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Abstract 

Urban gondola lift systems are becoming a regular sight rather than a rarity throughout the globe. 

Authors attribute their increasing popularity to factors such as environmental sustainability, 

operational reliability and cost efficiency compared to other right-of-way transit solutions. Replacing 

conventional modes of transit with urban gondolas cannot however be achieved without tackling 

several operational challenges. As potential new operators often lack the human resources and 

knowledge base required to successfully man, operate and maintain systems, they turn to 

manufacturers for increased after-sale support. Companies of the Doppelmayr Garaventa Group, the 

world’s largest manufacturer of gondola lifts, responded to these demand patterns by offering 

complete operations & maintenance contracts which, among other services, include the delivery and 

installation of reserve components. Calculating the total cost of such components for the life cycle of 

a system however still proves to be demanding and requires new computational models to increase 

its efficiency. The applicative purpose of this paper was thus set to formulate a model that is capable 

of performing life cycle cost calculations for components of urban gondola lift systems, according to 

a set of criterion defined by industrial entities. Its research aim is accordingly to answer questions 

about how concurrent instruments are set up, what models does contemporary research regard as 

efficient in similar industries and whether these models are able to enhance life cycle cost calculation 

capability within the urban gondola lift market. These aims were achieved through an analysis of 

current company practices, followed by the formulation of two new model alternatives based on a 

review of contemporary scientific literature, and concluded by an iterative process wherein the two 

alternatives were compared to each other in terms of performance and then merged to combine the 

best performing features of each version. Through a second iteration, the merged model was then 

compared to current instruments and established as the superior choice, using industry criteria. The 

paper concludes by resolving the research questions it set out to answer and making further 

recommendations for the direction of future research and studies.  

  



 
 

Sammanfattning 

Den urbana gondolliften blir alltmer av en vanlig syn snarare än en raritet, världen över. Samtida 

forskare tillskriver dess framgång faktorer såsom teknologins miljövänlighet, driftsäkerhet samt 

kostnadseffektivitet gentemot alternativa nivåseparerade transportmedel. Att ersätta konventionella 

transportsätt med gondolliftar kan emellertid inte åstadkommas utan att bemöta flertalet 

operationella utmaningar. Då potentiella nya operatörer saknar såväl kompetensen som den tekniska 

infrastrukturen vilka utgör ett krav för den framgångsrika bemanningen, driften och underhållet av 

dessa system, vänder de sig mot tillverkarna för att kunna ta del av ett utbrett eftermarknadsstöd. 

Bolagen inom företagskoncernen Doppelmayr Garaventa valde att besvara denna 

efterfrågeförändring genom att erbjuda sina kunder fullständiga drift- och underhållskontrakt vilka 

innefattar bland andra tjänster leverans och installation av ett systems samtliga reservdelar 

alltigenom dess livscykel. Uppskattningen av ett systems framtida livscykelkostnader har emellertid 

visat sig vara en utmaning än idag och kräver således nya beräkningsmodeller för att kunna bli utförd 

effektivt. Det funktionella syftet av detta verk är följaktligen att skapa en modell vilken innehar 

förmågan att utföra livscykel-kostnadskalkyler för urbana gondolliftar, enligt kriterier definierade av 

industriella aktörer. I enighet med dess funktionella målsättning, är studiens forskningssyfte att 

undersöka hur livscykelkostnader för urbana gondolbanor är beräknade idag, vilka modeller och 

verktyg den samtida forskningen anser vara optimala för beräkning av dessa kostnader inom 

teknologiskt likartade industrier samt huruvida dessa instrument är kapabla till att höja kalkylernas 

effektivitet inom gondolindustrin. Dessa målsättningar uppnåddes genom en analys av nuvarande 

tillvägagångssätt inom företagskoncernen, formuleringen av två alternativa modeller baserat på den 

samtida ämneslitteraturens fynd samt en iterativ process varinom de erhållna modellalternativen 

jämfördes med varandra i form av prestanda och sedan sammanfogades med syftet att kombinera 

deras mest framstående egenskaper. Den sammanfogade modellen var därefter jämförd med 

samtida tillvägagångssätt genom en andra iteration och fastställd som det överlägsna valet, med hjälp 

av kriterierna definierade av industrin. Pappret avslutas genom att genmäla de forskningsfrågorna 

dess forskningssyfte ämnade till att besvara samt ge rekommendationer angående inriktningen av 

fortsatt forskning inom ämnet.  

  



 
 

Vocabulary 

The following table contains the list of technical nomenclature and abbreviations occurring in this 

document. 

Term Abbrev. Definition 

Aerial ropeway 
transport 

ART 
A transit system wherein vehicles are suspended from and 
propelled by one or several ropes stretched out in the air, 
between support towers. 

Cable-propelled 
transport 

CPT 
All forms of transit wherein propulsion is provided by a 
moving cable. Thus, the term includes: ART:s, (some) 
automated people movers, cable cars and funiculars. 

Capital Asset 
Replacement Program 

CARP 
A scheme by DCC, to periodically overhaul or replace 
major, complex components, equipment, and facilities. 

Doppelmayr Cable Car 
Gmbh 

DCC 
An Austria-based company designing, constructing, 
operating automated people movers and operating ART 
systems. Part of the Doppelmayr Garaventa Group. 

Key performance 
indicator 

KPI 

Defined as “a way of measuring a company's progress 
towards the goals it is trying to achieve” by the Cambridge 
Advanced Learner’s Dictionary & Thesaurus (Cambridge 
University Press, 2008). 

Monocable Gondola 
Detachable™ 

MGD 
A type of gondola lift configuration wherein detachable 
gondolas are suspended from and propelled by one and 
the same rope.  

Operations and 
maintenance 

O&M 

A set of activities entailing the day-to-day operation of a 
system’s physical and administrative components, as well 
as the pre-emptive and corrective maintenance necessary 
for its continued performance.   

Spare part - 

A component with an estimated lifespan calculated based 
on data gathered from already installed units. Upon 
reaching this limit, the part is inspected, but only replaced 
if its condition falls outside tolerance limits.  

Wear part - 
A component with a predefined lifespan, typically set by 
its manufacturer. Upon reaching this limit, it is exchanged 
by a replacement part regardless of its actual condition.  

Weighted decision 
matrix 

WDM 

A decision-making tool with which alternative concepts 
may be compared to one another, by identifying a set of 
quantitative criteria and measuring the ability of each 
concept to fulfil said criterion.  

 

  



 
 

Contents 

1. Introduction & Background .............................................................................................................. 1 

1.1. Background: A New Era for Cable Propelled Transit ................................................................ 1 

1.2. Outlining the Problem: Operating Within the Unknown ......................................................... 3 

1.3. Purpose ....................................................................................................................................... 4 

1.4. Limitations .................................................................................................................................. 5 

2. Research Methodology ..................................................................................................................... 7 

2.1. Research Procedure Overview .................................................................................................. 7 

2.2. Choosing a suitable approach ................................................................................................... 8 

2.3. Data Evaluation and Model Construction ............................................................................... 11 

2.4. Validity and Reliability .............................................................................................................. 13 

3. Current Practices ............................................................................................................................. 15 

3.1. Mapping the Services Proposal ............................................................................................... 15 

3.2. Calculating Spare and Wear Part Costs ................................................................................... 16 

3.3. Ongoing Measures for Improvement ...................................................................................... 22 

4. Literature Review ............................................................................................................................ 24 

4.1. Initial Observations .................................................................................................................. 24 

4.2. Structural Layout of the Obtained Models ............................................................................. 25 

4.3. Mathematical Composition – First Model Alternative ........................................................... 26 

4.4. Mathematical Composition – The Second Model .................................................................. 29 

5. Analysis & Construction of Final Model ......................................................................................... 35 

5.1. First Iteration – Comparing the Two Alternative Models ...................................................... 35 

5.2. Second Iteration – Comparison to Current Practices ............................................................. 39 

6. Conclusions ...................................................................................................................................... 42 

7. Discussion & Recommendations .................................................................................................... 44 

7.1. Completion and Contribution to Research ............................................................................. 44 

7.2. Generalisability and Recommendations for Future Research ............................................... 44 

8. Bibliography ..................................................................................................................................... 46 

9. Appendices ...................................................................................................................................... 50 

  



 

1 
 

1. Introduction & Background 

The first chapter introduces the technology behind urban gondola lift systems, while also accounting 

for the factors which facilitate or prevent the success of such systems on the market for urban mobility 

solutions. Furthermore, this chapter states the purpose of this work, while also formulating the 

research questions it aims to answer and clarifying its scope of limitations.  

1.1. Background: A New Era for Cable Propelled Transit 

According to Winter (2013) one of the most significant and recent transformations within the world 

of mass transit networks became the proliferation of urban aerial ropeway transportation systems 

(henceforth ART). Unlike previous ART designs, these systems transport passengers within cities as 

part of local public transit networks, rather than to and from purely recreational destinations (Težak, 

et al., 2016). Since the opening of what is today considered to be the first system of this type, the 

Medellin Metrocable in 2004, various urban ART solutions have become an integral part of local 

public transportation systems throughout different parts of the globe (Alshalalfah, et al., 2014). 

Integration of this technology into the urban environment has thus abolished the paradigm of 

gondola lifts and aerial tramways only being suitable for ski resorts and other mountainous areas 

(Brand & Davila, 2011). As a review of contemporary research reveals, public transportation agencies 

commission urban ART systems utilizing one of four main types of configuration, see Table 1. below. 

Table 1. Different urban ART configurations and their respective purposes. Content compiled based on research by Alshalalfah, et al. 
(2014), Brand & Davila (2011), Težak, et al. (2016), Winter, et al. (2016) and Winter, (2013). 

