs. Neither of these models takes into consideration DfE or DfD 

methodologies because they are not yet fully embodied in the existing aircraft 

disassembly and dismantling procedures. They analyze the disassembly procedures, as 

established by the aircraft maintenance manuals, to generate the most efficient 

disassembly strategy. 

Latremouille-Viau et al. (2010) develop a mathematical model to optimize the 

profitability of the end-of-life aircraft dismantling process. The model is focused on 

determining which airframe part must be sheared and sorted before shredding it and the 

airframe parts that must be directly shredded, aiming to get a higher valorization from the 

aluminum recycling. This model does not depend on disassembly sequence generations 

and disassembly planning methods, which reduces the time consuming to run the model 

and makes more natural its alteration to a specific aircraft. 

Siles (2011) also develop a mathematical model to assist aircraft dismantling enterprises 

in organizing their operations considering different dismantling scenarios, depending on 

the aircraft delivery date, know-how, tools, available technologies, costs and revenues 
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related to the disassembly and sell off parts and materials. The objective is maximizing 

the profits while respecting the selected constraints. Thus, the model proposes for each 

aircraft the dismantling scenario to be performed, as well as the aircraft to be scrapped to 

free up space at each date. 

Camelot et al. (2013) develop a mathematical model dedicated to obtaining an optimized 

and rational disassembly approach. The model analyzes all the maintenance tasks within 

the Aircraft Maintenance Manual (AMM) that are required to disassembly reusable parts 

and arrange them together, considering execution zone and tasks preparation criteria, in 

order to produce a structured and organized parts disassembly strategy. Organizing the 

disassembly operations using these model outputs can result in reducing workforce, time-

consuming and costs of disassembly. Mascle et al. (2015) applied this model to a case 

study to provide the optimized disassembly approach to the aircraft Bombardier model 

CRJ100. 

Sabaghi et al. (2015) argue that a full disassembly, dismantling and shredding an aircraft 

is not economically or environmentally feasible. Considering this constrains, the authors 

develop a mathematical model to select the best disassembly and dismantling strategies, 

concerning sustainability parameters and scores. A total of eight strategies currently used 

by Bombardier to disassembly and dismantling its regional jets were analyzed, 

considering ten different risk scenarios. The results showed that in risky environmental 

scenarios, “systematic disassembly” and “smart disassembly” are preferable, while in 

economic and social risky scenarios “shredding” and “smart shredding” are the ones 

preferable, respectively. 

Dayi et al. (2016) propose a lean-based process planning for aircraft disassembly aiming 

to improve the recovery of parts.  The mathematical model was conceived to establish a 

sequence of disassembly tasks minimizing changing the working zone and displacements 

while maximizing the number of tasks per working zone. This model resulted in the 

reduction of delays and time-consuming, provided a continuous stream of the sequence 

of disassembly tasks, and improved efficiency and quality. 
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2.5.5 Total cost of ownership fundamentals 

 

(a) Total cost of ownership in the purchasing literature 

Based on the discussions about the recovery problem statement, as presented in 

subsection 2.5.3(d), we can argue that its solution will influence the dynamics of the costs 

incurred during the end-of-life phase of a specific product. This solution must be: (i) 

feasible and affordable, concerning the available technological resources; (ii) admissible 

and controllable, regarding the environmental and social impacts; and (iii) value 

extractable or profitable for its stakeholders. Such a context points out the importance of 

improving products design during its early phase, considering all measurable and 

controllable impacts coming from their development, production, operating and 

retirement phases (i.e., total life-cycle). 

According to Asiedu and Gu (1998), over 70% of the total life-cycle cost (or TCO) of a 

product is committed at the early design phase, what put designers in a favorable position 

to make efforts to reduce the total life-cycle cost. They note that the increasing recognition 

of cost competition has pushed the development of a wide variety of methodologies in 

the Design for “X” realm, among which we can include the Design for Environment 

(Fiksel, 2009) and Design for Rebirth (Mascle, 2013). However, Asiedu and Gu (1998) 

argue that these methodologies are not cost-driven, although most of them are successful 

in reducing costs. Thus, the authors highlight that methodologies and tools are needed to 

provide cost information to designers. They argue that Life Cycle Costing (LCC) analysis 

provides a framework to estimate the costs of developing, producing, operating and 

retiring a specific product.  

The concept of Life Cycle Costing receives many names in the current literature, such as: 

Life Cycle Costing (Kaufman, 1969; Jackson and Ostrom, 1980; Dhillon, 2010); Cost-

based supplier performance evaluation (Monckza and Trecha, 1988);  All-in-costs (Burt 

et al., 1990); Product life-cycle costs (Shields and Young, 1991; Asiedu and Gu, 1998); 

Total Cost (Cavinato, 1991, 1992); and Total Cost of Ownership (Ellram, 1993, 1994, 

1995; Ellram and Siferd, 1993, 1998; Ferrin and Plank, 2002). According to Ferrin and 

Plank (2002), all these concepts are related. For this research, we adopted the term Total 

Cost of Ownership (TCO) because it is a border concept than Life Cycle Costing, which 

is a subset of TCO activity and generally neglects the pre-transaction costs (Ellram, 1995). 

Considering Dhillon (2010) valuable contributions to this issue, we can conclude that Life 
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Cycle Costing also neglects the end-of-life phase costs. Thus, our choice is also justified 

by our interest in having a clear picture of the: (i) pre-transaction costs components 

incurred during the aircraft early design phase, due to the embodiment of Design for 

Environment methodologies; and (ii) post-transaction costs components incurred during 

the aircraft retirement phase, due to the end-of-life aircraft recovery processes.  

Although our focus in this research is limited to these two above mentioned cost 

components, it is important to highlight that the TCO of a commercial aircraft 

encompasses the costs incurred during all the aircraft life-cycle phases. This issue will be 

further discussed in the Research Methodology section of this research.  

Jackson and Ostrom (1980) note that only minimal attention is dedicated to LCC in the 

purchasing literature, although it is an important concept, which allows the purchaser to 

identify, quantifying and evaluating all the costs associated with the ownership of a 

product. According to them, “it attempts to overcome the fallacy of considering only the 

initial costs and ignoring other costs which may account for a substantial proportion of 

the total costs of a product throughout its useful life.” The authors also present a useful 

and simplified eight steps procedure to calculate the TCO, that could be used as a primary 

approach for the TCO calculation of a complex product, such as a commercial aircraft. 

Ellram (1994) presents many benefits of implementing TCO analysis in the purchasing 

decision-making process. Some of these benefits can be analyzed considering the context 

of the commercial aircraft buyers, as follows: (i) it provides an excellent framework to 

evaluate aircraft manufacturers; (ii) it provides excellent data for comparing aircraft 

manufacturers performance; (iii) it requires purchasing decision-makers to develop an 

awareness of the most significant non-price factors that contribute to an aircraft TCO; (iv) 

it identifies where aircraft manufacturers should focus their product’s efficiency 

improvement efforts; (v) it helps identifying cost savings opportunities; and (vi) forces 

commercial aircraft buyers to look at internal issues, how their 

requirements/specifications may actually increase costs.  

Ellram (1994) also presents many barriers to TCO implementation. The most significant 

ones are related to resource issues, such as: (i) lack of readily accessible data to support 

efforts/lack of systems; (ii) labor-intensive to develop and support; (iii) lack of resources 

to develop, implement and maintain. Considering the context of the commercial aircraft 

buyers again, the lack of readily accessible data to support efforts for implementing 

aircraft TCO analysis can be assumed as the primary challenge, because they depend on 
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the aircraft manufacturers or on their operating expertise to gather input data to feed their 

analysis. 

Considering also the increasing pressures of the public interest and regulations on the 

environmental and social impacts coming from the end-of-life treatment of complex 

assets, such as vehicles and aircraft, commercial aircraft owners and operators need to 

take into account the dynamics of the costs incurred during the end-of-life aircraft 

treatment and include them in their TCO analysis. Knowing these end-of-life costs, 

aircraft owners and operators can plan and profitably manage this phase, throughout an 

appropriated recovery process. Revenues coming from the resale of the aircraft second-

hand parts and materials can overcome disassembly and dismantling marginal costs (van 

Heerden and Curran, 2010), making the recovery process a leverage process (Navin-

Chandra, 1994). 

