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Abstract 

Through-life Engineering Services (TES) is comprised of develop, prepare, utilize and retire phases for complex engineering 
assets with a focus on maximizing their availability, predictability and reliability at the lowest possible life-cycle cost. TES 
employs a set of technologies and solutions to improve asset performance efficiently. On the other hand, optimal solutions for 
minimizing waste in terms of service time and resources is crucial for designing the right service at the right time. Thereby, 
specifying the possible TES opportunities within the economic, social and environmental sustainability dimensions can be an 
added value across different manufacturing sectors when deploying TES. However, due to the complexities and immensity of 
TES approaches, it is challenging to perceive such opportunities. To this end, the existing literature is limited to the effect of 
TES on economic sustainability and mostly focuses on investigating how TES has modified the service design to improve 
productivity and profitability. However, a comprehensive study on integrated sustainability has not been yet conducted. This 
paper presents a holistic view of the potential TES opportunities associated with the sustainability triple bottom line following 
a systematic review of empirical and theoretical advancements and methodological approaches in the literature. The outcome 
from this research raises the awareness of TES contribution in the design of sustainable service solutions and technologies, 
and offers a benchmark and reference point for future research in the field. Finally, this paper provides a set of 
recommendations that call for the further development of an integrated sustainability assessment framework for TES.  
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1. Introduction 

The concept of sustainable development was first 
introduced by Brundtland in 1987 [1] as a 
“development that meets the needs of the present 
without compromising the ability of future 
generations to meet their own needs”. In 1994, 
Elkington [2] highlighted that sustainable 
development for businesses could be achieved by co-
operating with their suppliers, customers 
stakeholders and competitors, leading to a win-win 
business strategy. Later, he introduced the concept of 
‘Triple Bottom Line’ as the economic, social and 
environmental pillars of sustainability [3]. He argued 
that sustainability is a nonlinear game for businesses 
which can only be reached through an effective, 
long-term interlink between TBL elements. Since the 
late 90s, the ‘Integrated Sustainability Assessment 
(ISA)’ has been implemented as an effective 
approach to identify and evaluate the effects of 
parameters, functions, policies and regulations on 
sustainability. In this regard, Environmental Impact 
Assessment (EIA) looks at the environmental 
aspects. Whereas, Strategic Environmental 
Assessment (SEA) focuses on economic and social 
features in ISA. Different approaches, tools and 
methodologies for EIA and SEA are presented and 
discussed in [4,5]. In general, the environmental 

assessment evaluates energy and material 
consumption, and carbon, atmospheric and 
waterborne emissions. It aims to minimize the need 
for water, fossil resources and natural gases. The 
economic assessment estimates the prosperity and 
profitability of organizations and individuals. 
Finally, the social assessment measures the social 
and sociological impacts of organizations and 
individuals [6]. 

In 2017, the Aerospace Technology Institute 
published a technical report on ‘Through-life 
Engineering Services Technology Strategy for the 
UK aerospace sector [7]. TES is described as a set of 
engineering knowledge, tools and technologies to 
ensure assets are designed, developed, operated and 
serviced, and phased out at the optimum whole-life 
cost [8]. The report highlighted the significance of 
TES to the UK OEMs, supply chain companies and 
repair, maintenance and overhaul (RMO) providers 
with a view to support the sector’s capability for 
advanced TES provision. It is estimated that the 
through-life support opportunities associated with 
the growing number of aircraft would be over US$2 
trillion [7]. Thereby, TES plays a crucial role 
throughout the assets’ life-cycle and has a significant 
impact on assets’ availability, reliability, quality and 
cost. Currently, TES implications and benefits 
mostly focus on economic impacts such as reducing 
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the design and maintenance costs, reducing the 
rework at both design and manufacturing stages, 
spares optimization, and improving products 
availability, reliability, and predictability. 
Nonetheless, these impacts could have secondary 
effects on a product life-cycle that can positively 
influence the environment by reducing material 
usage and waste, reducing events and activities 
cycle-times throughout the life-cycle, improving fuel 
efficiency, and extending product lifetime. Some of 
the other possible sustainability metrics that can be 
applied to TES in relation to the environmental 
metrics can be human health outcomes, natural 
resource consumption, energy consumption and net-
zero carbon. Moreover, the social impacts can be 
working condition, health and safety, culture, 
governance, socio-economic repercussions, 
feedback, fair salary, working hours, equal 
opportunities, security, and consumer privacy [9]. 
Life-cycle cost (LCC) of products and services, 
value creation, and profitability are the key metrics 
to assess the impact of economic sustainability [10]. 

