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A B S T R A C T   

The decision for remanufacturing as a life extension solution for ageing equipment approaching their end of life 
(EOL), has marginalized the active role of the end-users and maintenance functions, by predominantly consid-
ering the remanufacturers (OEM/R) context. However, the decisions influencing the immediate core (used item/ 
part of its component) condition like corrective maintenance actions used, and when to return a core for 
remanufacturing or exchange with a remanufactured part, are often the end-users responsibility. Factors like 
remanufacturing cost, alternative maintenance and spare strategies, introduce conflicting preferences, hence an 
asymmetric relationship between the end-user and the remanufacturer. This paper develops an integrated 
methodology to optimize maintenance, remanufacturing, and multiple spare strategies (new and remanufactured 
exchange) jointly, for life extension of an ageing multi-component system with dependencies. The model in-
culcates the asymmetric relationship to assist the end-user to derive decision support on optimal maintenance 
and remanufacturing strategies while minimizing the costs. A case study of an ageing turbine rotor assembly of a 
turbocharger with spare obsolescence demonstrates the utility of the proposed model. The study shows that the 
approach offers robust decision support, and further demonstrates the significance of the maintenance function 
and end-user influence in the remanufacturing decision making.   

1. Introduction 

Due to market competitiveness, customer social responsibility drive 
and compliance to reduce adverse environmental effects (e.g., lower 
carbon footprint, minimize waste generation), organizations are 
increasingly considering integrating sustainable remanufacturing stra-
tegies within their maintenance processes, to achieve lower environ-
mental impact in asset maintenance management. This is equally critical 
towards the United Nations sustainable development goals (SDG) 
number 12 - Responsible Consumption and Production [1]. Here, 
extending the lifespan of a deteriorating and ageing equipment should 
meticulously be accounted for when designing maintenance strategies, 
to substantially reduce waste generation. 

The extension of the lifespan of deteriorating and often ageing assets, 
especially at their End of Life (EOL), presents a critical challenge which a 
good deal of maintenance-intensive plants are facing. As an example, the 
lifespan of several plants, including nuclear reactors in the United States, 
the United Kingdom and France, have been extended by twenty years 

[2]. Besides, new large capacity refineries have not been constructed in 
the US over the past 40 years [3]. When equipment approaches the 
designed EOL, and the decision on the end of its service life is not taken, 
two critical challenges are introduced. 

Firstly, managers of ageing technical systems face challenges of 
developing decisions to mitigate expected increased age-related equip-
ment failures, while considering both reductions in maintenance and 
operational cost and waste generation. 

The second challenge entails the technical aspects like spare part 
obsolescence, which may adversely affect the operation of a 
manufacturing facility or plant [4]. Unexpected obsolescence refers to 
sudden changes, which means the spare part is no longer available, 
which may include logistical obsolescence where the part is no longer 
produced, or functional obsolescence, where the item does no longer 
comply with current operational requirements [5]. Hence, plants may 
require an alternative spare-parts management strategy to address this 
potential challenge. 

Therefore, to address these two challenges, there is a need to 
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formulate and evaluate an integrated maintenance approach while 
considering equipment life extension and spare-part management stra-
tegies of an ageing plant. Maintenance and life extension strategies 
considering the end-of-life phase involves the shift from a linear econ-
omy to a Circular Economy. Linear economy represents the traditional 
production of take-make-use-dispose, while circular economy considers 
principles of reducing, reuse and recycle to slow, close or narrow the 
resource loops [6]. Typical examples of equipment life extension stra-
tegies include repair, reuse, remanufacturing and reconditioning of a 
component [7]. Integration of maintenance and remanufacturing pro-
vides the solution to these two challenges. Remanufacturing offers 
immense benefits like extending the life of an asset by facilitating reuse, 
restoring a used part to as good as new condition, the reduced cost 
compared to new products, reduced repair time and part supply lead 
time [8,9]. 

Despite the envisaged benefits of remanufacturing, several authors 
(e.g., [9]) have argued that remanufacturing strategies have marginal-
ized the active role of end-users and the maintenance function, albeit 
decisions related to remanufacturing a component ultimately are in the 
hands of the end-user. By contrast, research in the remanufacturing 
domain has been devoted to addressing the perspectives of the manu-
facturer (OEM) and remanufacturer (OEM/R), like optimization of the 
logistics and remanufacturing process and production, and marketing of 
“remanufacturable” products [9]. Here remanufacturers (OEM/R) 
include OEM and third-party agents involved in remanufacturing. For 
example, the OEM/R evaluates a returned component from the end-user 
and ultimately decides how best to remanufacture the part, basing their 
decision on a remanufacturability index. The index is derived as a 
product of indices representing environmental, cost and technical as-
pects, of which these metrics focus on the remanufacturing process, for 
instance, cleaning, assembly and disassembly [10]. However, notwith-
standing remanufacturing being a complicated process, disregarding the 
maintenance function and the end-user role in contributing to the 
remanufacturing decision may lead to suboptimal decision support. This 
is because of the following reasons. 

The maintenance strategies selected and employed by the end-user 
significantly affect the core characteristics (quality, demand, and con-
dition). For instance, the end-user application of interventions like 
major repair may significantly reduce the remanufacturability of a 
component compared to less intense interventions like an adjustment. 
Moreover, suboptimal maintenance activities may lead to an increased 
failure rate and affect the availability of cores [11]. For example, 
tightening bolts below the torque settings may catalyze vibrations and 
wear, ultimately cause the failure of a component, often rendering it 
non-remanufacturable. Hence, the critical role of maintenance strategies 
developed and implemented by the end-user should be viewed from the 
lens of the remanufacturing. Currently, this is not the case as the 
maintenance role and how it affects the core status is not considered by 
the OEM/R. This view can be seen by the stakeholders as; first, an 
enabling system to sustain the equipment throughout its life cycle. 
Secondly, as a vital tool to keep the renewal potential or remanu-
facturability of the equipment. 

Looking at the roles of the end-user, they are responsible for 
assessing when a component is obsolescent, and if so, to send it to the 
OEM/R for remanufacturing or exchange with a remanufactured part 
from a common spares pool. The introduction of the remanufactured 
exchange parts implies that industrial plants must maintain multiple 
types of spares in their inventory provisioning strategy. The inventory 
strategies exhibit unique cost, supply chain and inventory management 
characteristics which the end-user should apply. For example, the used 
part returned to OEM/R in exchange of a remanufactured part, should be 
remanufacturable to avoid incurring the surcharge expense. Therefore, 
for optimal and timely remanufactured exchange parts replenishment, 
the OEM/R would require parts or cores returned for remanufacturing to 
retain high remanufacturability. This exposes a cardinal challenge 
where the end-user needs to accurately predict and classify a part or core 

as remanufacturable to evade risks like protracted downtime and addi-
tional surcharge expenses charged by the remanufacturer. 

Several authors have considered incorporating maintenance and life 
extension strategies [11–13]. Most of the studies are devoted to 
exploring the OEM/R perspectives, for instance, planning and opti-
mizing of maintenance and remanufacturing process during the Pre-
ventive Maintenance (PM) policy. Previous studies do not provide direct 
evidence of considering the end-user activities in the remanufacturing 
decision process. Another common assumption made in the literature (e. 
g., [14]), is the optimization of life extension strategies like remanu-
facturing (role of the OEM/R) as “stand-alone” while disregarding 
maintenance policies (end-users role). This assumption disregards 
alternative end-user maintenance interventions employed under 
corrective maintenance (CM), like minimal repair and direct reusing a 
part that ultimately affects the core condition of the part and influences 
the remanufacturing decision. The OEM/R utilizes the remanufactur-
ability index developed and assigned during research and design of a 
part for remanufacturing decision. The use of this index by the OEM/R 
for remanufacturing decision may cause a misunderstanding by the 
end-user because it is not empirically identifiable and apprehensible to 
the end-user. Hence, from the end-user perspective, component rema-
nufacturability assessment and decision process seem to be perceived as 
a ‘black box’. Additionally, cross-cutting issues like alternative options 
to new spares and costs, generate potential conflict between the stake-
holders due to their divergent preferences. For instance, the use of new 
parts instead of remanufactured exchange parts may primarily be 
inferred by OEM/R, due to benefits like accurate reliability and higher 
margins. However, the end-user may prefer remanufactured exchange 
parts due to their reduced cost compared to purchasing new parts. 
These, among other conflicting roles and preferences between the 
end-user and OEM/R, introduces an asymmetric relationship. 

The interactive and asymmetric roles played by both the end-user 
and the OEM or OEM/R while deciding the recovery strategy (refer-
ring to both maintenance and life extension strategies) to employ, 
remain under-explored in literature. Moreover, a systematic under-
standing of how the maintenance function and the end-user contributes 
to the remanufacturing decision making is still lacking. Owing to these 
aspects being under-explored, a clear view of the end user’s impact and 
involvement in the decision derivation is not permitted. Hence, main-
tenance and equipment life extension strategies like remanufacturing 
should be integrated into a singular framework, therefore. 

(i) to derive robust decision support while considering the in-
teractions between these strategies, and  

(ii) to incorporate the asymmetric relationship between the end-user 
and OEM/R in the decision process. 

This paper, therefore, develops a holistic framework integrating 
maintenance, remanufacturing, and multiple spare strategies for life 
extension of an ageing multi-component system. Multiple spares strat-
egy is employed to mitigate ageing effect challenges like spare part 
obsolescence and the increased failure rate of the system. Moreover, the 
framework considers the asymmetric relationship while defining the 
roles and interactions of the stakeholders; in this case, the end-user and 
OEM or OEM/R towards optimizing recovery cost. 

The remaining part of the paper proceeds as follows: In Section 2, a 
brief review of relevant literature is presented. In Section 3, the study 
and assumptions are delved in, while Section 4, advances the case study 
simulation model formulation. Section 5 involves the presentation of the 
results and their discussion, while lastly, Section 6 presents the con-
clusions and suggestions for future research. 

2. Review of relevant literature 

As alluded in Section 1, four vital areas of concern in this research are 
reviewed in this section. The domains examined include the various 
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product life extension strategies, maintenance policies, applicable 
spares inventory policies, and lastly the strategy employment decision 
making. 

2.1. Product life extension strategies 

Product life extension strategies illustrated in Table 1, include 
remanufacturing, replacement and reuse of components and high- 
reliable parts (with longer life). 

During the remanufacturing process, components are classified 
whether they can be reused, remanufactured, scrapped and or recycled. 
Hence, the life-extension strategies are used individually subsumed in 
maintenance or the remanufacturing process, and along with the other 
alternatives, like repair and replace strategies. The specific strategies are 
further elaborated in the next sections. 