Ferrin and Plank (2002) present an exploratory study about TCO models. After analyzing 

the current literature on TCO models and point out their limitations, the authors propose 

a TCO model based on a core set of cost drivers, along with an auxiliary set of cost drivers. 

They adopted the concept of cost driver as proposed by Geiger (1999): “… another 

measure that is used to distribute the cost of activities to cost objectives proportionally.” 

Considering the purposes of this research, we can highlight that the following set of cost 

drives are of interest: (i) product design costs; (ii) out-of-service costs; (iii) depreciation; 

(iv) final disposal value; (v) final disposal costs; (vi) scrap; and (vii) obsolescence costs.  

 Another cost driver that can be included in this list are the reverse logistics costs, as noted 

by Timbe-Lembke (1998) because it also has a significant impact on the TCO calculation. 

With the increasing disposal costs and environmental regulations, manufacturers are 

interested in what happens to their products at the end of their business life-cycle. 

Investing in reverse logistics can improve the value extraction of the end-of-life products 

in many ways, considering the second-market opportunities for remanufactured products, 

parts, and materials. Considering this context, the author cites Doherty (1996), 

highlighting that “… in a near future reverse logistics will play an important role in the 

strategic business planning”. 
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 (b) Aircraft total cost of ownership 

Dhillon (2010) argues that in the global economy and due to various market pressures, 

the acquisition decision-making of many engineering systems cannot be based solely on 

the procurement cost, but in their life-cycle costs, which can range from 10 to 100 times 

the original acquisition cost. The author gives essential contributions to the calculation of 

the total cost of ownership (TCO) of many types of engineering systems and complex 

assets, including aircraft, but his approach does not consider the end-of-life phase costs. 

This gap will be analyzed and fulfilled during the Research Methodology section of this 

research. At this point, it is important to highlight that the literature regarding aircraft 

TCO is scarce.  

Johnson (1990) notes that between 70 to 80% of the LCC of a commercial aircraft is 

committed during its early design phase, when very little money has been spent. For this 

reason, the author notes that is necessary to weigh the merit of decreases in the operating 

costs against the increase in the acquisition cost and vice versa. He proposes a 

methodology that makes it possible to identify an aircraft concept that will meet the 

mission requirements and have the lowest TCO. His mathematical model is focused on 

the acquisition and operating costs, which are the principal components of the TCO, and 

no consideration of end-of-life treatment costs is made. 

Castagne et al. (2004) develop a methodology to estimate the TCO of the early design of 

the fuselage panels that comprise the main fuselage structure of a typical regional jet. The 

mathematical model is also limited to consider performance requirements, design 

configuration, and manufacturing cost, in order to generate a solution that minimizes the 

direct operating costs to the airline operator. Thus, the mentioned model does not consider 

end-of-life treatment costs. 

Curran et al. (2005) also develop a methodology to apply design for manufacturing and 

assembly principles to the early design of airframe structures. Its mathematical model is 

dedicated to achieving the simplest structural configuration that meets the system 

requirements, concerning structural integrity, aerodynamic performance or additional 

functionality. The main contribution of this model is identifying and modeling key drivers 

that can be related to the costs of design, production, and operation. Once again, end-of-

life treatment costs are out of the model decision scope. 

Thokala (2009) proposes an aircraft TCO model to estimate based on the total product 

costs breakdown structure proposed by Asiedu and Gu (1998), which considers: (i) 
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research and development costs; (ii) production and construction costs; (iii) operating and 

maintenance costs; and (iv) retirement and disposal costs. However, the model is applied 

only to the case study of a generic unmanned air vehicle. 

Based on this brief literature review about aircraft TCO we can conclude that the current 

literature has a gap of detailing the end-of-life treatment costs, which is the focus of this 

research. 

 

2.5.6 Aircraft appraisal, trading and accounting procedures 

 

Commercial aircraft are considered a production asset whose valuation process is quite 

complex, due to a broad scope of technical, economic, financial, and market factors which 

affect its market value during each phase of its life-cycle. This valuation is performed by 

skilled and experienced appraisal companies and professionals, entirely dedicated to 

commercial aircraft appraisal and trading. These companies also provide consulting to 

aircraft owners and operators regarding aircraft pricing, depreciation and accounting 

procedures. 

These are essential activities for the air travel industry because they set parameters for 

pricing both new and second-hand aircraft markets, influencing the aircraft buyers’ 

behavior and decisions. The air travel industry cyclic demand also influences these 

stakeholders’ timing decisions of investing or divesting in fleet capacity, in order to 

respond to current and anticipated demands. These cycles are the driving forces behind 

the airlines and investors decisions regarding decommissioning or recommissioning their 

aircraft, which in turn affect the aircraft appraisal and trading trends. 
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(a) Aircraft appraisal and trading 

Before discussing the procedures regarding commercial aircraft valuation, it is essential 

to consider its life-cycle program, as shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on both Clark (2007) and Fiksel (2010) interpretations regarding commercial 

aircraft projects and products life-cycle, respectively, we may claim that commercial 

aircraft are subjected to a dual life-cycle: (i) physical life-cycle: period during which the 

aircraft can be airworthy, but beyond a certain point the investment required to extend its 

physical life is no longer justified (i.e., end of physical life-cycle);  and (ii) business life-

cycle: period during which the aircraft is expected to be profitably operated, but beyond 

a certain point the total cost of ownership (mainly the direct operating costs) is higher 

than the expected profits (i.e., end of business life-cycle), where is our primary interest in 

this research. 

As well as any other production asset, the market value of a commercial aircraft varies 

through its life-cycle, influenced by many factors that will be discussed here. However, 

it is generally accepted in the air travel industry that aircraft value means different things 

to different people. Airlines analyze an aircraft based on the present value of its operating 

profits expected over its life-cycle. By their turn, aircraft investors analyze an aircraft 

considering the present value of the lease income and the capital gains from the sales of 

the aircraft (Ackert, 2012). An account will think of the aircraft regarding its “book 
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Figure 7 - Typical commercial aircraft life-cycle program.    Source: Clark (2007) 
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value”. An aircraft trader will consider its “fair market value” under prevailing market 

conditions (Clark, 2007). 

Ackert (2011) presents a detailed discussion of the technical terminology standardized by 

International Society of Transport Aircraft Trading (ISTAT) and used by the majority of 

the aircraft appraisers, aiming to establish different nuances of an aircraft market value, 

which depends on the purpose of the aircraft appraisal. However, we will focus our 

attention on the residual value that a commercial aircraft retains at the end of its business 

life-cycle, which means its market value as an “as is” flying transport vehicle.   

Generally, the first option is trying to remarket the parked aircraft, either as a passenger 

aircraft for second or third tier operators or converting it into a cargo configuration. In 

some circumstances, the used aircraft remarketing may not be cost-effective, and its 

market value can be lower than the total value of its main marketable second-hand parts 

for reuse in the active fleet, such as engines, landing gears, and other equipment, and also 

as a source of valuable materials for the recycling industries. At this point, the aircraft is 

said to have reached its salvage or parting-out value, when its owner or operator decides 

to decommission and parting the aircraft out to resell its parts and materials. In the end, it 

can be considered a value retention issue that drives the stakeholders’ decision. 

Clark (2007) establishes a set of fourteen factors influencing the aircraft residual value, 

after what the author comments that “a good knowledge of residual value can help an 

airline determine the optimum time to introduce an aircraft into the fleet and can help in 

the construction of a financing package.” Something similar can be said of the airline 

decision about withdrawing an aircraft from the active service to extract the maximum 

value from its remarketing or parting-out. Ackert (2011) claims that aircraft market values 

can be affected by manufacturer, aircraft and market determinant factors. Ackert (2012) 

notes the aircraft value retention factors can be divided in market-driven and 

performance-driven factors. 

Considering both Clark (2007) and Ackert (2011, 2012) contributions, we can argue that 

there are four categories of factors influencing the aircraft residual value:   

 

(1) Technical 

(i) Aircraft age: It can explain something like 50% or more of the value of an aircraft. 

