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An integrated econometric model for bus replacement and
determination of reserve fleet size based on predictive maintenance
Zintegrowany ekonometryczny model do modelowania wymiany
taboru autobusowego oraz określania wielkości floty rezerwowej
w oparciu o konserwację predykcyjną
Maintenance policies influence equipment availability and, thus, they affect a company’s capacity for productivity and competitiveness. It is important to optimize the Life Cycle Cost (LCC) of assets, in this case, passenger bus fleets. The paper presents a
predictive condition monitoring maintenance approach based on engine oil analysis, to assess the potential impact of this variable
on the availability of buses. The approach has implications on maintenance costs during the life of a bus and, consequently, on the
determination of the best time for bus replacement. The paper provides an overview of economic replacement models through a
global model, with an emphasis on availability and its dependence on maintenance and maintenance costs. These factors help to
determine the size of the reserve fleet and guarantee availability.
Keywords: condition monitoring, LCC, replacement, reserve fleet.
Polityka konserwacji wpływa na gotowość sprzętu, a tym samym na wydajność i konkurencyjność przedsiębiorstwa. Ważne jest
optymalizowanie kosztów cyklu życia (LCC) aktywów, w tym przypadku taboru autobusowego. W artykule przedstawiono metodę
utrzymania ruchu polegającą na predykcyjnym monitorowaniu stanu w oparciu o analizę oleju silnikowego w celu oceny potencjalnego wpływu tej zmiennej na gotowość autobusów. Podejście to ma praktyczne konsekwencje jeśli chodzi o koszty utrzymania
w trakcie eksploatacji autobusu, a także pozwala na ustalenie najlepszego czasu na wymianę pojazdów taboru. W pracy przedstawiono przegląd ekonomicznych modeli wymiany oraz opracowano model globalny integrujący te modele, ze szczególnym
uwzględnieniem gotowości oraz jej zależności od konserwacji oraz kosztów utrzymania ruchu. Czynniki te pomagają określić
wielkość floty rezerwowej i zapewnić gotowość taboru.
Słowa kluczowe: monitorowanie stanu, koszty cyklu życia, wymiana, flota rezerwowa.

1. Introduction
A reserve fleet is defined as the number of vehicles ready to deliver the function for which they were designed, that is, not immobilized
by breakdown or planned maintenance, with maximum availability.
In transport sector companies, the efficient use of physical assets is
linked to a well-structured policy of evaluation and fleet replacement.
National and international road transport companies have a wide
range of suggested ratios of reserve fleet to total fleet from which to
choose. The recommended size of a fleet reserve specified by the US
FTA (Federal Transit Administration), in Circular C 1A 9030 1987
Appendix A, is 20% of the total number of vehicles [47].
In the passenger transport sector, the determination of the optimum time for bus replacement is related to the efficient use of assets
and the company’s global or total costs. The company needs to know
the right time to replace a bus to reduce its total costs, while still guaranteeing the availability and quality of service and ensuring customer
satisfaction. The main objective of this paper is to define a methodology to determine the best cost at the best time to replace a bus.
The value of money is directly linked to time, because the later
an asset is withdrawn from service, the greater the action of external
agents on it and the greater the influence of macroeconomic factors
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(i.e., the inflation rate) on its value. This obviously has an effect on
transportation costs.
The paper discusses the relations between some technical maintenance Key Performance Indicators (KPI’s) [42], specifically Mean
Time to Repair (MTTR), Mean Time Between Failure (MTBF), Availability (A), and the dimension of the reserve fleet. The Return On Investment (ROI), a financial indicator to assess the equipment’s financial performance, is used as a “bridge” between the maintenance and
the economic fields, showing us when the equipment starts creating
profit or loss to the company. It looks at models to determine the influence of these variables on the withdrawal time and size of the reserve
fleet and uses oil analysis as an example of how condition monitoring
may influence the availability of the whole bus fleet and the size of the
reserve fleet. The paper gives a comprehensive summary of the discussed methodologies, emphasizing the immobilization time caused
by maintenance; using a global model, it demonstrates its relevance to
the dimensioning of the reserve fleet and the withdrawal time.

