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Abstract

Industrial equipment/machinery is an important element of manufacturing. They are used
for producing objects that people need for everyday use. Therefore, there is a challenge to
adopt effective maintenance strategies to keep them well-functioning and well-maintained
in production lines. This will save energy and materials and contribute genuinely to the
circular economy and creating value. Remanufacturing or refurbishment is one of the strate-
gies to extend life of such industrial equipment. The paper presents an initial framework of
cost estimation model based on combination of activity-based costing (ABC) and human
expertise to assist the decision-making on best life extension strategy (e.g. remanufactur-
ing, refurbishment, repair) for industrial equipment. Firstly, ABC cost model is developed
to calculate cost of life extension strategy to be used as a benchmark strategy. Next, expert
opinions are employed to modify data of benchmark strategy, which is then used to estimate
costs of other life extension strategies. The developed cost model has been implemented
in VBA-based Excel® platform. A case study with application examples has been used to
demonstrate the results of the initial cost model developed and its applicability in estimat-
ing and analysing cost of applying life extension strategy for industrial equipment. Finally,
conclusions on the developed cost model have been reported.

Keywords Circular economy - Remanufacturing - Refurbishment -
Life extension strategy - Industrial equipment - Cost modelling - Decision-making -
Maintenance - Asset management

Introduction

The effectiveness and continuity of modern economy are highly affected by the availability
of natural resources. This is significant because meeting the needs and desires of nowadays
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rapidly growing population requires vast amounts of natural resources that are gradually
depleting. In such circumstances, circular economy (CE) is increasingly gaining attention
of businesses and organisations as a new sustainable paradigm focusing on better use of
natural resources, process efficiency and climate change [1-4].

The circular economy is defined as “a regenerative system in which resource input and
waste, emission, and energy leakage are minimised by slowing, closing, and narrowing
material and energy loops. This can be achieved through long-lasting design, maintenance,
repair, reuse, remanufacturing, refurbishing, and recycling” [3, 5]. As can be seen in Fig. 1,
the inner loops of reuse and remanufacturing seem the most appropriate end-of-life options
for retaining product value in the CE model because they require less raw materials, energy,
time, and cost than other conventional options (i.e. recycling and disposal). Accordingly,
appropriate product life extension strategies should be adopted in order to maximise usage
time within these inner loops options [6, 7].

The ambitious circular economy is therefore perceived by businesses and organisations
as a positive opportunity [8] and an alternative to replace the traditional linear economy
system “take-make-waste model”, that showed major effects on Earth’s ecosystem, with a
more balanced business model that emphasises closed loops instead of continuous waste
generation [4, 9, 10].

In the framework of circular economy, industrial equipment is a key factor in driving
manufacturing industry. It represents about 25 percent of the manufacturing Gross Domestic
Product (e.g. 21 percent of US GDP, 25 percent in Europe and 33 percent for Japan) [11].
The challenge is to keep them well-functioning and well-maintained in production lines
because failure 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 energy [12]. This necessitates the need to adopt maintenance strategies that
extend the life of the equipment and reduce waste of material.

Therefore, remanufacturing or refurbishment is one of the options that can be made to
restore industrial equipment to a level of quality and functionality that competes with the
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Fig. 1 Product life cycle stages in circular economy model [7]
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new one and contributes effectively towards developing the circular economy and achieve
sustainable development [10, 13, 14]. The concept of remanufacturing is spreading through-
out the world, especially in Europe. For example, the European Remanufacturing Network
has reported that the remanufacturing industry in Europe is assessed to reach a total turnover
of about €30 billion with 190,000 employees. This could be triple up to about €100 billion
by 2030 with possibility to employ over half a million people [15].

In this context, researchers (from universities and research centres) and industry rep-
resentatives from nine European countries launched RECLAIM (REmanufaCturing and
refurbishment LArge Industrial equipMent) project to establish solutions for the sake of
helping European industry to improve productivity and performance by overcoming fail-
ure problem of ageing machines. The project intending to formularise ground rules and
tools that enable manufacturers to monitor the health conditions of machines and imple-
ment the appropriate life extension strategy (i.e. remanufacturing, refurbishment, upgrade,
maintenance, repair, recycle, etc.).