However, similarly, aged aircraft can have very different prices, considering their 

maintenance status, for example. 
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(ii) Production line position: early production and tail end units tend to have reduced 

values, comparing to mid-to-late units, due to higher operational costs and 

competition against newer technology aircraft, respectively. 

(iii) Production status or production runs: As soon as an aircraft production line closes, 

due to newer models launching or manufacturer demise, then the residual value is 

impaired. Long production runs tend to enhance the aircraft residual value. 

(iv)  Aircraft specification: Gross weight configuration, engine configuration, cabin 

and flight deck configurations. Usually, generic configurations have higher prices 

than specific configurations. 

(v) Aircraft commonality: Aircraft belonging to a family with similar technology hold 

their value better than specific or customized units. 

(vi)  Flexibility: Aircraft which can be more easily deployed in alternative regions and 

markets are more attractive if conditions change. 

(vii) Aircraft technical condition: low mileage or less cycled and well-maintained 

aircraft, with appropriate maintenance records (airworthy condition), usually reach 

higher prices in the market.   

(viii) Stability of the manufacturer: It ensures long-term support to the aircraft 

operation, which brings stability to its market value.  

 

(2) Economic 

(i) Inflation: Trends in residual values are more apparent with inflation removed from 

the context. Keeping inflation in the residual value forecast means that the value of 

inflation also needs to be forecasted. 

(ii) Interest rates: When the interest rates are high the pricing of second-hand aircraft 

usually rises, as well to help recover the higher costs of financing or leasing 

incurred. 

(iii) Economic growth: The demand for new aircraft tends to be higher during economic 

booms, and the second-hand aircraft have higher demands during economic 

downturns. 

(iv)  Aircraft economic performance: Efficient aircraft tend to reach higher values in the 

market than less efficient aircraft. Aircraft efficiency primarily depends on 

extraneous factors, such as maintenance costs and fuel prices. 

(v) Aircraft operating history: The kind of operations will determine its wear level 

suffered by the aircraft, which impacts its residual value.  
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(vi)  Aircraft profits margins: Each airline operates the aircraft according to its business 

model, and the kind of operations will determine how much profit can be done, 

taking into account its past usage and current technical condition. 

(vii) Air traffic growth: It will determine the level of utilization of the aircraft fleet, and 

aircraft market values usually increase during high demand periods. 

 

(3) Financial 

(i) Pricing strategy: If the aircraft manufacturer deep discounts strategy persist the 

residual values will not return to their historical levels relative to the appraised base 

values. 

(ii) Depreciation, base value and loan payments: An aircraft base value and the 

depreciated book value can be entirely different. Most of the air travel industry 

adopts the straight-line method depreciation. Also, the market value of an aircraft 

may be either below or above the repayments owed on the aircraft, depending on 

the type of repayment scheme adopted. 

(iii) Aircraft financing environment: The aircraft manufacturers and airlines both 

depends on credit markets to finance their production activities. During economic 

downturn periods, these credits can be reduced, denied or reach higher costs, due 

to the increased risks. These conditions may impair the balance between the market 

value of new and used aircraft.  

 

(4) Market 

(i) Price of new aircraft: New aircraft generally set the ceiling on market value, 

especially if the prices are stable. 

(ii) Significant fleet re-equipment policies: If a large airline implements a major re-

equipment program, this could result in the sudden increase of an individual aircraft 

model availability, depressing its market value.  

(iii) Aircraft secondary market prospects: Conversion to cargo configuration is the 

largest market for used passenger aircraft. Another valuable alternative is parting 

the aircraft out, in order to resell its parts and materials. 

(iv)  Market conditions: Actual residual values will be closer to the base value in normal 

market conditions. 

(v) Market liquidity or market penetration: Appraisers will consider the number of 

active aircraft and on order (backlog), the number and type of operators and its 
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geographical distribution, and also the breadth of the manufacturer’s product line, 

in order to set aircraft market values.  

(vi)  Surplus/Shortage: In valuation terms, shortages of aircraft (i.e., strong market 

conditions) drive values up, and surplus (i.e., weak market conditions) push values 

down. 

Considering all the above mentioned technological, economic, financial and marketing 

factors influencing the aircraft residual value we can assume that aircraft parking, market 

relocation, retirement and decommissioning decisions can quickly turn into a multi-

criteria problem. Many of these factors, such as commonality and flexibility are difficult 

to quantify, in order to turn into an input of the mathematical model, which suggest the 

adoption of a fuzzy modeling approach as a trial to overcome this limitation. For this 

research, we will establish a mathematical model for the end-of-life aircraft treatment 

decision-making process considering only the aircraft age and its maintenance conditions, 

concerning engines and landing gear “green time”, as will be detailed in the Research 

Methodology section.  

 

(b) Aircraft accounting procedures 

 

According to IATA (2016b), “the high value of aircraft assets carried on the balance 

sheet coupled with the earnings volatility in the air travel industry has historically 

exposed airlines to potential asset impairments. That creates further accounting 

complexity and requires judgment in estimating the recoverable value of assets.” For this 

reason, IATA establishes the International Accounting Standards, called IAS 16 – 

Property, Plant and Equipment, aiming to support airlines with clear accounting 

principles. Applying them also demand judgments regarding the aircraft economic life 

and its residual value, to be revisited each reporting period. 

IAS 16 requires an asset to be decomposed into components. The level to each component 

should be decomposed on the extent to which they have similar economic life or 

consumption profiles. Each airline set its criteria for doing this, such as adopted by 

Lufthansa Group 2014 Annual Report: “Reparable spare parts for aircraft are held at 

continually adjusted prices based on the average acquisition costs. For measurement 

purposes, spare parts are assigned to individual aircraft models and depreciated on a 

straight-line basis depending on the life phase of the fleet models for each they can be 

used.” Thus, depreciation rates for individual components are determined by estimating 
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economic life and residual value, and this rate depends on a number of factors, such as: 

(i) intended life of the fleet type being operated; (ii) estimate of the economic life from 

the manufacturer; (iii) fleet deployments including timing to fleet replacements; (iv) 

changes in technology; (v) repairs and maintenance policies; (vi) aircraft operating 

cycles; (vii) prevailing market prices and trend in price of second-hand and replacement 

aircraft; (viii) aircraft-related fixed assets depreciation rates; (ix) treatment of idle assets; 

and (x) distinction between fleet types. 

IATA (2016b) also notes that business life-cycle and residual values of the existing 

aircraft fleets have been increasingly impacted by the “new generation” aircraft, which 

have reduced operating costs. That is causing older aircraft earlier retirement, accelerating 

their depreciation rates to the residual value over a shorter remaining business life-cycle. 

There is a sensible divergence in business life-cycle and residual value assumptions 

adopted by different airlines, depending on their fleet utilization plans and business 

models. Typically, aircraft are depreciated over 15 to 25 years with the residual value 

ranging from 0 to 20%. The straight-line depreciation method is mostly used. Small 

changes in business life-cycle and residual value can have significant impacts on the 

profits or loss during a specified period. Some airlines are used to assign a zero-residual 

value at the initial capitalization and then adjust his rate accordingly when a reasonable 

scrap value can be estimated. 

In practice, we can have an idea of the financial impacts of the aircraft depreciation for 

an airline, considering Lufthansa Group 2014 Annual Report: “Impairment losses of EUR 

137m were recognized the previous year. EUR 124m of the total was recognized for a 

total of 44 aircraft either available for sale or to be decommissioned successively in line 

with current corporate plans and which were written down to fair value fewer costs to 

sell.” 