2. State of the art
Condition Monitoring (CM) represents an approach to preventive
maintenance based on knowledge of the equipment’s condition determined by monitoring one or several parameters that permit us to
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evaluate the equipment’s health [12]. The maintenance of a passenger
bus is a strategic activity to maximize its life cycle, involving a combination of management, technical and economic actions to achieve
high availability at reasonable costs [3, 6, 7, 11, 31, 32].
The Life Cycle Cost (LCC) of an asset represents the sum of all
capital spent to support it from design and manufacturing, through
its operation until the end of its life, (CAPEx+OPEx - Capital
Expenditure+Operational Expenditure), [6]. The LCC of an asset can
be significantly higher than the value of the initial investment, and is
usually defined at the design phase [7]. Bescherer [11] says as much
as 70-90% of the total LCC costs are defined at this stage. To this,
Aoudia et al. [3] add that poor maintenance management contributes
to a significant increase in LCC.
The initial investment cost is often the only criterion in purchase
decisions, notwithstanding the benefits of a LCC approach. Possible
reasons include a lack of knowledge of the existing standards or formal guidelines and the absence of reliable past data. There are few
cross-case studies in the field of life cycle costing, and most are limited to a single industry, [32]. Korpi and Ala-Risku [31] give an overview of the use of LCC and the feasibility of implementation, through
a summary of work on its application.
Simply stated, LCC analysis predicts the future. Several methods
can be used to estimate future costs, as, for example, Activity-Based
Costing (ABC) [20, 21]. Certain standards, such as those specified in
[8, 9], support the use of LCC analysis. The rules on asset management given in PAS 55 [28], and in ISO 5500X [8] are good guidelines
for physical asset management and can be applied in any sector.
The above points are well known, but there is a lack of systematic study in this area. We need new management models to improve
equipment productivity and quality of service, with aspects like environmental sustainability, quality management standards, security,
maintenance and energy included in the models [22]. Many companies keep equipment in operation, even when this is no longer economically viable, simply because they do not consider their entire
economic cycle [22]. This has implications for many areas, including
the size of the reserve fleet.
According to William et al. [52], traditional production systems
are built on the principle of the economy of scale. The authors illustrate an equipment replacement problem in the context of Lean
Thinking, showing the relevance of econometric models. Jennifer and
Joseph [29] refer to technological change as a motivator for equipment replacement; they say technology develops continuously according to a well-defined function. Natalia and Yuri [38] combine discrete
and continuous models in time to show that the replacement time for
equipment decreases when the technology is more advanced.
According to Assaf [5], “the evaluation of an asset is established
by the cash flows expected future benefits referred to the present
value by a discount rate that reflects the risk of the decision”. Consequently, methods considering the value of money over time are the
most suitable to use in replacement decisions. In the view of Casarotto
[16], the Annual Cost Uniform Equivalent approach is suitable for the
analysis of operational activities of a company with investments that
can be repeated. The standardization of investment based on annual
equivalent values facilitates the analysis required for decision-making. With this method, it is possible to determine which year has the
lowest equivalent annual cost; this, in turn, indicates the best technical replacement period [16]. The calculation of the equivalent annual
cost is based on the Capital Recovery Factor. It is possible to compare
two or more investment opportunities to determine the best time for
equipment replacement, taking into account information such as: acquisition value; maintenance cost; resale value or residual value at the
end of each year; operating costs; the cost of capital or the attractive
minimum rate [49].

To determine equipment economic life with the objective of
finding the most rational replacement time, four situations are applicable [36]:
i

When the asset is already unsuitable for work;

ii

When the asset has reached its lifespan;

iii

When the asset is already obsolete due to technological advances;

iv

When there are more efficient and economical solutions.
Some studies also consider the following aspects [22]:
• Availability of new technologies;
• Compliance with safety standards or other mandatory requirements;
• Availability of spare parts;
• Obsolescence that may limit the asset’s use.

