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Abstract

Life-cycle costing is a practical approach to estimate the total cost of ownership in product-service systems. In high-value
manufacturing sectors, due to the complication of overhaul invoices, shop visits, repair and maintenance interventions,
identifying service cost reduction opportunities can be complex. Moreover, quantifying the impact of key cost drivers on the
total cost is challenging due to the lack of complete historical data and high level of uncertainties within the service cost data.
To address these challenges, a super simple life-cycle cost model architecture is presented. A set of minimum data requirements
is identified for the development of the presented cost model. The model architecture comprises of life-cycle cost breakdown
structure and work breakdown structure to specify the cost drivers, unit costs and their frequencies. A bottom-up activity-based
cost estimation approach is implemented to calculate the total life-cycle cost of a product. The way that the minimum data
requirement is applied to the cost estimation structure is explained. In addition, the minimum data is employed to perform a
deterministic sensitivity analysis to compare the relative impact of the model input on the total cost. The Monte-Carlo
simulation is performed for estimating the uncertainty propagation on the total life-cycle cost. The presented model architecture
simplifies life-cycle cost estimations and service control decisions for maintenance, repair, and overhaul actions. A case study
of life-cycle cost estimation in the machine tool industry is considered for testing the validity of the cost model architecture.
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1. Introduction

Product life-cycle cost (LCC) is the sum of the
estimated costs in the span of acquire to disposal
phases of a product or a major asset/equipment (i.e.
parent) and all the sub-assemblies (i.e. child). LCC
analysis and estimation have been studied by several
authors in the past few decades. The subject has been
discussed within different contexts such as Product
Life-cycle Management (PLM) [1,2], reliability [3],
cost of ownership [4], cost engineering [5,6] and
servitization [7-9]. LCC is known as an effective
approach to estimate the total cost of ownership
(ownership cost) [4]. Moreover, the concept of cost
engineering has emerged to improve product designs
and reduce the cost of design [10]. According to
literature, the main LCC phases are design,
production, operation, and disposal [4,10,11]. Each
cost element includes a set of key cost events that has
a significant influence on LCC and the selection of
cost-effective equipment and processes for the
lowest long-term cost of ownership. In the context of
business operations, the top-level life-cycle cost
breakdown includes the cost of capital expenditure
(CapEx) and operating expenditure expenses
(OpEx). CapEx and OpEx entail the direct and
indirect costs for acquiring and sustaining a major

asset. However, excising literature mostly
emphasizes on a statement that LCC breakdown
cannot be generalized, and it depends on the specific
major asset [3].

Since the 19th century, several LCC frameworks
have been developed in the areas of manufacturing,
aerospace, construction, energy, and transportation
with a view to proposing life-cycle costing processes
and estimations [1,4,12—14]. The cost estimation
approaches can be categorized into traditional,
conceptual, analytical and heuristic. Traditional cost
estimation mainly relies on the experience of the
estimator [15,16]. Conceptual models are based on a
set of hypotheses which are expressed in the form of
qualitative frameworks at the product level. Despite
their flexibility and generic form, the conceptual
approaches are unable to quantify LCC. Some of the
qualitative techniques are intuitive and analogical
techniques [17]. Analytical models are based on
mathematical formulations with respect to certain
conditions and assumptions to calculate LCC.
Similarly, Heuristic models are partly based on
mathematical theories and analytical models.
However, these methods do not guarantee a solution
for LCC. Parametric models are also based on
mathematical and statistical methodologies when the
parameters necessary to estimate the cost are known,
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and their mathematical relationships are formulated
[10,17]. Featured based costing is a parametric
approach which heavily relies on CAD/CAM
technologies to estimate the cost based on features of
a part (i.e. edges, hole, folds etc.) [5]. Activity-based
cost (ABC) estimation is one of the analytical
approaches where LCC can be estimated as the sum
of the costs of activities associated to the life-cycle.
This method was initially proposed by Cooper and
Kaplan [18]. ABC as a bottom-up analytical
approach, can provide a more accurate calculation
compared to the traditional estimation techniques
and other analytical approaches. The advantages and
capabilities of ABC have been discussed in the
literature by [19-25]. In addition to the importance
of life-cycle cost estimation methodologies, the
significance of uncertainty analysis on cost
estimations and its influence on robustness and
reliability of the cost related decisions are
highlighted in [26,27].