This brief discussion about aircraft accounting procedures is useful to highlight the 

importance and magnitude of the aircraft parking, market relocation, retirement and 

decommissioning policies and practices into the airline financial results. An appropriated 

fleet management, which includes depreciation procedures effectiveness, can turn end-

of-life fixed costs and financial losses into attractive revenues, if the airline takes the 

parking , market relocation, retirement and decommissioning decision in a timely manner, 

aiming to extract value from the end-of-life aircraft through the recovery process (Navin-

Chandra, 1994; van Heerden and Curran, 2010; and Keivanpour et al. 2015c). 
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2.5.7    Aircraft retirement and storage trends 

 

Forsberg (2015) notes that historical patterns show that the ability of owners and operators 

to return stored aircraft to the active service is significantly reducing as time passes. That 

can be explained by the increasing technical costs of recommissioning a retired aircraft 

beyond a stored period of two years, which can reach USD 1.5m for narrow bodies and 

USD 3.5m for wide bodies. Over the past 20 years, only 1,200 aircraft out of 18,000 were 

returned to service after more than two years of being parked. According to the referred 

author, a wide range of factors continues to influence the pattern of aircraft retirement 

and fleet replacement, raising essential questions to the air travel industry: (i) “Have the 

approaching technology transitions in all three aircraft size categories started to impact 

retirement patterns?”; (ii) "Is the business life-cycle of the current aircraft generation 

types getting shorter than before?"; (iii) “Will the current lower oil price environment 

result in more aircraft being brought out of storage?”; and (iv) “Will retirements of older 

fleets be deferred at the expense of new deliveries?”  

Analyzing aircraft retirement trends in 2014, Forsberg (2015) presents the following 

results for the three aircraft size categories, as shown in Table 3. 

 

Table 3 - Aircraft average age at retirement for the three aircraft size categories.    

Source: Forsberg (2015) 

Aircraft size category Average age at 

retirement (years) 

Regional jets 12,2  

Narrow-body jets 26,6  

Wide-body jets 24,6  

 

 

Their specific operational profile can explain this significant difference in the average 

age at retirement between regional jets and narrow or wide-body jets. While a wide-

body is typically submitted to one or two cycles during 16 flight hours per day, 

considering its long-haul operations, a regional jet can usually perform from three to six 

cycles, considering its short-haul operations. Thus, a high-cycled regional jet tends to 
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be retired earlier than the narrow body and wide-body jets, due to the increasing costs 

of aging inspections and maintenance procedures affecting the aircraft structure, engine 

performance restoration, and landing gear overhaul procedures. 

Forsberg (2015) analyzes the aircraft fleet retirement trends considering what he calls 

the “retirement waves”, just as follows: 

(1) First wave fleet retirement – They are the oldest remaining fleet populations, 

composed by the narrow bodies Boeing 727, DC-9, Fokker F28, Boeing 737-

100/200, and the wide bodies Lockheed L-1011, Boeing 747-100/200/300, and DC-

10. We may argue that they are not economically attractive for the recovery 

processes because their entire inactive fleets correspond to 86% of the delivered 

units, which reduces the size of the second-hand market for their reusable parts 

significantly. Two-thirds of the active fleet has an average age of 36 years and are 

cargo configuration converted (freighters).  

(2) Second wave fleet retirement – They correspond to the most recently out of 

production models or long-lived programs, composed by the narrow bodies BAe 

146, MD-80, Boeing 737 Classic, Fokker 70/100, MD-90, BAe Avro RJ, Boeing 

757, Boing 717, and the wide bodies Airbus 300, Airbus 310, Boeing 747-400, 

Boeing 767, MD-11. We can assume that they are economically attractive for the 

recovery processes because their entire inactive fleets correspond to only 27% of the 

delivery units, what represents a broader second-hand market for their reusable parts 

and valuable materials for recycling purpose. Their average age is about 21.7 years 

at the retirement. 

(3) Third wave fleet retirement – They are the currently in production models. They are 

composed by the narrow bodies A320 family and Boeing 737NG, and the wide 

bodies Airbus A330, Airbus A340 and Boeing 777. We can argue that they represent 

a massive potential for the recovery processes for the next decades because only 3% 

of the delivered units are currently retired. Their average age is about 7.6 years at 

the retirement. We can also include the EMBRAER E-jets E1 family and the Airbus 

A380 in this list because some of  their operators (i.e., JetBlue Airways and 

Singapore Airlines, respectively) have just announced the retirement of these models 

between 2018 and 2020, just ten years after their entry into service.  

 

Finally, Forsberg (2015) analyzes in detail the context of the Airbus A320 family and 

Boeing 737NG family retirement trends, due to their worldwide market penetration and 
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liquidity advantages. At the end of his report, the referred author presents important 

conclusions about aircraft retirement trends, which are useful guidelines for aircraft 

owners, operators, and aircraft recovery industry companies. 

The primary commercial aircraft manufactures also publish their global market forecasts 

considering new aircraft deliveries and retirements for the period 2017-2037, as outlined 

in Table 4. 

 

     Table 4 - Commercial aircraft projected deliveries and retirements 2017-2037. 

Current 

fleet 

(2017) 

New 

aircraft 

deliveries 

(2017-2037) 

Retirement 

(2017-

2037) 

Retained 

(2017-

2037) 

Growth 

(2017-

2037) 

Total 

fleet 

(2037) 

 

Source 

24,400 42,730 18,590 5,810 24,140 48,540 Boeing 

(2018) 

21,453 37,389 12,415 9,038 26,534 47,987 Airbus 

(2018) 

 

 

2.6    Synthesis 

 

2.6.1    Principal contributions and gaps 

 

The primary purposes of this structured literature review were: (1) identify the principal 

contributions to the analysis and solutions of the end-of-life aircraft recovery problem, 

showing its relevance as a research theme; and (2) highlight the research gaps which 

justify further investigations and solutions. Considering these purposes, we can 

summarize our initial findings as presented in Tables 5 and 6. 
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Table 5 - Literature review principal contributions.    Source: The author 

Principal contributions Reference 

subsection 

The increasing worldwide number of retires aircraft is dne of the primary adverse outcomes from 

the air travel industry growth, considering its forecast rates for the next decades. 

2.5.1 

The implementation of a worldwide aircraft recovery industry is a feasible and sustainable 

solution to cope with the safety, environmental and economic risks related to end-of-life aircraft 

problem. 

2.5.1 

The significant energy savings and emission reductions are, respectively, the main economic and 

environmental drivers of the efforts and investments in R&D in aerospace aluminum alloys and 

carbon fiber recycling processes.  

2.5.2 

The end-of-life aircraft recovery problem requires a closed loop approach to be appropriately 

managed, aiming to deal with its safety, environmental and economic outcomes. 

2.5.2 

The current end-of-life treatment policies and procedures, such as those established by Directive 

2000/53/EC (End-of-Life Vehicles) cannot be directly applied to the treatment of the retired 

commercial aircraft. 

2.5.2 

There are important processes and drivers in the intersections between Design for Environment, 

Reverse Logistics, and Recovery Processes, which need to be identified and analyzed, in order to 

appropriately pose and treat the aircraft recovery problem. 

2.5.3 

The end-of-life aircraft recovery is a leverage process, i.e., it generates more value to its 

stakeholders than they need to invest in operating and managing these processes, considering the 

revenues from the second-hand parts and the valuable recycling materials remarketing. 

2.5.3 

Gaps in the current aviation regulations regarding end-of-life aircraft and Design for 

Environment can be considered as “degrees of freedom”, to be appropriately used and managed 

by the industry to find the equilibrium point between meeting requirements and meeting 

production and operational costs savings, in order to satisfy both the aerospace and the air travel 

industry needs.  

2.5.3 

The current researches involving end-of-life aircraft problem mathematical models are dedicated 

to developing algorithms aiming to improve planning and efficiency of the disassembly process, 

i.e., to reduce its time-consume, labor demand and related costs. Neither of these models takes 

into consideration Design for Environment or Design for Disassembly methodologies, because 

they are not yet fully embodied in the existing aircraft disassembly and dismantling procedures. 

2.5.4 

The Total Cost of Ownership (TCO) was adopted to consider all the costs incurred during the 

whole aircraft business life-cycle, but we are specifically interested in having a clear picture of 

the: (1) pre-transaction costs components incurred during the aircraft early design phase, due to 

the embodiment of Design for Environment methodologies; and (2) post-transaction costs 

components incurred during the aircraft retirement phase, due to the aircraft recovery processes.  

2.5.5 

The reverse logistics costs (i.e., infrastructure and processes) have an essential impact on the 

TCO of a product that reaches the end of its business life-cycle. 

2.5.5 

The commercial aircraft appraisal, trading and accounting procedures are quite complex, 

affected by many technical, economic, financial and market factors. Its market value at retirement 

decision time and during the parking period will be decisive to the owner or operator, influencing 

their decision about remarketing the aircraft or sending it to the parting-out processes. 