Configuration Connects 
Intermediate 

stops 

Point to network 

Otherwise unconnected, singular point to the local mass 
transit network. One end located adjacent to a transit hub 
(e.g. subway station), the other at a point creating travel 
demand, without alternative access. 

No 

Point to point 
Two, otherwise unconnected singular points. Sufficient 
travel demand between the points exists. Regarded to 
constitute the largest subset of urban ART systems. 

No 

Area to network 

A whole neighbourhood or commercial district to a main 
mass transit corridor (e.g. subway or light rail). Serves as 
feeder or connector service, providing accessibility for a 
significant number of inhabitants. 

Yes 

Transit corridor 
Suburbs, outlying districts and downtown areas with one 
another. Serves as a mass transit corridor itself, providing 
the main mode of connection. Prone to capacity issues. 

Yes 

In order to fully understand why urban ART solutions have enjoyed an increasing popularity during 

the last fifteen years, it is essential to closer examine the set of facilitating elements which can put 

an urban ART into an advantageous position compared to other modes of transit: 
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▪ Zero local greenhouse emissions owing to electric propulsion and minimal noise emissions 

thanks to lack of onboard machinery  (Nikšić & Gašparović, 2010) (Težak, et al., 2016); 

▪ Low construction costs and limited land reclamation compared to other transit systems 

utilizing purpose-built, separated tracks (Alshalalfah, et al., 2014);  

▪ Limited construction cost dependence on terrain conditions and geographical barriers like 

hills and large bodies of water (Brand & Davila, 2011); 

▪ Long-term system reliability and capability to maintain continuous scheduled operation due 

to complete isolation from road traffic (Težak, et al., 2016). 

According to Alshalalfah et al. (2014) and Težak (2016), the spread of urban ART systems has been 

further expedited by the direction into which the development of aerial ropeway technologies has 

taken off. Recent advancements created a demand shift from aerial tramways, the earliest type of 

passenger ART, toward gondola lifts, a mode of ropeway transit that has undergone an innovative 

phase throughout the last three decades (Alshalalfah, et al., 2014) (Nikšić & Gašparović, 2010). Figure 

1. below provides a graphic illustration of the main differences between these designs. 

 

Figure 1. The two main categories of urban ART systems, by type of movement. Up top: an aerial tramway, down below: a gondola lift. 
Source: Doppelmayr Cable Car Gmbh. 

Aerial tramways are systems wherein passengers are carried by two, medium to large size cabins 

oscillating between two termini located at each end of the system, on two separate and to each other 

parallel ropeways (Alshalalfah, et al., 2014). As described by Doppelmayr (1998), aerial tramways are 

the most mechanically simplistic of all available designs, their transport capacity is however 

negatively dependent on system length and unlike gondola lifts, these systems can rarely 

accommodate any intermediate stations, as cabins mostly are permanently attached to the same 

haul rope, preventing independent movement (Alshalalfah, et al., 2014). Hence, aerial tramways are 

only being constructed for a few special environments requiring short-distance point-to-point 
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connections, such as the Roosevelt Island Tram in New York, and have otherwise proven to be 

unsuccessful in urban environments (Alshalalfah, et al., 2014) (Težak, et al., 2016). 

Most advancements within urban rope-based transportation can instead be attributed to gondola 

lifts. As opposed to aerial tramways, these systems rely on unidirectional, circulating movement and 

a high number of small to medium size cabins (gondolas) to transport passengers between points 

served (Nikšić & Gašparović, 2010). Within a modern gondola system, propulsion is provided by a 

continuously moving unidirectional haul rope to which gondolas attach themselves by a specially 

engineered, detachable grip that allows them to disconnect from the rope and come to a complete 

halt when arriving at a station (Težak, et al., 2016). Despite relatively small cabin sizes (8-35 

passengers), these gondola systems possess higher system capacities than aerial tramways (6000 

people/h/direction vs. ca 2800 people/h/direction) thanks to the sheer number of gondolas per 

system (Nikšić & Gašparović, 2010). Furthermore, the detachable design can both facilitate an 

arbitrary number of intermediate stations and even allow change of direction (turns) with the help 

of deflecting stations, i.e. facilities designed and equipped to change the direction of ropeway lines, 

up to as much as 90° (Alshalalfah, et al., 2014).  

Urban gondola lifts cannot however be subjected to a nuanced and objective review, without stating 

the obstacles hindering potential future applications and, in several cases even the continued 

operation of existent ones. Concurrent designs are bounded by various technological limitations, 

such as their vulnerability to wind conditions or their capacity restraints which, despite recent 

improvements, still makes them inadequate to substitute other types of transit solutions for 

connections where ridership forecasts exceed 6000 ppl/h/d (Alshalalfah, et al., 2014) (Težak, et al., 

2016). However, as discussed by the following section, the source of disadvantageous characteristics 

cannot solely be traced back to technical design constraints but instead is equally dependent on 

operational uncertainties. 

1.2. Outlining the Problem: Operating Within the Unknown 

According to Winter, et al. (2016) many potential new operators fear the occurrence of uncopeable 

contingencies during everyday operation and maintenance. As cable-based propulsion technologies 

differ significantly from conventional solutions currently operated by most public transportation 

agencies, these organizations oftentimes lack both theoretical knowledge and practical experiences 

required to successfully manage urban gondola networks (Brand & Davila, 2011) (Winter, et al., 

2016). Realizing the need to fill these competency gaps, manufacturers have during recent years 

begun to expand conventional after-sales activities into mobilization (activation) programs and in an 

increasing number of cases, complete operations & maintenance contracts wherein they manage 

almost every aspect of a system’s day-to-day operation for a predetermined period of time (Winter, 

2013). According to Winter & Sesma (2015), demand for these types of comprehensive services has 

shown a steady increase since the delivery of the first such package in 2012, and a further expansion 

is to be expected.  

Despite this trend representing a financially lucrative opportunity for manufacturers, it also presents 

firms with problems and obstacles which they must cope with in order to turn the delivery of 
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operations & maintenance contracts into a fully efficient and profitable venture. According to 

Moosbrugger & Winter (2019), traditional ART clientele (ski resorts and elevated recreational 

destinations) already possess far-reaching experience and a high level of competency within the field 

of ropeway operation and maintenance. Hence, after-sales activities exploited by these clients mostly 

do not entail more than occasional reserve part purchases and extensive repairs (Winter, 2013). Thus, 

as the first customer requests for complete gondola system operation started to appear, the industry 

was described to be “caught off-guard” by Moosbrugger & Winter (2019). Thanks to DCC’s previous 

experiences with the daily operation of another type of cable-propelled transit, adaptation to the 

technical and operational uniqueness of gondola lifts is described to have proceeded efficiently, 

response to new service requests on the other hand has only improved marginally and is as of yet 

regarded as poor by management (Moosbrugger & Winter, 2019).  

As discovered through a set of meetings and interviews with company personnel, the formulation of 

contract proposals which state and detail what services DCC may offer to a future client, is as of now 

a drawn-out process that consumes an undesirably high amount of corporate resources and prevents 

employees at the company’s Operations Department from being able to allocate sufficient resources 

to other tasks. According to Moosbrugger & Winter (2019), a particularly problem-stricken and 

simultaneously crucial part of service proposals is the life cycle cost estimation of a proposed system. 

It is through this set of calculations DCC projects the total annual running cost of a system, for each 

year of its operation, and thus proposes the amount of yearly base payment which the client would 

be required to pay.  

As of today, this procedure involves numerous unconnected spreadsheets and manual calculations 

to which accurate input is difficultly obtained, without a standardized interface between client, 

manufacturer and service provider (Moosbrugger & Winter, 2019). According to company accounts, 

these observations especially apply to the concurrent means of spare and wear part cost estimations. 

Thus, by scanning its surroundings and search for inspiration from contemporary research, DCC aims 

to lay the foundations for a model that is capable of obtaining the total annual cost of exchanged 

parts for each year of operation, by: predicting the time interval between the periodic exchanges of 

each system component; and compiling accurate forecasts for when capital (major) overhauls may 

be required.  

1.3. Purpose 

The purpose of this master’s thesis is to construct a model that supports the composition of O&M 

services proposals for urban gondola lift systems, by calculating the life cycle costs of its spare and 

wear parts. The resulting model, also visualized by Figure 2., is required to be able to utilize: 

a) System design parameters (e.g. line length, no. of towers), 

b) System operational parameters (e.g. opening hours, operating speed), and 

c) Component parameters (e.g. lifespan, mean time between failure) 

as input, to: 
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d) Estimate the part exchange interval, i.e. the amount of time between installation and the 

replacement of a component, for every spare and wear part of a proposed system; 

e) Estimate how many of each spare and wear part type are going to be exchanged annually 

throughout the life cycle of a system, based on its part exchange interval; 

f) Thus, obtain and present the cost of estimated spare and wear part quantities within the life 

cycle cost calculation of a proposed system, for its first ten years of operation; 

g) Complement the base services proposal with ancillary subproposals for exchange of major, 

complex components (CARP) and append the cost of such to the system’s total life cycle costs 

during its first ten years of operation. 

 

Figure 2. Inputs, outputs and interdependencies of the model which this thesis aims to construct. 

Additionally, this paper also aims to contribute to concurrent research within the field of and spare 

parts logistics, by following the scientific method to answer the research question; 

What set of instruments compose a projection model that enhances a manufacturer’s ability to 

estimate the life cycle costs of spare and wear parts for a proposed urban gondola lift system, 

compared to concurrent techniques? 