In high-value manufacturing with a high level of
uncertainty, due to the lack of complete historical
data on the service costs and complication of repair
and maintenance planning, implementing a bottom-
up LCC approach can simplify the process of LCC
estimations. Furthermore, it supports decision-
makers to identify service cost reduction
opportunities. However, one of the main criticisms
to the bottom-up cost estimation approaches has
been always the complexity of cost calculations and
the need for too many requirements. To address these
challenges and move towards a simpler approach for
ABC, in this paper, the authors have proposed a
super simple life-cycle cost model architecture
which can be applied for major assets irrespective of
the industry and the major equipment type.
Moreover, a set of minimum data requirements is
identified to estimate LCC. The model architecture
comprises of life-cycle cost breakdown structure
(CBS) and work breakdown structure (WBS) to
specify the cost drivers, unit costs and their
frequencies. Additionally, to assess uncertainty, a
three-point estimation approach for ABC is
considered. The uncertainty and sensitivity analysis
are conducted using a static Monte-Carlo technique
in Excel.

The structure of the paper is as follows: the
literature on life-cycle cost models, estimation
techniques and uncertainty analysis for cost models
are reviewed in Section 2. The proposed architecture
of the cost estimation model is presented in Section
3. Section 4 presents the adopted case study for
testing the cost model. Section 5 provides a
discussion on the model implementation. The
concluding remarks and future work are presented in
Section 6.

2. Literature Review

In the past 5 decades, several models and
approaches for life-cycle cost estimation and
procedures have been studied, proposed and
discussed. However, the complete deployment and
application of such models are still a challenging
task for many businesses. In the late 19th century,
Barringer, et al. [3] and Woodward [4] proposed an
LCC framework in which the cost estimation
process starts with problem definition and continues
with the selection of service support alternatives,
cost breakdown preparation, selection of analytical
cost model, cost estimation, cost profile preparation,
break-even chart, Pareto analysis, sensitivity
analysis, risk assessment, and finally by selecting
the preferred course of actions. Woodward also
presented critical cost parameters for the LCC
estimation that are Mean Time Between Failure
(MTBF), Mean Time To Repair (MTTR), the time
period between overhauls, time period for scheduled
maintenance, and energy use rate [4]. In two
different studies, Zhao, et al. [11] and Gransberg
[28] presented the other key parameters for LCC
estimation as major equipment life, and its economic
life. Cheung et al. [13] developed a unit cost
modelling methodology to allow engineers to
understand CBS. The methodology was applied to a
Rolls-Royce aero-engine fan blade to conduct a
design optimization. Xu et al. [2] introduced a
product LCC framework to support decision making
at the early stages of PLM. The framework was
developed based on ABC and dynamic object-
oriented modelling and programming. Asiedu and
Gu [10] argued that the concept of PLM, together
with cost engineering approaches, has resulted in the
concept of design for 'X' realm - e.g. design for
manufacturability, design for assembly, design for
producibility, design for maintainability, and design
for quality.

Different LCC estimation approaches and
methodologies are discussed in the literature solely
focusing on certain phases of product life-cycle. For
instance, Shehab and Abdalla [29] presented a
knowledge-based fuzzy system for product cost
modelling in the design and development phase.
Castagne, et al. [30] expanded the work of Shehab
and Abdalla [29] by proposing a hierarchical model
to estimate the LCC of an aircraft frame. Laxman et
al. [31] illustrated a detailed LCC estimation for
repairable systems using calculations in relation to
reliability and maintainability aspects. The focus of
their research was on maintenance and repair costs
using stochastic point processes. Zhao et al. [11]
proposed a component deterioration-driven cost
estimation framework for an engine life-cycle. They
focused on the product operation and support, and
disposal phases of the life-cycle. Fioriti, et al. [32]
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presented a component (i.e. engine) level
methodology to estimate the cost of maintenance for
civil aircrafts. Their model quantifies the effect of
the aircraft’s individual components on the total
maintenance cost using linear regression method.