2.5.6 

There are three waves of aircraft fleet retirement: (1) the oldest aircraft models; (2) the recent 

out-of-production or long-lived aircraft models; and (3) the currently in production aircraft 

models. This last group, which include the Boeing 737 and Airbus A320 families, is the most 

promising one, concerning value extraction at the end of the business life-cycle, due to their 

market penetration and liquidity advantages. 

2.5.7 
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Table 6 - Literature review principal gaps.   Source: The author 

Principal research gaps Reference 

subsection 

There is a lack of performance indicators developed to measure the efficiency and the 

effectiveness of a feasible and sustainable end-of-life aircraft recovery industry. 

2.5.1 

2.5.2 

There is a lack of R&D development efforts dedicated to the aerospace aluminum alloys 

and carbon fiber recycling processes. 

2.5.2 

There is a lack of directives/regulations (i.e., policies and procedures) dedicated to 

organizing and framing the end-of-life aircraft treatment context, aiming to establish 

the aircraft manufacturers, owners, operators, and the other stakeholders' 

responsibilities. 

2.5.2 

There is a lack in the literature regarding an appropriate dialogue between the recovery 

problem and existing related methodologies as green design, green manufacturing, and 

complex products final disposal treatment. 

2.5.3 

There is a lack of conceptual approaches and mathematical models dedicated to 

analyzing and treating the complexity of the embodiment of Design for Environment to 

the commercial aircraft early design, aiming to maximize the value extraction at the end 

of its economic life- cycle.  

2.5.4 

There is a lack of comprehension about the Total Cost of Ownership components 

relating to the costs of the embodiment of the Design for Environment in the commercial 

aircraft early design phase and the costs at the aircraft end of business life-cycle. 

2.5.5 

 

 

For the purposes of this research we direct our efforts to: (1) present a conceptual 

approach to discussing the complexity of the embodiment of Design for Environment 

to the commercial aircraft early design; and (2) provide detailed comprehension about 

the Total Cost of Ownership components relating to the embodiment of the Design for 

Environment in the commercial aircraft early design phase and to the end-of-life aircraft 

phase. We consider that these contributions will be useful to best support aircraft owners 

and operators in their decision-making regarding the aircraft fleet planning and the 

valuable management of its end-of-life phase. 
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2.6.2     Green aviation concept  

 

Although the research focus being the study of the economic outcomes of the embodiment 

of the Design for Environment in the commercial aircraft early design phase and its end-

of-life phase, it is important to highlight that all the discussions are based in the green 

aviation concept, as outlined by the following expression (Fig. 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6.3    Research question 

 

Considering all these previous contributions and gaps derived from the structured 

literature review we present the core research question: “What are the principal cost 

drivers influencing the aircraft owners and operators decision-making process 

regarding commercial aircraft end-of-life phase?” During this research we propose a 

theoretical approach to answer to this question, and a mathematic model  that can provide 

a cost-benefit analysis to best support the aircraft parking, market relocation, retirement 

and decommissioning strategic decisions. 

Design for Environment 

requirements/standards 

Economic target: Minimize the Total Cost of Ownership through the aircraft business life-cycle 

GREEN 

AVIATION 
= 

GREEN DESIGN and 

MANUFACTURING 

GREEN OPERATIONS GREEN END-OF-LIFE 
+ + 

Fuel venting 

and exhaust 

emissions 

requirements 

(compulsory) 

 

Noise levels 

requirements 

(compulsory) 

Design for 

Rebirth/EOL 

standards 

(voluntary) 

 

Maximize reuse, 

recycling, and energy 

recovery 

Minimize landfilling 

(voluntary) 

Environmentally and 

economic desirable 

Chemical/hazardous 

substances 

requirements 

(compulsory) 

 

Research focus 

Compliance with       

environmental legislation                                  

(emissions and noise restrictions) 

(compulsory) 

Environmental target: Minimize the adverse environmental impacts through the aircraft business life-cycle 

Performance target: Ensure the highest feasible aircraft performance levels at the lowest reasonable costs 

Figure 8 - Revisited green aviation concept.              Source: The author 
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3. Research methodology 

 

This section is dedicated to study the problem of the end-of-life aircraft treatment, 

considering the principal costs and revenues incurred during its whole business life-cycle. 

The primary objective is proposing a mathematical model to support commercial aircraft 

owners and operators decision-making process, concerning aircraft parking, market 

relocation, retirement, and decommissioning. The dynamics of these costs and revenues 

will be outlined and analyzed, considering the scarce available data. The total cost of 

ownership is embedded in the proposed approach because the end-of-life phase costs can 

influence the procurement and the long-term fleet planning decisions by aircraft owners 

and operators.  

The aircraft total cost of ownership encompasses the costs drivers incurred during its 

business life-cycle phases: (i) design and development; (ii) production and testing; (iii) 

operations; (iv) maintenance, repair and overhaul; (v) airworthiness directives 

embodiment; (vi) aircraft alterations embodiment; (vii) aircraft systems upgrades; (viii) 

parking and preservation; and (ix) end-of-life treatment (recovery processes). Taking into 

account that these are well-known costs by aircraft owners and operators, we will focus 

our attention only on parking and preservation costs,  aiming to understand how much it 

can affect the aircraft end-of-life phase decisions.  

The aircraft parking, market relocation, retirement and decommissioning decision-

making processes are generally made on an ad-hoc basis. Generally, once the aircraft 

operating costs overcome the operating revenues its owner or operator decides to 

withdraw it from active service. Then, the aircraft is parked at graveyards. Usually, the 

aircraft returns to operation if  favorable scenarios of expected reduced operating costs or 

improved revenues take place. If this does not happen, the aircraft may be parked 

indefinitely or decommissioned and sent to parting-out (disassembly and dismantling), 

aiming to make profits or to reduce losses trading its reusable second-hand parts and 

recyclable materials. 

Aiming to best comprehend the aircraft parking, market relocation, retirement and 

decommissioning decision-making processes, we propose a cost-benefit financial model 

taking into account the dynamics of the expected costs and revenues incurred during the 

whole aircraft business life-cycle, as shown in Figure 9. This is a conceptual structure of 

the model based on a hypothesis on these costs and revenues. Points a, b and c are 

decision-making marks. The hypothesis of this model is detailed as follows: 
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1. Total operating cost (Copr) grows continuously as the aircraft ages, due to increased 

fuel consumption rates, airframe heavy checks, engines and landing gear 

overhauls, engine performance restoration, repairs, airworthiness directives 

compliance, and updating aircraft systems; 

2. Operating revenue (Ropr) decreases over time because newer and more efficient 

aircraft enter into operations, causing load factor reductions to older aircraft.  When 

the Copr = Ropr, at t = ta, the  airline may  decide to park the aircraft; 

3. Considering the operating revenue losses over time, as described above, the aircraft 

owner or operator should look for better business opportunities to keep it profitably 

flying. At this time, they need to find a market condition where an opportunity 

revenue (Ropp) higher than the current operating revenue (Ropr) may be achievable. 