RECLAIM solutions concept is based on developing a Decision Support Framework
(DSF) for the timely and accurate machine’s health prediction and the selection of best
recovery action. The DSF will accumulate knowledge of machinery status and aid manu-
facturers to understand the feasibility of restoring the machine, the best time to perform
restoration at the least possible cost, and the best restoration strategy that needs to be imple-
mented for the machine. This can be accomplished through integration of the following
technologies and strategies (see Fig. 2) [16-19].
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—  Cost Modelling and Financial Analysis Toolkit: using a combination of parametric
costing and activity-based costing (ABC) methods to develop the cost model that will
carry out cost estimation and analysis of life extension strategies and activities within
RECLAIM. Monte-Carlo simulation will also be implemented to help estimate the
propagation of uncertainty of cost outputs and perform sensitivity analysis.

—  Prognostic and Health Management Toolkit: using shop floor data to calculate overall
equipment efficiency and extract other meaningful information by analysing sensory
and system level data to enable prediction and prevention capabilities as well as trace
asset status.

—  Fault Diagnosis and Predictive Maintenance Simulation Engine using Digital Twin:
monitoring and predicting of the performance and status of factory assets in order
to provide the user with all the necessary features to schedule maintenance work
on the machines and prevent the failures being predicted by “Prognostic and Health
Management” component.

—  Optimization Toolkit for Refurbishment and Remanufacturing Planning: optimising
planning by multi-variable monitoring of the operating parameters of the machine,
where the effects of variable changes can be determined and combined with known best
practice methodologies for model-based shop floor control.

—  Refurbishment and Remanufacturing Process: deploying novel tools and methodolo-
gies to be used for the refurbishment or remanufacturing process. Also, the Augmented
Reality enabled multimodal interaction mechanisms will be developed to enhance the
process of refurbishment and remanufacturing.

These technologies and solutions developed in RECLAIM will be applied and validated
through five case studies (pilots) selected from different European industrial sectors (i.e.
footwear manufacturer, white goods manufacturer, wood manufacturing, friction welding
machines and textile manufacturer) in order to demonstrate their general applicability to
other industrial sectors. For more details on the RECLAIM project, the reader is referred to
[16, 20].

The cost model is a key component in RECLAIM solution. Its main purpose is to estimate
and understand the costs to be incurred when applying particular life extension strategy.
It will be integrated with other tools and methodologies (as illustrated in Fig. 2) to enable
end-users perform optimal decision-making regarding which life extension strategy (e.g.
remanufacturing, refurbishment, repair) to implement for large industrial equipment that is
towards its end-of-life, taking into account variables such as cost, machine performance,
and energy consumption. This paper focuses on introducing an initial framework for cost
model estimation in the RECLAIM solution.

Therefore, the relevant research question would be revolved around developing simple
and tractable methodology that employs human expertise within cost model framework
to estimate and analyse total cost of applying life extension strategy for large industrial
equipment and thus support informed decision-making. Accordingly, the following research
question has been formulated:

How can expert knowledge be integrated within cost modelling framework to estimate
and analyse cost of applying different life extension strategies for industrial equipment?

To reach a conclusion regarding this research question, the following objectives have
been set up.

— Develop ABC cost model to calculate cost of life extension strategy that has more
available data to be used as a benchmark strategy.
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—  Use expert opinion to modify data of benchmark strategy.

— Use modified data to estimate costs of other life extension strategies.

—  Apply the developed cost estimation methodology on a case study to demonstrate its
applicability.

The rest of the paper is organised as follows: “Cost Estimation Methods” provides a
literature review on the cost estimation methods used for developing cost models for sup-
porting life extension strategy selection. Advantages and disadvantages of these methods are
also reported. “Proposed Cost Estimation Framework”™ details the initial framework of the
cost model presented in this paper. Cost model requirements, architecture and methodology
used are described. “Cost Model Implementation” demonstrates the implementation of cost
model through a case study of estimating cots for different life extension strategies applied
to friction welding machine. Analyses of cost outcomes are also presented, including graph-
ical representation of results. “Discussion” discusses the contributions of the article to the
circular economy. And “Conclusion” draws conclusion from this work.