When the equipment enters the final phase of its LCC, it is important to determine the most rational time to withdrawal it. Several
variables are important in such evaluation, including:
• Purchase price of new equipment;
• Withdrawal value;
• Operating costs;
• Maintenance costs;
• Inflation and capitalization rates.
The values of most variables are available in the asset’s history,
except for the withdrawal value. In this case, it is necessary to know
the market value for each specific asset. Unfortunately, the knowledge
of this value is difficult for many assets. In such cases, several types of
depreciation can be simulated [39]:
• Linear method - devaluation is constant over the years;
• Exponential method - devaluation decreases exponentially over
the years;
• Sum of digits method - devaluation is not linear over the years,
but is less than exponential.
The evaluation of the equipment economic lifespan is another
common method to estimate the withdrawal time: i.e., when the
equipment maintenance costs exceed the cost of maintenance plus
the capital amortization of new similar equipment. Farinha [22] lists
three common ways to determine the economic cycle for equipment
replacement:
i

Income Annual Uniform Method;

ii

Minimizing Total Average Cost Method;

iii

Minimizing Total Average Cost Reduced to Present Value Method.

Feldens et al. [23] say the efficient use of physical assets is a main
objective of urban passenger transport companies. In the road transport sector, the efficient use of assets is linked to a well-structured
policy of fleet evaluation and replacement. Some cases of fleet replacement applied to urban buses are reported in [10, 19, 25, 30, 40,
43, 45, 51, 55]. Beichelt [10] proposes a policy for optimal scheduling
replacement intervals of technical systems on the basis of a maintenance cost parameter: a system is replaced by a new one as soon as
the maintenance cost within a replacement cycle reaches or exceeds a
given level. Franck et al. [25] describe an industrial application of a
Power Law Process (PLP) and a theoretical replacement model.
Pinar and Hartman [40] adopt a model for a transit fleet replacement problem with multiple types of buses. However, many cost functions are highly simplified or not based on real data, and the authors
do not study the variability in vehicular characteristics, usages, and
market fluctuations. The cost of replacing, refabricating, and rehabilitating buses is the focus of research by Khasnabis et al. [30]; they also

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol.19, No. 3, 2017

359

S cience and Technology
consider the optimal allocation proposed by the Federal Transit Administration (FTA). Other lines of research have focused on statistical
analyses of fleet data and the relationships among age, utilization, and
costs, [19].
Raposo et al. [43] present a new approach to economic models
to determine the best time for bus replacement in an urban fleet. The
study employs life cycle assessment and a decision support tool. Using the annual uniform income method of analysis, the authors demonstrate there is a variation in the ideal time for bus replacement.
Campos et al. [15] propose a generic model based on a neural
stochastic process that can be applied to problems involving data
with a stochastic behavior with periodic characteristics. Using neural
network models, they model the behavior of an historic data series
without requiring a priori information about the series, by generating
a synthetic time series adaptable to time series. Some cases of use of
neural networks and stochastic models are reported in [1, 4, 15, 24,
26, 27, 33, 35, 37, 50, 54]. Araújo and Bezerra [4] demonstrate the
feasibility of a component that implements a stochastic decision support model to integrate with corporate information systems, thus contributing to the efficiency and effectiveness of the decision-making
process.
Stochastic models and neural networks are often used in decision
support, such as replacement [24] or interventions [35]. Other authors
suggest the coordination of maintenance scheduling for the transportation fleets of many branches of a logistic service provider [27], the
identification techniques of linear and nonlinear time series [33], the
evaluation of vehicle fleet maintenance management indicators [50],
and a chaotic time series prediction based on neural networks [54].
For work on neural networks, [15] and [26] are good references.
Other tools may contribute to the development of a new model for
the optimization of bus replacement, such as Fuzzy Logic and Support
Vector Machine (SVM) [14, 17, 18, 41, 44, 48, 53]. For predictive
maintenance, specifically using oil analysis, several mathematical
models are appropriate [2, 12, 13, 22, 46]. Lubricant degradation is
not an instantaneous process; the loss of physicochemical properties
and contamination are progressive over time and use of equipment,
so the lubricant life is limited in service [46]. Algorithms based on
exponential smoothing give interesting results [22].