In the best scenario, Ropp will be equal to the Ropr when the aircraft was new. Some 

aircraft cabin configuration alteration or engine replacement, for instance, can be 

demanded to make it possible. Its incurred costs must also be taken into account 

to support the decision of relocating the aircraft into another market environment 

or parking it; 

4. Aircraft parking, retirement and decommissioning can be postponed if, for 

instance, an opportunity revenue Ropp ≥ Ropr can be expected. If Ropp = Ropr, 

generally the aircraft will be parked but not retired and decommissioned, while its 

owner or operator waits for a more attractive market condition to return the aircraft 

to service, i.e., Ropp > Ropr.  Once Copr = Ropp, at t  =  tb,  the  aircraft  is  finally 

parked, and its decommissioning arises as the last opportunity to make the profits 

sending the aircraft to parting-out; 

5. If the aircraft is not returned to operations (i.e., if Ropp ≥ Ropr is not satisfied), parking 

and preservation cost (Cpp) must be considered during the inactive period (i.e., 

between ta ≤ t ≤ tb) due to maintenance routines to reduce the efforts of returning 

the aircraft to operations. This cost needs to be deduced from the recovery 

revenue, aiming to determine the recovery process profitability;  

6. Aircraft parting-out results in a recovery revenue (Rrec) due to reusable parts and 

recyclable materials trading; 

7. Disassembly and dismantling costs (Cdd) are considered marginal concerning to 

the recovery revenues (Rrec >> Cdd); 
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8. The core decision of postponing aircraft parking, retirement and decommissioning 

will be worthwhile only while the cumulative operating profit overcomes the 

recovery profit losses, both considered between the instants     ta ≤ t ≤ tb, i.e.,  Σt ( 

Ropp(t) − Copr(t) ) ≥ | ( Rrec(tb) − Cpp(tb) ) − ( Rrec(ta) − Cpp(ta) ) |; 

9. The aircraft residual value (Vr) or book value is assumed as linear decreasing over 

time, and is considered only for accounting purposes; and 

10. This decision-making process rationale only makes sense if the leverage potential of 

the aircraft recovery process is considered, i.e., at the instant t = tc, the aircraft 

market value (Vm) becomes lower than the aircraft recovery revenue (Vm < Rrec). 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - Dynamics of expected costs and revenues during the aircraft business life-cycle.    

Source: The author 
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4.   Case study 

 

Cost and revenue data for a specific aircraft model are scarce in the current literature 

because this kind of information is considered strategic by air carriers, aircraft 

leasing companies and aircraft manufacturers for competitiveness purposes. The 

U.S. Department of Transportation (DOT) discloses the quarterly financial review 

for the large certified air carriers. This report is based on data reported to DOT by 

all the air carries on DOT Form 41. It presents the air carriers financial condition, 

concerning operating costs, operating revenues and operating profit or loss, 

considering their whole fleets. That is an interesting information for those studying 

the air carriers’ financial performance. However, we are focused on getting this 

kind of information for specific aircraft models. Our primary purpose is to obtain 

an estimate of the costs and revenues, as presented in Figure 10, to best 

comprehend an aircraft parking, market relocation, retirement and 

decommissioning decision-making rationale. 

Due to these data limitations, this case study presents a cost-benefit financial 

analysis for the aircraft Boeing model 747-400, taking into account the main costs 

and revenues incurred during its approx. 30-year business life-cycle, aiming to 

support its parking, market relocation, retirement and decommissioning decision-

making processes. The resulting cost-benefit financial analysis is shown in Figure 

10. 

 

Figure 1290 - Principal costs and revenues incurred during the business life-

cycle of a Boeing aircraft model 747-400 to support end-of-life decisions.                        

Source: The author 
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4.1    Data and results 

The current literature about commercial aircraft costs and revenues is scarce. Most 

of the cost and revenue data used as inputs in this mathematical model were obtained 

searching through websites or newsletters dedicated to discussing commercial 

aircraft financial aspects. In the absence of some specific data, such as recovery 

revenue (Rrec), estimations based on reasonable assumptions were made, as 

detailed below: 

1. A Boeing aircraft model 747-400, delivered in 1992, 347 seats, 66,000 flight 

hours (TTSN) and engines model PW4056 was selected from an aircraft 

trading website advertisement. Its current aircraft market value is 16 million 

USD (2018). Its market value (Vm) from new condition until thirty years in 

service was obtained considering the wide-body transaction value curve 

proposed by Hallerstrom and Melgaard, apud from Clark (2007); 

2. The aircraft recovery revenue (Rrec) was not available in the literature. This 

value was estimated considering Rrec = 0.80×Vm when the aircraft was new, 

and Rrec = 1.25×Vm, for a 30-year-old aircraft. Rrec initial value is lower than 

its final value because although low cycled aircraft parts being more valuable 

than high cycled aircraft parts, it is an unusual practice sending low cycled 

aircraft to parting-out. Besides that, if newer aircraft composes the major part 

of an active fleet its second-hand parts market maybe not fully developed to 

become an attractive business. Finally, adjustment factors were arbitrarily 

tested to provide an intersection between Rrec and Vm curves when the aircraft 

was around 16 years in service; 

3. The aircraft operating cost (Copr) was taken from an ICAO report (ICAO, 

2017), considering a similar 375-seat aircraft. This value was adapted to fit 

a 347-seat aircraft; 

4. The operating revenue (Ropr) was taken from an IATA report (IATA, 2015), 

considering USA air carriers’ average profitability per seat; 

5. The operating profit Popr comes from the difference Ropr – Copr; 

6. The opportunity revenue (Ropp) was estimated considering an attempt to 

obtain at t = ta the same operating revenue at t = t0, i.e., Ropp(t = ta) = Ropr(t = 

t0); 
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7. The parking and preservation cost (Cpp) was taken from Lyte (2016); 

8. The aircraft book value or residual value (Vr) was a depreciation from 100% 

to none of its initial value, considering a 20-year business life-cycle; and 

9. The disassembly and dismantling cost (Cdd) was considered neglectable, 

based on van Heerden and Curran (2010). 

Table 7 shows the aircraft life-cycle costs and revenues used as input data for this case 

study.  

 

Table 7 - Data sampling supporting the case study (value X 1000 USD).                

Source: The author 

Years Vm Vr Cpp Copr Ropr Ropp Rrec 

1992 76190 76190 0 26663 31190 0 60952 

1993 72381 72381 0 26796 31034 0 58773 

1994 64762 68571 0 26930 30879 0 53375 

1995 59428 64762 0 27065 30724 0 49714 

1996 53333 60952 0 27200 30571 0 45285 

1997 48000 57143 0 27336 30418 0 41367 

1998 45714 53333 0 27473 30266 0 39989 

1999 41905 49524 0 27610 30115 0 37206 

2000 38095 45714 0 27748 29964 0 34331 

2001 36571 41905 0 27887 29814 0 33452 

2002 34286 38095 0 28027 29665 0 31832 

2003 32762 34286 0 28167 29368 0 30873 

2004 30476 30476 0 28308 29075 0 29150 

2005 28952 26667 720 28449 28784 31190 28108 

2006 28190 22857 1440 28591 28496 31034 27779 

2007 26667 19048 2160 28734 28211 30879 26671 

2008 25143 15238 2880 28878 27929 30724 25525 

2009 24381 11429 3600 29022 27650 30571 25122 

2010 22857 7619 4320 29167 27373 30418 23906 

2011 21333 3810 5040 29313 27100 30266 22646 
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Years Vm Vr Cpp Copr Ropr Ropp Rrec 

2012 20571 0 5760 29460 26829 30115 22165 

2013 19809 0 6480 29607 26426 29964 21664 

2014 18286 0 7200 29755 26030 29814 20298 

2015 17524 0 7920 29904 25639 29665 19744 

2016 17524 0 8640 30053 25255 29368 20040 

2017 16762 0 9360 30204 24876 29075 19456 

2018 16000 0 10080 30355 24503 28784 18851 

2019 15238 0 10800 30507 24135 28496 18222 

2020 15238 0 11520 30659 23773 28211 18496 

2021 15238 0 12240 30812 23417 27929 18773 

 

5. Discussion 

 

5.1    Spot analysis 

 

Considering the estimated operating cost and operating revenue, this aircraft should be 

parked fourteen years after entering in operation, at t = ta (Fig.5), because at this time 

Copr = Ropr. This first parking decision could be postponed if a new revenue opportunity 

(Ropp) takes place, estimating its initial value should be the same as the operating revenue 

when the aircraft was just delivered, considering the most favorable scenario. If this 

financial condition happens, the aircraft could remain active or be returned to operations 

for nine years more, until t = tb, when Copr = Ropp, and the aircraft should be parked for 

a second time (Fig.5, point b). At this time, another (Ropp) higher than the previous one 

can be considered, aiming to relocate the aircraft to healthier market conditions. 

However, every time an aircraft owner or operator tries to relocate the aircraft to 

efficiently cope with operating revenue losses or growing operating cost conditions, this 

scenario may not happen. That means that the risks of financial losses at the aircraft 

end-of-life phase tend to increase continuously, as the aircraft decommissioning 

decision is postponed. 

