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Abstract. Intralogistics systems secure the internal flow of materials and are a
success factor for handling and producing companies. In general, the objective
of analysing life-cycle costs is to economically evaluate system design alterna-
tives aiming at supporting investment decisions. One essential influence factor
of operating costs, and thus life-cycle costs, is the availability. The non-
availability significantly influences the operating costs, e.g. repairs or loss of
revenues. A research field that has not been investigated in the field of intralo-
gistics is the monetarisation of non-availability. An appropriate cost model is
therefore necessary. As a result, the costs of non-availability can be evaluated
monetarily as a function of time. With the help of such a monetary parameter,
financial risks can already be detected during the planning phase. This paper
models an approach of the monetarisation of the non-availability of intralogis-
tics systems as an economical evaluation indicator during the planning phase.

Keywords: Intralogistics systems, cost-effectiveness, planning, non-
availability, investment decision.

1 Motivation and Initial Situation

Intralogistics systems have become a key competition factor caused by their function
of securing the internal flow of material and goods and therefore by increasing cost
pressure [1]. Consequently, the requirements concerning availability and cost-
effectiveness of those systems have grown as well. In the field of plants and ma-
chines, several research studies prove that it is less the investment, and more the oper-
ating costs, which are responsible for the majority of the total life-cycle costs (LCC)
[2]. For that reason, the planning and projection of those systems have become more
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important as the operating costs in particular are significantly influenced by the
choice of constructive characteristics and the operational strategy.

A research field, which has not been investigated yet, is the monetarisation of the
non-availability (NA) of intralogistics systems. Due to the fact that failures can cause
high additional costs in the operating phase (e.g. repairs or loss of revenues), an ap-
propriate calculation model is necessary in order to economically evaluate the NA.
With the help of such a model, the NA can be expressed monetarily and financial
risks can already be detected in the planning phase.

This paper models an approach for the monetarisation of the NA of intralogistics
systems. Consequently, the model can already provide an evaluation parameter for
comparing system design alternatives in the planning phase.

2  Objective and Procedure

The objective of this paper is the design of a calculation model for the costs of the NA
of intralogistics systems as an evaluation parameter of system design alternatives
during the planning phase.

Firstly, the term of costs of the NA in the field of intralogistics is defined. Second-
ly, the current state-of-the-art including approaches for LCC calculation, cost calcula-
tion concerning failures and a description of availability concerning operating costs is
presented. Thirdly, the system boundary is set concerning the model building with the
help of a conveyor and storage technology aspects, as well as a process-based descrip-
tion. Based on that, the monetarisation model and the needed input parameters are
presented. Finally, the application of the model is described and the results evaluated
with the help of a planning example.

3  Term Definition of the Costs of Non-Availability

As regards the NA, several terms in respect of the costs exist. Gudehus [3] introduced
the term, shortage costs, which includes loss of profits, contribution margin loss and
delivery delay penalties. For the existing approaches in this field, the focus is often set
on profit losses. An NA causes the NA of goods if a buffer cannot intercept the goods.
Depending on the nature of the company, customers who cannot be supplied, recourse
to competitors. This view is especially useful for manufacturing companies. Even a
partial loss through reduced revenues or penalties for delay is conceivable.

The shortage costs include so-called opportunity costs (OC), such as lost profits, as
described above. In this paper, the objective is set on the costs of NA including OC.
Accordingly, the model considers not only the operating costs, which are directly
caused by the NA, or are generated during the NA, but also the OC as a consequence.



4  State-of-the-Art

Derived from the definition of availability, the cost of the NA of intralogistics sys-
tems can be defined as a monetary measure of the time-dependent, non-functional and
therefore unavailable state of a system. [4]

The NA of intralogistics systems can be significantly influenced by the extent of
incurred maintenance activities. The extent of NA is visible in the magnitude of re-
pairs, which appear as operating costs. For this reason, the DIN 60300-3-3 recom-
mends considering the availability as costs in economical evaluations. [5]

With regard to the prognosis of maintenance costs, several approaches exist in the
field of machines and plants. Compared to the intralogistics, the maintenance costs
have been focused and were therefore investigated further. Currently, the topic of
maintenance in the field of intralogistics is limited to statutory maintenance measures
(e.g. DIN EN 15635) [6].

