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Abstract
Sustainable manufacturing is of great importance in today’s world. In manufacturing, keep
industrial equipment well-functioning is important because failure of equipment leads to
significant financial and production losses. In addition, disposal of such failed equipment is
both costly and environmentally unfriendly and does not recover any residual value. This
raises the need to adopt methods and means that help extending the life of equipment and
reduce waste of material. This paper presents a digital toolkit of cost model to estimate and
understand the costs to be incurred when applying life extension strategy for industrial equip-
ment. It is meant to be integrated with other tools and methodologies to enable end-users
to perform optimal decision-making regarding which life extension strategy (e.g., remanu-
facturing, refurbishment, repair) to implement for large industrial equipment that is towards
its end-of-life or needs maintenance, taking into account criteria such as cost, machine per-
formance, and energy consumption. The cost model developed integrates a combination of
parametric costing and activity-based costingmethods to per form cost estimation. It has been
implemented in an Excel-based Macro platform. A case study with application scenarios has
been conducted to demonstrate the application of the cost model to optimize life extension
strategies for industrial equipment. Finally, conclusions on the developed cost model have
been reported.
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Introduction

Adopting circular economy and sustainable manufacturing approaches can massively con-
tribute towards avoiding the worst impacts of climate change and maintaining our planet
livable. As the manufacturing sector accounts for approximately 40% of global GDP,
manufacturing companies,more than ever, are becoming increasingly concerned about recon-
sidering of their manufacturing practices and find solutions in order to remain competitive
and sustainable in light of the gradual depletion of natural resources around the globe [1–3].

Applying life extension strategies, such as remanufacturing, refurbishment, repair, etc.,
to restore industrial equipment and avoid waste to landfill would have a positive impact both
economically and environmentally while conserving energy and natural resources [4–6].

Accordingly, there is a substantial challenge to develop a decision support tool that helps
optimising the selection of most cost-effective life extension strategy that extend the life
of industrial equipment. The cost modelling is a key component of such decision support
framework inwhich it provides estimation to the costs to be incurredwhen applying particular
life extension strategy. Therefore, the principle motivation for this paper is to develop simple
and tractablemethodology that employs analytical approachwith human expertise to estimate
and analyse total cost of applying life extension strategy for large industrial equipment and
thus support informed decision-making. It is a continuation of the preliminarywork presented
in [7]. The new approach introduced in this paper has an advantage of enabling end-users to
perform comparisons among different scenarios of applying life extension strategies. This
includes when applying different strategies to different components in the same machine
simultaneously or a single strategy to fix only the failed component. Applying life extension
strategy not only to the failed component, but also to the components that are near to failure
will help achieve long-term potential savings and minimise downtime of the equipment.

The rest of the paper is organised as follows: “Review of cost estimation methods” section
dedicated to review the existing cost estimation methods used in engineering domain for
developing models to estimate the cost of manufacturing/life extension of products. Advan-
tages and disadvantages of these methods are also reported. The cost model development
procedure is presented in “Cost model development” section. Details on cost model require-
ments, architecture and life extension cost estimation methodology are provided in this
section. “Costmodel implementation” sectiondemonstrates the implementationof costmodel
through a case study of estimating costs for different life extension scenarios applied to indus-
trial equipment (friction welding machine). Results of cost model are also presented. And
“Conclusion” section draws conclusion from this work.

Review of cost estimationmethods

Generally, cost estimation can be defined as the process of predicting the amount of money
required to accomplish certain project. It involves direct and indirect costs that represent
utilities, materials, equipment, labour salaries, etc. In order to build the cost model, certain
elements about the project might need to be considered, such as duration of the project, size
of the project, scope of the project and how complex the project is [8–10].

In engineering domain, there are several cost estimating methods that can be used for
developing models to estimate the cost of manufacturing/life extension of products. These
approaches can generally be classified into three basic methods, analogy, parametric and
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bottom-up costing, or a combination of them. The selection of appropriate method depends
largely on the data availability for conducting the estimate [10–12].