Cost Estimation Methods

There is a variety of approaches used in engineering domain for developing models to esti-
mate the cost of manufacturing/remanufacturing products. These approaches can generally
be classified into three basic methods, analogy, parametric and activity-based costing, or a
combination of them. Selecting the best cost estimating method is based largely on the data
availability for conducting the estimate [21-24]. The fundamental principles for cost estima-
tion methods and examples of their application in manufacturing/remanufacturing products
are discussed next.

Analogy Cost Estimation

Analogy cost estimation is a qualitative method that depends on expert judgement. It
involves comparing the similarities among the product needs to be estimated and the prod-
ucts that have been previously manufactured/remanufactured. Therefore, costs of the past
similar cases are needed to generate cost estimates for the new product [22, 24-26].

Analogy cost estimating is mostly applied using Case-Based Reasoning (CBR). A typ-
ical CBR system involves retrieving the most relevant case(s), reusing the case(s) for
solving the problem, revising the proposed solution, and then adopting/retaining the solu-
tion into the case repository [27, 28]. Goodall et al. [29], Ficko et al. [30], Qin et al.
[31] and Ghazalli & Murata [32] are examples of applying CBR approach in predicting
manufacturing/remanufacturing costs.

Parametric Cost Estimation

Parametric cost estimation is a quantitative method that uses mathematical equations,
referred to as Cost Estimation Relationships (CERs), to integrate cost with one or more cost
driver variables that affect cost. The CERs can range from simple equations to complex rela-
tionships involving multiple variables. Generally, the CERs can be developed by applying
statistical analysis, such as linear regression modelling to relate historical data to the cost
being estimated. However, when historical data is scarce, the CERs logic can be determined
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through expert knowledge so that the causal relationship of cost drivers and the estimated
cost is identified [33-35].

Examples of applying parametric cost estimation include [36, 37] in which a linear
regression model was compared with neural networks to examine the performance and ease
of cost estimation modelling to develop cost estimating relationships (CERs). Camargo
et.al. [21] studied the possibilities of applying parametric cost estimation methods in the
textile and garment industries. The application of parametric method for cost estimation in
the design phase was also examined by Duverlie and Castelain [38] and compared with the
CBR method. They concluded that the combination of the two methods, parametric and
CBR, is reasonable.

Activity-Based Costing Estimation

Activity-Based Costing (ABC) is a costing method that identifies activities performed and
assigns the cost of each activity according to the actual consumption by each. It is also called
“engineering build up costing” or “bottom-up costing”. ABC approach has been described
by many authors [22, 24-26, 39]. While the two cost estimation methods described above
rely on the availability of historical data/knowledge, activity-based costing, on the other
hand, depends on breaking-down the whole manufacturing/remanufacturing process into
smaller work activities for easy estimating. Once individual estimates are calculated for each
activity, they are added up to generate the overall estimate of the cost. This is not restricted
by historical data availability as data can be directly collected from users and other available
sources. ABC can also account for indirect costs more accurately by costing the time and
resources spent on each activity in the process. In addition, it facilitates cost tracking so
that detailed cost analysis can be performed to identify the most influential variables on the
overall cost.

The ABC method has been broadly applied in manufacturing/remanufacturing domain.
Life cycle cost model and manufacturing cost model for aircraft wing are developed based
on activity-based costing. Object-oriented system engineering has also been used in mod-
elling [40-42]. Qian and Ben-Arieh [33] presented a cost estimation model that links ABC
with parametric cost estimations of the design and development phases of machined rota-
tional parts. Ardiansyah et al. [23] also introduced a hybrid approach of parametric 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 vehi-
cle prototype. Another integrated parametric cost estimation model with ABC approach has
been presented by Susanti et al. [43] 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 a slat
track in aircraft wing [44] and support the selection of optimum End-of-Life recovery alter-
native [45] through developing a cost estimation model based on using detailed recovering
process information.

Comparison of Cost Estimation Methods
Further to the literature review provided in the previous subsections, Table 1 presents a
summary of the advantages and disadvantages for each of the three methods [21, 25, 26].