Nevertheless, the existing technology challenges 
regarding modelling and evaluating environmental 
footprint and energy consumptions, together with 
some of the cultural and policy barriers, restrict TES 
from implementing an ISA throughout the product 
life-cycle for effectively deploying sustainable 
design, service, and estimation of remaining useful 
(and sustainable) life [11]. To enhance the ISA 
implementation in TES, this paper addresses the 
research question of “What are the sustainability 
opportunities including social, economic and 
environmental aspects in TES and throughout the 
product life-cycle?”. Thus, this research contributes 
to knowledge by a thorough evaluation of 
‘sustainable development in product life-cycle’ and 
presents a holistic view of the potential TES 
opportunities associated with ISA through a 
systematic review. 

This paper is structured as follows: Section 2. 
presents the systematic review methodology to carry 
out the research. Section 3. discusses the relevant 
literature on sustainability and product life-cycle. 
The proposed mind map of TES opportunities in 
integrated sustainability is presented in Section 4. 
Section 5 presents the concluding remarks and the 
recommendation for future research. 

2. Research Methodology 

This study adopted the systematic review 
methodology to examine existing literature related to 
‘sustainable development in product life-cycle’. The 
Scopus research repository was searched with no 
lower time-limit and up to June 2020. The search 
process was impacted by several criteria, such as 
document type, keywords, and language. The 

keywords used to perform the search activity were 
initially set as ‘sustainable development’ or 
‘sustainability’ and ‘product life-cycle’. Moreover, 
to frame and scope the study, a set of inclusion and 
exclusion criteria were adopted. The criteria used for 
entering the systematic review were a) journal 
articles, conference papers, and book chapter, and b) 
papers that offered original analysis and provided 
results. The criteria used for excluding a paper from 
the study are as follows a) industrial reports, c) 
studies falling outside the subject area, and d) papers 
that largely had a focus on logistics and supply 
chains. The following keyword string was therefore 
used to define the initial database of documents: 

"sustainable development"  in  "product life-cycle"  
AND (LIMIT-TO (DOCTYPE, "ar") OR LIMIT-
TO (DOCTYPE, "cp") OR LIMIT-TO (DOCTYPE, 
"ch")) AND (LIMIT-TO (LANGUAGE, 
"English")) AND (LIMIT-TO ( 
EXACTKEYWORD, "Sustainable Development") 
OR LIMIT-TO (EXACTKEYWORD, 
"Sustainability")) . 

In order to filter down the identified studies, the 
PRISMA 2009 flow diagram and guidelines were 
used. In the identification stage, the search yielded 
1,468 documents. Subsequently, in the screening 
stage, the title and abstract of documents were 
examined in order to determine their relevance to 
TES. For instance, many of the articles presented and 
discussed sustainability in construction, agriculture 
or software development sectors. This caused the 
exclusion of 638 documents. 

 

Figure 1: PRISMA flow diagram for selecting literature from the 
Scopus index 

Next, the full-text articles were manually 
reviewed and assessed for their eligibility. Many of 
the articles did not present nor discussed original 
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approaches or findings related to TES sustainability. 
Moreover, some of them were completely based on 
theory rather than providing recommendations or 
practical solutions. At this stage, an additional 792 
were excluded. This left a total of 46 articles for the 
literature review, as illustrated in Figure 1. 