Analogy cost estimation combines both historical data and expert judgment to estimate
the costs. It involves searching similar products that have been previously manufac-
tured/remanufactured and comparing the similarities with the product that needs to estimate
the cost for. Accordingly, cost data of the past similar cases are used to generate cost estimates
for the newproduct [11, 13, 14]. Case-BasedReasoning (CBR) approach can be used for anal-
ogy cost estimating. It typically involves retrieving the most relevant past case(s), reusing the
case(s) for solving the problem, revising the proposed solution, and then adopting/retaining
the solution into the case repository [15, 16]. Goodall et al. [17], Ficko et al. [18], Qin et
al. [19] and Ghazalli & Murata [20] are examples of applying CBR approach in predicting
manufacturing/remanufacturing costs. Analogy costing approach was also combined with
analytic costing approach to estimate cost of manufacturing dies [21].

Parametric cost estimation, also know as statistical modelling, is a quantitative method
that uses mathematical equations, referred to as Cost Estimation Relationships (CERs), to
determine the costs with key cost driver variables that affect costs. The CERs can range
from simple equations to complex relationships involving multiple variables. In general, the
CERs can be developed by applying statistical analysis, such as linear regression modelling
to relate historical data to the costs need to be estimated. However, if historical data is not
available or sufficient, the CERs logic can be determined through expert knowledge in which
the causal relationships of cost drivers and the output costs are identified [22–24]. The lin-
ear regression modelling is the most widely used approach for parametric cost estimation.
Smith and Mason [25] and Cavalieri et al. [26] compared linear regression model with neu-
ral networks to examine the performance and ease of cost estimation modelling to develop
cost estimating relationships (CERs). Camargo et al. [27] studied the possibilities of apply-
ing parametric cost estimation methods in the textile and garment industries. An integrated
dynamic life-cycle cost (LCC) model that used parametric costing and nested optimization
approach has been introduced by Lawand et al. [28] which considers additive manufac-
turing for repair/remanufacturing to quantify corresponding costs and benefits. Zhang et
al. [29] presented a prediction model based on least squares support vector regression and
semi-supervised learning to predict the remanufacturing cost of used parts precisely. The
application of parametric costing method at the design phase was examined by Duverlie and
Castelain [30] and compared with the CBR method. They concluded that the combination of
the two methods, parametric and CBR, is feasible. Another application of parametric costing
at the design phase was also introduced by [31] for modelling aircraft manufacturing cost
when little technical information is readily available. The case study application of proposed
model showed an acceptable level of accuracy.

Activity-based costing (ABC), also called “engineering build up costing” or “ottom-up
costing”, is a more granular approach where activities of individual tasks are identified and
assigned cost according to the actual consumption by each. The ABC approach has been
described by many authors [13, 14, 32]. While the two cost estimation methods described
above are largely rely on the availability of historical data and/or expert knowledge, the
ABC costing, on the other hand, depends on breaking-down the whole process of manufac-
turing/remanufacturing into smaller work activities for easier and more precise estimating.
Once individual estimates are calculated for each activity, they are added up to generate
the overall estimate of the cost. Data needed for ABC can be directly collected from users
and other available sources. The ABC can also account for indirect costs more accurately by
costing the time and resources spent on each activity in the process. Additionally, it facilitates
cost tracking so that detailed cost analysis can be performed to identify the most influential
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variables on the overall cost. The ABC costing method has been broadly applied in manufac-
turing/remanufacturing domain. Qian and Ben-Arieh [22] also presented a cost estimation
model that links ABCwith parametric cost estimations of the design and development phases
ofmachined rotational parts. Ardiansyah et al. [12] also introduced a hybrid approach of para-
metric cost estimation and ABC to generate the cost information of the whole process from
the design stage up to development stage. It has been applied to the development of an electric
vehicle prototype. Another integrated parametric cost estimation model with ABC approach
has been presented by Susanti et al. [33] to estimate production costs of a Li-ion battery pack
for e-motorcycle conversion. Each activity’s cost of the production process was put into a
parametric cost estimation model to calculate the cost of each activity into the total cost of
production. ABC has also been used to analyse economic benefit of remanufacturing and
a slat track in aircraft wing [34] and support the selection of optimum End-of-Life (EOL)
recovery alternative [35, 36] through developing a cost estimation model based on using
detailed recovering process information.