3. An integrative approach to evaluate reserve fleet
The next sections present the theoretical models that support our
study of the bus fleet reserve and explain their relations to maintenance policies, namely condition monitoring and predictive maintenance. A global view of the approach is the following:
• Econometric models to determine the most rational value of
LCC
◦◦Uniform Annual Income, taking into account the following
variables:
–– Operating costs

Fig. 3.1 – Integrative Model for Dimensioning a Reserve Fleet

4. Some theoretical models for asset replacement decision process
To analyze equipment replacement, two variables should be taken
into account:
• Capitalization rate, i;
• Inflation rate, θ.
These rates are related in the following manner:
iA = i + θ + iθ
where

–– Fuel costs
◦◦Replacement value
◦◦Inflation rate
◦◦Capitalization rate
◦◦Useful life, taking into account the above variables
–– Conditioning monitoring / predictive maintenance models to maximize availability
◦◦Reliability KPI’s
These approaches are integrated into a single analytical model
that allow us to determine the best time for bus withdrawal, that is the
time when Uniform Annual Income reaches its lowest value or when
the equipment reaches its useful life. The size of the reserve fleet is
indexed to the size of the overall fleet.

(1)

iA = Apparent rate.

Farinha [22] suggest several methods to determine the economic
life cycle. One of these, the Annual Uniform Method (AUM), makes
use of the following data:
• Cost of acquisition;
• Withdrawal value;
• Maintenance and operating costs over time;
• Apparent rate.
This paper uses the exponential method to calculate the withdrawal value of a bus; when there are no real data from the market, as is the
case here, it is necessary to simulate the equipment depreciation. The
exponential method seems adequate because of the high devaluation
of this type of equipment over time. The formula that permit us to
evaluate the annual cost depreciation can be expressed as:
dl = VCl −1 (1 − N

–– Maintenance costs
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The integrated approach is valid for both new and used buses
through the monetary correction effect. The analysis herein does not
include technological and environmental aspects. Figure 3.1 shows the
proposed integrative model to determine the size of a reserve fleet.

VC N
)
CA

Vn = VCl −1 − dl

(2)
(3)

where
• dl Annual depreciation quota;
• CA Cost of Acquisition;
• N Time of life corresponding to VCN;
• VCN Residual value of the equipment at the end of N periods of
time;
•l
l=1,2,3…N;
• Vn Equipment value in period n=1,2,3…N.
The Present Net Value per year n (PNVn) is expressed as follows:
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PNVn = CA +

n

∑

CM j + CO j
(1 + i A ) j

j =0

−

Vn

(4)

(1 + i A ) n

where
• CMj Cost of maintenance per year j= 1,2,3…n;
• COj Cost of operation per year j= 1,2,3…n.

• Cn(MTACM-RPV) Total Average Cost Reduced to Present Value.
An increase in business competitiveness always implies a cross
dialogue between maintenance activity and economic management;
therefore, it is important to consider economic variables like Return
on Investment (ROI). ROI is related to greatest asset availability at the
lowest cost; it determines the present value of the capital investment
and cash flow corrected through the apparent rate expressed as:

The Uniform Annual Income (UAIn) is written as follows:
UAI n =

i A (1 + i A )

n

(1 + i A ) n −1

(CA +

UAI n =

n

∑

j =0

CM j + CO j

(1 + iA ) j

i A (1 + i A ) n

(1 + i A ) n −1

NPVn

−

Vn

(1 + i A )n

ROI =
)

(5)

(6)

The UAI indicates the time (in years) when a bus ought to be
replaced. This value is equivalent to the minimum annual cost of
the bus.
Another method to determine the economic cycle of equipment
replacement is the Minimization of Total Average Cost Method
(MTACM). This method permits the determination of the lowest average cost of bus ownership that corresponds to the most rational optimal replacement time. The capital cost and the inflation rate are not
considered. The calculation procedure is as follows:
Cn′ =

1 n
∑ (CM j + CO j )
n j =1

(7)