Other existing models of maintenance cost calculation are mainly of a stochastic
nature. Works by Dhillon [7], Furnrohr [8], Ostwald and McLaren [9] and Fritz [10]
can be named. Dhillon presents models for the calculation of preventive and correc-
tive maintenance expenses. The cost models are essentially based on a component-
specific failure rate [7]. In comparison, Fleischer and Wawerla [11] provide a generic
approach for estimating the distribution function of a system’s repairs based on the
mentioned failure rate distribution and on a Monte Carlo simulation to determine the
total LCC. In his thesis on stochastic models for forecasting the LCC of complex
systems, Furnrohr shows similar concepts [8]: also based on the concept of a failure
rate, Elsayed [12] describes a system reliability estimation for time-independent and
default-related models. In contrast to this, Lad and Kulkarni [13] highlight mainte-
nance planning based on the plant structure (e.g. as in regard to equal parts) and pre-
sent here a model which aims to calculate failure-based follow-up costs.

In practice, the most commonly used approaches are the models provided by the
VMDA [14]. Accordingly, the total maintenance and repair costs are tripartite: in-
spection, planned maintenance, as well as repairs.

The costs of inspection (IH1) are defined as [14]:

IH1 = »(IH1.1-(IH1.2-1H1.6 + [H1.3 + [H1.4-[H1.5)). (1)

with the frequency per year IH1.1 [number], the required time IH1.2 [h], the material
costs IH1.3 [€], the average resource time effort IH1.4 [h], the hourly rate of the re-
source IH1.5 [€/h] and the hourly rate of the maintenance personnel IH1.6 [€/h].

The cost of the planned maintenance (IH2) (see formula (2)), which is similar to
the calculation procedure of IH1, also strongly depends on the frequency per year
(IH2.1). Furthermore, the work effort in hours (IH2.2) and the hourly rate of the em-
ployee (IH2.6) are needed. In addition, the resource costs have to be determined with
the help of the hourly resource rate (IH2.5) and the resource time effort per process
(IH2.4). Finally, the material costs (IH2.3) are added.



IH2 = Y(IH2.1- (IH2.2 - IH2.6 + [H2.3 + IH2.4 - [H2.5)) . (2)
The costs of repair (IH3) are directly determined by the availability [15]:
IH3 = (2= (IH3.2- IH3.6 + [H3.3 + [H3.4 - IH3.5)) . ©)

Decisive for the calculation is the mean time between repair operations (IH3.1). This
corresponds to the MTBF value (mean time between failures). In addition, the work-
load per repair process in hours (IH3.2) is required, which is expressed by the value
MDT (mean down time). Moreover, the cost of materials (IH3.3), resource costs
(IH3.4, IH3.5) and the hourly rate of the maintenance engineer (IH3.6) must be
known.

As regards the economic assessment of NA, there are several approaches in the lit-
erature. Here, according to the aforementioned concept of Gudehus, the shortage costs
are calculated with the help of the ability to deliver products and the shortage costs
per product. However, a specific calculation procedure is not described. [3] In a work
by Dervisopoulos [15], the consideration of the shortage costs to evaluate the LCC is
emphasised, but here, too, a specific calculation procedure is not given.

A concrete calculation method of the shortage costs is presented by Kulkarni und
Lad [13] in which the expected total failure costs E[TC] of a component during a
defined period is determined by using the expected number of failures E[N(T)] and
costs per failure E[C] [13]. According to Hock [16], another calculation model is
based on the average output quantity, multiplied by the value in monetary units
Whiece [€Elpiece].

The short overview on existing models of the costs of NA shows that there are very
different approaches when a calculation procedure is not given or the focus is set on
follow-up costs. The existing models are not analogous. Furthermore, the mentioned
approaches focus on the field of machines and plans. Hock uses, in principle, the
capital, which is bound by non-expelled products. Gudehus and Kulkarni use a vague
amount of shortage costs per unit for which, however, an explicit calculation rule is
also not given; they even propose the use of empirical values or estimations. This
underlines the need for a standardised approach to the monetarisation of the costs of
NA as a planning parameter in the field of intralogistics.