Other algorithmic approaches for cost estimation in manufacturing/life extension domain
have been introduced in literature. Object-oriented system engineering (OOSE) approach has
also been used to establish a life-cycle cost model architecture and a bottom-up approach was
adopted to conduct cost estimation [37–40]. Sabharwal andGarg [41] used the graph theoretic
approach to calculate the max and min values of cost effectiveness index in order to evaluate
the economic viability of remanufacturing. Zhou et al. [42] developed a fuzzy cost model
that requires no detailed information on EOL product. the purpose was to use operation cost
to select the optimum disassembly method to separate the valuable parts from the old product
and used for reuse or remanufacturing. Qin et al. [43] and Ding et al. [44] presented cost
analysis frameworks using big data technologies and optimization Back Propagation (BP)
neural network algorithm to implement the cost prediction to help enterprises effectively and
precisely predict the cost of remanufacturing processes of engineering machinery. A multi-
variate stochastic model, called Stochastic Cost of RemanufacturingModel (SCoRM), based
on Hybrid Pareto Distribution (HPD), Bernoulli process, and a polynomial cost function has
been proposed by Gavidel and Rickli [45] for analysing joint effects of core quality condi-
tion, return quantity, and timing on remanufacturing cost under normal and extreme return
conditions. Data-driven approach has also been used by Jiang et al. [46] which based on
decomposition-integration of remanufacturing process to analyse and predict remanufactur-
ing cost of EOL products. Rassõlkin et al. [47] discusses the developments in the recycling
of electrical machines with attention were devoted to three types of motors: synchronous
reluctance motor, permanent magnet assisted synchronous reluctance motor, and induction
motor. They assessed the costs of the recycling and then compared it to the amount of products
obtained from the electrical machines. Khalil et al. [48] introduced an integrated-cost opti-
mizationmaintenancemodel for industrial equipment taking into consideration the stochastic
nature of equipment failures as well as the balance between preventive and corrective mainte-
nance costs. They reported promise improvement in equipment availability and reductions in
failure rates. Bengtsson and Kurdve [49] explains how a life cycle cost analysis has been per-
formed on machining equipment with a case study from a Swedish company. The developed
model are compared to an empirical model and guidelines to consider operation, maintenance
and other aspects are given when designing the equipment.

Further to the literature reviewprovided above, Table 1 presents a summary of the strengths
andweaknesses for each of the threemethods; analogy, parametric and activity-based costing
methods [8, 14, 27].

According to the literature review and comparative summary of cost estimation methods
provided above, one cannot have an absolute conclusion on which method should be used
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Table 1 Comparative summary for cost estimation methods

Method Strengths Weaknesses

Analogy
Costing

Somewhat easier/faster to implement
than ABC

Relies on expert opinion in adjusting costs

Based on actual past cost cases Requires similar past cost cases

Parametric
Costing

Easier/faster to implement than the
other methods

Predictive ability reduces outside its data
range

Non-technical expert can apply the
method

Requires historical cost data

Appropriate to conduct sensitivity
analysis

Activity-
Based Costing

Cause and effect identified and under-
stood

Requires expert knowledge

Accurate estimate Requires details of the process/activity

Detailed insight and analysis into cost
elements

to carry out cost estimation. Therefore, it is recommended to use a combination of cost
estimation methods, in which strengths and weaknesses are complementary to each other,
with expert knowledge in order to obtain reliable and accurate cost estimationmodel. The cost
estimation methodology presented in this paper addresses this issue by integrating activity-
based costing and parametric costing methods with expert knowledge so that fast, accurate
and detailed cost estimations can be obtained using minimum amount of data required.