After sixteen years in operation, the aircraft market value becomes lower than the aircraft 

recovery revenue, at t = tc (Fig. 5). At this time, aircraft decommissioning turns into a 

more attractive business than selling the aircraft as a “flyer” in the second-hand market. 
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After t = tb, the cumulative operating profit becomes lower than the profit losses for not 

decommissioning the aircraft and sending it to parting-out, indicating that aircraft 

decommissioning should be compulsory. After this point the aircraft may remain in 

service, making no profit, for other reasons, such as keeping the air carrier service level. 

 

5.2    Global analysis 

 

This case study shown in Table 2 confirmed that a s  the aircraft reaches closer to its 

mid-life, around fourteen years, the increasing operating costs and the decreasing 

operating revenues would both determine the appropriate moment to park the aircraft 

or to relocate it at another business condition, expecting higher operating revenues or 

lower operating costs. Aircraft parking and preservation costs influence how much time 

an aircraft can remain inactive before deciding between returning the aircraft to active 

service or decommissioning it. If the aircraft is decommissioned, this parking and 

preservation cost should be deduced from the aircraft recovery revenues, which 

determines the aircraft recovery process profitability. The dynamics of these costs and 

revenues drive the aircraft parking, market relocation, retirement and 

decommissioning decision-making processes. Thus, they should be continuously 

monitored and assessed by commercial aircraft owners and operators in order to ensure 

value creation at the aircraft end-of-life phase.  

Besides the increasing costs incurred while an aircraft remains parked and preserved, 

its current market value is strongly affected by the air travel demand fluctuations and 

macroeconomic conditions, being susceptible to appreciation and depreciation trends. 

These internal and external contexts should also be monitored by aircraft owners and 

operators, aiming to support the decision of when is the “best” moment to  decide to 

decommission an aircraft and submit it to the recovery process, if its return to active 

service does not become a profitable alternative. Unplanned decommissioning decision-

making may lead to significant risks of financial losses due to commercial aircraft 

retirement increasing trends and fleet renewal policies. While the active fleet of a 

specific aircraft model decreases, two significant outcomes are usually expected: (1) 

the depreciation of the aircraft market value of the remaining active fleet, because 

newer and more efficient aircraft models are available; and (2) the decreasing of business 

opportunities and value creation possibilities, because of the decreasing demand for 
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second-hand reusable aircraft parts, such as engines, landing gear, auxiliary power unit 

(APU), avionics, and the market value of these second- hand parts also face depreciation 

effects. 

Taking into account all these results and the previously described boundary conditions, 

we may argue that appropriate aircraft end-of-life phase management can be seen as a 

complementary strategy to keep an efficient, competitive and profitable long-term fleet 

capacity planning. 

 

5.3    Sensitivity analysis 

 

The mathematical model proposed in Section 3 was tested to demonstrate how changes 

in the input parameters may affect the stakeholders’ decision-making concerning the 

appropriated time to park the aircraft, relocate it in another market condition, and finally 

decommissioning the aircraft and sending it to the parting-out process. 

The first scenario was simulated estimating new operating costs 20% higher and lower 

than the base value used in the case study (Copr’ = 1.20 x Copr and Copr” = 0.80 x Copr), 

while keeping its same operating profit (Popr’ =  Popr” = Popr = Ropr – Copr), as seen in 

Figure 10. The results are show in Figures 11 and 12, respectively. 

 

 

 

 

Figure 11 - Dynamics of costs and revenues affected by a 20% 

increase in the operating cost and steady operating profit.                                                            

Source: The author 
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The second scenario was also based in the case study estimating two decreasing steps 

in the operating profit (Popr’ = 0.75 x Popr and Popr” = 0.50 x Popr), while keeping its 

same operating cost (Copr’ = Copr” = Copr), as seen in Figure 10. No increasing steps for 

the operating profit was considered because the base case study was built considering 

the U.S. carriers’ average operating profitability, which is the highest in the globe. The 

results are show in Figures 13 and 14, respectively. 

 

 

Figure 12 - Dynamics of costs and revenues affected by a 20% 

decrease in the operating cost and steady operating profit.                                                           

Source: The author 

Figure 13 - Dynamics of costs and revenues affected by a 25 % 

decrease in the operating profits and steady operating cost.                                                          

Source: The author 
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Taking into account these two scenarios previously described we can note that Copr, Ropr 

and Ropp are the only input variables affecting the decision-making problem. For this 

reason, the sensitivity analysis was done neglecting the input variables Rrec, Cpp and Vm.  

Considering the first scenario (Fig. 11 and 12), one may note that the decision-making 

points a (aircraft’s first parking time) and b (aircraft’s second parking time) both move 

forward to points a’ and b’, respectively, as the operating cost increases (Copr’ > Copr), 

and the operating profits still the same from the case study (Popr” = Popr’ = Popr). 

Contrarily, points a and b points move backward to a” and b”, respectively, as the 

operating cost decreases (Copr” < Copr), and the operating profits remain the same from 

the case study. These behaviors are shown in Figure 15. 

Figure 14 - Dynamics of costs and revenues affected by a 50% 

decrease in the operating profits and steady operating cost.                                                                              

Source: The author 
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Analyzing Fig. 15, it is possible to conclude that increasing operating cost causes the 

aircraft’s first and second parking times (points a’ and b’) being both anticipated, and 

the aircraft business life-cycle is reduced by two years in relation to the case study. In 

the other hand, decreasing operating cost results in postponing the aircraft’s first parking 

time (point a”) by three years, and extends the gap until the aircraft’s second parking 

time (point b”), increasing the aircraft business life-cycle by one year in relation to the 

case study. 

Based on the second scenario results (Fig. 13 and 14), it is possible to note that the 

decision-making points a (aircraft’s first parking time) and b (aircraft’s second parking 

time) both move backward to points a’ and b’ or a” and b”, as the operating profit 

successively decreases (Popr” < Popr’ < Popr), and the operating costs still the same from 

the case study (Copr”  = Copr’ = Copr). These behaviors can be seen in Figure 16. 

Figure 15 - Sensitivity analysis for both increasing and 

decreasing operating costs against steady operating profits.                                                                           

Source: The author 
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Analyzing Fig.16, one may conclude that decreasing operating profit causes the aircraft’s 

first and second parking times (points a’ and b’ or a” and b”) being both anticipated, and 

the aircraft business life-cycle is reduced by three  or five years, respectively, as the 

operating cost remains constant in relation to the case study (Copr”  = Copr’ = Copr).  

Summarizing all these previous observations, it is possible to conclude that the 

appropriated time to take the decision of parking an aircraft, relocating it in more 

profitable market condition, decommissioning it, and sending it to the parting-out process 

is influenced by the feasible estimations of Copr, Ropr, Ropp and Cpp, and by the dynamics 

changes these input variables suffer along the aircraft business life-cycle. 

Finally, one may observe that the linear regression used to generate all the functions 

representing the dynamics of costs and revenues along the time returned very high R2 

values (close or equal to 1), as can be seen in Figs. 10, 11, 12, 13 and 14. The main reason 

for that is the reduced data sampling available to each input variables. These results can 

be enhanced once larger sampling becomes available. 

 

 

Figure 16  - Sensitivity analysis for decreasing 

operating profits against steady operating costs.                                                                                                        

Source: The author 
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6. Concluding remarks and suggestions for future research agenda 

 

Aircraft end-of-life phase management is a novel research area, which can explain the 

low number of publications dedicated to it. The current researchers and practitioners are 

focused on: (1) providing literature reviews; (2) developing aerospace material recycling 

technologies; (3) developing aircraft parting-out efficient strategies; (4) discussing and 

planning aircraft end-of-life phase at its early design phase; and (5) disclosing best 

practices in aircraft end-of-life phase management. Thus, there is a significant research 

gap regarding end-of-life aircraft cost-benefit financial analysis in order to better 

support commercial aircraft parking, market relocation, retirement, and 

decommissioning decisions. The present study aims to fulfill this gap by proposing a 

mathematical model to assist commercial aircraft owners and operators improving their 

decision-making process, taking into consideration the end-of-life aircraft financial 

concerns. 

The proposed model was applied to the case study of the Boeing aircraft model 747-400. 