Haroun [25] developed a generic procedure for
calculating the cost of maintenance jobs to a
reasonable degree of accuracy using the ABC
approach. He concluded that the application of ABC
leads to a more accurate estimation for maintenance
costs. Moreover, ABC is more flexible in terms of
updating the algorithm input. This approach
provides more flexibility to control the maintenance
activities and therefore enhances the reliability in the
service decision-making. In a more recent study,
Duran and Afonso [33] expanded the
implementation of LCC and proposed an ABC
model for the management of non-repairable spare
parts. Their approach used Weibull distributions to
define the reliability of spare parts with a view to
support the service strategies and inventory policies.

Uncertainty in LCC estimations has been widely
studied, and different types of uncertainties in LCC
are identified. Moreover, the processes and
strategies to effectively deal with the uncertainties
are examined [6,7,34,35]. A general approach for
the estimation of LCC distributions at both the
product and component levels is presented by
Fleischer et al. [36]. Their proposed approach
provided the basis for assessing the risks in contract
costing using the Monte-Carlo simulation. The
benefits of considering and implementing
uncertainty tools, models and simulations in
maintenance and service decisions are analyzed by
Erkoyuncu, et.al [37]. Later, the authors in [34]
presented an overview of metrics which can be used
for uncertainty analysis in cost estimation.
Considering the importance of uncertainty in
decision-making, Florian, et al. [38] developed a
holistic LCC approach for cost management in
product development. Their proposed approach
supports decision-makers through optimization and
trade-off analysis of capital and operational cost
drivers based on LCC modelling.

3. The Super Simple LCC Estimation Model

A super simple architecture for LCC estimation
has been developed based on the literature and the
theoretical aspects of LCC models and estimation
approaches presented in Section 2. The proposed
cost model architecture is therefore developed as the
IDEFO diagram as presented in Figure 1. In the cost
model architecture, the model inputs are cost and
work breakdown structures throughout the life-cycle
(Section 3.1), and the minimum data requirements
proposed in this study (Section 3.1.1). Activity-
based costing approach, Monte-Carlo simulation

with triangular distribution, and sensitivity analysis
based on three-point estimation method are selected
for the model mechanisms (Section 3.2). The
outputs are the life-cycle cost breakdown, and the
outcomes from the sensitivity and uncertainty
analysis (Section 4.2). Different elements of the
architecture are explained in this Section. The model
requirements in terms of the critical input
parameters, CBS and WBS are discussed in Section
3.1. The ABC approach for cost estimation is
presented in Section 3.2. The proposed cost model
includes both the costs a component causes, in
addition to those it consumes. Some costs caused by
a component may be spent on activities or assets
other than the component e.g. penalty charges, loss
of revenue, insurance etc. Moreover, the model is
structured in line with the key decision points in the
cost creation process, allowing the results to be used
to focus mitigation action in the areas of most
impact.

Cost Breakdown Structure
(CBS)
Minimum data
requirements
Wok Breakdown Life-cycle Cost

Structure (WBS) Breakdown

Monte-Carlo Simulation Activity-Based Cost
(triangular distribution) estimation (ABC)

Sensitivity analysis

Figure 1: Simple life-cycle cost model architecture

Sensitivity/ Uncertainty
outcormes

Simple Cost Model
Architecture

3.1. Model Requirement

In this study, a Product, for which an LCC
estimation is developed, can be a complete asset, or
an artefact in the assembly or sub-assembly levels.
Moreover. Life-cycle is the expected life-span of the
product under consideration. The proposed product
life-cycle CBS and the interactions between the cost
events are presented in Figure 2.

Lost .
[ Opportunity ] [ Disrupt ]_
1_1_1 Faire
N Policy
Acquire & ) Remove & .
[ Install Operate Inspect Reject

Monitor &
Support End-of-life

Re-Install

Figure 2: Cost breakdown structure

Symptoms

The cost events are described below:

e Acquire & Install cost is the cost of design and
production of an asset (e.g. engine) or
acquisition of a component (e.g. bearing),
including the cost of assembly and installation.
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e  During operation, Lost opportunity refers to the
revenue loss due to the lack of product
utilization, availability and credibility.

o  Disrupt is the cost of disruption to the product
availability due to a failure in the agreed
performance level and capability and according
to the terms mentioned within the warrantee and
guarantee agreement(s).

e Operate cost event mainly incorporates the
direct cost of operation and consumables (e.g.
fuel, gas, water, oil).

o Investigate refers to the cost of all the
investigations and mitigations processes
through the product life-cycle.

e Monitor & Support covers the cost of installed
base maintenance (i.e. oil change) and regular
monitoring.

e Remove & Inspect is the cost of taking an item
out for inspection.