Cost model development

The cost model presented in this paper is built to carry out cost estimation and analysis for
selected life extension strategy of industrial equipment. This is done through developing
ABC costing model for calculating cost of every life extension strategy. Then, system of
equations approach is used to calculate the one-off cost that happens when applying a group
of simultaneous life extension strategies in which some common activities are performed
among these strategies. The gross and net duration-dependent cost of applying life extension
strategy will also be identified. This is important because it will help identify the potential
savings when applying a group of strategies simultaneously instead of single application
of strategies over different times. When data are not available for a particular life extension
strategy, the complete set of data for a life extension strategy can be considered as benchmark
and then adjusted by expert to estimate corresponding values of other life extension strategies
that lack sufficient data.

Cost model requirements

The expected requirements for cost model development include:

• Estimate and analyse the cost of applying single life extension strategy to industrial
equipment.
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• Estimate and analyse the cost of applying a group of life extension strategies simultane-
ously to industrial equipment in order to help users identify the potential cost savings.

• Allow users to specify relevant parameters, such as the machines and key components
that are often subject to failure, types of failures, strategies applied to every type of
failure/component.

• Identify additional costs that manufacturer may incur due to failure of the component.

The main purpose is to allow the comparison and assist in decision-making concerning
which the most suitable and cost-effective life extension strategy is for a given condition of
equipment (as illustrated in Fig. 1).

The data and knowledge related to costmodellingwere captured from the users. Therefore,
a combined method of ABC and parametric costing is adopted to provide accurate results
based on cost breakdown structure which allow for analysing the distribution of total cost
and comparing different life extension strategies.

Accordingly, the parameters data and inputs/outputs data of cost model have been identi-
fied as per the following description.

(a) Cost Model Data and Knowledge:
The data and knowledge required to build the cost model are defined below.

• Machines ⇒ list of machines used by manufacturer.
• Components ⇒ the components of the machine that the end-user needs to calculate
cost for. These were divided into two classes, movable components and static com-
ponents. Movable components represent the critical components that are movable
and more degradable, while static-components represent all other components in the
machine that are unmovable and less degradable.

• Failure Type ⇒ types of possible failures that correspond to every component.
• Strategies ⇒ life extension strategies that can be applied to every type of fail-
ure/component.

• Parameters Values ⇒ the set of parameters values corresponding to price rates (e.g.,
labour rate, machine/tool rate, etc.), price of new components, etc.

Fig. 1 Comparison of life extension strategies
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• Penalty Costs ⇒ additional cost that will be incurred due to failure of a component.
This is called “Penalty Cost due to Failure". This can be stored into the cost model
or entered by the users as input data from the input screen.

• Resources Consumptions ⇒ the resource consumed (e.g., labour time, machine/tool
time, consumables) at each activity that are needed to apply set of life extension
strategies simultaneously.

(b) Inputs to Cost Model:
The cost model collects inputs from the users in order to perform calculations based on
data and knowledge stored in the cost model and returns the cost estimate of applying the
strategy and its cost breakdown as outputs. The users can experiment different scenarios
of inputs (i.e., combinations of strategies/components) and obtain their corresponding
cost outputs. Description of the cost model inputs from the users are given below.

• Machines Name ⇒ to select the appropriate machine the user wants to analyse.
• Design Alternative ⇒ to select which set of design alternative data to be considered
for cost calculations.

• Components Name ⇒ to select which component the user wants to analyse.
• No. of Components ⇒ to specify the number of components to be analysed.
• Components Failed ⇒ to identify whether a strategy was applied due to component
failure or as a maintenance.

• Failure Type ⇒ to identify the type of failure corresponding to a component.
• Strategy to be Applied ⇒ to indicate which strategy is going to be applied and
calculate cost for.

• Penalty Cost due to Failure ⇒ to allow users to input additional costs that the pilot
will incur due to the failure of the components. If the value is already stored in the
cost model, then it will be displayed to the user and have a chance to modify it.

(c) Outputs of Cost Model:
The cost output returned by the cost model will be visualised by the users to facilitate
cost comparisons between different strategies combinations and give the users insights
into the cost contributions for each combination of strategies. More description of the
cost outputs are given below.