5 Definition of the System Boundary

As regards the model, the focus is set on automated material handling systems. The
system boundary includes process-oriented automatic storage and retrieval of han-
dling units (HU) in or from the automatic high-bay warehouse (HBW), or the mini-
load system (MLS) from or to the transfer point of the automatic conveyor technolo-
gy. As regards the pack conveyor technology, the personnel costs of the employee are
considered in the analysis. The personnel costs of the employee who performs the
uptake and release of HU are taken into account, because the employee works directly



on the conveyor technology and thus in a stationary workplace. Costs of forklifts,
trucks, etc., are not considered.

Process-based, the system boundary can be described as follows. Fig. 1 shows an
example of the described technology and interfaces within the system boundary. The
introduction of HU in the system is carried out on the A-point. From there, HU are
transported on pallets with pallet conveyor technology in an HBW and stored. The
racks are served by one or more stacker cranes (SC) in one or more aisles. The SC are
specifically selected for each rack facility. Packs are brought and stored over pack
conveyor technology in an MLS. From HBW, HU can be transported via pallet con-
veyor technology to the E-point and then abandon the system, the same applies for
HU from MLS concerning pack conveyor technology. A detailed overview of the
described conveyor and storage technology is shown in Fig. 2.
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Fig. 1. Schematic representation of an exemplary system boundary including the A and E-
Point, the high-bay warehouse and the mini-load system with their stacker cranes and the
appropriate conveyor technology. A detailed overview of the described conveyor and storage
technology is shown in the following figure.
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Fig. 2. Exemplary modules of conveyor and storage technology within the system boundary.
The grey ones are the modules. The arrangement of modules is used for the generation and
understanding of the cost model of non-availability in sections 6 and 7, especially in section
7.2.

6 Calculation Model Building of the Costs of Non-Availability

For the model generation, those LCC are identified first, which are caused by NA or
are generated time-based during the NA. In other words, these are the operating costs
during the time slice of the NA. Second of all, the OC are added.

As regards the first step, it can be excluded that, during the procurement, imple-
mentation and removal phases, costs are generated which are caused by NA. The NA
is therefore only relevant during the operating phase of a system, thus only these costs
are tested for their NA dependence.

The cost calculation of inspection and planned maintenance are not affected direct-
ly by the NA (see section 4, formulas (1) to (3)). High availability may be the result of
frequent maintenance and repair works. Nevertheless, it is possible that a system is
not available even in the case of regular maintenance and inspections. Furthermore,
inspection and planned maintenance have to be executed, even in the case of NA. In
addition, the costs of repairs are relevant for the cost model. As regards formulae (1)
to (3), only the calculation of repairs includes a variable based directly on the NA,
which is the MTBF value. However, as explained, in addition to the costs of repair,
the costs of inspection (IH1) and planned maintenance (IH2) must be considered as
well.

Besides the maintenance and repair costs, there are further LCC, which are caused
by the NA or are generated during an NA. Energy costs are incurred during the opera-
tion, as well as in case of NA. During the NA, energy costs can be even lower. Other
LCC are the space and surface costs independently incurred by the functionality of the
system. Finally, despite the NA, personnel and insurance costs are engendered.

The OC, which are consequential costs due to the NA, are implemented in the
model as well. Due to the fact that the OC depend on several factors and aspects, they



are considered in the model as a variable Copportunity(, depending time-based on the

NA.

The calculation of the annual cost of NA Cy4 of intralogistics systems can thus be

summarised as follows:

CNA(t) = CMR + Cenergy + Csurface + Cspace + Cpersonnel + Cinsurance

+ Copportunity .

(4)

The maintenance and repair costs Curyy include the costs of inspection Cj()),

planned maintenance C, )¢y and repairs Cr¢)iy:

Curey = Gy + Como + Crey@ -
with (based on formulae (1) to (3))