In turn, the above formulated question is concretized by three subquestions:  

1. What set of instruments is currently utilized for projecting the preliminary spare and wear part 

costs for the planned life cycle of a proposed system? 

2. What sets of instruments are regarded by contemporary academic research as being capable 

of optimizing life cycle cost calculations for manufacturer-operated industrial systems? 

3. Does the adaptation of academic research enhance a manufacturer-based service provider’s 

ability to determine preliminary spare and wear part costs for urban gondola lifts? 

1.4. Limitations 

When composing the underlying research of this paper, five aspects of limitations were considered.  

1) Available time frame; 

2) Research scope; 

3) System scope; 
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4) Problem scope; 

5) Terminology. 

As this study was authored as part of a 30-credit course at the Luleå University of Technology, the 

maximum number of hours devoted to its conception were set to 800, including tasks that were not 

directly related to it, such as peer reviews and participation in seminars. Furthermore, a final 

deadline, and a set of sub-deadlines had to be observed when deciding the extent of research. The 

scope of undertaken research solely includes the composition of a theoretical model and a test of its 

prototype. Hence, this paper will not make any recommendations regarding integration of the 

obtained model into the company’s existing contract proposal procedures and toolset. Nor will it 

constitute a complete and directly implementable tool in itself.  

In terms of system scope, this work only aims to develop a life cycle cost model for the spare and 

wear parts of detachable monocable gondolas (henceforth MGD), a type of system to which all urban 

gondola lifts belong. It is to be noted however, that DCC considers as well the present, as any future 

models to be generalizable for all types of cable propelled transportation systems. Furthermore, the 

obtained model is expected to be applicable for conventional, recreational MGD-systems as well, as 

these are only set apart from urban systems by area of application and not technical parameters.  

Additionally, this study does not aim to obtain a model for estimating the life cycle costs of O&M 

services other than spare and wear parts. Thus, the cost of maintenance staff, replacement part 

storage, repair tools and any other maintenance-related cost items will be excluded from future 

models. Furthermore, spare and wear part costs for the mobilization phase of the project are going 

to be omitted as well. The optimization of cost models for such expenses currently takes place 

through the same greater initiative that enabled the conception of this paper.  

Finally, a clear distinction in terminology had to be made, to avoid misinterpretations. Within DCC, 

company staff and management use the term model to describe the theoretical representation of all 

processes which the calculation of life cycle costs entails, including way of data storage and 

processing, means of in-, output and calculations. In a mathematical and especially operations 

research context, this term however translates into purely a set of functions that describes the 

mechanisms of a certain phenomenon. Hence, such models will be referred to as calculation or 

mathematical models by this work. 

  



7 
 

2. Research Methodology 

Within the frame of this chapter, the procedures employed for empirical data collection will be 

disclosed and discussed. Furthermore, this section presents the frameworks and models utilized for 

the analysis and evaluation of the obtained data. All elements used to create the procedures for the 

undertaken research are based on the work of David & Sutton (2016), unless otherwise specified.  

2.1. Research Procedure Overview 

As it sets the tone for the future credibility of this report and its underlying research, the adherence 

of empirical data collection to the scientific method was considered extensively. Figure 3. and Table 

2. below summarize and visualize the research approach undertaken by this work in greater detail.  

 

Figure 3. Steps of empirical data gathering and the evaluation process. 

Table 2. A detailed account describing data collection and evaluation. 

Step Processes included 

Present 
practices 

review 

Research commenced by a review of the current set of instruments, frameworks and 
procedures utilized by DCC to obtain service requirements, expected part 
inventories and resulting costs, for O&M contract proposals. The review procedure 
was conducted by the means of employee interviews and examination of data files, 
excel-workbooks and programs. This served the purpose of shedding light on 
practices which the company considered to be in need of development and 
streamlining. The performance of current practises was measured as well, using 
company key performance indicators (henceforth KPI), with the purpose of obtaining 
a reference to which other instruments may be compared. Coincidentally, this step 
also functioned as a qualitative data collection process, concluding by forming a base 
on which the first research question could be answered. 

Academic 
literature 

review 

A search for current, state of the art academic literature – peer reviewed journal 
articles and conference papers – within the fields of operations & maintenance and 
life cycle costing was conducted. Papers deemed to be relevant were categorized 
according to the subset of key terms used to access and read through them. Findings 
and conclusions of the chosen works were then structured and stated in the report, 
as outlined by subsection 2.3. 
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Creation of 
LCC 

models. 

Based on what was formulated in the theoretical framework, two different versions 
of a model were created. It is to be noted that during this phase several distinct 
concepts were composed, due to the diversity of theoretical finings. Furthermore, 
this step entailed the actual (physical) creation of all model alternatives, such as 
worksheet programming. Also, a basis for answering research question two was 
delivered. 

Model 
evaluation 

& 
comparison 

Once all testing was complete, results were evaluated in order to determine the 
scope of improvements delivered by each conceptual model, compared to one 
another and the baseline. Measurements were conducted using a set of 
predetermined key performance indicators (KPI) compiled by the commissioning 
company and discussed later throughout this paper.  

Superiority 
Check 

If one of the obtained model alternatives would prove to be superior overall, it was 
recommended to the commissioning company as new a standard. It was however 
considered plausible that while a specific feature of a model performs better than 
the corresponding feature of another, other features may very well prove inferior in 
comparison. If this eventuality would apply, the research procedure was to be 
recommended to extend its scope by a further step. 

Model 
version 
merge 

The aim of this conditional step was to explore whether it would possible to create 
a new model by combining the most well-performing features of different model 
configurations. Due to potential correlation or interdependence between different 
features within the same model, there may exist a risk that combining features from 
different alternatives diminishes the performance capability of said features, 
compared to a previous state. Thus, a model merge could either prove fruitless or 
require an iterative process for finding an optimal configuration. Methodologies with 
the likeness of agile or iterative development were considered as capable of 
supporting this step efficiently (Dingsøyr, et al., 2012). Merged models would thus 
be again evaluated. 

 

2.2. Choosing a suitable approach 

The option to choose a certain research approach may be encouraged or made impossible by a 

multitude of external factors. Given the purpose of this paper and the research questions it aims to 

answer, a choice between two main research directions for the first main part of the research came 

into being. 

The first alternative considered was an approach based on deductive principles: by a review of state-

of-the-art scientific literature and benchmarking studies performed on-site at companies providing 

comparable O&M services, arrive at a theoretically optimal model configuration for initial service & 

maintenance requirements estimation. The importance of benchmarking studies was deemed to gain 

insights about what practices have proven to be feasible in real industrial applications. The viability 

of an obtained model alternative would subsequently be assessed by formulating a proposal for an 

already signed contract, as its performance could thus be compared to that of concurrent 

instruments using the same frame of reference. Comparative assessment would be made possible 

utilizing key performance indicators drafted by company management. The academic research 
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implications for the main research question would thereafter be either disproved or confirmed, in 

both cases resulting in findings which would contribute to concurrent scientific research within the 

field.  

The second direction examined was an inductive technique focusing solely on deriving theory from 

an extensive trial-and-error experimentation and testing phase. As this approach would entail a 

complete reliance on data obtained from in-house experiments and ignores outside research, 

reliability issues had to be considered as a source of risk. A subsequent, common thread for both 

approaches was to transform the findings from empirical research and literature review into a 

conceptual model that would be capable of being used by an entity operating and maintaining urban 

gondola lifts. Thus, a similar testing procedure as formulated for the deductive approach was planned 

to be carried out. 

After considering several factors, such as the scope of the research to be undertaken, the 

availability of time, resources and inputs regarding company preferences, a decision to proceed 

with a streamlined form of the deductive approach was made. Streamlining the research meant the 

exclusion of benchmarking studies from the scope of work due to time limitations. The choice 

between research and benchmarking was based on the explicit wishes of company management, 

whom are inclined to use findings from concurrent academic research as input to the design 

process of a new model. Table 3. on the next page summarizes the limiting conditions for the 

undertaken research. 

Regarding the research design this work aims to follow, it can best be described as a primarily 

descriptive study, concluded by an explanatory section, determining whether adapting instruments 

from academic research improves planning performance or not. A descriptive research design was 

deemed to be the most suitable way for answering the first two research sub-questions as these 

merely intend to describe how certain processes take place, without influencing the values of 

pertaining variables. Nor does the undertaken research intend to present why examined industry 

processes came to be the way they are. Furthermore, a descriptive case study allows the research to 

gain in-depth insights into relevant processes, the inner workings of which may then be transformed 

to and tested within another context, as formulated by research question 3.  
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Table 3.Characteristics and limiting factors of the chosen research strategy. 

Methodology Limiting factors 
Research approach Lack of past research focusing on operation & maintenance of aerial 

ropeway systems may limit theoretical validity, due to system-level 
dissimilarities with other technologies.  

Deductive 

Research design Given predetermined academic deadlines, the scope of work had to be 
reduced to align with what is possible to accomplish within the time 
given. 

Descriptive (R.Q. 1 & 2), 
Explanatory (R.Q. 3) 

Data collection 

Qualitative data collection can limit the repeatability of results due to 
interviewer and observer bias. 

Qualitative, semi-
structured interviews 
(R.Q. 1.), qualitative 

examination of scientific 
articles (R.Q. 2., 3.) 