1. Estimate of total cost needed to apply selected combination of life extension strategies
with a breakdown of costs per activity. These outputs will be available in both numer-
ical and graphical format so that they facilitate cost comparisons between different
strategies combinations and give the users insights into the cost contributions for each
combination of strategies.

2. The net costs of applying single strategywithin the combination of strategies, the gross
duration of applying single strategy, the one-off cost corresponding to the combination
of strategies selected and the penalty costs corresponding to every failed component.

Cost model architecture

The cost model collects data such as machine/component to estimate cost for, strategy to
estimate cost for, etc., as inputs, and return the cost estimate of applying the strategy and its
cost breakdown as outputs. The cost output is calculated based on data and knowledge stored
in the cost model (Fig. 2).
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Fig. 2 Cost model architecture

Cost breakdown structure

The cost of life extension process has been generally classified into Disassembly Cost, Clean-
ing Cost, Inspection Cost, Replacement Cost and Assembly Cost. Each of these activities
cost is composed of Labour Cost, Machine Cost and Consumables Cost, as shown in Fig. 3,
the cost breakdown structure (CBS). Description of these cost elements are as below:

• Labour Cost ⇒ This cost is based on the time spent by the labour to perform the activity
of life extension.

• Machine Cost ⇒ This is the cost of utilizing a machine to perform the activity of life
extension.

• Consumables Cost ⇒ This includes the cost of any other resources that are used to
perform the activity of life extension strategy (e.g., cost of any materials used in the
activity process such as materials used in the Cleaning activity).

Fig. 3 Cost breakdown structure for life extension strategy
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Fig. 4 Life extension cost estimation process

Life extension cost estimation

The framework of cost estimation presented in this paper adopts a combination of ABC
method, parametric costing method and expert knowledge, as shown in Fig. 4. This includes
using the ABC method to calculate cost of life extension strategy that has available data.
Then, data used in calculating life extension strategy cost are adjusted by expert to estimate
cost of other life extension strategies identified by users if data of that strategy was not
available. Such approach of cost estimation is somewhat easy and fast to implement because
if data of most strategies are not available, the set of data collected for one life extension
strategy can be modified by expert to estimate cost of other life extension strategies. Then,
a system of equations for combinations of strategies durations is developed and solved to
calculate the one-off (common activities) duration for a group of strategies that need to be
applied simultaneously in order to calculate the net duration-dependent cost of applying
life extension strategy. The cost modelling outcomes will also allow for detailed analysis
into estimated total cost to understand the cost difference between different life extension
strategies for industrial equipment, which will help identify cost savings on long-term.
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Unit cost and cost breakdown of life extension

This step explains how to calculate the total cost of applying life extension strategy and
breakdown costs of activities, in order to allow the end-user to get insights into the life
extension strategy costs and compare between different scenarios of life extension strategy
application. Having defined the CBS, the next step is to generate mathematical equations
for each cost element based on cost drivers. Cost drivers are those factors of life extension
strategy process that directly explain the cost incurred by the activities in the process. An
example of the main cost drivers for each activity of the proposed life extension strategy
process include machine time and labour time.

The cost drivers rate and quantity consumed by each activity are determined (e.g. R is
either the labour rate or machine rate (e/hour) and T is either the machine time or labour time
(hour)). Then, the cost of each activity is computed based on cost drivers rate and quantity
as shown in Eq. 1.

C j = (

k∑

i=1

Ri × Ti ) + Oj (1)

where C j is the cost of j th activity, k is the number of cost elements in activity j and Oj is
the consumables cost during activity j .

The cost estimate process is continued in the same way for all activities, and the total cost
of life extension strategy is then calculated by aggregating all costs of activities as per Eq. 2.