1
(CA − Vn )
n

(8)

Cn′′ =

n

∑

CF j

j
j =1 (1 + i A )

(13)

− CA

where
• CFj Cash Flow;
•j
j =1,2,3…n.
The Uniform Annual Income (UAIn) and ROI can be written conjunctly as:
n CM + CO

Vn
i (1 + i A ) n
j
j
−
(CA + ∑
)
UAI n = A
n −1
j
(1 + i A )
+
i
+
1
1

( i A )n
j =1 (
A)

n
CF j

ROI = ∑
− CA

j
j =1 (1 + i A )


(14)

The Minimization of Total Average Cost Method (MMTAC) and
Return on Investment (ROI) can be written conjunctly as:
n


1
Cn ( MMTAC ) = min n ∈ 1, 2,…, N  CA − Vn + ∑ (CM j + CO j ) 
}
{


n

j =1
 (15)

n
CF j

ROI = ∑
− CA

j
j =1 (1 + i A )


n

1
Cn( MMTAC ) = Cn' + Cn" = min n ∈{1, 2,…, N }  CA − Vn + ∑ (CM j + CO j )  (9)


n
j =1


The MMTAC Reduced to Present Value (MMTAC-RPV) and Return on Investment (ROI) can be written conjunctly as:

where
• n		 Number of years n ∈ {1,2,3…N};
• Cʹn		 Auxiliary variable;
• Cʺn		 Auxiliary variable;
• Cn(MTACM) Total average cost.


Vn
1
Cn ( MMTAC − RPV ) = min

+
n∈{1, 2,…, N }  CA −
n

n
+
iA )
1
(


n
CF j

ROI = ∑
− CA

j
(
1
j =1 + i A )


A final option is the MTACM Reduced to Present Value (MMTACRPV). The calculation procedure is the same as the one above but it
also considers the capital cost and inflation rate. The various maintenance and withdrawal values over time are reduced to the present
value, using the following procedure:

Cn( MMTAC − RPV ) = Cn'

where

+ Cn"

Cn′ =

1 n CM j + CO j
)
∑(
n j =1 (1 + i A ) j

(10)

Cn′′ =

Vn
1
(CA −
)
n
(1 + iA )n

(11)

n CM + CO 
Vn
1
j
j
)
= min n ∈{1, 2,…, N }  CA −
+ ∑(
j
n

n
(
1
+
i
)
+
i
1
(
)
1
j
=
A
A



(12)

n

∑(
j =1

CM j + CO j 
)
(1 + i A ) j 
(16)

To apply the models, direct operating costs and maintenance costs
are taken into consideration, as are the relevant economic indicators,
such as inflation and interest rates.
The study described in this paper began with a survey of the operating data for a bus fleet belonging to a medium-sized urban transport
company. Based on these data, a pilot project to validate the replacement model created a simulation using a reduced number of buses.
The project used historical data from 1993 to 2014. The buses were
put into homogeneous groups: the buses were 21, 18, 16, 12, and 11
years old.

5. Oil analysis as a covariate for rul prediction
There are several techniques for asset condition monitoring, like
the followings: vibration analysis, thermography, visual inspection,
ultrasonic measurement, and oil analysis. Among these techniques,
oil analysis plays an important key role in the condition monitoring of
combustion engines including the estimating of its Remaining Useful
Life (RUL).
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It is possible to evaluate the oil’s ability to continue performing
its function, and, therefore, to determine the equipment condition. The
life prediction can be calculated on a statistical basis, using measurement records that permit condition forecasting so that interventions
can be made before the degradation becomes severe.
Developing an effective oil analysis program requires careful

Fig. 5.1 – Reliability goals in an oil analysis program

planning based on a stated series of reliability goals, as is shown in
Figure 5.1.
The study described in what follows performed oil analysis on
ten buses in several homogeneous groups to evaluate the importance
of maintenance interventions and reserve fleet size, in three phases
of analysis:
i

Periodic collection of lubricant samples;

ii

Study of the results, using predictive algorithms;

iii

Analysis of the results using econometric replacement models.