This case study is considered by the authors as a first trial to simulate the dynamics of 

the main expected costs and revenues incurred during the entire business life-cycle of a 

commercial aircraft, which includes its end-of-life phase. It was based on a single sample 

aircraft model, considering the limitations of access to publicly disclosed data. This 

first simulation produced output data that actually confirms that the 

commercial aircraft age at retirement is around 27 years, as disclosed by 

IATA(2016). 

The referred model was submitted to a sensitivity analysis to simulate how the 

end-of-life decision-making process is affected when changes in the principal 

costs and revenues are considered. The first scenario revealed that increasing 

operating costs against steady operating profits results in antic ipated aircraft’s 

first parking time and reduces the aircraft business life-cycle. In the other hand, 

decreasing operation costs against steady operating profits causes postponing 

the aircraft’s first parking time and extends its business life -cycle. The second 

scenario showed that reducing operating profits  below its maximum value  

against steady operating costs also anticipates the aircraft’s first parking time 

and reduces its business life-cycle. 

A dedicated case study can be simulated in the future to represent airlines’ actual cost-

benefit financial analysis regarding aircraft parking, market relocation, retirement and 
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decommissioning decision-making. It would be possible because these companies have 

full records of these costs and revenues. If historical data of recovery revenues of specific 

aircraft model fleets are also available, it can be used to measure the productive 

efficiency of this recovery process using data envelopment analysis. 

This model can be used by aircraft fleet lessors to analyze their strategies regarding fleet 

planning during the aircraft business life-cycle. Just like the operating revenues, leasing 

revenues reduce significantly while the aircraft ages. This behavior should be monitored 

by these companies, in order to support the decision-making regarding relocating a 

specific aircraft into another market condition that could result in higher leasing profit 

margins. If no profitable market relocation is feasible, then leasing companies should be 

aware of aircraft market value depreciation and value recovery losses, as they postpone 

the aircraft retirement and decommissioning decision. 

This proposed model can also be adapted to analyze the aircraft manufacturer’s 

strategies affecting their aircraft business life-cycle. Instead of considering operating 

revenues, they can take into account the after-market technical support revenues (i.e., 

maintenance, spare parts supply, and personal training). These are fixed costs to airlines 

but represent the primary revenue sources for aircraft manufacturers, considering the 

aircraft business life-cycle as a whole. This kind of revenue tends to increase as the 

aircraft ages but can be optimized by the aircraft manufacturer during the aircraft early 

design, aiming to reduce its total cost of ownership for airlines and other aircraft owners. 

Besides all the efforts to reduce fuel consumption, fuel venting, exhaust emissions, and 

aircraft noise, the reduction of end-of-life management cost may turn into the newest 

frontier for competitiveness between the aircraft manufacturers for the next decades. 

Among the recommended strategies to increase value extraction at the commercial aircraft 

end-of-life phase, the aircraft manufacturers may invest in developing Design for 

Environment solutions, aiming to: (1) reduce aircraft parking and preservation costs; (2) 

reduce aircraft disassembly and dismantling costs; (3) reduce aircraft parts and systems’ 

upgrading costs, aiming to enhance its reuse rates; and (4) increase high-value aerospace 

materials recyclability rates. These strategies should be planned during the aircraft early 

design phase, and together they may contribute to significantly reduce the aircraft total 

cost of ownership. Finally, this can lead aircraft owners and operators to revisit the 

technical and financial criteria affecting their long-term aircraft fleet planning, 

considering not only its procurement, operating and maintenance costs, but also value 

creation possibilities during aircraft end-of-life phase. 
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During this research efforts it was not possible take conclusions about the cost drivers 

influencing the aircraft early design phase decisions. The embodiment of Design for 

Environment methodologies is novel challenge faced by the aerospace industry, and 

there are no costs estimation available that could be used to develop a systematic cost-

benefit analysis, similar to that one proposed for aircraft end-of-life phase. Once 

available, this kind of data will made possible to compare the costs and benefits of the 

commercial aircraft green design, considering the possibilities of value creation to 

aircraft manufacturers, owners and operators. Design for Environment solutions aiming 

to reduce the aircraft end-of-life phase costs, rather than direct operating costs, can turn 

into a new cornerstone for the global aerospace industry, considering its fierce and long-

lasting competition for aircraft efficiency improvements.   

The present research is a first attempt to propose both theoretical and mathematical 

backgrounds to discuss the commercial aircraft business life-cycle management 

problems, from  a cost-benefit financial analysis basic approach. Notwithstanding the 

core limitation of having access to field data regarding the principal costs and revenues 

affecting the aircraft end-of-life phase management, the proposed model produced 

results that are consistent with the current practices and aircraft retirement trends, 

considering the analysis from Forsberg (2015) and IATA (2016). This basic approach 

can be enhanced to provide more detailed and accurate analysis, depending on the 

decision maker’s specific interests.  

During this research was not possible to fully study the aircraft recovery process due the 

lack of actual data regarding its costs and revenues of this process. It was necessary to 

take some reasonable assumptions about these data, based on the aircraft market value, 

and considering the recovery process’ leverage potential (Navin-Chandra, 1994). 

Additionally, it was not feasible to provide a complete analysis of the financial impacts 

of the implementation of Design for Environment methodologies in the aircraft early 

design phase on the profitability of the aircraft end-of-life phase management. The 

aerospace industry is not yet experienced in this implementation, which makes more 

difficult generating and having access to actual costs and revenues data to develop a 

mathematical model. Under these conditions the present research effort did not reach 

the initial purpose of identifying and discussing the core correlations between the costs 

of implementation Design for Environment methodologies in commercial aircraft early 

design and its potential benefits of Total Cost of Ownership reduction during its whole 
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business life-cycle and value extraction opportunities at the aircraft end-of-life phase 

management. 

Considering all these research contributions and limitations, it worths to propose the 

following future works:  

(1) Once available, costs and revenues field data coming from airlines, leasing 

companies, and aircraft manufacturers’ business operations will make possible 

enhancing the mathematical model to have more accurate information to develop 

profit-driven strategies for the aircraft end-of-life phase management. These 

enhanced models can be adopted as a complementary supporting tool for a more 

efficient long-term fleet planning, considering peculiarities of each aircraft 

owner or operator and the varying contexts of the air travel global market. 

(2) More time, investing, and R&D are needed to develop Life Cycle Assessment 

and Design for Environment methodologies in the aerospace industry, both 

taking into account cost-benefit financial analysis of the aircraft business life-

cycle management,  besides aiming to reach the legal targets of environmental 

footprint reduction and safety requirement compliance. Accurate estimates of 

the aircraft Total Cost of Ownership during its early design phase (including its 

end-of-life value extraction opportunities), may become another decisive 

parameter for decision makers when purchasing, leasing and retiring commercial 

aircraft that “best” fits to their long-term fleet planning and business model. 

(3) Addition investigation is necessary to comprehend better the influence of the 

size of retired fleets on the aircraft recovery revenue (Rrec) along the time. 

Considering the retirement trends for a specific aircraft model, one may suppose 

that there will be a minimum size of the remaining active fleet, below which the 

business opportunities for the second-hand parts remarketing will not be 

attractive. Once this minimum is achieved, the leverage potential of the aircraft 

recovery process declines according to an ignored manner. We consider it rash 

to arbitrate this number to run the proposed model. Taking this limitation into 

account, the proposed mathematical model does not consider this decreasing 

effect on Rrec along the time when running the model, preventing additional 

unknown bias affecting the results. 

(4) The sensitivity analysis can be also applied to better comprehend how much the 

aircraft end-of-life phase management decisions are affected by the available 

costs and revenues data. It can make evident several possibilities for better 
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planning where, how and for how long an aircraft can be profitably operated. 

The aircraft business life-cycle can be appropriately planned, aiming to extract 

considerable value from it at its end-of-life. Aircraft early decommissioning 

decision of  in-production models can be trigged by operating costs reduction, 

fleet renewal or right-sizing fleet capacity policies from aircraft owners and 

operators, such as those currently affecting Airbus A320 (former models) and  

A380 (former and new models), Boeing 737 (former and new models) and 

Embraer ERJ 170, 175, 190 and 195 (former and new E1 jets). These cases can 

also be submitted to a sensitivity analysis aiming to better support the aircraft 

end-of-life phase decisions. 
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