®  Reject is the cost of repair and replacement.

e  Re-install is the cost of re-assembly and re-
installation of a product after removal.

e  End-of-life refers to the product disposal cost
and/or revenues if the product has a residual
value at the end of life.

For each cost event, the key cost activities (i.e. work
breakdown) are summarized in Table 1.

Table 1: Work breakdown structure

Acquire & Lost

Install opportunity Disrupt Operate
-acquire revenue loss penalties due 2
-assembly due to lack of:  to the lack %
-testing -utilization of: g
-transport - availability -performance 2
-install -credibility - capability $
Monitor Remove
Investigate itor & ve & Reject
Support Inspect
" e
g base g;:s install
= maintenance -repair
R . assembly
= - routine . -replace
5} P - mspect
> monitoring
g transport
Re-install End-of-life
-re- - disposal cost
assembly - revenue from disposal
-testing - un-installation
-re-install - dis-assembly
-transport - transport

3.1.1. Minimum data requirement

In the previous sections, the life-cycle CBS and
WABS for a product are presented. The cost model is
then predicated on cost events, and the total life-
cycle cost is the summation of the number of cost
events and what cost is associated with each event.
The proposed minimum requirements and the

critical parameters which control the cost incurred
during the life-cycle are as follows:

Time Between Overhaul (TBO): is the time
between overhaul opportunities for the parent
product that contains the child item.

Removal Rate (RR): is the items’ inspection rate at
each overhaul opportunity; all individual items may
not be inspected every time their parent product is
overhauled (see Figure 3).

Overhaul Inspection Interval (OIl): is the time
between inspections of the child item when the
parent product is overhauled; this can be therefore
calculated as OI1 = TBO/RR.

Rejection rate (Rej): is the probability that the
inspected item is rejected (i.e. cannot be used
without repair or replacement).

Replace rate (Repl): is the probability that if an item
is rejected, it will be replaced (rather than repaired).

Replacement strategy
(=RR * Rej *Repl)

Do reject
(-RR * Rej)

Do not reject
~RR*(I - Rej)

Do remove &
inspect

Repair
Strategy
=RR * Rej *(1- Repl)

Overhaul
opportunity

Do not remove &

Figure 3: The proposed probability tree diagram at overhaul

Frequency of cost events (f): Given the parameters
above, frequencies of some of the LCC cost events
are calculated and summarized in Table 2.

Table 2: Frequency of cost events based on critical parameters

Cost event Symbol Frequency formula
(/year)

Remove & Inspect frau =1/011 = RR/TBO

Re-Install frr = frar

Reject frej = fres X Rej

Replacement frept = frej X Repl

strategy

Repair strategy frep = frej — frent

=frej X (1 — Repl)

Unit cost or standard cost of events (£): is the unit
cost for each cost event (or sum of unit costs of
activities at each event) throughout the life-cycle. To
capture the uncertainty, the unit costs can be input
with a three-point estimation distribution.

3.2. Activity-Base Cost estimation
A simple ABC estimation approach has been

implemented to calculate the total LCC as the sum
of costs of all the individual event types, as:
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— n
Lce =y, C,, (1)
where, the cost of an event e (C,) is the cost per
event multiply by the number of events, as:

C, =C, xXn,, @)
where, the cost per event C}, , is the sum of costs of
all the individual activities in that event, as:

. C: = Z;n:el C:,a: (3)

where, e and a refer to a cost event and an activity in
the cost event respectively. n and m, are the total
number of events and the total number of activities
in a certain event, respectively. C¥ is the unit cost of

event e and n, is the total number of events per life-
cycle period, as thus:

n,=f,xT,

where, T is the life-cycle of the product. To include
the uncertainty, the values of f, can be taken with a
three-point estimation distribution around the mode
value as calculated in Table 2. Moreover, a three-
point estimation can be applied to the minimum data
requirements i.e. TBO, RR, Rej. and Repl. Which is
then propagated through f,, calculations, as shown in
Figure 4.