It can be seen that Analogy and Parametric estimation methods are more suitable for fast
and easy estimations where enough amount of historical data and knowledge is available
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Table 1 Comparative summary for cost estimation methods

Method Advantages Disadvantages

Analogy Costing Somewhat easier/faster to Relies on expert opinion in
implement than ABC adjusting costs
Based on actual past cost cases Requires past cost cases

Parametric Costing Easier/faster to implement Predictive ability reduces
than the other methods outside its data range
Non-technical expert can Requires historical cost data

apply the method

Appropriate to conduct
sensitivity analysis

Activity-Based Costing Cause and effect identified Requires expert knowledge
and understood

Accurate estimate Requires details of the pro-
cess/activity

Detailed insight and anal-

ysis into cost elements

and detailed estimation is not required. Otherwise, ABC approach is the best option as it is
not restricted by historical cost data, but good knowledge about the process and activities is
required.

From the literature review, we can notice that there is a need for cost estimation approach
that uses less amount of data to produce acceptable results. The cost estimation methodology
presented in this paper addresses this issue by integrates expert knowledge within ABC
costing method so that fast, accurate and detailed cost estimations can be obtained using
minimum amount of data required.

Proposed Cost Estimation Framework

The cost model in RECLAIM is built based on customer requirements and expectations. It
will carry out cost estimation and analysis for every selected life extension strategy of the
industrial equipment. This is done through developing ABC cost model for calculating cost
of benchmark strategy. Then, cost model data related to benchmark strategy are adjusted to
estimate cost of other life extension strategy.

Cost Model Requirements

The framework for cost estimation model presented in this paper is built based on initial
end-user requirements that include estimating the total cost for single life extension strat-
egy, e.g. remanufacturing/refurbishment, and providing breakdown analysis of the total cost
estimated, for comparison and decision-making concerning which the most suitable and
cost-effective life extension strategy is for a given condition of equipment. These require-
ments captured from pilot partners are considered initial and subject to update. For example,
there are some factors that might affect cost outputs such as variations in labour time due
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to type of technology used to perform the activity, learning curve of the staff, etc., will be
considered in the updated version of this cost model framework. Therefore, activity-based
costing (ABC) method is appropriate to meet these requirements because it gives accurate
results based on cost breakdown structure which will allow for analysing the distribution of
total cost and comparison between different life extension strategies.

Cost Model Architecture

The cost model will be integrated within the Decision Support Framework (DSF) so that
the output of the cost model is used as an input to the DSF through RECLAIM database
to provide decision support to pilot partners (end-users) in RECLAIM. As seen in Fig. 3,
the cost model will collect data such as machine/component to estimate cost for, strategy to
estimate cost for as inputs and return the cost estimate of applying the strategy and its cost
breakdown as an output. The cost output is calculated based on data and knowledge stored
in the cost model.

Cost Estimation Methodology

Selecting an appropriate cost estimating methodology is a key factor in constructing cost
model. Parametric cost estimation methodology requires availability of sufficient historical
cost data to generate correct cost equations using statistic, while analogy cost estimation
methodology requires cost cases from similar past projects and relies on expert judgement in
adjusting costs. Activity-based costing (ABC) methodology gives accurate results based on
cost breakdown structure, but also requires data and information about resources consumed
during activities. The initial framework of cost estimation presented in this paper adopts a

User Interface

i * Unit cost of life
* Machine/component ni cc!s of life
extension strategy

+ Life extension strategy « Cost breakdown analysis

Cost Modelling

Cost Breakdown
Structure (CBS)

* Unit cost of life
RECLAIM extension strategy

* Cost breakdown

; Cost calculations
analysis

Database

Data and
Knowledge

* Unit cost of life
extension strategy

* Cost breakdown analysis

RECLAIM DSF

Fig.3 Cost model architecture
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combination of ABC method and expert knowledge, as shown in Fig. 4. This includes using
ABC method to calculate cost of life extension strategy that has more data availability. Then,
data used in calculating life extension strategy cost are adjusted by expert to estimate cost
of other life extension strategies identified by pilot partners for their machines. Using such
approach of cost estimation method is somewhat easy and fast to implement because it needs
to collect only one set of cost model data (i.e. data for one life extension strategy), which
will then be modified by expert to estimate cost of other life extension strategies. It will also
allow for detailed analysis into estimated total cost to understand the cost difference between
different life extension strategies for industrial equipment, which is a key requirement for
the cost model in RECLAIM.