3. Literature Review 

In 2015, the United Nations published the 2030 
agenda [12] for sustainable development, 
highlighting a set of goals for the next fifteen years 
globally. In 1995, Costanza and Patten [13] argued 
that for the purpose of sustainability assessment, 
three main aspects should be defined; the system (or 
sub-system) in which the sustainability is going to be 
assessed, the duration that the system is going to be 
sustained, and the time that the system can be 
evaluated as sustainable. The high fluctuations of 
product and service demands and the variations in 
customers’ requirements in one hand, and the rapid 
changes in technologies and regulations, on the other 
hand, obligate industries to deploy flexible, agile and 
adaptable manufacturing systems and business 
strategies. Reconfigurable manufacturing [14,15], 
product-service systems (PSS) models, and mass 
customization are some of the most popular 
approaches for companies to stay competitive. 
Moreover, sustainable production, operation and 
service have always been the focus of industries 
nationally and globally. Over the last decades, many 
approaches and solutions, such as cleaner 
production, lean principles and net-zero carbon 
emission, have been discussed, developed and 
implemented to address the environmental and 
socio-economic problems. In the following sections, 
some of the key sustainability approaches at different 
stages of a product life-cycle are presented. 

3.1. Design 

Maxwell and Vorst [16] proposed the sustainable 
product-service development (SPSD) methodology 
to identify, assess and implement the optimal 
sustainable solution in product and service 
development. The SPSD approach illustrates the 
movement towards sustainability by ‘design for X’ 
realm and eco-design. Hoffenson et al. [17] argued 
that ‘design for sustainability’ requires integrated 
planning and strategies to simultaneously consider 
the economic, ecological, and social consequences 
of products and production processes. They 
presented some of the sustainability indicators such 
as the manufacturing cost, fuel consumptions, noise 
prolusion, and reliability, to design an aircraft 
engine. Moreover, Fiksel [18] highlighted that 
resilience in system design has an impact on 
sustainability. He listed the main characteristics of a 

resilient system as diversity, efficiency, adaptability 
and cohesion. He further argued how the resilient 
characteristics could impact the economy, 
environment and society. 

3.2. Prepare 

Sustainable manufacturing can be approached 
through the implementation of Life Cycle 
Management (LCM). LMC intends to enhance the 
effectiveness during usage by means of life-cycle 
assessment (LCA) and LCC [19]. Moreover, green 
manufacturing is an environmentally sustainable 
form of manufacturing that includes green design, 
production and distribution of raw materials, green 
maintenance and disposal processes which focus on 
creating less pollution and overall production waste 
[20]. Additionally, continuous innovation in 
production and the evolution of machining systems, 
support manufacturers to adapt to the changes in 
business strategies and market demands. Some of the 
innovations are presented by Jurkovic et al. [15] as 
intelligent and integrated manufacturing systems, 
rapid prototyping, reconfigurable machines and 
intelligent factories. Further metrics for sustainable 
manufacturing are presented by Reich-Weiser, et al. 
[21] i.e. energy and water utilization, return on 
investment and material scarcity rate. Bruzzone et al. 
[22] presented a mathematical model for energy-
aware scheduling of manufacturing process demands 
to optimally plan their energy saving for a given 
schedule. 

3.3. Utilize 

TES plays a vital role in manufacturing and 
servicing of complex engineering assets by 
providing the prognosis of run-to-failure and time-
to-failure for better decision making on MRO. TES 
implementation supports the decision-makers to 
have a more accurate prediction of the remaining life 
or Remaining Useful Life (RUL) of components 
[23,24]. Some of the key technologies, tools, 
knowledge and offerings at the ‘utilize’ stage are 
discussed in the following sections. 