Figure 4: LCC uncertainty propagation network
4. Case study
4.1. LCC results

A case study of a machine tool bespoke service
provider in the UK is considered for testing the
presented cost model. The life-cycle cost data
presented in Table 3 are collected through a set of
workshops and interviews with the experts in the
company. The following assumptions are made:

e The life-cycle of the machine is assumed as
T=30 years.

e The TBO is equal to the MTBF for the machine
tool.

e The LCC is estimated for the parent product (i.e.
machine tool) and therefore, RR=1, and Rej=1.

e The repair and replacement strategies have the
same probabilities, and thus Rep/ is 0.5.

e  The number of scheduled maintenance and the
machine failure rate are constant over the life-
cycle.

From the case study, the life-cycle cost activities
are listed in Table 3. Then, the activities are
categorized into the proposed cost events. The unit
costs and the frequencies for each cost activity are
summarized in Table 3.

Table 3: Case study — life-cycle unit costs and frequencies of
each activity

Life-cycle e Unit cost Frequency
cost phases Cost activities (£K) (/year)
Purchase price £348.00 1/30
Legal fee £1.60 1/30
Dis-assembly £2.00 1/30
Transport £2.00 1/30
Acquire &
Install Assembly £16.00 1/30
Specification £4.00 1/30
Installation £0.80 1/30
Testing £16.00 1/30
Integration £16.00 1/30
Lost
Opportunity Penalty £0.55 1.00
Operate Operator £1.35 1/30
Investigation  Investigation £1.50 2.00
Baseline
Monitor & maintenance £.75 1.00
Support Standby £0.50 12.00
support
Remove & Remove and £0.48 12.00
Inspect Inspect
Prelventlve £119 2.00
maintenance
Corrective £0.71 10.00
Reject maintenance
Spare part £5.00 6.00
disposal
Spare part £15.00 6.00
Re-Install Re-install £0.48 12.00
Uninstallation £2.50 1/30
Dis-assembly £2.50 1/30
End-of-life
Transport £0.50 1/30
Retrofit £50.00 1/30

The input parameters required to calculate the
event frequencies from Table 2 are shown in Table
4. and lead to the calculated event frequencies in
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Table 5. It also displays the individual activity costs
which contribute to each cost event.

Table 4: Case study - critical parameters

Parameter | TBO RR 0II Rej  Repl
(years) (years)
Value 0.1 1 0.1 1 0.5

Table 5:Case study — life-cycle unit costs and frequencies of
each event

Proposed

Life-cycle cost Unit cost of Proposed
hases event (K£) Frequency total cost
P (/year)
Acquire & Install £406.40 0.03 £13.55
Lost Opportunity £0.55 1.00 £0.55
Operate £1.35 0.03 £0.05
Investigation £1.50 2.00 £3.00
Monitor & £3.75 1.00 £3.75
Support £0.50 12.00 £6.00
Remove & £0.48 10.00 £4.75
Inspect
£1.90 10.00 £19.00
. (spares
Reject disposal) 5.00 £100.00
£20.00
Re-Install £0.48 10.00 £4.75
End-of-life £55.50 0.03 £1.85

The unit cost of each activity is the cost per year,
not the total cost over the life span. The cost of each
activity is, therefore calculated by multiplying the
unit costs and the frequencies. Utilizing the
proposed approach, the unit cost of each life-cycle
event (Equation (1)) and their frequencies (see Table
4) are calculated as presented in Table 5. The
cumulative total cost of LCC over the 30 year period
is therefore calculated as £4.72m.

4.2. Sensitivity and Uncertainty Analysis

A deterministic sensitivity analysis with the
sensitivity variation of 5% is carried out to compare
the relative impact of the individual cost of events
on the total LCC. All the model inputs were varied
around their nominal values by +5% (both event
timing and event cost inputs). For simplicity, the +
5% variation was applied to the cost of an event (the
sum of contributing activity costs) rather than the
individual contributing activity costs themselves. A
tornado diagram was created in Excel, and the
results are presented in Figure 5. The tornado
diagram shows the sensitivity of the cost of events
C, to the +5% changes in the selected variables.

Moreover, the relative impact of the +5%
sensitivity change on different LCC events are
presented in Figure 6. The charts show the total 30-
year cost impact from each input change.