Crny = M * [Ty - MAry) + Cuigy + Tomrry " BMiiy)] -

Comeoy) = Mpme) * [(Tomey " MApuc) + Crpmcy + Tempmoy - BMpm)] -

Creyy = 72— [(MDTyy - MArgy)) + Curey + (Tamrcyy - BMry)] -

MTBF 3
with
i = Control variable of module i (see Fig. 2)
Ciwa = Inspection costs of the module i [€]
Nig = Frequency of inspection [number]
TG = Time effort per inspection [h]
MA G = Employee hourly rate for inspection [€/h]
Cwmig) = Material costs per inspection [€]
Tamig) = Resource time effort per inspection [h]
BMg) = Resource hourly rate per inspection [€/h]
Comwa@ = Cost of planned maintenance of module i [€]
NpMm() = Frequency of planned maintenance [number]
Toma) = Time effort per planned maintenance [h]
MApvi = Employee hourly rate for planned maintenance [€/h]
Cwmpmi) = Material costs per planned maintenance [€]
Tempmi = Resource time effort per planned maintenance [h]
BMumg = Resource hourly rate per planned maintenance [€/h]
Cra) = Repair costs of module i [€]
Ts = Annual operating hours [h]
MTBFs = MTBF of module i [h]
MDTg = MDT of module i [h]

MAR) = Employee hourly rate for repair [€/h]

®)

(6)
(")
(8)



CwmRri) = Material costs per repair [€]
TeMRr() = Resource time effort per repair [h]
BMgq = Resource hourly rate per repair [€/h]

Overall, the formula for calculating the total annual costs Cy, of an intralogistics
system with | modules is:

1
Cna = Z iy - [(Tiy - MAry) + Coargiy + (Tamay - BMiy)] +

i=1

Nomey " [(Tomcry " MApmciy) + Copmciy + Tampmciy " BMpmiy)1 +

—_— 9
MT;F(L-) [(MDT) - MAg@y)) + Curay + (Tsmry - BMrew)] + ©)

Cenergy(i) + Csurface(i) + Cspace(i) + Cpersonnel(i) + Cinsurance(i)

+ Copportunity(i) .

If the number of inspections per year (n,)) is increased, a higher value of the
MTBF; value can be expected. The following section demonstrates the application
of the calculation model. Furthermore, the model is assessed based on a practical
example.

7 Application of the Model Based on a Practical Example

The calculation model of the costs of NA of intralogistics systems is demonstrated
and evaluated with the help of a practical planning example in this section. For this,
the cost and planning data of an intralogistics system of a company from 2009 to 2014
are available. The system comprises a tray warehouse, an MLS and an HBW.

7.1  Procedure of Data Collection

As can be seen from the calculation approach in formula (9), data on the maintenance
and repairs, energy consumption, surface and space costs, as well as personnel and
insurance costs, are required. The OC are considered as a variable. The cost data in
respect of the insurance, the personnel, the surface and space can be taken out of the
planning and implementation documents. Energy costs were modelled based on the
description of the used conveyor and storage technology components with their tech-
nical information, as well as on two research works [17,18]. The maintenance and
repair cost data are accessible in the firm’s ERP?! system.

! Enterprise resource planning.



7.2 Analysis of Data and Determination of Module Cost Data

First of all, the used storage and conveyor technology based on the raw data are cate-
gorised. They are divided into so-called modules, being equal to the scheme of con-
veyor and storage in Fig. 2. Overall, there are thus nine modules:

- Pallet conveyor technology (chain and roll)

- Carton conveyor technology (roll and belt)

- Shelf conveyor technology (roll and belt)

- HBW SC

- MLS carton SC

- MLS shelf SC
As regards the presented cost model in formula (9), the generation of cost data is as
follows. The costs of inspection, planned maintenance and repair are charged as a flat
rate, since no dedicated data on hourly rates, resource costs and material costs are
known. Furthermore, a differentiation between the costs of inspection and planned
maintenance cannot be made. The cost shares for each module (e.g. palette conveyor
technology chain) are considered proportionally. The weighting is determined by the
ratio of the total number of executed activities to the total number of the module
group (e.g. palette conveyor technology).

As regards the calculation of energy costs, it should be noted that the energy con-
sumption needs to be specified both under load, and in standby mode. The total ener-
gy consumption of the conveyor technology in standby is specified per metre. Know-
ing the length of the module means that the standby energy consumption per year can
be calculated. The energy costs are then calculated by multiplying the energy con-
sumption with the energy price.

Since the annual administrative overheads (AO) are only known for the entire sys-
tem, they must be divided between the conveyor technology and racks, including the
SC. For this purpose, the ratio of the investment costs of the conveyor technology and
racks in respect to SC are determined and the AO are divided accordingly. The pro-
portion of AO is then spread over the surface of the modules in order to obtain the
surface cost rate. To calculate the surface costs, the surface of each module has to be
determined. The width of modules is known and is multiplied by the length. In the
case of SC, the length corresponds to the length of the rack aisle.