 
3.3.1. Condition Monitoring & Maintenance 

During the operation, health monitoring and 
Condition-based Maintenance (CBM) is a basic 
engineering approach to collect the health and 
maintenance information. These techniques support 
the decision-makers on a suitable service solution 
strategy and ultimately to extend assets’ life. 
Sustainable CBM can be achieved by deploying a 
continuous health monitoring infrastructure and 
inspection, non-destructive testing (NDT) and 
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maintaining the asset health with minimum labour 
requirement [25]. Moreover, other factors such as 
innovation in sensors’ material, NDT consumables, 
assembly, disassembly and installation technologies, 
data assessment, and knowledge architecture 
influence sustainability. 

Sustainable condition monitoring, inspection, and 
MRO strategy aim to optimize the components’ 
remaining life and minimize the disruption and 
breakdown costs. The implication of Remote 
Monitoring Technologies (RMT) in servitization is 
highlighted by Grubic and Peppard [26]. They 
presented that the factors which enable the 
realization of expected outcomes are skills, 
experience, knowledge, complementary data 
sources, processes, structures, operations centres, 
historical data, and presence of in-house knowledge 
and capabilities. Whereas, a lack of alignment 
between services and manufacturing strategies could 
be a barrier. Nezami and Yildirim [27] developed a 
framework that utilizes the integrated sustainability 
metrics to select an appropriate maintenance strategy 
using a fuzzy approach. In their study, a variety of 
maintenance strategies, such as preventive, failure-
based, reliability-centred, condition-based and total 
productive maintenance strategies are considered 
[27]. Later, Sari et al. [28] constructed a framework 
for measuring sustainable maintenance performance 
where the performance measures are categorized 
into the corporate, tactical and functional levels. An 
optimization model of sustainable maintenance 
strategies under uncertainty for systems, structures, 
and assets subject to measurable deterioration over 
their life-cycle is presented by Daneshkhah et al. 
[29]. They concluded that the optimal maintenance 
strategy has an integrated impact on sustainability in 
terms of reducing energy consumption, reducing the 
cost of maintenance, and aligning the support 
policies with social aspects of sustainability. 

3.3.2. Servitization 

Servitization and the relatively new trend of PSS 
customization are emerging to stimulate a change in 
the current production and operation patterns and 
toward sustainable practices [30]. Servitization has 
been well-known as an environmental sustainability 
approach to design business models [31]. The 
combination of a mass customization approach and 
PSS potentially enhances the sustainability of 
business models. Hankammer and Steiner [32], 
however, concluded that this effect is highly 
dependent on the industry. Sustainable servitization 
aims to provide customers with a result/outcome 
rather than a physical product or a functional service 
e.g. product availability, and mobility, without 
requiring the customers to own or buy a product, a 
car or a fuel, in order to get that result [33]. Some of 

the sustainability effects of PSS are presented by 
Schröter et al. [34] such as higher equipment 
availability and utilization, access to customer 
process know-how, extended equipment life, the 
lower total cost of ownership, efficiency in energy 
and material consumptions, and higher reliability 
and flexibility in service planning. Moreover, a 
design framework for sustainable PSS is proposed by 
Song and Sakao [35], which provides an end-to-end 
modular PSS solution for PSS customization from 
requirement identification to requirement 
fulfillment.  In a more recent study, Erkoyuncu, et al. 
[36] developed an effective uncertainty based 
framework for sustainable Industrial PSS 
transformation to assist in achieving increased 
sustainability within the context of IPS2. 

Some of the economic indications for sustainable 
PSS models are the economic growth of businesses 
through natural energy consumptions, productivity 
rather than labour intensity, opportunities of mass 
customization, and applications of information 
technologies. The social implication of PSS and 
mass customization can be the balance in labour 
utilization and skill requirements between 
manufacturing and service.  Intelligent knowledge 
management systems and web services have enabled 
e-Maintenance to emerge as a powerful framework 
to support industrial maintenance and asset 
management practices [37]. Smart maintenance 
initiatives for intelligent decision support evolved 
from CBM and prognostic and have led to the e-
maintenance paradigm and the integration of IoT and 
Cloud-based solutions [38], and autonomous 
maintenance [39]. 