Cost Breakdown Structure

Figure 5 shows cost breakdown structure (CBS) used in the initial framework of cost esti-
mation methodology. It has been developed based on identifying activities of life extension
strategy process. Then, the main cost elements have been determined for each activity,
which include labour cost, machine cost and consumables cost.

User Inputs

(e.g. strategy to estimate cost for, machine/component
to estimate cost for)

A4

Activity-Based Costing

(CBS, Cost Drivers, CERs)

More strategies to
estimate cost for?

A4

Experts’ modifications on cost model data

v

- Cost of life extension strategy
- Cost breakdown

Fig.4 Cost estimation process in proposed framework
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Fig.5 Cost breakdown structure for life extension strategy

Cost Drivers and Cost Estimation Relationships

Having defined the CBS, the next step is to generate mathematical equations for each cost
element based on cost driver. 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 is shown
in Table 2.

The cost drivers rate and quantity consumed by each activity are determined (e.g. R; is
the labour rate (€/hour) and 7; is the labour time (hour)).

Then, for benchmark strategy, the cost of each activity is computed based on cost drivers
rate and quantity as shown in Eq. 1.

k
Ci=Q RixT)+0; ()
i=1
where C| is the cost of j’ I activity, k is the number of cost elements in activity j and O j 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 benchmark life extension strategy is then calculated by aggregating all costs of activities
as per Eq. 2.

n
Crotal = Z Cj (@)
j=1

where Cyorq is the total cost for benchmark life extension strategy, C; is the cost of activity
j and n is the number of activities.

Table 2 Main cost drivers for

process activities Activity Cost Driver
Disassembly Machine time, Labour time
Cleaning Machine time, Labour time
Inspection Machine time, Labour time
Replacement Machine time, Labour time
Assembly Machine time, Labour time
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The cost of other life extension strategies can be estimated based on adjusting cost drivers
quantities in respect to benchmark strategy. For example, values of machine time, labour
time and consumables cost for type s of life extension strategy are modified as percentages
of the corresponding values of benchmark life extension strategy. Accordingly, we rewrite
Eq. 1 to estimate cost of each activity of strategy s as shown below.

k
Cy = (YR x (T; x ) + (0; x ay) ®

i=1

where o is the adjustment factor for strategy s, which is for simplicity independent of
activities j.

Cost Model Implementation

The cost model to be developed in the RECLAIM project will be used by pilots end-users
participating in the project. Five case studies have been selected from distinct industrial
sectors to be used in validating technologies and solutions developed in the project: footwear
manufacturer, white goods (cookers, dishwashers, etc.) manufacturer, wood manufacturing,
friction welding machines and textile manufacturer. The initial cost model presented in
this paper has been demonstrated on one of these five industrial case studies (i.e. Friction
Welding Machinery). An Excel® Visual Basic for Application (VBA) tool was developed
to implement the developed cost model. Figure 6 shows a sample of cost model interface
including inputs form.

Case Study and Application Examples

The case study presented in this paper is built around a friction welding machine (as
shown in Fig. 7) to demonstrate the application of the developed cost model, i.e. to eval-
uate the cost of applying life extension strategy which will be used for the selection of
optimised life extension strategy options by the DSF. The machine was manufactured by

RECLAIM Proiect

Equipment Life Extension Cost Estimation

Select Pilot | Harms&Wende j Lifetime Extenstion Strategy
Select Machine ] Welding machine j Select Strategy
Motor I Refurbishment j
Spindle
Components Sample-holder
Sample-detector
Reset

Run System ’ Exit Run ‘ Reset Inputs ‘ Output From ‘ Estimate Cost

Fig.6 Cost model interface
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Fig.7 Friction welding system

Harms&Wende (HWH), Friction Welding Machinery, Germany, one of the pilots participat-
ing in the RECLAIM project. Such welding machines are used for joining of welded metal
parts and for a huge variety of materials like steel, aluminium, ceramics, brass, and copper.
Friction welding machines include a variety of electrical (motor, convertor, controller, etc.)
and mechanical (welding head, spindle, gear, clamping unit, frame, etc.) components which
are relevant for 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 of the
machine. They will be indicated as “movable components” where they can either be
repaired or replaced. The other components of the machine have not significant con-
tribution to degradation of the machine, and accordingly they will be indicated as
“static components”.