The annual personnel costs are calculated based on the time slice of NA (MDT ),
the number of employees and the employee hourly rate:

1
Cpersonnel gy = Z MDT; - number of employees - hourly rate . (10)

i=1

The insurance costs are determined in a similar way to the AO. Higher investment
costs require higher insurance rates, so the approach is justified. The insurance costs
of SC components can thus be directly specified. For the conveyor modules, the in-
surance costs are standardised to metres and then multiplied by the length.

Based on the aggregation of the data, cost data sheets can be provided for each
module. Hence, these data sheets include the input data for the calculation model of
the costs of NA (see formula (9)).



In the case of planning, the idea of generating such modules is to provide building
blocks. Planning alternatives can be easily created with these blocks. The modules
can be arranged as needed with their specific cost data. Based on the arranged mod-
ules, the planning alternative can be evaluated economically. As a result, this flexible
approach helps with generating several system planning alternatives in order to com-
pare them in matters of the costs of NA. The costs of possible NA can therefore be
estimated quickly. This evaluation parameter gives hints about the economic extent of
costs in the case of NA and is therefore an essential factor in investment decisions. An
example of a cost data sheet for modules is shown in Table 1.

Table 1. Example of a cost data sheet for modules (e.g. pallet conveyor with chain and roll, as
well as stacker cranes in the high-bay warehouse).

Module Pallet conveyor
Cost data (annual) chain roll

MTBF [h]

MDT [h]

Availability n [%]

Costs per unplanned maintenance [€]
Costs per inspection [€]

Frequency of inspection per year [1/year]
Width of the module [m]

Procurement costs per metre [€/m]
Procurement costs of the module [€]
Life-time [years]

Procurement costs of the module per year [€/a]
Energy consumption (standby) per metre [kwWh/m]
Energy consumption of the module [kWh]
Energy price [€/kWh]

Energy costs of the module [€]

Required surface [m?]

Surface cost rate [€/m?]

Surface costs of the module [€]

Insurance costs per metre [€/m]

Insurance costs of the module [€]

Length of the module [m]

Personnel hourly cost rate [€/h]

Number of employees [number]

HBW SC

7.3  Calculation of the Costs of Non-Availability in a Planning Case

With the help of an exemplary planning case, the calculation model of the costs of
NA as an evaluation parameter concerning two system alternatives, A and B, is
demonstrated. The generated model (see formula (9)) and the module concept (section
7.2) are used for this.



In the planning case of an HBW, there are two possible alternatives (see Fig. 3). In
system A, via chain conveyor (CC A) pallets are transported to roll conveyor (RC A).
The RC distributes the pallets on three aisles of an HBW, which are served by the SC
Al, A2 and A3 operating parallel. The transfer devices between RC and SC are not
considered. In system B, the transport of pallets is also carried on a chain conveyor
CCB.

Compared to A, the racks comprise four aisles with four SC. With the help of the
calculation approach of formula (9), it should be investigated if an additional aisle in
the rack system is cost-effective as regards a possible NA. The two system alterna-
tives therefore have to be compared economically with regard to the costs of NA, and
the costs of NA Crnagay and CNA(B) have to be determined.

System A System B
— SRR - - - - SRR RN SRR T

SC A2

SCB1
;

sCB3

25m
B, scAl
=
=
=
B, scA
=

25m
=
=
=] sce
=
—
=
= s
=

RCB 20m

T

RCA

15m |

10m
10m

Fig. 3. Schematic representation of system alternatives, A and B: A and B differ with an addi-
tional aisle in system B.

The availability of system A is given as 99.702209% and as 99.702222% of system B
which proves to be less of a difference. The specific availability of A and B was de-
termined with the help of the single availabilities of modules and the Boolean notation
[19].