Sampling Sample size for R.Q. 1. kept small due to population only consisting of 
one entity.  Availability sampling 

As the means of empirical data collection for examination of current practices, the use of semi-

structured interviews gathering qualitative input was chosen, utilising a sample size of one. Setting 

such a low value was motivated by as well the focus of this work on one company as the concurrent 

picture of the gondola lift market, wherein nearly all shares are essentially divided between two 

competing manufacturers, of which only DCC offers complete operation & maintenance services, 

thus reducing the population size to a single entity. Within DCC itself, eight separate interviews were 

carried out, with three different respondents. Of these, the first participated in seven of the 

discussions, while the second and third only in one each. When interviewing company personnel, 

semi-structured, personal conversations allowed an in-depth exploration of topics which 

interviewees considered to be especially important and relevant to the goals of research. Using 

respondents’ insight into the inner workings of their respective industries thus resulted in findings 

which other data gathering methods may never have provided. Simultaneously, a basic structure that 

incorporates questions regarded as mandatory by the interviewer would not have been needed to 

be sacrificed. Although drawing accurate overall conclusions from small sample sizes is generally 

considered as unattainable regardless of collection strategy, a small sample size constituting a 

significant part of the entire population was assumed to create uniquely favourable circumstances 

for generalization.  

The collection of data from academic sources took place through an examination of peer reviewed 

journal articles and conference papers, according to a predefined system. Individual searches were 

performed with the help of the database Scopus, based on a set of predetermined key index terms 

and search criteria. See Appendix 3. for a detailed account of index terms used during the search 

phase. Before initiating a search, a maximal search result age limit of ten years was set, thus 

automatically eliminating papers published before 2009. Once the database completed its search, a 

review of each search result was carried out by reading its executive summary or abstract and thereby 

determining its relevance for the research topic. The metadata and URL of search results categorized 
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as relevant were then saved to a Microsoft Excel workbook, while remaining results were discarded. 

Once a readthrough of all summaries has been completed, a new search, using a new combination 

of search terms was initiated. Due to the sheer number of search results obtained during the majority 

of searches, and the limited amount of time available, a set of conditionally taken result elimination 

steps was also introduced; Each new step was initialized if and only if the amount of search results 

remaining after the previous step exceeded 100 hits. The elimination of results was set up so that 

only the 100 most relevant and highly cited hits would remain. The exact sequence of steps is 

accounted for within the frames of Appendix 3. 

Subsequentially, a second readthrough iteration was commenced, with the purpose of only retaining 

a quantity of articles that could be considered as manageable, given the time limitations constraining 

the undertaken research. Articles deemed to be only partially relevant were thus yet again discarded 

from further reading. The remaining categorized articles were then grouped into a new set, and 

consecutively submitted to a third, final readthrough iteration, wherein all the contents of each paper 

were analysed. Some articles were yet again discarded from being included in the final research, as 

further illustrated by Figure 4. below. Furthermore, four additional papers were found and read 

through, using references from another articles and consultations with researchers, much like a form 

of snowball sampling. As these works are considered by concurrent research to be relevant regardless 

of their age, the corresponding age limitation was disregarded for such papers.  

 

Figure 4. General sequence of the article search procedure. 

2.3. Data Evaluation and Model Construction 

The analysis and evaluation of collected data was carried out through a sequence consisting of four 

distinct steps, leading up to a testable model alternative: 
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1. Relevant data was highlighted on the notes which were used throughout the collection 

process. The highlighted information was then used to gather and formulate perceptions 

about what this data tells about the different parts and instruments utilized to calculate 

service requirements and inventory levels.  

2. Obtained parts and instruments were subsequentially put into words and organized in a 

sequential order, based on their chronological succession of occurrence, thus laying the 

foundations for a conceptual model alternative. This procedure was visualized through the 

use of flowcharts in the research documentation. Flowcharts serve as a visual representation 

for their respective model as well.  

3. Each model concept and its immanent sequences were then further accounted for in detail, 

using tables, graphics and equations, providing a detailed, structured understanding. 

4. The obtained conceptual model was finally recreated with the help of Microsoft Excel VBA 

macros, within which the calculations and operations it performs could be run. The choice of 

software was based on the selected programme’s versatility, available technical support and 

role as a standardized data handling tool at DCC. 

Evaluation of obtained models was carried out using a weighted decision matrix (henceforth WDM), 

that in turn applied a set of company KPI:s to measure and rate various features of the presented 

models. According to Hassan et al. (2016), a WDM is a suitable tool to evaluate and compare 

alternative concepts which must fulfil criterion that are clearly defined, quantitatively measurable 

and not or only limitedly assumed to be dependent on one another. Hence, utilizing this instrument 

for model evaluation was considered as a prudent decision, given that the necessary set of criterion 

was possible to derive from DCC’s explicit needs and KPI:s.  

The WDM created to evaluate the various conceptual models obtained by this research, uses seven 

different criteria, the fulfilment of which is in turn measured by the provided KPI:s. Each criterion was 

assigned a weight factor based on how important the company management considered it to be. In 

alignment with knowledge provided by Hassan, et al. (2016), the value of each weight factor was 

calculated interdependently, so that the total sum of weights would add up to one. Additionally, a 

standardized scoring system set up as a discrete linear scale ranging from one to ten was introduced, 

in order to convert the various measurements made in different units to a singular unit and scale. 

The overall performance of a conceptual model could thus be measured by subtotalling its weighted, 

standardized scores from each measurement; according to Hassan et al. (2016) this could not have 

been achieved without standardization, as proportional discrepancies between various units of 

measurement would make unstandardized scores highly unreliable. Table 4. below accounts for each 

criterion and its corresponding KPI and weight, while conversion rates to standardized scores are 

detailed in Appendix 4. 
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Table 4. Criteria and performance indicators utilized to evaluate model alternatives within the weighted decision matrix. 

Criterion 
Measured by 

(KPI) 

Unit of 

measurement 
Weight 

To calculate life cycle 
costs accurately 

Cost accuracy 
Deviation from actual 

costs (%)  
0.17 

To perform 
calculations within 

48h 
Calculation time Hours (h) 0.17 

High degree of 
automatization 

Number of manual 
steps 

No. 0.13 

Comprehensibility, 
clear nomenclature 

Sum of questions and 
complaints 

No. 0.11 

Cost efficiency 
Cost of developing & 

using model 
Euro (€) 0.11 

Minimal need for 
preparatory training 

Training duration Hours (h) 0.09 

Transparently 
presented calculations 

Observed 
transparency 

Yes or no (binary 
decision) 

0.22 

To be able to assign appropriate scores that reflect reality, a two-pronged approach was taken. While 

the mathematical composition of respective models was evaluated by a numerical test Microsoft 

Excel, complemented by the GMPL-based solver software package Solverstudio, its qualitative 

aspects such as training duration, comprehensibility and observed transparency was assessed with 

the help of a three-person focus group consisting of previously uninvolved DCC employees who were 

able to take on the role of a client, without bias. Focus group meeting took place through an 

introductory part wherein all members were introduced to new models as well as concurrent 

practices, followed by 20-30 minutes long individual sessions during which each member interacted 

with the models alone, with support from the author of this work. To separate respondents was seen 

as a crucial step, in order to prevent them from gaining knowledge about the models in advance of 

their respective opportunity to interact with them. Over the course of sessions, each respondent’s 

actions and responses were examined according to criteria contained in the WDM. Moreover, the 

evaluation was supported by qualitative input and feedback from DCC management and researchers 

at the Luleå University of Technology.  

2.4. Validity and Reliability  

In terms of validity and reliability, the qualitative characteristics of the undertaken research spawned 

several questions and topics of discussion. Two crucial points throughout the research, at which the 

risk for invalid measurements was deemed to be the highest, were the qualitative semi-structured 

interviews during the mapping of current practices, and the examination of academic literature.  

During qualitative interviews, the main issue was considered to be the risk for misunderstanding the 

contents of questions by interviewees. To counteract this possibility, interviews were set up as semi-

structured discussions, wherein each respondent had the opportunity to provide in-depth answers 
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to inquiries and simultaneously allow the researcher to ask complementary questions or clarify 

eventual ambiguities. Furthermore, as described by the previous section, collected data and the 

perceptions which it produced were visualized through a flowchart that graphically describes the 

parts of current instruments and the sequence in which they are applied. Thus, if the gathered input 

was inconsistent, irrelevant or lacking, it immediately reflected on the chart which then became 

incomplete or contained data that could not be connected to other data in any sequence. As for the 

academic literature review, risks for diminished validity were observed to stem from technological 

differences between gondola lifts and the technologies which academic papers described. Since the 

extent of such dissimilarities may compromise any adaptability between some systems, 

measurements taken on these systems could be considered invalid. To avoid examining literature 

that describes unadoptable practices, the compiled list of papers to-be-reviewed were presented to 

DCC personnel, the expertise of whom helped to identify the range of adaptability between gondola 

lift systems and other technologies. 

When discussing and ensuring the reliability of the undertaken research, emphasis had to be put on 

the repeatability of measurements and observations (Carmines & Zeller, 1979). As for the reliability 

of the present practices review, the uniquely low population size was deemed to be a reinforcing 

factor. Assuming no changes in processes or new market entries, every new measurement of current 

industry practice would have to be taken on DCC, thus likely producing similar results as the research 

described by this paper. However, the semi-structured nature of interviews may result in future data 

collections obtaining disparate results, thus weakening the reliability of this work. Regarding the 

accuracy of the academic research review, it was considered to be positively affected by the 

unambiguous content of journal articles and conference papers, as the theories and models these 

account for, were in the majority of cases formulated using explicit numerical formulas. Furthermore, 

all reviewed papers followed a semi-standardized structure common for most scientific works. Two 

weakening factors were however noted to be the generation of search index terms and the 

assessment of whether a paper was relevant to the undertaken research, based on its executive 

summary. Efforts to contain and mitigate these risk factors were made by receiving continuous 

feedback from both company and university supervisors.  
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3. Current Practices 

The following chapter accounts for the processes through which O&M services proposals are being 

composed as of today, and why company management aspires to replace them. Additionally, current 

efforts to improve estimations and proposal composition are presented below. 