2.2. Remanufacturing 

Remanufacturing is an EOL process where used components of the 
equipment are renewed via a manufacturing process to at least the 
performance specification of a new component, [16]. When certain parts 
in a system eventually degrade, they are carefully disassembled, and if 
they are not damaged or worn out to non-remanufacturable state, these 
parts are meticulously remanufactured to the same high standards as the 
original. The OEM or remanufacturer (OEM/R) attaches to the rema-
nufactured part, equal warranties to that of a new component. The 
remanufacturing process can, for instance, be employed repairing a 
worn, deformed or cracked component, e.g. a gear, blade of a turbo-
charger [17]. For an additive remanufacturing process, this incremental 
restoration process potentially consumes less material, while embedding 
a used component with better resistance to wear, fatigue, and corrosion. 
An example of the repairing solution that could be utilized for rema-
nufacturing is laser metal cladding and deposition technology, also 
known as laser Metal Deposition (LMD) that combines laser and powder 
processing, which enhances material utilization and high precision 
components from powders [18]. Direct Metal Deposition (DMD) that 
incorporates laser cladding, has been used for heavy-duty industrial 
components for re-build and repair aspects like surfaces, cracks, and 
cavities developed upon extended service and argued to significantly 
extend the service life of the repaired component [19]. For damaged 
surfaces, robotized DMD may be applied, plus soft machining like 
re-grinding. 

As highlighted by [16], a re-manufacturable product should have 
several characteristics like, having a core that is continuously available 
and restorable. The intrinsic and extrinsic factors that are critical to the 
remanufacturing process may be categorized further as core acquisition, 
core quality and remanufacturability [20].  

a) Core acquisition. 

For the remanufacturing process, the availability of the core retain-
ing appropriate quality is requisite. Core acquisition can be defined as 
the activities of determining the inventory level of cores, primarily 
affected by demand, the timing of return and ultimately the quality of 
the cores. The demand and return rates may be deterministic, stochastic 
or random as employed by various works (e.g., [11]). Studies in this line 

disregard uncertainty espoused by unplanned failure, maintenance and 
potential unexpected spare obsolescence to generate random require-
ment and return of cores, which are reported as under-researched [21]. 
This study model imperfect maintenance occasioned by unplanned 
failures and obsolescence, which subsequently affect the core condition 
and availability for remanufacturing by the OEM/R, as discussed in 
Section 3.2.  

a) Quality and Remanufacturability. 

The quality and remanufacturability of the component indicate that 
the part is suitable for remanufacturing from the design point of view. 
The quality may be quantified by the remanufacturability index and 
remaining useful life (RUL), which serves as a beforehand indication of 
the degree of the efforts required to return a product to its original 
geometrical shape and functional capabilities [22]. Studies model this 
remanufacturability index assuming values between 0 and 1. Here a 
value towards 1 implies high remanufacturability. Hence, the index 
provides insights at the time of initial design of a particular component 
for understanding the end of life scenarios (e.g., remanufacturing or 
replace) which might help to reduce waste, save energy, and other re-
sources [22]. Typical examples of studies that have employed this index 
include [22]. However, since the index is dependent on the product 
design [20], while RUL requiring complex analysis, it is not easy to 
deduce empirically. These approaches are limited to assisting the end--
user’s decision on component’s re-manufacturability, an essential aspect 
towards enhancing return efficiency. 

By drawing on the concept of empirically observable aspects, [17] 
quantified a score between 0 and 1 using the “amount of damage” 
propagated in mm3 to predict the remanufacturing cost. The study 
correlated the re-manufacturability indicator to empirical, observable 
damage propagations (wear, crack, and deformation), to ensure an 
identifiable and apprehensible process. Moreover, this approach can be 
utilized by the end-user and OEM in decision making as expounded in 
Section 3.2. 

Apart from degradation, the quality of the core is influenced by the 
number of remanufacturing loops or cycles, after which it becomes 
unsustainable to continue remanufacturing the component due to core 
degradation. Components susceptible to conditions like temperature, 
moisture, cyclic loading, and vibration exhibit accumulation of stresses 
leading to distortion, surface pitting, corrosion and fatigue cracks [23]. 
A potential measure to quantify core quality by the end-user is often a 
visual inspection of the part, from which the limit of the times a 
component can be remanufactured is established. Hence, in the present 
study, we represent this aspect by accounting the number of cycles 
(times) a component has been remanufactured as shown later in Section 
3.2.9. 

Because of the limitation of the core availability, the end-user may 
return a worn part to the OEM/R in exchange for a remanufactured 
exchange part to enhance efficiency and reduce downtime. The OEM/R 
provides a remanufactured exchange part at a lower cost compared to a 
new part but includes a surcharge which is refunded to the end-user after 
inspection of the returned part, if the part is useable. However, research 
studies that consider remanufactured exchange parts disregard two 
critical aspects from the end-user’s context. First, they disregard incor-
porating the core deposit charge (surcharge), which potentially could be 
an expense, thereby negating the cost savings. The expense (deposit) is 
incurred if the returned core is not remanufacturable. Related to the first 
aspect, the role of the end-user in circumventing the return risk is 
ignored. In this study, we incorporate the core deposit surcharge linked 
to a probability of core non-acceptance due to imperfect decision mak-
ing, while the end-user’s stochastic decision is based on a discernible 
empirical observation as identified earlier in this Section 2.2. 

Table 1 
Business model strategies for slowing resource loops in Circular Economy based 
on [15].  

Business model Strategies 

Access and performance model Product service system 
Extending product value/life Remanufacturing, reuse, recondition, replace 
Classic long-life model High-reliable product 
Encourage sufficiency Durability, repairability, upgradability  
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2.3. Maintenance policies 

Various maintenance policies primarily include corrective, preven-
tive and condition-based maintenance [24]. Extensive research pre-
dominantly attributes preventative strategies to effectuate often 
components that can be remanufactured, while corrective plans are 
leading to non-repairable components [9]. However, research in this 
line disregards the wholesome corrective (CM) and Condition-based 
Maintenance (CBM) strategies which may significantly influence the 
reliability, re-manufacturability state and failure characteristics of the 
components. CM activities by the end-user may include repair, replace 
and reuse [25], which are similarly prescribed following CBM. 

Other maintenance actions, like cleaning, have been considered 
during the remanufacturing process. However, the cleaning of compo-
nents during operations have been identified to improve the remanu-
facturability of a component significantly. This aspect is further delved 
in Section 3.2.2. 

2.3.1. Repair 
Repair is the maintenance action undertaken to restore a component 

to its original or operational state to be used for its originally intended 
purpose [26]. Repair action is considered to follow perfect maintenance 
quality where the system is deemed to be either “as good as new” or “as 
bad as old”, following maintenance [27]. Imperfect maintenance quality 
is advocated when technological or human-related limitations and er-
rors like diagnosis, tooling and procedures are considered. However, 
realistically modelling qualitative aspects like maintenance quality 
which imply imperfect maintenance is challenging. Alternatively, 
several authors like [28] suggest, for instance, virtual age models like 
Arithmetic Reduction of Age models incorporating age reduction coef-
ficient and hazard rate adjustment factor which are considered later in 
this study. Various technological solutions can be applied for minimal 
repair purposes, including conventional minor repairs like welding and 
adjustment [29]. Intensive repair may employ additive manufacturing 
techniques, like Direct Metal Deposition (DMD) and other Laser Metal 
Deposition (LMD) techniques [30], earlier reviewed in Section 2.2. 

2.3.2. Direct reuse 
Direct reuse strategy is employed when components that are not 

waste are used again for the same purpose for which they were 
conceived [31]; this may include cannibalization [25,32]. In this study, 
we adopt ‘direct reuse’; which is precisely defined as using again of the 
product for the same purpose for which it was conceived without sig-
nificant repair or refurbishment [16,26]. Studies considering reuse have 
predominantly employed the reliability of the component during the 
second life as justification, for instance, based on 50% of the original 
performance or life [33]. Other studies suggest the technological life, 
quality and reliability of the component as the key factors driving the 
technical feasibility for reuse [33]. In this study, we consider these two 
factors that affect the attractiveness of reuse as discussed in Section 
3.2.7, which include the component’s technological life and the hazard 
rate at the end of the first and second life. 

2.3.3. Replace 
The replace strategy is often employed for components found not 

economically feasible to remanufacture. Hence a viable option is 
scrapping or replacing the component with a more reliable part [21,34]. 
An example could be new or refurbished parts of the same type and 
make [29]. The decision to replace a part is usually influenced by, the 
available alternatives, their cost and also the perceived difference be-
tween the actual and desired reliability state of the part [9]. Divergent 
derivatives are addressed in research and practice, such as the use of 
newly manufactured spares and remanufactured spares. 

New spares are distinguished as components manufactured to 
replace the same part in a piece of equipment, retaining As-Good-As- 
New (AGAN) state. The new spare retains more or less similar useful 

life as a spare originally in the equipment and can be used to replace the 
defective one, while is considered expensive compared to other alter-
natives [24]. Most research indicates that the replace actions are pre-
dominantly done using new spares, and more specifically, where 
components are extensively damaged [35]. 

However, in this study, we consider alternative replace options as 
remanufactured exchange parts derived from remanufacturing process 
(see Section 2.2) and new parts as further delved in Section 2.4. 

2.4. Spares policy 

While considering various potential spare parts strategies in this 
study, the use of multiple spare policies together is evident to support 
robust and realistic strategies while considering joint recovery and spare 
policies. From the existing studies, several limitations which this work 
seeks to address are evident in the spare parts provisioning when both 
maintenance and life extension strategies are employed together. 

Firstly, studies disregard the simultaneous application of multiple 
spare inventory plans that mitigate ageing effects like obsolescence and 
derive realistic decision support. Spare’s obsolescence is categorized as 
voluntary, where the user or manufacturer allows the technology to die 
out, while involuntary occurs irrespective of whether the end-user or 
manufacturer wants to alter the product. Expected obsolescence infers 
that both parties are aware of the discontinuation or obsolete occurrence 
time. Unexpected obsolescence refers to sudden changes in the position 
of the OEM like declared bankrupt or ending production [5]. Secondly, 
they do not evaluate the impact of the various recovery actions on the 
component’s performance, thereby influencing the spare usage decision 
process from both the end-users and OEM’s perspective with technical 
interactions. 

Thirdly, considering remanufacturing strategies while formulating a 
spare parts management framework is essential. This is because usually, 
remanufactured parts eventually form part of a spare parts pool for a 
company or organization. Therefore, this inclusion influences positively 
(or negatively) the spare parts management strategy implemented in the 
organization. However, despite this importance, studies often disregard 
remanufacturing indices, like core availability and the remanufactur-
ability of the returned part in comprehending the spare parts manage-
ment while considering remanufactured exchange parts. 