Oil degradation was monitored in a homogeneous group of buses,
with three types of oils analyzed:
i

Lubricant I - 10 W 40 EHPDO (Extra High Performance Diesel
Oil);

ii

Lubricant II - 10 W 40 UHPDO (Ultra High Performance Diesel
Oil);

iii

Lubricant III - 15 W 40.

The parameters used to monitor oil degradation were the followings:
• Soot (carbonaceous material);
• Viscosity;
• Total Base Number (TBN);
• Metal wear and contamination;
• Particles.
The reference limits proposed by the laboratory data sheets
were used to set the values. Important parameters turned out to
be soot (%) and Iron content (ppm), as is shown below.
The model applied to monitor the degradation of soot by
estimating the average value of soot was the t-student distribution. A t-student distribution was used instead of a normal
distribution because of the low number of samples. The study
determined whether the sample mean was different from the
population mean. The estimation of the population mean, considering a tail distribution t and n-1 degrees of freedom, uses the
following formula:

µ = X + tα
where
•μ

362

S
n

(17)

• tα
• X
•S
•n

Critical t;
Sample mean;
Sample standard deviation;
Sample size.

The average value of the population was estimated by the significance levels of 0.001, 0.01, 0.05, 0.1 and 0.2.
The objective was to estimate the mean
value of soot (threshold value = 1.5%) and iron
content (threshold value = 90ppm), with the following values: 1.90% for soot and 99.80ppm for
iron content. These values were evaluated above
the normal limits to support conclusions of degradation in the equipment.
The analysis was complemented by an analysis of the evolution of the variables’ degradation, with the Exponential Smoothing formula
used to forecast their next values:
St +1 = α X t + (1 − α ) St
where
• St+1
• Xt
• St
•α

(18)

is the forecast for the next time;
is the real value recorded in the present time;
is the forecasted value for the present time;
is the smoothing parameter, .

The values of the variables were higher than normal limits, thus
pointing to evident degradation. When these variables have high values, the equipment is at high risk and the oil must be changed.
Table 5.1 – Predicted Values for Soot (Bus X1)
Soot
Period

Ob. Val.

Pred. with
α=0.1

Pred. with
α=0.9

Pred. with
α=0.5

[km]

[%]

[%]

[%]

[%]

320 134

1.30

355 642

1.50
1.75

1.30

1.30

1.30

1.90

1.36

1.72

1.58

330 734
376 769
472 423
500 000

2.50

1.32
1.42
1.53

1.48
1.88
2.44

Figure 5.2 – Predicted Values for Soot (Bus X1)

Population mean;
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MTTR = MTBF

MTBF =

Fig. 5.3 – Predicted Values for Iron Content (Bus X1)
In Figure 5.3, the iron content increases, then suddenly decreases, dropping under the reference value. This happens when the oil is
changed. The situation repeats in each utilization cycle.
Oil analysis is most effective when it is used to track metrics
or benchmarks set in the planning stage. The goal is to improve the
lifespan and increase MTBF by creating a performance metric
that can be used to measure compliance with the stated reliability goals. Metrics provide accountability, not just for those directly involved with the oil analysis program, but for the whole
plant, sending a clear message that lubrication and oil analysis are an important part of the fleet´s strategy to achieve both
maintenance and performance objectives. The final stage of oil
analysis is to evaluate the effectiveness of the program. This
should include a cost benefit evaluation of maintenance “saves”
because of oil analysis. Ongoing evaluation permits continuous
improvement of the program by realigning it with either preexisting or new reliability objectives.

(1 − A)
A

MTTR
(1 − A)
A

(20)

(21)

Although these equations are simple, they express the relevance of the MTBF and MTTR on operational availability. In this
type of vehicle (bus fleets), increasing availability by diminishing
MTTR should have the direct consequence of diminishing the
reserve fleet and, by consequence, the respective costs.
Figures 6.1, 6.2 and 6.3 show that when the MTTR decreases, the bus availability increases. When the MTBF increases,
the bus availability also increases. Although this conclusion seems
obvious, especially when the covariate oil quality is highly correlated
with asset degradation, it has strategic consequences for the reserve
fleet - each extra bus in the fleet represents many thousands of euros.