3.1. Mapping the Services Proposal 

Compiling the first draft of an O&M services proposal is proceeded by multiple steps as of today. As 

described by Moosbrugger (2019a), the initial involvement of DCC into a new project currently takes 

place through intermediaries rather than any direct contact with the potential client. The role of 

intermediary agent is played by a sales representative employed by Doppelmayr Seilbahnen GmbH, 

the sister company of DCC designing and building gondola lift systems (Moosbrugger, 2019a). Since 

DCC is not in any way involved in the process of creation for these systems, the company only gets 

connected to a project, if and when negotiations reach a stage where a potential client expresses 

interest for non-internally provided O&M services. 

Once interest has been expressed, DCC is contacted by the sister company sales representative and 

informed about the potential new project in the pipeline (Moosbrugger, 2019a). Subsequentially, a 

first meeting between DCC and the client is set up, enabling parties to get an understanding of 

demands, requirements and possible offerings. A cornerstone of such preparatory talks is described 

by Moosbrugger (2019a) to be the scope of services, i.e. what is to be included into the services which 

the client is considering to procure, and what is not. As of today, various service activities are grouped 

into one of fifteen different services groups, based on the type of service they constitute. During 

negotiations with DCC, a client thus has the opportunity to clearly distinguish between different 

services and choose which services group or even specific activities within a group it intends to 

procure (Moosbrugger, 2019a). Table 5. below shows part of a (illustratively) proposed services 

contract, wherein the elements of services group No. 5 (Spare Parts, Tools and Equipment) are 

detailed, and shown to be either procured from DCC or left to the client.  

Table 5. Structure and contents of an O&M services group. Note that checkboxes were only filled with an illustrative purpose and do 
not reflect the details of an existing contract. Source: Moosbrugger, 2019. 

5 Spare Parts, Tools and Equipment Client DCC 

5.1 
Provision of spare parts sufficient for preventive, corrective (demand) 
and failure maintenance of the Gondola System according to 
manufacturer requirements. 

 X 

5.2 
Provision tools, specialty tools and equipment to ensure continuous and 
efficient system operation and maintenance of the Gondola System 
according to manufacturer requirements. 

 X 

5.3 
Review, manage and update specialty equipment availability and its 
records used for the maintenance of the Gondola System. 

 X 

5.4 

Provision of materials, cleaning compounds, wiping cloths, and other 
materials sufficient for preventive, corrective (demand) and failure 
maintenance of the Gondola System according to manufacturer 
requirements. 

 X 
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5.5 
Provision of bulbs for re-lamp all lighting fixtures in all Gondola System 
related rooms and areas including but not limited to control room, 
machinery room, and low/high voltage room. 

X  

5.6 
Provision of radios and pagers to ensure effective communication 
among Employees, Contractor, and the Owner. 

X  

5.7 
Manage, review and ensure equipment asset list, equipment history card 
used for the maintenance of the Gondola System. 

 X 

5.8 
Provision of sufficient storage facilities for all necessary System 
equipment including but not limited to spare parts, tools, specialty tools 
and equipment. 

X  

5.9 
Provision of shelving and cabinets necessary to store all spare parts, 
tools, specialty tools and equipment. 

X  

5.10 
Provision of metal containers and fire rated cabinets for cleaning agents 
in accordance with all applicable laws, regulations, and codes. 

X  

5.11 Provision of office furniture equipment. X  

Complemented by parts of services group 4., this group entails the service activities that require the 

delivery of spare and wear parts, the life cycle costs of which are currently calculated through a four-

step process (Moosbrugger, 2019a).  

3.2. Calculating Spare and Wear Part Costs 

As of today, life cycle cost calculations first initiate once the scope of services has been agreed upon. 

Thus, DCC is only required to compile estimations for services groups it is contracted to provide 

(Moosbrugger, 2019a). The four-stage process currently utilized for estimating life cycle costs and 

quantities of spare and wear parts is illustrated by Figure 5. below. 

 

Figure 5. The four-step process through which spare and wear part costs are currently calculated. Figure compiled based on semi-
structured interviews with DCC personnel. 

The first step was described by Moosbrugger (2019a) as a meeting with engineers from Doppelmayr 

Seilbahnen. During this session, the system designer gives a detailed account of the future system’s 

technical parameters such as the number of stations and support towers, and its operational 

parameters such as operating hours per day and average speed (Moosbrugger, 2019a). Nowadays 
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this meeting takes shape in the form of an interactive discussion during which DCC staff take notes 

to obtain all the input required to perform the calculation. According to Moosbrugger (2019a), DCC 

has previously experimented with using PDF-based digital forms to collect the necessary data, these 

however proved be too ambiguous and unidirectional for some of the involved parties, to be 

implemented as standard. In its current form, an input collecting meeting was described to take at 

maximum two hours, after which DCC staff most often would possess the necessary amount of 

parameters (Moosbrugger, 2019a).  

Once all the required input parameters have been collected, the second stage of the process 

commences. During this phase, all input gets fed manually into an Excel-based calculator tool which 

in turn performs the necessary estimation operations. Moosbrugger (2019a) described this step as 

the second most time-consuming, since every input parameter value has to be registered individually 

in the excel-based tool. Thus, as of today, the input stage may require as much as five hours of work. 

Following the registration of all input parameters, the tool then calculates part exchange frequencies 

and estimated spare and wear part quantities for the life cycle of the proposed project, automatically 

(Moosbrugger, 2019a). The model around which the current Excel-based tool was constructed, is 

further detailed within the frames of section 3.2.1.  

The third stage of the process follows the completion of calculations and entails the formalization of 

raw output values into a proposal that can be presented to the client (Moosbrugger, 2019a). As the 

current Excel-based tool only visualizes its output in the form of a substantial table containing high 

amounts of numbers and provides very little text-based descriptions, it was deemed unfit to be 

presented to clients, in its unedited form (Moosbrugger, 2019a). According to Moosbrugger (2019a), 

this stage is currently the most time-consuming part of the overall process, requiring circa four hour 

minimum and five hours maximum. Once a formal proposal document containing the required output 

has been compiled, it is sent to the client for review.  

The process is then concluded by a fourth stage, wherein the client responds to DCC by either 

accepting the proposal or returning it for further revisions. As described by Moosbrugger (2019a), 

the latter case arises if the client considers specific (or all of the) proposed costs as too high. Given 

this eventuality, DCC has the capability to lower costs in several areas and services groups. A measure 

to reduce the costs of spare and wear parts is to lower the part exchange frequency and safety stock 

levels of components without a specific lifespan. Although this inevitably diminishes the predicted 

reliability of the proposed system, some clients are willing to allow it as a trade-off, according to 

Moosbrugger (2019b). Regardless, the need for renegotiations is not the sole consequence of an 

unaccepted proposal; For every denied proposal, the above described four-step process has to be 

reiterated, with only minimally reduced duration (Moosbrugger, 2019a). 

3.2.1. The Excel-based Calculator 

As described above, a central part of the current calculation process is the Excel-based tool with 

which all the necessary calculations are performed. As of today, the tool consists of one workbook 

that is in turn divided into nine separate worksheets (Moosbrugger, 2019a). A new copy of the 

workbook is created for every project in progress, based on a standardized template made available 

on DCC’s internal network. The sheets which each copy includes are: 
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0. Content: contains a table of contents, metadata about the workbook itself and basic 

information about the project for which it performs calculations; 

1. System Overview – Technical Data: is essentially the input sheet, wherein the design and 

operational parameters of the future gondola lift system are registered; 

2. Labour Costs: accounts for the amount of staffing required by the system, complemented by 

labour costs broken down for each individual member of staff; 

3. Maintenance Costs:  

a. 3.1. lists all components intended to be included in the system, while also accounting 

for the lifespan and unit price for each of these, individually; 

b. 3.2. meanwhile calculates the exchange frequency and life cycle cost of each individual 

spare and wear type; 

4. Annual Base Cost: summarizes all costs on an annual basis, and shows the yearly average 

value of each cost item, such as total part, labour and administrative costs; 

5. Mobilization Costs: accounts for the predicted operation and maintenance costs incurred 

during the first six months of service, while the system still goes through a start-up phase; 

6. Summary: presents the initial mobilization and annual base payment for every year of the 

proposed contract. Gives also an overview of its total estimated value. 

7. CARP (Capital Asset Replacement Program): Lists ancillary, major overhaul activities and 

corresponding costs which are not integrated into the proposal and its calculations, however 

are likely to be required during the life cycle of the system. 

It is to be noted, that in accordance with the limitations of this paper, worksheets relating to labour 

costs, mobilization costs, corresponding parts of the annual cost and summarized costs were not 

examined further. The focus of this work is instead aimed towards the interconnected worksheets 1., 

3.1., 3.2., and 4., as illustrated by Figure 6. below.  

 

Figure 6. The sequence through which the worksheets of the currently utilized workbook are connected. The solid black arrows show 
how input parameters are transformed by calculations into final output, meanwhile the dashed arrows visualize in which direction Excel-
formulas are referencing to other sheets. 