2.5. Strategy employment decision-making 

Implementing any recovery intervention follows four salient steps: 
diagnosis, prediction, decision-making process and lastly implementa-
tion. These steps are later considered in the methodology. However, 
while administering these steps, various criteria are employed in the 
decision-making process. Decision making on the recovery action to 
employ, in literature has relied on various inspected, monitored, or 
predictable criteria as summarized in Table 2. 

These criteria are used at all maintenance levels (during CM by end- 
user and during PM by OEM/R). To comprehensively account for the 
roles and interactions of the stakeholders, an integrated framework is 
warranted. Conventionally, the use of total recovery cost (maintenance 
and life extension related) in selecting overall strategy has been 
employed in several studies like [13]. Here, the recovery costs include 

Table 2 
Recovery actions decision criteria summary.  

Recovery action Decision criteria 

Reuse Remaining Useful Life (RUL) [36]; inspection [37] 
Replace Failure [38]; Remaining Useful Life (RUL) [39] 
Remanufacturing Economic, environmental, quality and resource indicator [34]; 

Quality grading [40]; Cost [33]; Ease of disassembly and reuse  
[41]; Remaining Useful Life (RUL) [36,39]; Remanufacturing 
index [22,42] 

Repair Failure severity [35]; Remaining Useful Life [36]  
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remanufacturing, inventory, repair, spares holding costs, labour, logis-
tics and other maintenance costs. These parameters are considered in 
this study to determine the total recovery cost as a performance measure 
of the system. 

Based on the gaps identified, there remains a paucity of studies 
developing frameworks that address life extension while considering the 
end-user context. Therefore, as the primary contribution, this study 
contributes to the existing knowledge and research by contextualizing 
an integrated model, subsuming joint recovery (maintenance and 
remanufacturing) and multiple spare policies for an ageing multi- 
component system. We employ a simulation-based approach to model 
the stakeholders (end-user and OEM/R) interactions, considering their 
roles in the application of the integrated policies for life extension and 
recovery cost optimization. Other contributions include:  

• The study develops a novel simulation-based approach for evaluating 
remanufacturability from the end-user context by linking the rema-
nufacturability of a component to empirical observations, thereby 
deriving random component demand and reliability transition. 

• We propose a new paradigm in defining the component core condi-
tion in the remanufacturing process. The core condition is defined as 
a function of (i) recovery actions undertaken on the component, 
since the action’s intensity affects the quality of the core, (ii) the 
number of times, the core has been remanufactured and, (iii) spare 
part obsolescence, new criteria in real-life decision making support 
as also suggested by [21]. This is in addition to the useful life and 
economic factors employed in classical work.  

• The present research defines, for the first time, the asymmetric end- 
user – OEM/R conceptual remanufacturing decision logic based on 
technical and economic criteria. Technical criteria include a com-
ponents’ hazard rate, remanufacturability, obsolescence, and reli-
ability or remaining useful life, while economic measures include 
spare availability, cost, production time and availability of 
processors.  

• The study develops a new method of multiple spare parts policies 
(new and remanufactured exchange parts) management based on a 
prioritized spare part substitution strategy, while inculcating the 
asymmetrical relationship among the stakeholders. The remanufac-
tured exchange part management is modelled stochastically to depict 
the end-user predictive accuracy of the returned component’s 
remanufacturability. 

3. Methodology 

3.1. Notations   

i  Number of recovery actions; i=
{1,2,3,4,6,7}  

n  Number of components 
modelled; n= {1,2,3,4}  

j  Severity levels; j= {1,2,3,4}  k  Remanufacturability levels; k=
{1,2,3,4,5}  

Inventory identifiers Process identifiers 
rx  Remanufactured spare parts rf  Remanufacturing process 
np  New parts ru  Minimal Reuse process   

rp  Minimal Repair process 
Decision variables 
ωru  Percentage residual life-reuse τPM  PM interval (hrs.) 
ωrp  Percentage residual life-repair τCL  Cleaning interval (hrs.) 
Nn  Number of times Ri  Recovery actions 
N∗

n  Number of times threshold ρi  Effective age renewal factor 
λn  MTTF for the nth component  ηi  Recovery action utilization (%) 
t  Instantaneous system running 

hours 
FSj  Hazard rate level, jthseverity 

class level  
In  Stock in hand FS∗ Hazard rate threshold 
Sn  Maximum stock level RVLn  Remaining virtual life 
sn  Spare reorder level RVL∗

n  Percentage of remaining virtual 
life 

(continued on next column)  

(continued ) 

Qn  Order quantity ULn  Original lifetime (hrs.) 
ln  Sourcing lead time (hrs.) tnN  Component age in the Nthlife/ 

cycle  
CR  Total Recovery costs Tri  Recovery action delay for the ith 

recovery action  
LCM  Total CM labour costs Ao  Operational availability (%) 
LPM  Total PM labour costs T  Total simulation time (hrs.) 
Crf  Total remanufacturing cost job  Obsolescence index 
Crx  Total remanufactured 

exchange parts 
q Obsolescence forecasted time 

(%) 
Cnp  Total new parts cost RIk  Remanufacturing indicator 
Cl  Total logistics costs RI∗ Remanufacturing indicator 

threshold 
Ch  Total spare holding costs CL  Binary cleaning signal 
Cnrf  Estimated part 

remanufacturing cost 
α Scale parameter of the failure 

distribution 
Cnrx  Remanufactured exchange part 

cost 
β The shape parameter of the 

failure distribution 
Er  Exchange remanufacturability 

probability 
ULn  Original lifetime (hrs.)  

3.2. Model formulation 

As discussed, the goal of this study is to evaluate the influence of end- 
user maintenance-related activities on the decision process of the OEM/ 
R when determining the appropriate recovery option to implement for a 
component. From the literature review, the end-user implements 
different maintenance activities like replace, reuse, minimal repair, and 
services like cleaning. On the other hand, the decision-making process of 
the OEM/R prescribes appropriate recovery action like direct reuse, 
minimal repair, remanufacturing, and replace using new and remanu-
factured exchange parts, after considering various aspects. These aspects 
include the component’s hazard rate, residual life, number of times a 
component has undergone remanufacturing. 

3.2.1. Modelling system characteristics 
We consider the operation and maintenance of an ageing multi- 

component system composed of n components. The increase in failure 
variation is introduced by varying the failure characteristics in the 
derived distribution of the n components. The system is maintained 
using various recovery actions Ri, with respective recovery delay times 
Tri . The maintenance degradation model with imperfect maintenance 
is described by Arithmetic Reduction of Age models as alluded in Section 
2.1.2 using the virtual age model concept. As formulated by [28], λ∗n =

ρi ∗ λn, where and λn and λ∗n are the virtual ages of the component before 
and after the interventions, while ρi is the effective age renewal factor or 
maintenance efficiency linked to various recovery actions Ri, including 
replace, repair, reuse and recondition. During operations, the system 
undergoes unplanned corrective maintenance and scheduled preventive 
maintenance. 

Condition-based maintenance is undertaken to assess the state and 
condition of the components to enable appropriate decision-making 
during operations and maintenance. While integrating spare obsoles-
cence, which implies new spares are no longer available, we introduce a 
binary obsolescence index job[1, 0], where 0 depicts no obsolescence and 
1 correlate its occurrence. For modelling purpose, during operation 
without obsolescence, job=0, we assume obsolescence occurs at the 
obsolescence forecasted time q % of the simulation time T, where job 
transitions to 1. 

3.2.2. Modelling remanufacturing process 
Remanufacturing is considered an essential recovery option, where 

decision-making on the remanufacturability specifically by the end-user 
as seen in the lens of the OEM/R is incorporated. We assume the 
component(s), candidate for remanufacturing have a high remanu-
facturability index previously set by the OEM/R. As insinuated in Sec-
tion 2.2, we introduce a remanufacturability indicator index (RI ∈ [0, 
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1]), which categorizes the condition of the component. For instance, the 
RI can be correlated to the length of wear or depth of a fracture, which is 
empirically observed by the end-user. A length of wear, for instance, 2.5 
mm compared to 5 mm being the maximum remanufacturable length, 
may correlate to an RI of 0.5. In this instance, a value is set beyond 
which remanufacturing is unattainable (beyond 5 mm) correlating to 
RI=0. This value is divided into five equivalent levels (k levels) each 
denoted by a different RIk value. We link the RIk of the component to the 
cost and time required for remanufacturing; here RIk≃1.0 attracts lower 
cost and time due to the increased ease of remanufacturing correlated, to 
the short length of wear to be filled, in contrast to RIk≃ 0.5 that retains 
higher remanufacturing efforts. 

Various factors influencing the remanufacturability indicator RIk 
include the operational time of a component, the recovery, and service 
action like cleaning undertaken. Concerning the component’s opera-
tional time, a high remaining virtual life (λn) close to the original life 
(ULn) of the element corresponds to low operational time postulated to 
imply a higher remanufacturability. We introduce the percentage of 
residual virtual life (denoted as RVL∗), of a component, quantifying the 
residual life to be used in the next part of the mission. 

Based on the expert review, we derive the percentage remaining 
virtual life using the mathematical function RVL∗ = λn /ULn, to define 

the RIk transition. If RVL∗ ≤ 40%, RIk changes to 0.4, while 
41%≤ RVL∗ ≤ 60%; RIk transitions to 0.6 and finally RVL∗ ≥ 61%, RIk 
transitions to 1.0. The impact of the various recovery actions on the RIk, 
was derived using a sensitivity analysis and expert assessment and is 
incorporated using the transition matrix illustrated in Table 3. For 
example, a component retaining RIk = 0.8 transitions to 1.0 after 
replacing, recondition and cleaning while reusing and repair transitions 
to 0.8 and 0.6, respectively. In this case, during repair, the degradation 
level is worse than that just prior, an aspect also corroborated by [43]. 
Cleaning action R5, earlier suggested in Section 3.2, is undertaken when 
the predetermined cleaning interval is attained (t = τCL). We introduce a 
clean binary signal (CL) 0 or 1, depicting cleaning state on a component 
conventionally recommended to be cleaned to improve remanufactur-
ability. During operation, component retains CL=0, while after cleaning 
it transitions to CL=1; however, CL resets to 0 when the component 
requires CM intervention. After cleaning and CL=1, the RIk improves 
and likewise, transitions as illustrated in Table 3. 