In addition, four life extension strategies have been identified in this case study to
calculate the cost for: Refurbishment and three types of Corrective Maintenance. The Refur-
bishment strategy includes restoring the machine and bringing it up to date with satisfactory
working conditions [7]. This is done by replacing movable components and repairing other
static components of the machine. Corrective Maintenance strategies include performing
set of activities after a failure or fault detected on the machine/component, so that it can
be restored to perform the required function [7]. Here, Type-I Corrective Maintenance
includes replacing the two main movable components (Motor and Spindle). Type-II Correc-
tive Maintenance includes replacing only one main movable component (Motor or Spindle),
whereas Type-III Corrective Maintenance includes replacing the other two movable compo-
nents (sample-holder and sample-detector). It has been assumed that there will not be any
repair activities being carried out for the static components during application of the Cor-
rective Maintenance. This is due to that those components have negligible contribution to
the degradation of the machine.
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The initial cost model presented in this paper has been experimented on data collected
from HWH pilot partner. The data and results were normalised because cost outputs will
be varied when more requirements are incorporated into the cost model (see “Cost Model
Requirements”). The normalisation of results will also be useful in comparing relative cost
between different life extension strategies.

As a first step in case study application, cost of applying the Refurbishment strat-
egy (benchmark strategy) was calculated based on resources consumption data shown
in Fig. 8. Then, the cost of applying other types of Corrective Maintenance strategies
were calculated by modifying activity resources consumed in the Refurbishment strategy
(as described in “Cost Drivers and Cost Estimation Relationships”). Details of adjust-
ment factors and type of work being done for each life extension strategy are listed
in Table 3.

As can be seen in Table 3, the Refurbishment strategy includes replacing all movable
components. Costs related to the application of the Refurbishment strategy are calculated
based on resources consumed for each activity and price of new parts (as shown in Fig. 8).
The repair cost of other machine components (static components) was estimated as 20% of
the total Refurbishment cost. The cost of type-I Corrective Maintenance is estimated by con-
sidering 70% of the resources consumed during Refurbishment. Similarly, for type-II and
Type-III Corrective Maintenance it has been considered that 50% and 5% of the Refurbish-
ment resources will be consumed during application of these strategies, respectively. Also,
during application of type-III Corrective Maintenance, both Sample-holder and Sample-
detector will be changed because they degrade rapidly and have almost the same Mean Time
To Failure (MTTF). It can also be noticed that the resources consumed during application
of the strategy are very low compared to other strategies.

The assumptions and data used in developing and implementing the cost model have
been confirmed by experts from RECLAIM partners as being within the reasonable ranges.
This can be considered as initial validation of the cost model as more validation process
will be needed when the model incorporates more requirements, such as variations of cost
model data (see “Cost Model Requirements”). The cost model will also be implemented to
more case studies of different pilots in the RECLAIM to investigate its generic applicability
to as many industrial sectors as possible.

Machines |Code Strategy Activities Unit No:'r"nallsed
aue
Welding Machine |C1 Refurbishment Machine time hour 1
Disassembly Labor time hour 1
Consumables cost € al
Machine time hour 0.2
Cleaning Labor time hour 0.2
Consumables cost € ik
Machine time hour 0.2
Inspection Labor time hour 0.2
Consumables cost € 1
Machine time hour 0.2
Repair/Replacement Labor time hour 0.2
Consumables cost € 1
Machine time hour 0.6
Assembly Labor time hour 0.6
Consumables cost € 1

Fig.8 Cost model data for estimating Refurbishment cost
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Fig.9 Comparison of life extension strategy costs

Cost Estimation Results

Corrective Maintenance (I1)

Figure 9 shows the normalised cost of different life extension strategies resulted from the
case study in respect to the Refurbishment strategy cost.