Outputs which the undertaken research considered as relevant are shown in sheets 3.1., 3.2. and 4., 

in the shape of one singular table in each worksheet. In 3.1. and 3.2., each row corresponds to a spare 

or wear part, while the set of columns lists various component data. In 3.1., the column set can in 

turn be divided into two subsets: input columns which contain the lifespan and statistical parameters 

of each component and output columns, wherein part exchange frequency, required quantities and 

costs are calculated. In its current form, the workbook uses the built-in formulas of Microsoft Excel 

to perform these calculations. Formulas are placed in every cell of the output column set of each 

table, and calculate their respective result by referring to the values of other cells as input 

(Moosbrugger, 2019b). Within 3.1., output cells generally refer to either the input columns, the main 

input sheet (1.) or both. 
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In 3.2., columns uniformly show output only and contain the expected time interval between 

changes, the price for each change and how much is projected to be spent on each component every 

year, throughout the life cycle of the proposed project. Outputs in 3.2. are calculated using the values 

of output cells in 3.1. as input (Moosbrugger, 2019a). In 4., spare and wear parts only make up a 

portion of the entire calculations table, as this sheet summarizes all O&M costs on an annual basis 

(Moosbrugger, 2019a). In the current version of the workbook, component costs occupy nine rows 

and the costs of individual spare and wear parts are added up into an equal amount of cost items, 

based on component type (Moosbrugger, 2019a). Relevant output values in 4. are calculated by 

referring to worksheet 3.2. 

Mathematically, calculations take place according to a set of equations (Moosbrugger, 2019a). The 

variables comprising these formulas are listed by Table 6. below.  

Table 6. Table of variables involved in current life cycle cost calculations. Observe that the symbols denoting all variables were added 
by the author. 

Variable 
Denoted 

by 
Describes 

Unit of 

measure 
Total annual 

cost 
𝑐𝑡 The sum of all annual spare and wear part costs. € 

Yearly part 
exchange cost  

𝑐𝑖𝑡 
The cost of exchanging a specific type of spare or 
wear part i during a specific year t. 

€ 

One-time part 
exchange cost 

𝑐𝑖 
The cost of exchanging a specific type of spare or 
wear part i.  

€ 

Part quantity 𝑛𝑖  The amount of part i in the proposed system.  

Unit price 𝑝𝑖 The purchase price of each unit of part i. € 

Part exchange 
interval 

(rounded) 
𝑙𝑖 

How often a type of spare or wear part i has to be 
exchanged. The value of this variable is always 
expressed in terms of whole years. 

y (years) 

Part exchange 
interval (raw) 

𝑙𝑖 

How often a type of spare or wear part i has to be 
exchanged. The value of this variable is always 
expressed as a decimal with double decimal places. 

y 

Part lifespan 𝐻𝑖 
The number of hours for which a specific component 
i is constructed to operate. 

h 

Annual 
operating time  

𝑇 
The total number of hours per year, for which the 
proposed system is planned to be in operation.  

h 

Beneath follow the equations which currently calculate exchange intervals, quantities and thus the 

life cycle costs of each spare and wear part. Note that the sequence of formulas follows the same 

order as in the workbook and that it only presents the basic mathematical model behind the 

examined calculations, actual worksheet formulas were given a higher degree of flexibility, to be able 

to cope with unforeseen scenarios not mentioned by this paper. 

𝑐𝑡 =∑ 𝑐𝑖𝑡
𝑁

𝑖=1
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The total annual cost of a cost item containing a set of spare and wear parts is equal to the sum of all 

yearly part exchange costs for components within the set. Yearly part exchange costs can in turn be 

describes as: 

𝑐𝑖𝑡 =

{
  
 

  
 

1

𝑙𝑖
∗ 𝑐𝑖, 𝑙𝑖 < 1

{
 

 𝑐𝑖, 𝑟 = 𝑞 −
𝑡

𝑙𝑖
= 0

0, 𝑟 = 𝑞 −
𝑡

𝑙𝑖
≠ 0

, 𝑙𝑖 ≥ 1

 

As it appears by examining its formula, the yearly part exchange cost for a component is multi-

conditional. If its unadjusted part exchange interval (𝑙𝑖) is lower than one, then its yearly exchange 

cost is equal to the number of exchanges during a year multiplied by its one-time exchange cost. If 𝑙𝑖 

is greater than one however, two new eventualities arise: if the actual year 𝑡 is equally divisible by 

the rounded part exchange interval (𝑙𝑖), it means that an exchange is to occur that year and thus the 

yearly part exchange cost is set equal to the one-time exchange cost; otherwise no exchange is 

required and 𝑐𝑖𝑡 is hence set to the value of zero. Equal divisibility is determined using the quotient 

𝑞 and rest term 𝑟 in the formula above. In turn, the one-time part exchange cost for a certain type of 

component is calculated according to the function: 

𝑐𝑖 = 𝑛𝑖 ∗ 𝑝𝑖  

The value of the variable is obtained by multiplying the amount of part 𝑖 in the proposed gondola lift 

system with its purchase price per unit, set by the manufacturer. Furthermore, as previously 

observed, the model utilized by the workbook currently differentiates between two-part exchange 

interval measurements. The correlation between these is described by the function: 

𝑙𝑖 = ⌊𝑙𝑖⌋ 

This means that the rounded part exchange interval is obtained by rounding down the unadjusted 

interval to the nearest year. According to Moosbrugger (2019b), the purpose of this is to adjust the 

length of intervals to DCC’s concurrent maintenance strategy, wherein every component due to 

expire within the nearest year is exchanged during a weeklong system shutdown period, regardless 

of its remaining life expectancy. In turn, the unadjusted part exchange interval of a type of part is 

calculated by: 

𝑙𝑖 =
𝐻𝑖
𝑇

 

Its value is obtained by dividing the component’s lifespan rating, provided in terms of hours, by the 

total number of proposed system operating hours during a year. Of the above listed variables, three 

can be derived directly from manual input data registered in worksheet 1.: the amount of a certain 

component (𝑛𝑖) from system design parameters, the total number of system operating hours (𝑇) 
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from operational parameters, and the lifespan of a certain component (𝐻𝑖) from component 

parameters. Although not further described by this paper, the accurate calculation of total operating 

hours and component quantities does require a wide set of manual input to be given (Moosbrugger, 

2019a). Component lifespans on the other hand were described to be obtained in one of two 

deferring ways. According to Moosbrugger (2019c), the lifespan of wear parts is generally (although 

not as a rule) provided by the manufacturer, meanwhile that of spare parts is manually calculated by 

staff, without the use statistical data from already active systems. 

3.2.2. Discontent with Current Practices 

As interviews progressed, several aspects of the aforementioned processes were pointed out as 

problematic or too resource-consuming, by Moosbrugger (2019a). In conclusion, the following three 

main issues were called to attention. First of all, the overall life cycle cost calculation process takes 

nowhere near as short a time as desired. The goal set out by corporate management is to be able to 

compile a first proposal within 48h, which in terms of work hours translates into 15.4h, given a daily 

norm of 7.7h active worktime and not assuming any possibility for overtime. Although the current 

maximum calculation time of 12h, see Table 7., could theoretically satisfy this requirement, it was 

described as practically impossible in most cases, due to other tasks and responsibilities which staff 

get assigned (Moosbrugger, 2019a).  

Table 7. The amount of time it currently takes to calculate the life cycle costs of spare and wear parts for a proposed system, assuming 
three iterations. Table compiled based on the accounts of Moosbrugger (2019a). 

Process step 
Maximum Duration (ideal) 

Total 
Iteration 1 Iteration 2 Iteration 3 

Input Collection 2 1 1 4 

Calculation Preparation & Execution 5 3 3 11 

Output Formalization 5 4 4 13 

Client Response 0 0 0 0 

Total: 12 8 8 28 

Furthermore, operation of the Excel-based tool is untransparent and prone to fragility. To condense 

multiple sets of input parameters into three main variables requires numerous manual computations, 

thus increases the risk for human errors which in turn produce invalid results (Moosbrugger, 2019a). 

Nor is it straightforward to trace the sequence of equations in the workbook; the complete chain of 

references required to calculate the yearly part exchange cost of a component currently entails 16 

other cells and 10 different calculations, including several nested ones. Consequentially, only two 

staff members are presently qualified to actively use it and only one employee is capable of 

understanding it completely, making the tool substantially dependent on singular individuals. 

Furthermore, reference chains with such lengths are sensitive to any change in the workbook 

structure and may inadvertently be broken by a file modification. Use of nested functions in cell 

references is further discouraged by the user manual for Microsoft Excel, according to which an 

increased amount of embedded functions automatically results in more unpredicted, faulty results 

(Microsoft, 2019).Additionally, the values which are of interest to a client have to be compiled into a 

text document manually in order to be understood by people other than those qualified to use the 
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workbook (Moosbrugger, 2019a). This was noted to add to the overall calculation process duration 

and also introduce a risk of human error.  

Lastly, the concurrent tool does not integrate CARP-based components and costs into its set of 

calculations (and thus the final resulting sum), but rather manages these as separate items. Thus, as 

of now, the life cycle cost of major parts and part-assemblies is predominantly calculated by hand. 

This in-turn further contributes to the high time and resource requirements of current practices.   

Although the following was not pointed out by DCC staff as a problem or unfavourable circumstance, 

it was noted that only a negligible amount of historical data about actual part life cycles is registered 

and saved by the company as of today. This specifically applies to the actual lifespan of parts – spare 

as well as wear – that is how often a particular part had to be exchanged in already operating gondola 

lift systems. The estimated values which are currently put in the calculations are obtained through 

an undisclosed and non-formalized process, always carried out by one single employee who relies on 

his personal experience in the maintenance of cable-propelled transport systems to produce 

accurate values. The aforementioned process is not documented and no other DCC team members 

are familiar with it. A similar procedure was observed within the unit price calculation of parts. While 

the manufacturing cost (or purchase price for externally procured parts) of every different spare and 

wear part is listed in the company’s business administration system, the sales price offered to the 

client is obtained through a non-documented and unformalized process, or as an anonymous DCC 

employee put it, by “…applying some make up.” 