Besides the employment of RI as an essential ingredient to remanu-
facturability decision-making, we incorporate several other factors. As 
alluded earlier in Section 2.2 and 2.3, the number of cycles or times a 
component has been remanufactured is essential towards the sustain-
ability of the process. These aspects are accounted for and further 
addressed in Section 3.2.7. Moreover, for remanufacturability, a 
component should retain a lower failure severity hence we include the 
hazard rate level (FSj) of the component. The hazard rate level based on 
ISO 14224 and MIL-STD-882C (see Table A1 in the Appendix) is derived 
from a sensitivity analysis of the empirical data of the component’s 
operational life (λn). 

Considering the economic criteria, the component’s remanufactur-
ing cost (Cnrf ) is incorporated in the decision process. 

3.2.3. Modelling operational and recovery actions 
The operation and maintenance of the system follow the schematic 

representation of the conceptual model framework in Fig. 1. 

Table 3 
Transition matrix for RIj and FSj based on recovery actions.  

Recovery action Remanufacturability Indicator RIk  Hazard rate FSj    

0.2 0.4 0.6 0.8 1.0 1 2 3 4 
Replace RCM

1  1.0 1.0 1.0 1.0 1.0 1 1 1 1 

Reuse RCM
2  0.2 0.4 0.6 0.8 1.0 1 2 3 4 

Repair RCM
4  0.4 0.4 0.4 0.6 0.8 2 3 3 4 

Recondition RCM
3  0.4 0.6 0.8 1.0 1.0 1 1 1 1 

Clean RCM
5  0.6 0.6 0.8 1.0 1.0 1 1 2 3  

Fig. 1. Schematic representation of the modelling framework.  
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During the operation, online condition monitoring (temperature, in- 
service oil, and vibration analysis) is undertaken to derive the condition 
of various components. In the event of unexpected performance or un-
planned failure, corrective maintenance (CM) is conducted, while pre-
ventive maintenance (PM) is employed at the lapse of PM interval (τPM). 
Due to the characteristics of the system under study, maintenance (CM 
or PM) requires the system to be stopped (depicting structural depen-
dence), equipment (multi-component assembly) extracted, dis-
assembled, inspected, and maintained. An extensive inspection is 
undertaken during PM that includes various tests (see Section 3.2.6) to 
assist in decision making. The model assumes PM activities (See Fig. 1) 
which incorporate the recovery actions undertaken by the OEM/R, who 
are always available; hence logistics costs denoted as Cl are incurred. 

3.2.4. Modelling multiple spare policies 
The spares inventory policy adopted is the periodic review order up- 

to (s, S) policy, while new and remanufactured exchange parts are 
retained. Defining the order up-to policy; periodically, for a specific 
component and part type, the stock in hand (In) is compared with the 
reorder level (sn), if stock in hand level is lower than the reorder level (In 
< sn), an order quantity equivalent to the difference between the 
maximum stock and stock in hand (Sn – sn) is placed that incurs a 
respective lead time (ln). For example, utilizing a remanufactured ex-
change part to replace a failed component, if the stock in hand is less 
than the reorder level Inrx < snrx , an order (Qnrx = Snrx − Inrx ) is placed that 
incurs a sourcing lead time of lnrx . 

3.2.5. Modelling end-user maintenance activities 
Corrective maintenance encompasses four strategies (Ri); replace 

(RCM
1 ), reuse (RCM

2 ), recondition (RCM
3 ) and repair (RCM

4 ), an extension 
when compared to current practices where replace is predominantly 
modelled. As earlier hinted in Section 2.3, we incorporate stochasticity 
and imperfect maintenance by employing the probabilistic reliance 
factor ηi=1,2,3,4 indicating the percentage utilization of the specific Ri. 
Considering the RCM

2 , RCM
3 and RCM

4 , we assume only labour-related cost 
and repair time, hence Tr2− 4 times are incurred, respectively. During the 
replace action RCM

1 , as earlier alluded in Section 2.3, we integrate mul-
tiple spare policies; moreover, as indicated in the study objective, we 
subject the selection of the policies to a prioritized substitution strategy. 

In this case, due to the envisaged benefits in the end-user’s context 
(technically and economically), remanufactured exchange parts (RCM

1rx
) 

are prioritized followed by new parts (RCM
1np

). Additionally, obsolescence 
is included in the decision process, for instance, the presence of spare 
obsolescence (job= 1), leads to refraining from new parts (RCM

1np
) option 

and prioritizing remanufactured exchange spare parts option (RCM
1rx

). 

3.2.6. Modelling recovery activities under Preventive maintenance 
When t = τPM, occasioning PM, as shown in Fig. 1, the assembly is 

delivered to the OEM/R workshop where it is disassembled, cleaned, 
and inspected. The inspection includes tolerances, non-destructive tests 
like hardness and dye penetrant tests, and other visual inspections. 
Various recovery actions can be prescribed based on the condition of 
each component, besides other technical and economic criteria, as 
illustrated in Fig. 2. They include direct reuse, minimal repair, rema-
nufacturing, and replace as discussed subsequently. As shown in Fig. 2, 
the direct reuse, minimal repair, and remanufacturing recovery actions 
are undertaken when the hazard rate of the component is lower or equal 
to the limit threshold (FSj ≤ FS∗). 

3.2.7. Decision modelling- direct reuse under OEM/R 
To evaluate whether it is technically feasible to reuse directly (RPM

2 ) a 
component, we introduce two modelling aspects in addition to the 
hazard rate: 1) its residual life and 2) the number of reuse times. 
Considering the residual life, we quantify the estimated second life of a 
component being directly reused, (denoted by tn2 ) as a percentage of the 
original component life, ULn, when in the good as new state. Hence, to 
define this second life, tn2 , we introduce a percentage residual life-reuse, 
defined by the variable ωru. Mathematically, we define the estimated 
second life, tn2 as a percentage of ULn using the equation tn2 = ωru ∗ ULn. 
We assume if the MTTF is higher than this estimated second life 
(λn ≥ ωru ∗ ULn), the reusability of the component is technically feasible. 

As alluded in Section 2, the number of reuse times retains another 
condition. We define the instantaneous number of times using the var-
iable Nnru which accounts for the number of times a component has gone 
through after each reuse recovery action. The variable N∗

nru
, defines a 

limiting threshold number of the times, which can be determined by 
expert assessment or empirical data analysis, beyond which the reuse of 

Fig. 2. Schematic representation of the OEM/R decision process during preventive maintenance.  
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the component may compromise the performance. Therefore, on the 
condition, the number of reuse times is equal or less than the set 
threshold (Nnru ≤ N∗

nru
), reuse action RPM

2 is considered feasible on the 
component. Collectively, as shown in Fig. 2, the decision to employ 
direct reuse recovery action, the conditions set above must be met, that 
is FSj ≤ FS∗, λn ≥ ωru ∗ ULn and Nnru ≤ N∗

nru
. 

3.2.8. Decision modelling- minimal repair under OEM/R 
An alternative recovery action following the reuse is the minimal 

repair RPM
4 . In this case, in addition to the conditions utilized under 

direct reuse, where the number of reuse times is less or equal to the set 
threshold (Nnru ≤ N∗

nru
), we further consider the residual life for the 

repair action. We quantify the residual life for the repair of the 
component in a similar way as the reuse action. However, the percent-
age of residual life-repair ωrp, is conventionally expected to be lower 
than the percentage residual life-reuse ωru; because some work is ex-
pected to be done on the component, in contrast to direct reuse where no 
action is made to improve the state of the component. Mathematically, 
we define the estimated residual life, as a percentage of ULn using the 
equation ωrp ∗ ULn. Likewise, if λn ≥ ωrp ∗ ULn, the minimal repair of the 
component is technically feasible. Therefore, these three conditions 
(Nru ≤ N∗

ru, FSj ≤ FS∗ and λn ≥ ωrp ∗ ULn) are met for repair decision to 
be made by the OEM. 

3.2.9. Decision modelling- remanufacturing under OEM/R 
To evaluate the technical feasibility of remanufacturing (R6) a 

component, we introduce four modelling aspects besides the hazard 
rate; 1) availability of the processor, in this study we assume constant 
availability, 2) the number of remanufacturing times, 3) the remanu-
facturability indicator of the component and 4) the remanufacturing 
cost compared to alternative remanufactured exchange spares. Inde-
pendent of the number of reuse times, the number of times a specific 
component has undergone remanufacturing is accounted for. Here, a 
high value would infer the reduced remanufacturing potential because 
of aspects like increased fatigue and corrosion inherent on the compo-
nent due to high usage as alluded in Section 2.1.1. The variable N∗

nrf
, 

defines a limiting threshold of the number of times, derived from the 
expert review, beyond which the remanufacturing of the component 
may compromise the component’s potency as a core for remanufactur-
ing. Therefore, if the number of remanufacturing times for a component 
is equal or less than the set threshold (Nnrf ≤ N∗

nrf
), remanufacturing 

action R6 is considered feasible on the component. 
When considering the remanufacturability of the component, the 

remanufacturability indicator is defined, and the transition states were 
shown earlier in Section 3.2.2. We predefine a limiting threshold 
denoted by the variable RI∗, beyond which the remanufacturability of 
the component is technically feasible, in this case, if the component’s RI 
is greater or equal to the set threshold (RIn ≥ RI∗), remanufacturing is 
considered feasible. 

We consider the end-users interest of ultimate remanufacturing cost 
reduction. While considering the component(s) to be remanufactured, 
the remanufacturing process to some degree may not be preferred if the 
equivalent remanufactured exchange spare can be availed at a lower 
cost compared to being remanufactured. In this case, we define the 
remanufacturing cost for the component (denoted by Cnrf ) which in-
cludes the total cost of remanufacturing and logistics, while the cost of a 
remanufactured exchange part is denoted by Cnrx . 

To evaluate this condition, initially, the remanufactured exchange 
spares availability is checked, here the stock in hand denoted by Inrx . If 
the stocks are not available, and the lead time to source them is esti-
mated to derive higher costs compared to the remanufacturing process, 
remanufacturing is prescribed. However, if the remanufactured ex-
change part is available and the remanufacturing costs are higher than 
the exchange part, then the exchange part is used. Collectively if the 
conditions (Nnrf ≤ N∗

nrf
, RIn ≥ RI∗ and Cnrf < Cnrx ) or (Nnrf ≤ N∗

nrf
, 

RIn ≥ RI∗, Cnrf > Cnrx and Inrx < 1) are met, remanufacturing R6 is un-
dertaken. Baumers et al. [44] developed a costing model to compute the 
estimated cost of the build Cbuild as shown in equation (1), when additive 
manufactured techniques are employed during remanufacturing (R6). 