The calculation of the costs of NA follows the approach of formula (9). The in-
spection costs of each module include the costs of planned maintenance and are given
as a lump sum, which is multiplied by the number of inspections per year in respect of
the planned maintenance works. The number of repairs is the ratio of operating period
T to MTBF which is multiplied by the cost rates for repairs. The cost rates for ener-
gy, surface, space, personnel and insurance are then added. The OC are implemented
as a variable C, In total, the annual costs of the NA of the two alterna-

tives are:

ppOTtunity(t)(a,g)’



Cnaay = 701,198.08 € +C for system A and (11)

opportunityt)(a)

Cnag, = 848,792.17 € + C, for system B. (12)

pportunity(t)(g)

The realisation of alternative B with an improved availability can be justified if

CNA(B) < CNA(A) (13)

C c, > 147,594.09 € (14)

opportunity t)(a) - pportunityt)(p)
The results show that the implementation of an additional aisle with one SC causes a
minimal improvement of the total availability. If the difference of the OC of A and B
is higher than the difference of the NA-dependent LCC, the realisation of B can be
justified even in the case of a higher investment for B. The OC of B can be assumed
smaller than that of A because of the improved throughput and capacity so that losses
of revenues or penalties should be compensated.

As a result, it has to be investigated whether the lower costs of NA towards a
higher availability of the system is an adequate option regards the OC. Higher storage
and retrieval performance enabled by the additional SC can generate higher revenues
which may reduce OC and therefore the costs of NA.

As regards this planning example, the implementation of an additional aisle can be
justified in respect of the requirements of formula (14).

7.4  Discussion of the Results and Evaluation of the Model

The database, which is used to determine the module cost data, is extensive, but not
all the required input variables can be derived from it. In addition, assumptions are
made, which should be examined in detail and confirmed. This includes the assump-
tion of considering AO as surface costs. The space costs are not considered due to
lack of data. The database also refers to a specific project and to a comparatively short
period. In particular, data for maintenance and repair should be generated and ana-
lysed over longer periods, ideally over the entire life-cycle. Furthermore, the calcula-
tion of the OC is decisive — this does, however, comprise several problems and chal-
lenges because a standardised approach for its calculation does not exist.

By increasing the database, further modules, such as conversion devices and se-
quencers, as well as other conveyor system modules and SC, can be integrated into
the module kit. For example, a corporate database of modules with cost data sheets
based on the actual costs thus enables an approach for modelling more complex sys-
tem planning alternatives. Nevertheless, this approach does provide a quick, low-
effort way to evaluate systems with regard to their availability and cost-effectiveness
in relation to a possible NA.

With the help of the model, NA can be recorded and evaluated in monetary units.
The consideration and reduction of these costs are necessary, especially against the
background of competitiveness. Intralogistics costs are therefore not only operating
costs, but also the costs of non-operation with their financial consequences, which
should be considered in terms of a larger logistical framework. When comparing



planning alternatives, conclusions can be made as to whether an intralogistics system
is cost-effective, also in the case of NA. Furthermore, it can be investigated whether
additional modules, like the additional aisle in the planning example, are economical-
ly worthwhile.

8 Summary and Outlook

The aim of this paper was to develop a model for calculating the costs of the NA of
intralogistics systems. The procedure of model generation, a definition of the costs of
NA, the state-of-the-art and the system boundary were presented. In the state-of-the-
art, the various concepts for the costs of NA were defined in order to clearly distin-
guish the subject matter. Existing models for the costs of NA and maintenance cost
calculation were described. The existing maintenance cost models were used as a
basis for the generation of the NA cost model.

Then, a holistic calculation model for the costs of NA as a monetarisation approach
was developed. This calculation model allows the generation of an evaluation pa-
rameter in addition to the criterion of LCC, in order to select and compare system
planning alternatives. The model comprises costs which are caused by NA, or which
are generated during the NA, with their consequential costs.

The model’s application, as well as the data acquisition, have been demonstrated
with the help of a planning example. The modules and module cost data sheet genera-
tion were discussed in detail. Based on the exemplary module Kit, system alternatives
were able to be mapped. In the example, the costs of NA were calculated for two
planning alternatives and evaluated.

In a critical analysis of the results, the potential of the approach can be identified.
By extending and validating the database, it is possible to introduce additional mod-
ules of intralogistics systems. Furthermore, a standardised approach for calculating
the OC has to be generated. For validation, the use of sensitivity analysis is recom-
mended. The costs of NA should be used as an additional criterion to the LCC within
the assessment of planning alternatives aiming at investment decision making in terms
of a larger logistical framework.
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