Ctotal =
n∑

j=1

C j + F (2)

where Ctotal is the total cost of applying life extension strategy and n is the number
of activities. F is the penalty cost due to failure. This type of cost is estimated by the
manufacturer/end-user and has been added to the model to distinguish between Corrective
Maintenance, which usually happens to restore failed components, and Preventive Mainte-
nance, which usually happens based on time schedule of condition prediction. The penalty
cost, F , may of:

• Urgency Cost ⇒ Includes costs incurred due to urgency of applying the strategy, buying
components, getting repair staff ready, detecting and diagnosing failure, etc.

• Stoppage Cost ⇒ Includes costs incurred due to stoppage of the production line.
• Additional Cost ⇒ Includes any additional costs incurred during repair works.

When data are not available, the cost of other life extension strategies can be estimated
based on adjusting cost drivers’ quantities in respect to existing life extension strategy data.
For example, values of machine time, labour time and consumables cost for certain life
extension strategy s are modified as percentages of the corresponding values of existing life
extension strategy. Accordingly, we rewrite Eq. 1 to estimate cost of each activity of life
extension strategy s as shown below (Eq. 3).

Cs
j = (

k∑

i=1

Ri × (Ti × αs)) + (Oj × αs) (3)

where αs is the adjustment factor for life extension strategy s, which is for simplicity inde-
pendent of activities j .
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Cost of common activities for group of life extension strategies

This step explains the calculation of common activities cost (called “one-off cost” or “single
time cost”) when applying a group of life extension strategies (i.e., two or more strategies)
simultaneously, as well as the net duration cost of life extension strategy. The benefit of
calculating the one-off cost is that it will be used to help identifying the long-term potential
savings when applying a group of strategies simultaneously instead of single application of
strategies over different times. Once the one-off cost has been calculated, it is subtracted
from the gross duration cost calculated in “Unit cost and cost breakdown of life extension”
section to obtain the net duration cost of applying life extension strategy. Equation 4 below
presents the mathematical formulation of the durations’ system of equations for groups of
life extension strategies, which will be used to obtain the one-off time needed to calculate
the corresponding one-off cost.

a11x1 + a12x2 + ... + a1nxn = b1

a21x1 + a22x2 + ... + a2nxn = b2

...

...

an1x1 + an2x2 + ... + annxn = bn

(4)

where x1 represents the duration of common activities (i.e., time needed to perform the
common activities when apply multiple strategies at a time), x2, x3, ..., xn represent the
duration of performing the rest of activities for a certain strategy within the combination,
b represents the gross duration of performing the activities of strategy combination, and a
is a coefficient which takes a value of 1 if the strategy is present in the combination and
0 otherwise. Note that a always takes a value of 1 for common activity duration (x1) as it
presents in every strategy combination.

The system of equations shown in Eq. 4 has been formulated into matrix form (Eq. 5) in
order to perform matrix calculation and obtain the duration of common activities, x1 (also
called the one-off duration).

⎡

⎢⎢⎢⎢⎣

a11 a12 ... a1n
a21 a22 ... a2n
...

...

an1 an2 ... ann

⎤

⎥⎥⎥⎥⎦
×

⎡

⎢⎢⎢⎢⎣

x1
x2
...

...

xn

⎤

⎥⎥⎥⎥⎦
=

⎡

⎢⎢⎢⎢⎣

b1
b2
...

...

bn

⎤

⎥⎥⎥⎥⎦
(5)

Now, we obtain the one-off cost by multiplying x1 and the one-off cost rate (e.g. labor
rate and machine rate). Then, the net duration cost is calculated by subtracting the one-off
cost from the gross duration cost. We can also calculate the duration-dependent cost by
multiplying the one-off cost and duration of strategy.

Cost model implementation

The cost model presented in this paper has been demonstrated on a case study built around
a friction welding machine (as shown in Fig. 5) from RECLAIM (REmanufaCturing and
refurbishment LArge Industrial equipMent) project that has been launched to help European
industry to improve productivity and performance by finding solutions for extending lifetime
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Fig. 5 Friction welding system
[51]

of ageing machines [50]. An Excel® macro tool was developed to implement the cost model.
Details of the case study application and results obtained are described next.