Cbuild = (CindirectTbuild) + (mPmat) +
(
EbuildPenergy

)
(1) 

Where Cindirectindirect costs include production, administrative, ma-
chine and labour costs, Tbuild is the time needed to build the part which is 
influenced by volume and number of layers of the part. To derive the 
cost of material, we multiply the mass m and price Pmat of the deposited 
material. The energy cost is got by multiplying the mean price of elec-
tricity Penergyand energy required to complete the build Ebuild. The costing 
model used considers the volume of material deposited, support mate-
rial, the time for production, set up time and machine time with an 
hourly rate. 

This study considers technologies like direct metal deposition (DMD) 
which are used to repair and rebuild worn or damaged components, to 
manufacture new components, and to apply wear and corrosion- 

Fig. 3. Reuse and replace based on the hazard rate.  
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resistant coatings. DMD can be used to undertake repair for degenerated 
base material, low-cycle fatigue, creep and wear, mechanical damage 
and erosion, corrosion, and oxidation. The technology has been applied 
successfully in areas of remanufacturing, hard coating, and new complex 
part manufacturing [45]. DMD can be exploited on high creep resistant 
Industrial metallic components made of actual end material, such as tool 
steel or aluminum and Nickel alloys, among others. Common failure 
modes such as cracking and wear, as found on turbine blade tips are 
considered in the following Section 4. 

3.2.10. Decision-modelling- replace under OEM/R 
An alternative recovery action, the replace (RPM

1 ) of a component is 
considered initially if three conditions occur. Firstly, the hazard rate is 
above the limit (FSj > FS∗) inferring that the components’ vulnerability 
to failure is significant (see Fig. 3), and secondly, the remanufactur-
ability indicator is lower than the limit (RIkn < RI∗), implying lower 
remanufacturability potential. Point A in Fig. 3 illustrates inspection 
done at the time t1, while the component residual time suffices for direct 
reuse, while at B, minimal repair. Between points B and C, only replace 
action is admissible. As shown in Fig. 2, we model two alternative var-
iants; 1) remanufactured exchange, and 2) new parts, prioritized in the 
same order. It is worth noting that the presence of spares obsolescence 
also holds a significant influence in the decision-making process, where 
new parts cannot be utilized when spares obsolescence is present as is 
delved in this part. 

To evaluate the feasibility of replacing a component using a rema-
nufactured exchange spare (RPM

1rx
), we employ two modelling aspects 

simultaneously, in addition to the above hazard rate and remanu-
facturability aspects: 1) the component cost and 2) the stock availability. 
Considering, the cost of the spare, the total cost of the remanufactured 
exchange part (denoted as Cnrx ) is compared to that of the new part 
(denoted as Cnnp ). Moreover, we introduce an exchange remanufactur-
ability probability Er, that depicts the accuracy of the end-user in clas-
sifying a returned exchange part as remanufacturable. Cnrx includes the 
spare cost and the deposit/surcharge, applicable in (1 - Er) instances, 
which depict the probability the returned core is not remanufacturable. 
If the cost of the remanufactured spare is less than that of a new part (Cnrx 

< Cnnp ) and the remanufactured exchange part is available (Inrx > 0), 
then the remanufactured spare is utilized. In the event the remanufac-
tured exchange spare is unavailable (Inrx = 0), or the remanufactured 
exchange spare cost is higher than that of the new part (Cnrx > Cnnp ) and 
the new part is available (Innp > 0), the use of remanufactured exchange 
spare is skipped and evaluation for new parts undertaken as described 
next. 

The next replace option modelled is the use of new parts (RPM
1np

). As 
defined earlier in Section 3.2.1, during the absence of obsolescence in 
the model (denoted as job = 0), the use of new parts is workable. In 
contrast, the presence of obsolescence (job = 1), leads to skipping the use 
of new spares and prioritizing remanufactured exchange part. Consid-
ering the stock availability, the stock in hand is evaluated, if stock is 
unavailable (Innp < 1), and the lead time is significantly high compared 
to that of a remanufactured exchange part (lnnp > lnrx ), the use of a new 
part is skipped, and the remanufactured exchange part is considered. 

During both CM and PM replace actions, respective spare parts costs 
are cumulated, i.e., spare costs for remanufactured exchange (Crx) and 
new parts (Cnp). Moreover, respective spares holding costs (Ch) are 
computed multiplying various spares holding cost rates, stock in hand 
and the time a specific spare has been stocked. Moreover, we derive the 
total PM-related labour cost (LPM) by cumulating the PM delay time 
(TPM) with the PM labour rate (LPMr ) 

Following the different recovery actions under CM and PM, the 
components are assembled, and the assembly fitted back to the system, 
where installation and testing are undertaken. However, after PM the 
assembly undergoes mandatory balancing incurring balancing costs 

before being transferred to end-user. The effects of the recovery actions 
like respective spare and labour costs are computed and the assignment 
of new variables like RIk and FSj done. The system continues to operate, 
else if t = T, then the simulation ends. 

3.3. System performance measure 

The total recovery costs CR, as illustrated by equation (2) include the 
respective labour-related costs under CM (LCM) and PM (LPM), remanu-
facturing cost (Crf ), remanufactured exchange spares (Crx), new parts 
(Cnp), logistics cost (Cl) and spares holding costs (Ch). 

CR = LCM + LPM + Crf + Crx + Cnp + Cl + Ch (2)  

4. Case study system description and assumptions 

In this paper, a use-case simulation-based approach of a turbocharger 
system in a thermal power plant is advanced to demonstrate the meth-
odology developed. The turbine rotor assembly was established as 
critical following a criticality analysis of components in a turbocharger 
by [38]. Therefore, the components modelled include the turbine rotor 
shaft, turbine blades and compressor wheel. We include the bearings 
which suspend the rotor assembly inside the turbocharger, therefore, 
part and parcel of the multi-component system (cartridge), thus n = 4. 
The component’s description and time to next failure (λn) are illustrated 
in Table 4. 

The empirically derived distributions shown in Table 4 were 
employed in the base scenario providing the as-is situation. To mimic 
ageing of the components, the shape parameter was varied to β > 1 
(reduced variance of time to failure) for a component depicting an 
increasing failure rate of the component. We employ the common 
assumption of β > 1 (2.5) [46] during the simulation T to present a 
smaller variation of the failure time, modelling the increase in failure 
rate. 

The CM actions Ri employed by the end-user include replace (RCM
1 ), 

reuse (RCM
2 ), recondition (RCM

3 ) and repair (RCM
4 ) and clean (RCM

5 ). The 
RCM

i=1,2,3,4 retain respective delay times Tri and utilization ηi=1,2,3,4, 
while RCM

5 is undertaken after a cleaning interval τCL= 500 hours. We 
adopt the values of Tri=1,2,3,4, ηi=1,2,3,4 and ρi=1,2,3,4 as used by [38]. The 
preventive maintenance is undertaken after the lapse of PM interval τPM 

Table 4 
Component description and time to next failure.  

Unit Time to next failure -λn (Hrs.)  Corresponding p-value - K- 
S test 

Turbine blades 1.21e+003 + WEIB 
(1.61e+003, 0.231) 

>0.15 

Compressor 
wheel 

1.48e+003 + WEIB 
(1.50e+003, 0.420) 

>0.15 

Bearings 161+WEIB (4.67e+003, 0.737) >0.15 
Turbine Rotor 

shaft 
1.21e+003 + WEIB 
(2.08e+003, 0.465) 

>0.15  

Table 5 
Random testing and logistics delay times.  

Delay item Time 
(hrs.) 

Delay item Time 
(hrs.) 

Extraction of cartridge UNIF 
(4,5) 

Cleaning, measurement and 
inspection 

UNIF 
(3,5) 

Logistics: end-user- 
OEM 

UNIF 
(2,4) 

Disassembly of 
cartridge 

UNIF 
(4,5) 

Logistics OEM to OEM-R UNIF 
(2,4) 

Assembly at OEM or 
OEM-R 

UNIF 
(4,5) 

Installation and testing @ end- 
user 

UNIF 
(4,5)  
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= 12,000 hours and incurs estimated UNIF (30,52.5) hours. Uniform 
distribution was sufficient to represent most of the time delays because 
the experts provided the minimum and maximum values. The turbo-
charger cartridge is extracted from the engine, transported to the 
OEM/R workshop, disassembled, cleaned, measurements are taken, and 
a thorough inspection of each component done. The different estimated 
delay times are presented in Table 5. 

After the inspection, the OEM prescribes various interventions based 
on the decision-logic described in Section 3.2.7. In this case study, the 
divergent interventions include direct reuse, minimal repair, remanu-
facturing and replace, which considers new and remanufactured ex-
change parts replacement. 

As alluded in Section 2.2.2, some research justifies reuse of compo-
nents at 50% residual life (of the original performance or life). However, 
since we incorporate subsequent alternatives like minimal repair, which 
conventionally should have lower residual life, we propose the esti-
mated residual second life for reuse of higher value. Thus, to prescribe 
reuse RPM

2 and minimal repair RPM
4 , the percentage of residual reuse life 

variable ωru is set at 90%, while for repair, the percentage remaining 
repair life ωrp is set at 70%. A sensitivity analysis was undertaken on the 
two parameters motivating these values. Both the threshold limit for the 
number of reuse times N∗

nru 
and the hazard rate FS∗ are set to 2. 

We define the RI to address the end-user challenge of establishing the 
remanufacturability of the component, in this case, the turbine blades. 
Following a review with an OEM/R representing a specific turbocharger, 
the blade length of wear beyond 2.0 mm as a hypothetical example could 
correlate to the inability for remanufacturing; hence, we define different 
levels of RIk as shown in Table 6. Moreover, a value of 0.6 was intimated 
to suffice remanufacturing, thus was set as the RI threshold RI∗n. The 
number of remanufacturing times threshold N∗

nrf 
was set at 2 and hazard 

rate FS∗ remains at 2. 
Remanufacturing decision R6 is taken when (RIn ≥ RI∗n), (Nnrf ≤ N∗

nrf
) 

and (FSj < FS∗), and considers two options, derived from the OEM 
consultation and data review. The first option retains remanufacturing 
the turbine blades. The turbine rotor assembly retains 45 blades, where 
approximately 10 to 45 blades are remanufactured. Since the remanu-
facturing cost per uncoated blade is €700, in this case, we generate a 
random cost of UNIF (7,000, 31,500) based on the expert estimate and 
empirical cost data. Considering the OEM advise, the alternative repair 
option with equal likelihood under remanufacturing is where the blisk 

(turbine disk and blades) is repaired at approximately € 15,250; hence, 
we model a 50:50 probability of employing the two options as rema-
nufacturing costs Cnrf . We introduce a mandatory balancing cost, and 
logistics delay and cost since the OEM-R centre is different from the OEM 
workshop as shown in Table 7, while the operation takes an average of 
10 hours, 

The replace action is utilized by both the end-user (CM) and the 
OEM/R (PM). Replacement under PM is conducted when the hazard rate 
is above its threshold, while remanufacturability is below the limit 
(FSj > FS∗ and RIn < RI∗n). For instance, if a component’s remanu-
facturability is below the acceptable limit and its failure severity can 
portend significant stoppage, the replacement option is considered. 
Prioritized product substitution strategy is employed, in this case, 
prioritizing the remanufactured exchange spares RPM

1rx 
over new parts 

RPM
1np

, due to the cost. This may include an instance where remanufac-
tured turbine blades are prioritized when both new and remanufactured 
exchange spares are available. 