3.3.3. Industry 4.0 

Furthermore, development of Industry 4.0 and 
smart technologies, such as artificial intelligence, big 
data analytics, cyber-physical system, cloud 
computing, Internet of Things (IoT) and Digital 
Twin (DT) significantly advanced the development 
of sustainable smart manufacturing and services 
throughout a product life-cycle [40,41]. Application 
of Augmented Reality (AR) in supporting 
maintenance operations [42] and knowledge transfer 
in maintenance [43] have been highlighted in the 
literature. Recently, Fernández del Amo et al. [44] 
argued that the variations in the level of experience 
and knowledge of expert maintainers and technicians 
when using AR technology cause communication 
errors. To address this issue, they proposed a 
structured-message authoring framework for AR in 
order to enhance the efficiency of AR-based remote 
diagnosis services. Furthermore, the authors 
developed an adaptive DT design framework that 
uses ontologies within complex engineering systems 
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to enable co-evolution across the asset life-cycle 
[45].  

3.4. Retire 

Remanufacturing is one of the most viable 
product end-of-life (EOL) management strategies. 
Diallo et al. [46] discussed the models of quality, 
reliability, maintenance and warranty for 
remanufacturing, in a closed-loop supply chain with 
reverse logistics. They proposed five main areas for 
future research in remanufacturing as tracking 
products quality and reliability after recovery, 
elaborating warranty policies based on consumer 
preferences and needs, disassembly and optimal 
replacement strategies for refurbished products, 
inspection, burn-in and maintenance strategies for 
second-hand products, and risk, safety and hazards 
models for remanufacturing. The effect of 
remanufacturing and PSS integration on 
sustainability was studied by Fadeyi et al. [47]. They 
emphasized that the modular architecture in product 
development is an effective technique that improves 
the product life-cycle management in terms of 
simplifying products’ disassembly, and therefore 
improving products’ serviceability and cleaning 
processes. 

Circular Economy is a sustainable economic 
business model that focuses on eliminating waste 

and the continual use of resources. In such a system, 
sustainable economic growth can be achieved by 
reducing the use of natural resources, reducing the 
emission level of manufacturing and operations, 
reducing material losses/waste, increasing 
renewable and recycled resources, maximizing the 
utility and durability of products, creating local jobs 
at all skill levels, and creating and distributing the 
added value [48]. Romero and Rossi [49] 
demonstrated the compatibility of circular economy 
and lean principles in the context of PSS. They 
argued that the integration of the two leads to 
enhanced customer-oriented solutions that minimize 
resource consumptions and maximize the value to 
the end-user. 

4. TES Opportunities in Integrated 
Sustainability 

Based on the literature review presented in 
Section 3, a mind map (Figure 2.) has been 
developed to demonstrate a holistic view of TES 
opportunities in integrated sustainability, and 
throughout a product life-cycle. TES opportunities 
at each stage are presented. The TES opportunities 
that can be applied to all the life-cycle stages are 
presented at the centre of the mind map. The 
identified opportunities were covered in detail in 
Section 3.

 

Figure 2. TES opportunities in integrated sustainability over the product life-cycle

The authors found it challenging to map the TES 
opportunities against the triple bottom lines since 
there are so many overlaps between the 
opportunities and their sustainability impacts. 
Therefore, the mind map has been developed with 
respect to the TES opportunities at each product life-

cycle stages, namely develop, prepare, utilize and 
retire. Nevertheless, Table 1  summarizes some of 
the TES opportunities based on their sustainability 
impacts on TBL.  
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Table 1: TES opportunities in integrated sustainability 

 Economic Environmental Social 

Ec
on

om
ic

 

- Design for ‘X’ 
- Design for life cycle 
- Predictive maintenance 
- Continuous real-time health monitoring 
- Life-cycle costing 
- Through-life value co-creation 
- Life of additively manufactured products 
- Life-cycle analysis for manufacturing 
- Manufacture for service 
- Service chain optimization 