3.3. Ongoing Measures for Improvement 

Recognizing the need for change, DCC commissioned a project for the improvement of all the aspects 

of O&M services proposals in late 2018 (Moosbrugger, 2019a). Among the several phases of this 

project, a prototype for a new Excel-based computation tool is being developed. Unlike its current 

counterpart, it is not designed in-house, but rather by an external consultant specializing in database 

and software development (Moosbrugger, 2019a). Contact between the consultant and DCC mainly 

takes place through monthly meetings held at the DCC head office, complemented by email 

conversations and phone calls when required.  

The set of requirements drafted by DCC and which the new tool has to fulfil, addresses the problems 

that were identified in the previous section. Thus, it is required to:  

▪ Ease the input of parameters and reduce the duration of the calculation process’ first and 

second steps. The latest (read March 2019) version fulfils this condition by storing a list of all 

available components which could be built into a gondola lift system, in library-type 

catalogues. During the initial meeting, parts which are to be included in the proposed system 

can thus be chosen directly from drop-down lists connected to various catalogues which also 

contain the parameters and characteristics of each part (Arnold & Moosbrugger, 2019). 

Future versions of this tool are also intended to feature user forms displayed in separate 

desktop windows, thereby eliminating the need for actual interaction with the spreadsheet 

itself, during the input phase (Arnold & Moosbrugger, 2019). Overall, the input capabilities of 
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the prototype are expected to integrate the currently separate steps of input collection and 

calculation preparation into a single procedure.  

▪ Make computations more secure and reliable. Instead of a chain of cell references and nested 

functions, the prototype uses scripts written in Microsoft Excel’s built in VBA-based macro 

compilator to perform life cycle cost calculations, and output the values of (for the proposal) 

significant variables (Arnold & Moosbrugger, 2019). As script syntaxes are stored separately 

from open worksheets, the risk for unintentional manipulation or deletion of code diminishes 

as well. This also makes the prototype resilient for unintentional changes in the output 

structure as well, since the currently utilized scripts recreate the output sheets from start 

during every run (Arnold & Moosbrugger, 2019). It is however to be noted that, in order to 

achieve desired functionality, scripts apply code that is only understood by the consultant and 

hence cannot be modified by DCC staff. According to Moosbrugger (2019a), this 

unidirectional dependence is planned to be terminated once the prototype has been 

developed into a finished tool and a written manual can be drafted, together with oral 

training.  

▪ Enable the efficient compilation of a formalized document that may be delivered to the client. 

As of March 2019, this goal is still only limitedly reached by the prototype, future versions are 

however planned to include automatically composed charts, graphs and tables which could 

be inserted in text documents by the klick of a button. 

Simultaneously, DCC intends to examine other approaches to concurrent issues as well, to 

complement or provide an alternative to the prototype tool. These intentions played a key role in the 

conception of this paper.  
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4. Literature Review 

The following chapter presents the findings of the academic literature review incorporated into this 

study. Following a general summary, it accounts for two different theoretical models which concurrent 

research considers as most optimal for performing life cycle cost calculations of spare and wear parts. 

4.1. Initial Observations 

Following a readthrough of selected papers, it became apparent that no unified consensus about one 

best practice exists between contemporary researchers. It is however possible to identify some 

common research directions, towards which the studied works tend to aim. Out of the 31 works 

which were selected for the final group of papers, only 6 (19.35%) chose a qualitative approach, i.e. 

solely describing models conceptually, in theory, meanwhile the remaining 80.65% of articles and 

conference papers presented concrete, quantitative models and functions. Of these, articles and 

conference papers could be further divided into two main sets, based on the types of models they 

utilized.  

▪ Multiple studies, such as the works of Zhang, et al. (2017), Yun, et al. (2012), Zwicker, et al. 

(2016) and Farran & Zayed (2009) researched the possibility to adopt advanced, in several 

cases experimental techniques. Examples of these include genetic algorithms, fuzzy logic and 

experimental applications of Markov chains. Although such approaches promise higher 

degrees of estimation and calculation accuracy than existing methods, according to Fritzsche 

et al. (2014) they lack practical applicability within industrial contexts due to several barriers. 

These techniques are currently incompatible with most administrative software packages 

used by industrial entities, e.g. Microsoft Excel, and are only understood by researchers with 

advanced scientific degrees, qualifications that are rarely possessed by private sector 

employees assigned to such tasks (Fritzsche, et al., 2014). 

▪ On the contrary, other works explore the possibility to exploit long-established theories and 

techniques to create new life cycle cost calculation models. Papers published by Fritzsche, et 

al. (2014), Rawat & Lad (2015), Furuya & Madanat (2013), Martinod, et al. (2018) and Jin et 

al. (2011) adopt mathematical optimization approaches, including linear, mixed integer and 

non-linear continuous programming models, meanwhile the publishing of Müller, et al. 

(2018), Yang, et al. (2018) and Jin et al. (2012) among others utilize practices from reliability 

engineering. Migdalas (2019) points however out that even well-established problem 

formulations may require experimental or high-performance solving methods to be solved if 

they possess non-linearities or integer constraints, thus leading back to the issues formulated 

by Fritzsche et al. (2014). 

One aspect however, in which a clear majority of sources appeared to agree is that sufficient historic 

data about the actual lifespan of parts is a cornerstone for accurate life cycle cost calculations. A 

substantial portion of the models and tools presented by reviewed works utilizes such data as key 

input parameters. Additionally, it soon became apparent that none of the selected works chose to 

develop its respective model according to a similar set of criteria as the one set out by DCC. In general, 

it was noted that while company management valued transparency above all else, contemporary 
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research consistently focused on achieving highest possible calculation accuracy, with only small 

regard for qualitative measures. Aside from a few exceptions such as Schmitt et al. (2013) and 

Hienzsch et al. (2014), the selected works appeared to ignore aspects, such as transparency, 

comprehensibility or need for pre-existing staff training. See Chapter 7. for further discussions on this 

subject. In conclusion, it was noted that no single model version could be constructed only using a 

few congruent papers, instead the sources for each alternative model had to be broad and diverse. 

Throughout the next sections, two models will be conceptualized and accounted for in detail.  

4.2. Structural Layout of the Obtained Models 

Regarding their composition, the two models may be seen as two versions of the same concept, 

incorporating different scopes of detail. Figure 7. below envisions the layout which characterizes the 

construction of both models, in terms of data input, storage and result output and accounts for the 

sequence of elements they entail. Major dissimilarities can in turn be found between the life cycle 

cost calculations of respective model.  

 

Figure 7. Conceptual layout of the first model. The solid black arrows show how input parameters are transformed by calculations into 
final output, meanwhile the dashed arrows visualize in which direction functions and subroutines are calling to worksheets and each 
other. 

This configuration can be broken down into seven distinct parts. The first element encountered by 

the user, is the input form for system parameters, followed by an identically designed questionnaire, 

for operational parameters. As is currently, the input of necessary data requires a well-structured 

and coherently designed interface, that is capable of being handled by previously untrained staff, 

while simultaneously reduces the risk for faulty intake. According to Schillig (2012), this purpose is 

best fulfilled using calculation-tailored user forms rather than straight-to-worksheet input, when 

working with Microsoft Excel. Such solutions also allow for the conditional selection or assignment of 

parameters, based on the value of other input data, e.g. a gearbox type cannot be selected anymore 

if an incompatible type of motor already has been chosen or vice versa. Once the input form for 

system parameters is completed, it also triggers a subroutine that calculates the quantity of parts (for 

each spare and wear part type) which have to be installed within the proposed system 

simultaneously, in accordance with the design characteristics of the system. The part quantity 

calculator opens the part library sheet and scans how many of each part type a higher-level assembly 

contains, multiplies this quantity with the number of corresponding assembly types in the system and 

finally feeds back the result to the library sheet, for every spare and wear part. 
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Whence operational parameters have been adequately filled and checked, it automatically activates 

the Excel-macro subroutine controlling the solver and its core calculation, while also transferring the 

set of operational parameters to it. The function of this subroutine is to carry out the actual life cycle 

cost calculations, it thus constitutes the most significant and complex part of the model as a whole. 

In order to obtain all essential input data, the subroutine itself prompts the part library sheet and 

draws the required data from it. The obtained data is then fed back to the main subroutine and gets 

utilized as input to the previously described calculation (Schillig, 2012). In unity with the findings of 

Wu & Longhurst (2011), Jin & Tian (2012) and Zwicker et al. (2016), the length of periods into which 

a systems life cycle is divided, was set to one month, in order to more precisely calculate the predicted 

time of exchange for a given part. 

In line with the findings of Schillig (2012), results of the life cycle calculations are summarized and 

presented in two differing ways. To be able to perform comprehensive analysis on the lifespan and 

costs of specific parts or part assemblies later on, results are automatically put out on a detailed 

output sheet (Schillig, 2012); By examining this sheet, users get the ability to review as well the total 

cost of specific parts for the system’s first ten years of operation, as the total monthly or annual cost 

of all parts during an arbitrary period in time. However, as previously discussed within the frames of 

chapter three, extensive spreadsheets most often lack transparency towards users and clients whom 

do not participated in their design or use them regularly (Schillig, 2012). Hence, in accordance with 

the recommendations of Schillig (2012), the most customer-relevant output is compiled onto a 

separate, concise document that may directly be submitted to the client.  

In terms of composition, the proposal document is constructed automatically by a subroutine 

connected to the main solver and is saved as a PDF-file to company’s project library. Furthermore, it 

is broken down into two main sections, with the first containing the results for continuously 

exchanged spare and wear parts and the second containing the proposed dates and costs of major 

(CARP) components. Aside from tables and body text, it also contains several graphs and charts which 

assist client representatives in interpreting the laid-out data. 