Following literature (e.g., [13]) and OEM/R indications, we 
randomly vary the cost for remanufactured exchange spares using UNIF 
(0.5, 0.75), implying 50 to 75% of the new part cost. On the other side, 
we randomly vary the surcharge/deposit of the exchange part using 
UNIF (0.2, 0.3), implying 20 to 30% of the new part cost. Based on 
OEM/R estimates, 75% of the instances (Er=75%), the returned part is 
remanufacturable, hence the returned cores necessitate refund of the 
surcharge. Moreover, other factors like the presence of spare obsoles-
cence (job=1) leads to reliance on remanufactured parts instead of new 
parts. An order-up-to (s, S) spare policy is used; if the stock in hand is less 
than the reorder level (In < sn), an order of quantity (Qn = Sn − sn) is 
sourced incurring a sourcing lead time of ln. For example, for the case 
study, if the stock in hand for new bearings was 1, an order quantity of 4 
bearings would be sourced. This study adopts cost of new parts (Cnnp ) 
and sourcing lead times used by [38]. The estimated holding cost rates is 
€ 0.02 per unit per hour, while other spare inventory characteristics of 
both new and remanufactured exchange spares are presented in Table 7. 
We incorporate potential spare obsolescence using forecasted time q of 
75% of the simulation time. For instance, this correlates to the intro-
duction of spare obsolescence at 78,840 hours which is 75% of the time 
modelled of 105,120 hours. 

5. Results and discussion 

The case study of the turbocharger is simulated in Arena 15.10, 
where the simulation time of 105,120 hours (≅ 12 years) is used, 
depicting the second half of the system lifespan. The complete lifespan of 
the system is 24 years. A warmup period of 10000 hours is implemented. 
The model is run with the current system conditions and variables to 
derive the base scenario results (Section 5.1). To establish the significant 
modelling parameters impacting the performance measure, a design of 
experiment is developed with the variable ranges (Section 5.2) following 
the work of [35]. The DOE is based on a full factorial analysis where the 
effect of the different respective ranges on the respective performance 
measure are evaluated using the analysis of variance (ANOVA). Sensi-
tivity analysis is undertaken using the significant experimental param-
eters to evaluate the various scenarios related to the OEM/R and the 
end-user (Sections 5.3 and 5.4). Finally, the significant parameters are 
employed in the simulation-based optimization to determine optimal 
scenarios (Section 5.5), following the optimization process proposed by 
[35]. 

5.1. Model results 

Based on the modelling parameters derived for the case study in 
Section 4, the simulation was initially run with 10 replications, and 
further analysis showed that an estimate of 70 replication ensured 
steady state for the model and reduced half-width to acceptable levels. 

Table 6 
Remanufacturability indicator description.  

RIk  Range Description length (mm) 

1.0 0.8 - 1.0 Remanufacturability is remarkably high 0 – 0.5 
0.8 0.6 - 0.8 Remanufacturability is high 0.6 – 1.0 
0.6 0.4 - 0.6 Remanufacturability is medium 1.1 – 1.5 
0.4 0.2 - 0.4 Remanufacturability is low 1.6 – 2.0 
0.2 0.0 - 0.2 No Remanufacturability > 2.0  

Table 7 
New and remanufactured exchange spare characteristics.  

Component New spares Remanufactured exchange 
spares 

Innp  Snnp  snnp  lnnp 

(Hrs.)  
Inrx  Snrx  snrx  lnrx (Hrs.)  

Turbine blades 2 2 1 UNIF 
(5,24) 

2 2 1 48 

Compressor 
wheel 

2 2 1 UNIF 
(5,24) 

2 2 1 48 

Bearings 5 5 2 UNIF 
(4,8)     

Turbine Rotor 
shaft 

2 2 1 UNIF 
(2,12)      
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The results illustrated in Table 8 represent the base-case scenario. 

5.2. Design of the experiment 

In this section, we review the experimental parameters and select the 
significant parameters to be employed in the subsequent experiments. 

From the OEM estimation, obsolescence (q) occurs 10 years after the 
active life of the equipment. Obsolescence implies the unavailability of 
new spare parts hence replacement using new parts during PM (RPM

1np
) and 

CM (RCM
1np

) cannot be utilized. In this study, we assume the active life is 
equivalent to the first half-life (12 years). Hence, the obsolescence 
would occur after 22 years. Since we consider the second half-life, it 
translates to approximately (q= 85%) of the simulation time (10/12), 
while early obsolescence, we consider (q= 65%) (approximately 8 
years). The PM interval (τPM) in this study relates to the time interval 
between the OEM or OEM/R interventions, e.g., the time between 
remanufacturing instances or planned replacements. A high and low 
value of τPM implies less and more frequent PM interventions undertaken 
by the OEM/R, respectively. The number of remanufacturing times (N∗

rf ) 
as earlier described in Section 3.2.6, computes the time a core retains its 
remanufacturability potent. In this case, this assumes that the compo-
nents modelled retain a high lifespan (50 to 60% of the modelled 
timeline T = 105120 hours), and a need for remanufacturing may occur 
before this time elapses. Hence, the lowest N∗

rf=1 and a high of N∗
rf=3 are 

deemed sufficient. The hazard rate threshold FS∗ is based on the hazard 
rate definition, as outlined in Table A1 in the appendix. Due to the 

assumption of four-level graduation, the highest expected level FS∗=1 
(correlating to a minor loss of mission functionality) and lowest ensuring 
component still is useable is FS∗=3 is considered. 

The percentage residual life for reuse ωru and repair ωrp which esti-
mate the second life of components, are varied assuming a higher or 
lower RUL respectively, therefore a critical OEM/R decision which 
considers a situation of directly reusing or minimally repairing a 
component(s) during PM interval. 

While considering increased exploitation of the CM policy, which is 
often predominantly undertaken by the end-user, the utilization of 
replacing a component (η1), or directly reuse of the component (η2) or 
undertaking minimal repair (η4) actions are implemented. Based on 
extensive sensitivity analysis and empirical evidence, the ranges are set 
as η1(20%, 40%), η2(15%, 35%) and η4 (15%, 35%) respectively. On the 
other hand, the exchange part remanufacturability probability (Er) is 
considered in this study, which depicts the prediction accuracy of a 
component’s remanufacturability during the exchange part policy by 
the end-user. In real life, this may imply the end-user retains skills to 
predict if a component is remanufacturable. Hence, a high value 
(Er=85%) indicates the ease of predicting remanufacturability of a 
component by the end-user, in contrast to a low value Er=55%. The 
remanufacturability indicator threshold (RI∗) as defined in Table 7 in 
Section 4, retains the highest level of remanufacturability (RI∗=1) while 
expert assessment suggests a medium value RI∗=0.6 suffices to represent 
the lower level remanufacturability. 

Characterizing different components, the parameter ranges related 
to the end-user were derived using sensitivity analysis and expert 
assessment. Additionally, empirical evidence was used to derive OEM/ 
R-related parameters. A summary is illustrated in Table 9. 

We undertook a full factorial analysis and evaluated the significance 
of the main and interaction effects of the variables using the analysis of 
variance (ANOVA). The results are illustrated in Table A2 in the ap-
pendix, where the statistical significance level of 0.05 was used to select 
the variables. From the analysis, τPM, Er, η1, η4, N∗

rf , RI∗, ωru and ωrp are 
revealed as significantly impacting the total recovery costs (Cr). The 
numerical experiments are classified into three areas linked to the 
anticipated contributions of this study. The first part entails the influ-
ence of the OEM/R, while the second evaluates the end-user application 
and influence in the process. The last part considers simulation-based 

Table 8 
Base scenario results.  

Decision variable Cr  Crf  Cnp  Crfx  LCM  LPM  Ch  Cl  

Value (€) 1068709 316303 419446 132824 90669 73567 10417 25483  

Table 9 
Set up of the numerical experiment.  

Parameter Value Parameter Value 

η1  20%; 40% Er  55%; 85% 
η2  15%; 35% FS∗ 1; 3 
η4  15%; 35% RI∗ 1; 0.6 
q  65%; 85% ωru  80%; 95% 
τPM  8,000 hrs.; 16000 hrs. ωrp  60%; 85% 
N∗

rf  1; 3    

Fig. 4. Total recovery cost (Cr) increase at late obsolescence compared to the base case, for RI∗=1 versus RI∗=0.6; q=85%, η1=25% and η4=15% and varying values 
of τPM and N∗

rf . 
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optimization. 

5.3. Impact of the OEM/R decisions considering end-user skills 
(accuracy) 

In this experiment, we consider the main parameters the OEM/R can 
distinguish during the decision process, in this case, the PM interval 
(τPM) and the number of remanufacturing times N∗

rf . Moreover, while 
considering the remanufacturing process and exchange spares, we 
consider the end-user ability to confirm the remanufacturability level as 
significant, herewith Er. Fig. 4 presents results where RI∗ is varied 
considering these parameters (τPM and N∗

rf ). 
From the results, an extended PM interval (τPM=16000 hrs.) corre-

lating to a reduced PM frequency while employing a high level of 
remanufacturability (RI∗=1) combined with a higher number of rema-
nufacturing times Nrf demonstrates a significant reduction of Cr. The 
effect of τPM extension implying fewer PM interventions effectuates cost 
reduction. A high RI∗ implies that components candidate for remanu-
facturing retain high remanufacturability; thus, less effort is required 
during remanufacturing ultimately reducing the repair cost Cr. How-
ever, a higher N∗

rf which potentially corresponds to a component 
retaining higher residual life after remanufacturing, hence less 
replacement using new parts is required. This ultimately reduces the Cr. 
It is also notable that a high end-user accuracy Er of predicting rema-
nufacturability of a part exchanged provides a modestly higher reduc-
tion of Cr when considering an extended τPM and high N∗

rf .Taken 
together, these results suggest that an extended PM interval, combined 
with an increased number of remanufacturing times and high end-user 
prediction accuracy of the core’s condition (and remanufacturability), 

offers an additional benefit towards recovery cost savings. However, 
these results should be interpreted with caution, because the extension 
of τPM and high N∗

rf should be considered along with the use of moderate 
replace (η1) and minimal repair (η4) utilization, when experiencing late 
unexpected obsolescence (q=85%). In real life, this implies a plant may 
extend the PM interval and increase the number of remanufacturing 
times, for instance, while utilizing various condition monitoring tools 
and highly skilled maintenance team ensuring high accuracy in pre-
dicting remanufacturability. We take these optimal parameters (τPM and 
N∗

rf ) that influence the OEM/R decision process in the next part of the 
analysis. 