  

En
vi

ro
nm

en
ta

l 

- Design for sustainability 
- Sustainable remaining life 
- Sustainable condition-monitoring 
- Additive manufacturing 
- Flexible/agile manufacturing 
- Reconfigurable manufacturing 
- Remanufacturing 
- Circular economy in TES 
- Reverse logistics for TES 

- Eco-design 
- Net-zero carbon emission for 

TES 
- Cumulative energy demand 
- Renewable energy for TES 
- Waste management for TES 
- 6R principles for TES 

 

So
ci

al
 

- Servitization 
- PSS customization 
- Remote maintenance 
- Resilient in product and service 
- Industry 4.0 for TES 
- Mass customization 

- Sustainable resource planning 
- Lean principles for TES 
 

- Health & safety 
- Equality & 

diversity 

5. Conclusion and Recommendation 

TES integrates manufacturing, engineering and 
technology and delivers customer value throughout 
the product life-cycle with new service-based 
business models. In contrast to the traditional 
research in product life-cycle sustainability, TES is 
therefore capable of providing robust sustainability 
in a more integrated and holistic manner. This 
robustness can be achieved by the inherent 
continuous feedback of experience in TES that 
informs the design of the next iteration or upgrade 
of the complex engineering asset and support assets. 

This study aimed to present a holistic mind map 
of TES opportunities in integrated sustainability 
with environmental, social, economic pillars and 
throughout a product life-cycle. The systematic 
review methodology was adopted to select the 
relevant literature and to determine the research 
scope in the field. The TES opportunities mind map 
was then developed based on the synthesis of the 46 
reviewed documents including 25 journal articles, 9 
conference papers, 3 book chapters and 9 other 
scholarly documents. Base on Table 1 and as it was 
expected, the majority of the current and potential 
TES opportunities relate to economic sustainability, 
with very limited opportunities for the social 
dimension. Moreover, considering Figure 2, most of 
the current TES sustainability approaches focus on 
the ‘prepare’ and ‘utilize’ stages. Therefore, this 

study provides the following recommendations for 
future research: 
• Although the ‘design for ‘X’ has been discussed 

in the literature with the focus on finding the 
optimum design for products and services, 
future works should investigate the ‘design for 
‘X’ over the entire product life-cycle i.e. 
‘design for service’, ‘design for manufacturing/ 
assembly’; ‘design for end-of-life’;  
‘manufacture for service’, ‘manufacture for 
end-of-life’, ‘design service for end-of-life’. 

• TES mostly focuses on the economic impacts of 
inspection, monitoring, and MRO tasks. Further 
research should focus on the social and 
environmental aspects; e.g. estimation of the 
remaining sustainable life of components and 
designing environmentally and socially friendly 
tools and technologies for TES activities. 

• A wide range of IT and digital technologies are 
being deployed in the context as a result of I4.0 
advancements. Future studies should further 
investigate ‘how I4.0 can be environmentally 
friendly’ and ‘what are the social impacts, e.g. 
human factors, ‘human-machine interactions’. 

• Further studies can be carried out on the service 
design for sustainably manufactured products, 
e.g. design service for additively manufactured 
products. 

• LCC for PSS has been the focus on many 
studies with a high emphasis on profitability. 
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However, future research should focus on LCA 
for PSS, where the environmental impacts of 
PSS solution should be assessed and evaluated. 

• Considering Table 1, it can be noted that the 
identified social and social-environmental 
opportunities of TES are less investigated. 
Further research should focus on these aspects. 

• Further works should be carried out to detail the 
TBL metrics for TES and their impacts on 
assets’ availability, reliability, quality and cost. 

 
The further work would be focused on validating 

the proposed TES opportunities mind map and 
providing a detailed framework for implementing 
the TES opportunities. 
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