6. Condition based maintenance versus reserve
fleet
The development and implementation of a policy to support
strategies based on condition monitoring as described in the
previous section, especially predictive maintenance, imply the
consolidation of several monitoring systems. Monitoring bus
“health” through condition variables will dramatically improve
the optimization of the maintenance intervals, usually increasing them (the original planned preventive maintenance intervals
are usually conservative), with the following implications:
• Eliminating unnecessary disassembly of parts of equipment for inspection, thereby increasing the availability of
the vehicle and decreasing the maintenance costs;
• Reducing unplanned maintenance, thus increasing the
availability of the vehicle and decreasing the maintenance
costs;
• Reducing severe service shutdowns, increasing bus reliability and decreasing bus unavailability and immobilization costs;
• Detecting problems before they become critical, reducing
intervention costs;
• Increasing the useful life of the components and the bus,
thus increasing profitability.

Fig. 6.1 – MTTR and MTBF versus Reserve Fleet

Monitoring the condition maintenance variables may influence the reliability indicators, i.e., the MTTR and the Availability (A). The following well-known equations express the Availability, the MTTR and MTBF as a function of A:
A=

MTBF
MTBF + MTTR

(19)
Fig. 6.2 – Availability versus Reserve Fleet
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The variations in the size of the reserve fleet based on several
values simulated for the MTTR are shown in Table 6.1. This table and
Figure 6.3 clearly demonstrate that a policy of condition monitoring
leads to a higher MTBF, a lower MTTR and, consequently, increased
Availability.

7. Influence of MTTR on replacement time and roi
This section discusses the influence of the MTTR on the economic cycle of bus replacement, along the bus life cycle. It also integrates
the Return on Investment (ROI) of a bus with the economic cycle of
bus replacement.
The Uniform Annual Income (UAIn) Method as a function of the
Mean Time to Repair (MTTR), taking into account the Return On
Investment (ROI), can be written as:
CM j

) + CO j
n (t MTTR

Vn
i A (1 + i A ) n
d
CA
+
−
)
(
UAI n =
∑
j

(1 + i A ) n −1
+
i
+
1
1
( A)
( i A )n
j =1


n
CF j

− CA
ROI = ∑
j

j =1 (1 + i A )

(23)

Fig. 6.3 – Maintenance Condition versus TTR/TBF (MTTR/MTBF)

where
•t
•d

Table 6.1 – MTTR versus Reserve Fleet
MTTR [days]

Bus Fleet [m]

Reserve Fleet
[RF]

Interval [RF]

10

100

2,7

[2,3]

5

15
20
25
30

100

1,4

100

4,1

100

5,5

100

6,8

100

8,2

[1,2]

where
• RF		
• m 		
• MTTR
• k		

mMTTR
k

The Minimization Method of Total Average Cost (MMTAC) as a
function of MTTR and ROI can be written as follows:
n 

CM j

1
Cn ( MMTAC ) = min n∈ 1, 2,…, N }  CA − Vn + ∑  (tMTTR
) + CO j  
{
d
n 

 
j =1

  (24)
n
CF j

ROI = ∑
− CA

j
j =1 (1 + i A )


[4,5]
[5,6]
[6,7]

The MMTAC Reduced to Present Value (MMTAC-RPV) in function of MTTR and ROI can be written as:

[8,9]

It is also important to demonstrate the effect of the relations of
these indicators on the size of the reserve fleet. From Table 6.1, formula (22) can be inferred to determine the size of the reserve fleet:
RF =

Number of intervals considered for MTTR;
Number of days per year.

(22)
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(25)
Reserve fleet;
Number of fleet buses;
Mean Time to Repair (days);
Number of days (in our case 365).