The OEM/R undertaking PM is faced with a significant task of 
deciding whether to reuse directly, minimally repair, remanufacture, or 
replace a component after inspection and testing. The first two decisions 
are critical as an antecedent to the remanufacturing or replacement 
decisions. Besides the residual life parameters (wru and wrp), the OEM/R 
may use the RI∗ and obsolescence (q) which characterize the core con-
dition to derive this significant decision. 

As shown in Fig. 5(a), the effect of early or late obsolescence is 
marginal (up to 2%), while that of RI∗ somehow significantly (3-5%) 
reduces the Cr. In the instance when the OEM/R decides to reuse and 
repair a component at high RUL levels directly (ωru=95% and 
ωrp=80%), lower recovery cost savings is exhibited compared to the 
combination of a high repair (ωrp=80%) and low reuse (ωru=80%) re-
sidual life. Moreover, the results in Fig. 5(b) insinuate that a higher RI∗

of the core generates significant savings of remanufacturing costs Crf and 
subsequently on Cr compared to lower RI∗. This is attributed to the fact 
that components undergoing PM potentially retain a lower RUL after 
exploitation equivalent to the PM interval, hence basing the OEM/R 

Fig. 5. The impact of RI∗=1 versus RI∗=0.6 of (a) recovery costs and (b) remanufacturing costs compared to the base case; τPM=16,000, N∗
rf=3 and varying values 

wru and wrp. 

Fig. 6. Recovery costs decrease at early and late obsolescence compared to the base case, for η1=25% and η4=35% versus η1=40% and η4=15%; τPM=16,000, N∗
rf=3 

and varying values RI∗ and Er. 
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decisions sorely on a high RUL would consequently lead the component 
being subjected to either remanufacturing or replacement due to lower 
residual life. As a result, the increased use of remanufacturing and 
replacement adversely affects the recovery costs hence denting the Cr 
savings. From these results, a plant may derive significant Cr savings, 
when employing moderate RUL (moderately high wru and wrp) on con-
dition that the component has a high potential for remanufacturability 
(RI∗=1). This means that moderate residual life for a component with 
high remanufacturability would derive optimized Cr savings. 

5.4. Impact of end-user skills and CM recovery actions utilization and 
influence on the system costs 

We consider the end user’s application and influence on the rema-
nufacturing process in managing system performance thereby reducing 
Cr. Considering this context, the end-user could apply an extension of 
the τPM and N∗

rf while varying the percentage utilization of two main-
tenance interventions, i.e., repair (η4) and replace (η1). Moreover, 
integrating the end-users influence on remanufacturing decision, 
different levels of Er and RI∗are considered. In this case, retaining a high 
τPM and N∗

rf and considering obsolescence, an aspect out of control for 
the end-user, we vary RI∗, Er, η4 and η1. As illustrated in Fig. 6, there is a 
general trend of slightly higher savings of Cr when obsolescence occurs 
early (q=65%) compared to late (q=85%) occurrence. This might be 
attributed to the fact that adoption of remanufacturing during late 
obsolescence is not expected to derive cost savings based on two factors; 
firstly, as expected, due to exploitation in q=85%, the core reliability 
and quality is low and hence more efforts is required for remanu-
facturing, hence elevated recovery costs. 

Secondly, from the end-user or decision-makers perspective, the 
component cores are expected to have been reused beyond the regular 
times, manifesting deficiencies like fatigue cracks and corrosion 
rendering them unsuitable for remanufacturing. In contrast, adopting 
remanufacturing in situations demonstrating early obsolescence coun-
ters these challenges where a significant reduction of Crf (up to 50%) 
when RI∗=1 and both extremes of Er, subsequently a reduction of Cr, as 
illustrated in Fig. 7(b). In the same context, the Cr savings are significant 
at high RI∗, compared to a lower value. This is attributed to the less 
efforts and costs involved for the core with high remanufacturability 
potent. 

Following the same line of thought, higher accuracy in classifying the 
parts for exchange as remanufacturable by the end-user (Er), is shown to 
derive significant cost savings. However, considering the use of both 
replace and repair recovery actions by the end-user, at early obsoles-
cence, the use of a higher replacement and lower repair interventions is 
recommended, as depicted in Fig. 6. Moreover, in situations of late 
obsolescence, low replacement (η1), and high repair offers better savings 

when a higher Er is considered. During early obsolescence, a higher 
replacement specifically with remanufactured exchange parts instead of 
new parts derives synergy when the end-user lessens repair utilization. 
In this case, a modest utilization of the repair intervention may ensure 
that the core retains its remanufacturability potential in most instances 
when a replacement intervention would otherwise be implemented. 
Hence this gives the end-user the flexibility of using remanufactured 
exchange parts and mitigating the probability of attracting surcharges. 
During late obsolescence, reduced η1 implies an elevated use of rema-
nufactured exchange spares instead of new parts hence, an increased 
accuracy by the end-user (Er=85%) generates higher savings. The results 
in Fig. 7(a) corroborate this, intimating significant savings that emanate 
from a decline in the cost of new parts (Cnp). 

Because of the expected reliance on the cost-effective remanu-
facturing process by the end-user, it is crucial to evaluate the impact of 
varying the levels of utilizing replace (η1), repair (η4), remanufactur-
ability indicator (RIk) and exchange remanufacturability probability (Er) 
to the remanufacturing cost (Crf ). Considering both early and late 
obsolescence, a high RI∗ and both levels of Er, similar optimal results are 
derived at the various CM actions (η1 and η4). In this case, as shown in 
Fig. 7(b), an elevated η1 and low η4 (η1=40, η4=15%) shows a higher Crf 

savings compared to other options (η1=25%, η4=35%). In this case, a 
decrease in repairing of components while increasing replacement in-
stances of components, as expected would reduce Crf as compared to Cnp. 
On the other hand, mixed results are seen when considering a lower RI∗, 
with the combination (η1=25%, η4=35%), which illustrates lower sav-
ings in the event of early obsolescence, contrary to late obsolescence. 
Conversely, the combination (η1=40, η4=15%) is illustrated to generate 
higher Crf savings during early compared to late obsolescence. This 
could be attributed to a high remanufacturability hence lower rema-
nufacturing costs due to the frequent replacement (η1=40) and less 
repair (η4=35%) of the component. 

These results show the significance of the end-user application and 
influence in remanufacturing and by extension recovery optimization of 
the components. 

5.5. Simulation-based optimization 

Simulation-based optimization follows the methodological steps 
used by [35]. The optimization objective function (Eqn. 3) and main-
tenance action utilization constraint (Eqn. 4) were employed in the 
optimization using OptQuest software that applies heuristics known as 
tabu search and scatter search. One simulation run requires an average 
of 5:28 min (q=85%) and 4:23 min (q=65%) on a PC with Intel Core 
i5-2520 CPU@2.50 GHz. The simulation optimization required 18:30 h 
(q=85%) and 22:45 h (q=65%) to run. 

Minimize : = CR = LCM + LPM + Crf + Crx
∘Cnp + Cl + Ch (3) 

Fig. 7. The impact of η1=25% and η4=35% versus η1=40% and η4=15% on (a) new spares costs (Cnp) and (b) remanufacturing costs (Crf ) compared to the base case; 
RI∗=1, τPM=16,000, N∗

rf=3 and varying values q and Er. 
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s.t. : η1 + η2 + η4 ≤ 90% (4) 

Table 10 presents different optimal scenarios included in 202 and 
209 solutions that attained more than 20% reduction of total recovery 
cost Cr, representing early and late obsolescence, respectively. In situ-
ations when unexpected obsolescence occurs late (q=85%), the optimal 
solutions encompass an extended τPM, high N∗

rf , moderate η4, high η1, 
high η2, high Er, high RI∗, low ωrp and moderate ωru. On the other side, 
the optimal solutions in the case of early obsolescence (q=65%), indi-
cate an extended τPM, high N∗

rf , moderate η4, moderate η1, high η2, high 
Er, high RI∗, low HI∗, high ωrp and moderate ωru. 

As expected, optimal solutions retain an extension of the PM interval 
(τPM) at both early and late obsolescence. A notable reduction where 
τPM=15000 considering late obsolescence is simulation 291, which 
interestingly combines with moderate replacement η1 and a high ωru. 
The increased PM frequency which retains the renewal effect and high 
ωru ensures the component reliability is high, thereby mitigating the 
effect of reduced replace action. Moreover, in this circumstance 
(q=85%) all optimal solutions retain a high N∗

rf and corresponding high 
RI. In contrast, although optimal solutions under simulations 291 
(Nrf=2, RI∗=0.8) and 157 (RI∗=0.6) seems to suggest that a lower 
number of N∗

rf and RI∗ are admissible, the two scenarios are, however, 
combined with high ωru and high ωrp which demonstrates some inter-
relationship. However, owing to the increased residual life under both 
direct reuse and minimal repair, there is a marked decline in Crf savings 
and a substantially higher Cnp costs savings compared to the other 
optimal solutions. 

In a situation with early obsolescence (q=65%), there is a high 
likelihood of increased remanufacturing of the component to address the 
unavailability of new spares. The optimal solutions suggest a high N∗

rf 

requiring high RI∗, lower ωrp and moderately higher η4 compared to the 
other optimal solutions. Simulations 213 (RI∗=0.8) and 64 (RI∗=0.6) 
insinuate that lower RI∗ are admissible in optimal solutions when 
combined with high ωrp and reduced reuse η2 utilization. Likewise, the 
optimal solutions were derived when lower levels of N∗

rf=2 (as seen in 
simulations 80 and 81) combine with low ωrp, high ωru and a slight 
reduction of τPM. 

Regarding CM actions, predominantly undertaken by the end-user, 
optimal solutions incorporating high replace η1 and moderate repair 
η4 are exhibited to combine with low η2 strategy in situations of late 
obsolescence occurrence. The late occurrence of obsolescence increases 
the disposition of the end-user to utilize a high level of new parts 
replacement under η1, minimal repair η4 and directly reusing η2 at a 
lower scale, a scenario corroborated by the elevated Cnp as expected. In 
contrast, during early obsolescence, optimal solutions keep moderate η1 

and high η2 with low to moderate η4 interventions. However, if the end- 
user would opt for less reuse, optimality would be achieved by 
increasing replace action. Where the end-user would consider enhancing 
the application of repair, the increased utilization of repair would 
require a reduction of η1 during q=65% while an elevation of η1 during 
q=85%. 