Analysing total cost is an essential task to identify the main cost contributors to total
cost. The pie charts in Fig. 10 show the cost breakdown as percentages for the different
life extension strategies obtained from the developed cost model. It can be noticed that
the Repair/Replacement activity cost represents the majority of the total cost. They are
about 83%, 84%, 78% and 45%, for Refurbishment, Corrective Maintenance (I), Corrective
Maintenance (II) and Corrective Maintenance (III), respectively. The following two big con-
tributors for these four life extension strategies were Disassembly and Assembly activities,

respectively.

% Activity Cost Distribution for Refurbishment

Assembly Dlsasss;mbly
5%
Cleaning
2%
Repair/Replacement Inspection
83% 2%
= Di u Cleaning * i Repair/ u Assembly

% Activity Cost Distribution for Corrective Maintenance (1)

Disassembl
Assembly 7% v
5%
Cleaning
2%
Repair/Replacement Inspection
84% 2%

m Disassembly = Cleaning = Inspection Repair/Replacement = Assembly

% Activity Cost Distribution for Corrective Maintenance (11)

Disassembly
Assembly 10%
6%
Cleaning
3%
Repair/Replacement Inspection
78% 3%

m Disassembly = Cleaning = Inspection Repair/Replacement  m Assembly

% Activity Cost Distribution for Corrective Maintenance (lll)

Assembly Dlsa;ss;mbly
16%
‘ Cleaning
\ 7%
Repair/Replacement \ 4 !
Inspection

45%
7%

m Disassembly = Cleaning = Inspection Repair/Replacement  ® Assembly

Fig. 10 Cost distribution for different life extension strategies
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These results are considered preliminary as the developed cost model will be subject to
further updates based on specific requirements, but they are appropriate for demonstrating
the applicability of the cost model.

Discussion

A circular economy is based on restorative and regenerative approach in which products,
components and materials are retained after use and put back into the value chain at their
highest utility. In this context, the RECLAIM solution introduces innovative methods and
tools that substantially allow ageing equipment that is near to its end-of-life to be brought
back to operation through exploring and evaluating different forms of recovery strate-
gies (e.g. remanufacturing, refurbishment, repair and reuse). Implementing such Circular
Economy-driven actions can significantly extend the useful life of large industrial equip-
ment, eliminate, or limit, high cost of replacement of such equipment and then improve the
return on investment.

The cost model introduced in this paper constitutes one of the major tools that RECLAIM
will deliver for heavy industrial equipment, in line with the circular economy. The cost
modelling tool will be deployed to suggest cost-effective solutions (i.e. refurbishment,
remanufacturing, etc.). It will also feed the decision support framework that is based on
circular economy principles and standardised processes with the aim of improving the
durability, flexibility and sustainability of heavy machinery in the industrial sector.

Conclusion

This paper described a framework for cost estimation methodology based on end-user
requirements specifications to estimate and analyse the total cost for applying life exten-
sion strategy, e.g. remanufacturing/refurbishment, which will be used for comparison and
decision-making concerning the most suitable life extension strategy for the industrial
equipment. The proposed cost estimation framework integrates expert knowledge with
activity-based costing method. It has been implemented in VBA-based Excel® platform
and used through a case study to show its feasibility to evaluate and analyse the cost of
different life extension strategies applied to friction welding machine.

Among the advantages of the developed cost model is that it uses less data for cost
estimation. It requires to collect data for only one life extension strategy that will then be
modified by expert to estimate cost of other life extension strategies. This allows for fast
cost estimation results based on cost breakdown structure which enables to analyse the
distribution of total cost and comparison between different life extension strategies.

The developed cost model will slightly be updated in terms of requirements and archi-
tecture. For example, to incorporate factors that might affect cost outputs such as variations
in labour time due to type of technology used to perform the activity, variations in cost
drivers rates, learning curve of the staff, type/quality of new parts installed, etc. Also, indi-
rect costs such as “downtime cost”, i.e. the cost incurred due to the downtime resulting from
the application of the life extension strategy, might be considered in the updated version of
cost model. The developed cost model will also be demonstrated on other case studies of
different pilots participating in the RECLAIM to investigate its generic applicability to as
many industrial sectors as possible.
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