Case study description

The frictionweldingmachine of the case studywasmanufactured byHarms&Wende (HWH),
Germany. Such weldingmachines are used for joining of weldedmetal parts including a huge
variety of materials like steel, aluminium, ceramics, brass, copper, etc. The friction welding
machine consists of a variety of electrical (motor, converter, controller, etc.) and mechanical
(welding head, spindle, gear, clamping unit, frame, etc.) components that are relevant to
maintenance tasks.

In this case study, four components (motor, spindle, sample-holder and sample-detector)
have been identified as core components because they are the most degradable components
and prone to failure. The rest of components in the machine, which are less degradable, are
considered as one component and indicated as “rest-of-components”. Figure 6 shows the
schematic diagram of modelled components. And Table 2 presents the components and life
extension strategy corresponding to each.

The cost model allows the user to specify which type of life extension strategy to be
applied and calculate cost for. Table 3 presents example of the scenarios for both single
and multiple application of life extension strategies. For example, scenarios 1,2 and 4 show
multiple application of strategies, while scenario 3 shows single application of strategy to
certain component. Each component can have single or multiple strategies applied to it. based
on Table 2, it can be seen that only two components (Motor and Spindle) can have multiple
strategies application. The possible scenarios of strategies can then be concluded accordingly.
The four scenarios presented in Table 3 represent a sample from the whole set of possible
scenarios and meant to explain how different inputs of strategies might be in the cost model.
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Fig. 6 Schematic diagram of modelled components [51]

Table 2 Components and
corresponding life extension
strategy

Component Life extension strategy

Rest-of-components Refurbishment

Motor Replacement, Maintenance

Spindle Replacement, Maintenance

Sample-holder Replacement

Sample-detector Replacement

Table 3 Scenarios of life
extension experimented on cost
model

Scenario Components Life extension strategy

1 Rest-of-components Refurbishment

Motor Replacement

Spindle Replacement

Sample-holder Replacement

Sample-detector Replacement

2 Rest-of-components Refurbishment

Motor Replacement

Spindle Maintenance

3 Motor Maintenance

4 Sample-holder Replacement

Sample-detector Replacement
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Table 4 Normalised values of process-dependent data

Activity Rest-of-components Motor Spindle Sample-holder Sample-detector

Disassembly Time 0.45 0.45 0.45 0.45 0.45

Consumables cost 0.20 0.20 0.20 0.20 0.20

Cleaning Time 0.09 0.09 0.09 0.09 0.09

Consumables cost 0.20 0.20 0.20 0.20 0.20

Inspection Time 0.09 0.09 0.09 0.09 0.09

Consumables cost 0.20 0.20 0.20 0.20 0.20

Replacement/
Maintenance

Time 0.10 0.10 0.10 0.10 0.10

Consumables cost 0.20 0.20 0.20 0.20 0.20

Assembly Time 0.27 0.27 0.27 0.27 0.27

Consumables cost 0.20 0.20 0.20 0.20 0.20

Overall Time 1.00 1.00 1.00 1.00 1.00

Consumables cost 1.00 1.00 1.00 1.00 1.00

Case study application and results

The data and knowledge required for costmodelling have been collected, and then normalised
for better analysis and cost comparisons of different life extension strategies. As example of
such data, Table 4 shows the process-dependent data for life extension strategy application.
This includes time and consumables costs needed to perform each activity normalised in
respect to the overall activities. It is worth mentioning that time and consumables costs
needed for conducting either replacement or maintenance strategy for “Motor” component
are considered equal. Table 5 shows the process-independent data that includes the price of
buying new component, refurbishment or maintenance independent of process time. The data
value shown in Table 5 were normalised in respect to the highest price, which is the price of
new spindle in this case.

As explained earlier, the users can conduct cost estimation either when single life exten-
sion strategy is applied or multiple life extension strategies are applied simultaneously.