End-of-life £50.09 ] £61.19
Reinstall £128.61 B £157.11
Repair £626.85 M £513.14
Replace _
Remove & Inspect £128.61 @ £157.11
Monitor & Support £263.98 . £322.48
Investigation £81.23 H £99.23
Operate £1.22 | £1.49
Disrupt £-
Lost Opportunity £148.37 @ £181.25
Acquire & Install £366.78 == £448.06

Figure 5: Sensitivity analysis results (costs are in £K)

End-oflife Acquire &
Install

0.6% 4.2% Lost .
Reinstall =70 Opportunity Investigation
1.5% 16.7% 0.9%
Repair
5.8% Monitor &
Support

3.0%

=  Operate

Remove &
Inspect

o
Replace 1.5%

65.7%

Figure 6: 5% Sensitivity impact on life-cycle cost events over 30
years

Furthermore, an uncertainty analysis using the
Monte-Carlo simulation was carried out in Excel to
quantify the aggregate uncertainty of total LCC over
the 30-year period. A constant sensitivity variation
of +5% is applied as the three-point estimation of
(mode value + 5%), to all the cost inputs and the
frequencies. The aggregate uncertainty is then
calculated and plotted as a histogram of the
probability density function (PDF) as presented in
Figure 7. Following the application of three-point-
estimation, the results show a triangular distribution
as expected.

0.15r T T T T

145 155 1.65 L75 1.85 1.95
Total LCC (£ M)

Figure 7: Monte-Carlo simulation results (costs are in £K)
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5. Discussion

In this study, the LCC of a machine tool is
calculated based on the cumulative cost of events
and the proposed simple ABC approach using
minimum data requirements. Utilizing the proposed
approach, the frequencies of ‘remove & inspect’” and
‘re-install’ can be calculated based on the TBO or
MTBF. Thereby, the approach assumed that the
scheduled tasks for regular preventive interventions
should be completed at the time that the product is
at the overhaul/workshop for unscheduled corrective
maintenance. In this case study, ignoring this
strategy leads into a 7.31% over-costing in the total
LCC, which is not ideal. The proposed approach
eliminates such over-costing and simplifies the LCC
estimation by minimizing the number of inputs for
LCC event frequencies to four main parameters of
time between overhaul (or MTBF), removal rate,
rejection rate and replace rate.

The LCC results of the case study using the
proposed approach are presented in Table 5.
Assuming 30 years as the life-cycle, the machine
operation and maintenance cost is 91% of the total
LCC. The Acquire costs in year-one and the disposal
cost at year 30 are only 8% and 1% of the LCC
respectively.

According to the uncertainty propagation
network in Figure 4, the aggregate uncertainty in
LCC arises from the uncertainties in costs and
frequencies of life-cycle events. The frequencies are
more critical to explore in the sensitivity and
uncertainty analyses, as they are a cascade of earlier
events in the sequence such as 7BO, RR, Rej. and
Repl. Figure 4 shows that 7BO has the most impact
on the total cost. Sensitivity analysis shows a 5%
variation in this input yielding a 21% variation in
total LCC. This 21% variation mostly influences
Reject-Replace strategy, with 14% (=21%%65.7)
discrepancy.

6. Concluding remarks

A simple generic product life-cycle cost model
architecture using a set of minimum requirements is
proposed. The proposed model architecture (see
Figure 1) utilizes the minimum requirement (see
Section 3.1.1) and the product cost-breakdown
structure and work-breakdown structure to estimate
the LCC using the activity-based costing approach.
The proposed approach is generic and can calculate
LCC for a product at asset, assembly and sub-
assembly levels. The developed model has been
illustrated through a specific application for a
machine tool case study. The comparison between a
complete CBA and the proposed approach shows a
variation of 7.31% as discussed in Section 5.
Moreover, the integration of sensitivity and

uncertainty analyses are demonstrated using the case

study. Based on the analysis carried out on the case

study, the following conclusions are drawn:

e The life-cycle operation and maintenance costs
dominated the machine tool life cycle cost.

e The sensitivity in total life-cycle cost is mostly
influenced by the time between overhaul (or
MTBEF)

e The sensitivity in cost data mostly influences
the replacement cost.

The presented model architecture simplifies LCC

estimations, since it requires fewer data to estimate

the cost. Moreover, the impact of service costs on

LCC from different support decisions for repairable

and non-repairable items (i.e. Table 4) can be

analyzed.

The further work would be focused on capturing
the dynamic interactions between cost events and
quantifying the aggregate uncertainty stochastically
using an object-oriented approach.
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