As would also be expected, at both early and late obsolescence, the 
end-user accuracy to predict remanufacturability of an exchange part 
and the remanufacturability indicator for the remanufacturing process 
exhibit a correlation where optimal Cr is attained when corresponding 
high RI∗ and Er are combined. Increased reuse action by the end-user 
attains optimality when combined with high ωru and high ωrp during 
late obsolescence occurrence, with low ωrp considering early obsoles-
cence. 

6. Managerial implications 

The most prominent finding to emerge from the analysis is that 
incorporating the use of remanufactured exchange spare parts as an 
additional spare provisioning policy within both CM and PM, and 
remanufacturing within PM, has shown significant impact in recovery 
cost reduction. Interestingly, it could be hypothesized that the integra-
tion of remanufacturing, maintenance and multiple spare parts strate-
gies elaborately, has significant effects on the system, in terms of 
recovery cost savings. These findings raise intriguing questions 
regarding the nature and extent of involuntary or unexpected obsoles-
cence in a component admissible for optimization. Despite the unpre-
dictability of obsolescence occurrence, integrating its expected effects 
while predicting optimal remanufacturing, maintenance, and spare 
strategies to implement offers undoubtedly immense benefits to orga-
nizations. Our results emphasize the importance of organizations 
incorporating multiple spares strategies like new and remanufactured 
exchange spares into routine practice. These findings demonstrate the 
potential of the approach to ensure remanufactured spare parts in-
ventory is maintained at high fill rates during the EOL phase, thereby 
mitigating challenges like unexpected obsolescence, core quality and 
availability. 

The use of the remanufacturability indicator is seen as an aspect that 
can be harnessed collaboratively by the end-user and the OEM in setting 
the level of expediting component removal for remanufacturing. The 
significance of the remanufacturability indicator being discernable and 
identifiable by both the end-user and OEM/R in this approach has been 
demonstrated. This approach can be adopted by the end-users to manage 
the costs and extend product life. The end-user could employ the indi-
cator as to the basis of informing the OEM/R planning for remanu-
facturing during subsequent PM or opportune time like shutdowns or 

Table 10 
Description of scenarios for optimized parameters minimizing Cr.  

q q = 65% q = 85% 
Simulation 277 124 213 218 81 80 64 160 72 46 157 204 291 226 
Position 1 47 65 126 160 175 199 1 31 40 84 92 107 110 
τPM  16000 16000 16000 16000 15800 15100 15800 15600 15900 16000 16000 15600 15000 16000 
N∗

rf  3 3 3 3 2 2 3 3 3 3 3 3 2 3 
η1  25 34 22 17 26 27 35 35 35 35 15 31 27 15 
η2  35 15 35 33 21 21 16 20 15 22 15 33 28 35 
η4  27 20 28 40 38 34 37 33 40 25 20 26 29 20 
Er  85 69 85 81 72 77 56 77 83 85 85 77 73 55 
RI∗ 1 1 0.8 1 1 1 0.6 1 1 1 0.6 1 0.8 1 
ωrp  0.85 0.81 0.85 0.85 0.6 0.66 0.85 0.65 0.63 0.6 0.85 0.65 0.71 0.6 
ωru  0.8 0.89 0.8 0.8 0.89 0.86 0.89 0.85 0.81 0.9 0.8 0.88 0.9 0.8 
Cr  -29% -28% -28% -27% -26% -26% -23% -28% -27% -27% -26% -26% -26% -26% 
Crf  -44% -54% -37% -13% -34% -22% -38% -52% -56% -55% -28% -26% -32% -34% 
Cnp  -33% -25% -36% -55% -35% -44% -26% -24% -18% -18% -40% -42% -36% -38% 
Crfx  -4% 4% -4% -2% 2% 0% 10% 0% -2% -3% -6% 1% 2% 7%  
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low demand periods and not necessarily during PM. OEMs could inte-
grate remanufacturability indicator like the one employed in this 
research during their product design phase while inculcating empirically 
identifiable indices for effective and efficient remanufacturing. OEMs 
must consider the design for disassembly and design for up-gradation 
into their product development process, to preserve their remanu-
facturability potency and generate mutual savings for OEM/R and end- 
user, also corroborated by [47]. This result can offer essential insights to 
the OEM on the critical pointers while developing a product-service 
system (PSS) proposition. Product Service System has been shown to 
provide better control of the products during their use and remanu-
facturing phases and may address the uncertainty associated with the 
returned products [47]. In situations where PSS may not be feasible, 
end-user and OEM or OEM/R may mutually install sensors and 
radio-frequency identification (RFID) tags to relay component condition 
for both to actualize the remanufacturing decision process during the life 
cycle of the component. The technique proposed can be generalized to 
other potential remanufacturing indices like maintainability, surface 
hardness and crack length. However, the component should initially 
retain a high remanufacturability index. Despite this limitation, this 
approach will ensure the maximum core value is maintained; hence, the 
optimal performance of the subsequent remanufactured component. 
Since the accurate determination of a component’s current condition is a 
cardinal aspect of effective remanufacturing optimization, the use of 
condition monitoring sensors embedded on the equipment has been 
advocated to address this challenge. However, aspects like corrosion 
(internal or external) may not be captured using sensor technology and 
would prompt additional techniques (e.g., non-destructive tests like dye 
penetrant inspection). Here, extensive training of the maintenance team 
would provide the much needed timely and accurate diagnosis. 

The findings demonstrated in this work provide a new perspective on 
the classification of the core condition, as a function of obsolescence (q), 
end-users’ recovery actions, number of remanufacturing times (Nrf ) 
besides the useful life. The findings are significant in at least three re-
spects. First, the significance of end-user activities like to replace (RCM

1 ) 
and repair (RCM

4 ) in recovery cost reduction, provides convincing evi-
dence about the influence of end-user activities on the remanufacturing 
process. Judiciously using the activities will not merely enhance the core 
potency and reliability for a longer life extension, but also ensure timely 
retirement of a component for remanufacturing and reducing the re-
covery costs. Second, the use of the first three factors (RCM

i=1,4,Nrf and), 
here is thought to be novel since they have not been used previously in 
deriving the core condition for remanufacturing. Our results emphasize 
the importance of incorporating these factors into routine practice that 
would require accurate tracking of the “noble” components, by the end- 
user complementing the OEM/R tracking system. Lastly, mitigating the 
effects of obsolescence using remanufacturing variants may require a 
plant to commence planning from the early life of the equipment. Or-
ganizations could offer the cores for remanufacturing and stock rema-
nufactured spares instead of disposal or recycling of failed components. 
This calls for timely extraction of the core before a failure as advocated 
in this study. 

The results demonstrate that the impact of the asymmetric rela-
tionship between the end-user and the OEM/R in undertaking various 
maintenance, remanufacturing and spare parts decisions, cannot be 
underestimated in optimizing recovery costs, component reliability and 
life extension. This impact as demonstrated from the optimization re-
sults, certainly suggest that disregarding the preferences and mainte-
nance activities of the end-user may not provide optimal performance 
and life extension optimization. The framework has addressed many of 
the shortcomings of existing studies by evaluating the value addition 
and influence of the end-user (considering the asymmetric relation) in 
establishing and enhancing the remanufacturing decision. However, to 

comprehensively consider the end-user role and effect on remanu-
facturing by the OEM/R in real life, is not straight forward. This chal-
lenge could be addressed by information sharing and enhancing 
potential options like Product System Service (PSS) and contract main-
tenance management. 

The list of applications that could benefit from this method is 
possibly limitless. Despite the study dealing with a long-lifespan in-
dustrial turbocharger, the approach can be employed on shorter lifespan 
components like industrial rubber rollers, which exhibit higher usage in 
addition to a shorter life. The RI, in this case, for instance, would relate 
to the degradation modes of the core like, wear and corrosion. Other 
application like hydraulic cylinder seals whose condition can be moni-
tored using either acoustic emission, fluid or pressure-based techniques, 
may also warrant additional spare provision policies that offer conve-
nience and shorter lead times such as additive manufacturing. This 
demonstrates the relevance of this work to varied applications. 

7. Conclusion 

This study set out to develop an integrated model, subsuming joint 
recovery (maintenance and remanufacturing) and spare policies for the 
ageing multi-component system approaching their end of life, from the 
end-user context. The study modelled the role and asymmetric rela-
tionship of the end-user and the OEM, whose decision logic is based on 
technical and economic criteria. The paper incorporates the end-user’s 
role in remanufacturing by linking a component’s empirical observation 
with its remanufacturability, while defining the core condition as a 
function of the end user’s recovery actions, besides useful life, number of 
remanufacturing times and obsolescence. 

This study has shown that integrating maintenance, remanufactur-
ing, and spares policies simultaneously, offers robust decision support 
for components approaching the end of life, considering the role of the 
stakeholders, here the end-user and OEM or OEM/R. One of the more 
significant findings to emerge from this study, is that the end-user in-
fluence and application of remanufacturing should not be under-
estimated, confirming results of existing studies that also emphasized 
the importance of the end-user actions on the OEM/R’s remanufacturing 
decision-making as relates to the core quality and return rate (e.g. [9]). 
The holistic analysis of this study using the simulation-based optimiza-
tion added to existing research by identifying important factors that 
should be considered from both the OEM/R and end-user context, 
asymmetrically to enhance the remanufacturing decision process. Taken 
together, these findings provide insights and suggest a role for the 
end-user in enhancing the OEM’s design for the remanufacturing process 
of not only new products but also products in-service. 

However, there are still some aspects that require more investigation 
and study: a) Use of RUL for decision support often is incorporated in 
condition monitoring techniques such as vibration analysis and lubri-
cation condition monitoring. A further study with more focus on the 
integration of condition monitoring technique(s) is therefore suggested. 
b) The processors (OEM or OEM/R) may be unavailable, investigation 
considering this possibility is advocated to be undertaken. c) This study 
considered long-lifespan components, and further investigation can be 
undertaken to explore components with short-life span and high potency 
for more remanufacturing times. Lastly, with technological advance-
ments, possibilities of localized spare part production are possible, a new 
paradigm that warrants more research. 
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Appendix 

Table D2 illustrates the main and interaction effects of the decision variables, where df is the degrees of freedom. Main and Interaction effects that 
are significant means that the variables are statistically significant (P-Value ≤ 5%), in relation to Cr. The significant interaction effects indicate the 
validity of determining a balanced trade-off solution while integrating the decision variables. 

Tables A1 and A2 
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