Table 5 Normalised values of
process-independent data

Parameter Normalised
Value

Price of New Motor - Type A 0.44

Price of New Motor - Type B 0.67

Price of New Motor - Type C 0.48

Price of New Spindle 1.00

Price of New Sample-holder 0.01

Price of New Sample-detector 0.01

Refurbishment Price of Rest-of-components 0.50

Maintenance Price of Motor (all types) 0.01

Maintenance Price of Spindle 0.01
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Fig. 7 Cost model user inputs for scenario 1

Equations 1 through 3 are used to calculate cost of single life extension strategy based on
activities performed, while Eqs. 4 and 5 are used when more than one strategy are applied
at a time in order to identify the one-off cost (i.e., cost of common activities). This cost rep-
resents the extra cost to be incurred if each of the multiple strategies was applied separately
and at different times. This system of equations approach allows to estimate the costs of
any combination (scenario) of components/strategies so that less amount of data needs to be
collected.

Having implementing life extension cost estimation process explained in “Life extension
cost estimation” section, all scenarios listed in Table 3 have been experimented. As a first
step, the user needs to enter the input values related to the particular life extension scenario,
as seen in Fig. 7. The cells highlighted in yellow need to be defined by the user. These include
which set of design alternative to be applied, the components need to be analysed within the
scenario (this can be single component or group of components), the reason for applying life
extension whether due to failure or as a predictive maintenance, type of failure (if applicable),
life extension strategy to be applied to the component(s), and the penalty cost due to failure
(if applicable). Then, the cost model is able to provide the cost analysis of the life extension
scenarios.

Figure 8 shows the normalised cost comparison of scenarios made in respect to the cost
of scenario 1 where all machine components either refurbished or replaced. Users can have
an overview of the cost differences among input scenarios.

Figure 9 shows example of detailed cost output. The pie charts show the cost breakdown
as percentages for the different life extension scenarios obtained from the cost model. These

Fig. 8 Cost comparison of different life extension scenarios
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Fig. 9 Activity cost distribution for experimented scenarios 1-4

cost results allow the users to get insights into the total cost and identify the main cost
contributors to the life extension cost and compare the scenarios.

Figure 10 shows example of the total cost needed to apply life extension scenario, the net
costs of applying single strategy within the scenario, the gross duration of applying single
strategy, the one-off cost corresponding to the combination of strategies selected (scenario)
and the penalty costs due to failure of the component(s).

Conclusion

The cost model introduced in this paper enables industrial manufacturers to economically
investigate different scenarios of life extension strategies (e.g., remanufacturing, refurbish-
ment, repair), understand the costs to be incurred when applying life extension strategy to
their equipment and support determining themost cost-effective way forward. In this context,
the cost model is composed of:

• Cost EstimationEngine⇒ inwhich the cost of life extension strategy depends onmultiple
factors embedded within the cost model with other data and knowledge to allow users
to estimate the cost of life extension strategy quickly. It integrates a combination of
parametric costing and activity-based costing methods, takes into account several types
of life extension strategies, the activities and resources needed for each activity.

Fig. 10 Cost output for scenario 1
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• Cost Model Inputs ⇒ includes input data from the users in order to perform calculations
based on data and knowledge stored in the cost model.

• Cost Model Outputs ⇒ in which cost estimation results are available in both numeric
and graphical format for better analysis and comparisons of different life extension alter-
natives to support optimal selection.

The data and knowledge used in developing and implementing the cost model have been
confirmed by experts from RECLAIM project as being within the reasonable ranges. This
was also the case for cost model outputs obtained from experimented case study.

The developed cost model provides users with cost index that helps evaluating the costs of
applying life extension strategy (either single or multiple strategies) during machine down-
time, so that they are able to evaluate economic benefit of strategy application to their
machines at the current downtime and supporting decision making. This in turn will have an
impact on the overall manufacturing system in terms of improving its durability, flexibility
and sustainability. However, the developed cost model can also be integrated within a deci-
sion support framework to provide a long-term optimised decision on life extension strategy
selection (i.e., which life extension strategy to be applied to the machine components and
optimal time for intervention.

The developed cost model is suitable for any industrial manufacturer with large equip-
ment to provide cost analysis and estimation and assist managers to decide among different
alternatives of life extension strategies of their machines.
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