According to Table 6.1, the size of the reserve fleet increases with
the MTTR. The lower this indicator, the lower the company’s investment in a reserve fleet. The emphasis is placed
on the MTTR because of its high impact on management
costs, especially the indirect ones. Even a small increase in
the MTTR value corresponds to an increase in the reserve
fleet cost, because of the high cost of each bus, as mentioned
previously.
It can be concluded that the reliability KPI’s under
discussion and the maintenance policies practiced by road
transport companies have an enormous impact on maintenance costs and on the size of the reserve fleet. This subject
is discussed in more detail in the next section.

The paper has emphasized the importance of condition monitoring, its relations with the MTTR and the importance of this KPI to the
time of bus replacement. An example of the influence of this ratio,
using the Uniform Annual Income method, is given in Table 7.1 and
Figure 7.1. The table and the figure clearly show the effect of the

Figure 7.1 – Influence of MTTR on UAI - ROI
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Table 7.1 – Influence of MTTR on UAI

Table 7.2 – MTTR versus UAI – ROI

Figure 7.2 – Influence of MTTR on UAI – ROI
MTTR on the bus replacement time. Note: the MTTR values of 5, 10,
20, 25, 30 and 35 days were used for the simulation.
Table 7.1 and Figure 7.1 verify the influence of the MTTR in the
econometric models. An increase or decrease in the MTTR over time

causes a variation on the withdrawal point. The replacement
point can vary by more than nine years: i.e. the time for replacement is five years, but if the MTTR decreases, the replacement
time becomes 14 years. This shows the importance of this KPI
in the management of a bus fleet; it affects the size of the reserve fleet and also the cost.
In addition, it is useful to analyse the relevance of economic
ratios to the evaluation of investments, such as the ROI. Table
7.2 and Figure 7.2 show the influence of the MTTR on the calculation of Uniform Annual Income (UAIn) and on the ROI of a
bus. If the UAI curves are compared with the ROI, it becomes
obvious that the smaller the UAI, the greater the company’s
profit.
Table 7.3 and Figure 7.3 focus on a MTTR of five days.
It can be noted that for MTTR = 5 days, the replacement time
is 14 years, and the value of the UAI is 20.56K€. Note that in
the 10th year, the ROI value is 26.15K€. Therefore, the ROI is
higher than the value of UAIn, and the equipment has started
yielding profit to the company. The period between the year the
equipment starts giving a profit (year=10) and the year it is replaced
corresponds to the year when the UAI is minimal (year=14), with a
profit value of 103.19K€.
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Table 7.3 – Influence of MTTR=5 on UAI with ROI

Table 7.4 – Influence of MTTR=5 on UAI with ROI

Figure 7.3 – Influence of MTTR=5 on UAI with ROI

Figure 7.4 – Influence of MTTR=5 on UAI with ROI

The example shown in Table 7.4 and Figure 7.4 uses data from the
previous example, but with a higher value of ROI per year. The higher
ROI is used to show its relevance to company profit when other parameter values remain the same.
The ROI value is higher each year, and the bus starts to give a
profit in four years with an ROI value of 55.41K€. Then, for the period from the time the equipment starts to give profit (year=4) to the
time it is replaced - when the Uniform Annual Income is minimal
(=14 years) - the total profit generated by the bus is 1905.76K€.

Another aspect emphasized in the paper is the importance of implementing condition based maintenance policies; this helps to reduce
the costs associated with maintenance and increases availability. To
make the point, the paper uses the example of oil analysis.
The paper proposes integrating several methodologies in an
econometric global model that supports the decision to replace buses
and to calculate the size of the reserve fleet. It validates these methodologies using real data from a bus fleet. The results show the value
of the integrated model.
It describes simulations using real data that verify the relations
among the maintenance policy, the time of replacement and the dimension of the reserve fleet.
An integrated econometric global model to determine the time of
bus replacement and the size of the reserve fleet based on a condition
monitoring maintenance model can aid management decision making
in these areas.

8. Conclusions
The paper gives an overview of ongoing research in the use of
econometric models to determine the optimal time to replace a bus.
Indicators associated with acquisition, maintenance and operation
costs, among others, guide the economic aspects. The paper demonstrates that the variations in the most rational time to replace a bus are
influenced by the MTTR and the ROI.
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