4.3. Mathematical Composition – First Model Alternative 

As previously noted, differences between the two proposed model alternatives may primarily be 

found within the mathematical composition of their life cycle cost calculating operations. Despite 

both relying on a binary mixed-integer programming model based on the capacitated lot-sizing 

problem described inter alios by Lu et al. (2013) and Hnaien et al. (2016)., the alternative presented 

below takes fewer factors into account and making more assumptions than its further detailed 

counterpart described in section 4.4. Compared to the base form provided by the literature, the 

model alternative has been altered to suit the characteristics of the challenge at hand, by 

incorporating the findings of Birolini (1974), Das (2008) and Lu et al. (2013). The sets, variables and 

parameters which make up the calculation, are detailed by Table 8., Table 9. and Table 10. 

Respectively. 
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Table 8. The sets and subsets to which variables and parameters of the first model belong. 

Set 
Denoted 

by 

Indexed 

by 
Contains 

Parts 𝑃 𝑖 
All spare and wear part types that are intended to be 
installed within the system. 

Spare parts 𝑆 ⊆ 𝑃 𝑖 
All parts the lifespan of which may be described as 
stochastic variable. 

Wear parts 𝑆𝐶 ⊆ 𝑃 𝑖 
All parts with a predefined lifespan. The complement 
set of 𝑆. 

CARP-parts 𝑄 ⊆ 𝑆 𝑖 
All parts that are exchanged as part of CARP services 
or require a system shutdown to be exchanged. All 
CARP-parts are assumed to be spare parts. 

Months 𝜏 𝑡 All the months of a system’s life cycle. 

Years Θ𝑘 ⊆ 𝜏 t All years throughout the system’s life cycle.  

Table 9. The list of parameters included in the first model. 

Parameter 
Denoted 

by 
Describes 

Unit of 

measure 
Part scale 
parameter 

𝛼𝑖 
The scale parameter of the Weibull distribution 
function that describes the reliability of part 𝑖. 

 

Part shape 
parameter 

𝛽𝑖 
The shape parameter of the Weibull distribution 
function that calculates the reliability of part 𝑖. 

 

Garage 
parameter 

𝑔𝑖 
Whether a part 𝑖 is only used during garaging 
(parking) operations at the start & end of the day. 

0/1 

Part lifespan 𝐻𝑖 
The number of hours for which a wear part i is 
certified to operate. 

h 

Part quantity 𝑛𝑖  Number of units of part i in the proposed system. PCS  

Operating 
hours 

𝑜1 The number of monthly operating hours. h 

Garaging 
hours 

𝑜2 The number of monthly garaging hours. h 

Unit price 𝑝𝑖 The purchase price of each unit of part i. € 

Monthly 
operating 

hours 
𝑂𝑖 

The number of hours for which a part 𝑖 is operated 
each month. Dependent on part type. Calculated as: 
𝑂𝑖 = (1 − 𝑔𝑖)𝑜1 − 𝑔𝑖𝑜2 

h 
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Table 10. The list of variables composing the first model. 

Variable 
Denoted 

by 
Describes 

Unit of 

measure 
Remaining 

lifespan 
𝑥𝑖𝑡 Remaining lifespan of a part 𝑖, at the end of month 𝑡. MO 

Lost lifespan 𝑢𝑖𝑡 
How much remaining lifespan time a part 𝑖 loses 
during month 𝑡. Occurs during part exchange. 

MO 

Part exchange 𝑧𝑖𝑡 
Whether a certain part 𝑖 is exchanged during month 
𝑡. 

0/1 

System 
shutdown 

𝑦𝑡 
Whether a system shutdown (and thus opportunity 
for CARP-part exchange) takes place during month 𝑖. 

0/1 

Down below follows the life cycle cost calculation formulated as part of the first model, including its 

objective function and constraints.  

𝐶𝑇𝑜𝑡 = 𝑚𝑖𝑛(∑∑𝑧𝑖𝑡𝑛𝑖𝑝𝑖

|𝜏|

𝑡=1

|𝑃|

𝑖=1

) (1) 

s.t. 

𝑥𝑖𝑡 = 𝑥𝑖(𝑡−1) + 𝑧𝑖𝑡𝐻𝑖 − 𝑂𝑖 − 𝑢𝑖𝑡 ∀ 𝑖 ∈ 𝑆𝐶 , 𝑡 ∈ {2, … , |𝜏|} (2) 

𝑥𝑖𝑡 = 𝑥𝑖(𝑡−1) + 𝑧𝑖𝑡𝛼𝑖Γ (
1

𝛽𝑖
+ 1) − 𝑂𝑖 − 𝑢𝑖𝑡  ∀ 𝑖 ∈ 𝑆, 𝑡 ∈ {2, … , |𝜏|} (3) 

𝑥𝑖𝑡 ≤ 𝐻𝑖 − 𝑂𝑖 ∀ 𝑖 ∈ 𝑆𝐶 , 𝑡 ∈ 𝜏 (4) 

𝑥𝑖𝑡 ≤ 𝛼𝑖Γ (
1

𝛽𝑖
+ 1) − 𝑂𝑖 ∀ 𝑖 ∈ 𝑆, 𝑡 ∈ 𝜏 (5) 

𝑧𝑖𝑡 ≤ 𝑦𝑡 ∀ 𝑖 ∈ 𝑄, 𝑡 ∈ 𝜏 (6) 

∑𝑦𝑡

|Θ𝑘|

𝑡=1

≤ 1 ∀ Θ𝑘 ∈ 𝜏 (7) 

𝑥𝑖𝑡 , 𝑞𝑖𝑡 ∈ ℝ
+ ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (8) 

𝑧𝑖𝑡, 𝑦𝑡 ∈ {0,1} ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (9) 

The objective function is composed of a sum of multiplicative operations, wherein the amount of 

times part 𝑖 is proposed to be exchanged, is multiplied by the number of units of part 𝑖 installed in 

the system and the individual unit price of 𝑖. The total spare and wear part life cycle cost is thus equal 

to the sum of life cycle costs of all individual parts. Furthermore, it is to be noted that it is assumed 

that every unit of a part 𝑖 is worn out at the same rate and is thus exchanged simultaneously with 

remaining units. 

The first constraint (eq. (2)) sets the remaining life expectancy for a wear part 𝑖 with predetermined 

lifespan, at the end of month 𝑡. If no exchange takes place, the resulting value is going to equal the 



29 
 

previous month’s life expectancy subtracted by the number of hours for which the part is in 

operation. However, if exchange indeed occurs, life expectancy of the new part is set to its lifespan 

and the remaining hours for which the exchanged part was still rated, get subtracted. Equation (3) 

meanwhile, calculates the remaining life expectancy for a spare part with only statistically estimated 

lifespan, denoted as mean time between failures (𝑀𝑇𝐵𝐹) by Das (2008) and Jin et al. (2012). 

Assuming that the true lifespan of a spare part 𝑖 can be described as Weibull-distributed stochastic 

variable, its MTBF is equal to its expected value, such that: 

𝑀𝑇𝐵𝐹 = 𝐸(𝑖) = 𝛼𝑖Γ (
1

𝛽𝑖
+ 1) (10) 

Γ (
1

𝛽𝑖
+ 1) = ∫ 𝑋

1
𝛽𝑖𝑒−𝑋𝑑𝑋

∞

0

 (11) 

where Γ is the gamma function of the distribution (Das, 2008). Thus, the second constraint can be 

rewritten as: 

𝑥𝑖𝑡 = 𝑥𝑖(𝑡−1) + 𝑧𝑖𝑡𝛼𝑖∫ 𝑋
1
𝛽𝑖𝑒−𝑋𝑑𝑋

∞

0

−𝑂𝑖 − 𝑢𝑖𝑡 (12) 

Given the computational complexity equation (12) and the availability of accurate statistical tables, 

the MTBF-parameter of each spare part within this model was obtained using a gamma function table 

provided by Birolini (2007). The scale and shape parameters (𝛼𝑖, 𝛽𝑖) of parts were estimated using 

pre-prepared Weibull-sheets. According to Birolini (1974) and Lu et al. (2013), the Weibull 

distribution is most suitable for modelling the life cycle of complex system subassemblies, as the 

lifespan distribution of such components is generally possible to describe with corresponding 

probability density functions. Additionally, due to their general shape and scale parameters, the 

Weibull probability density and cumulative distribution functions are capable of accurately describing 

an exponential as well as a normal distribution, thus providing precise estimations about a wide range 

of system characteristics (Das, 2008). 

Equations (4) and (5) specify that the remaining life expectancy of a parts may never exceed its 

predetermined or estimated lifespan. This formulation constrains the solver to subtract the 

remaining life expectancy of an exchanged part from 𝑥𝑖𝑡, while also forbidding it from setting a too 

high value for 𝑥𝑖1. Equation (6) states that exchange of a CARP-part 𝑖 may only take place during 

month 𝑡, if and only if a system shutdown has been scheduled for 𝑡. This constraint was formulated 

as the exchange of CARP-parts may require as much as a week of continuous maintenance work 

(Moosbrugger, 2019c). (7) limits the number of shutdowns to a maximum of one each year, as DCC 

strives to maintain the highest possible annual availability throughout the life cycle of the system.  

4.4. Mathematical Composition – The Second Model  

The second model alternative expands the previously presented model by generalizing it, in order to 

become capable of taking detailed factors into account and thus provide more accurate estimates. 

The first of two prominent differences is a distinction between parts and subassemblies. Within the 
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frames of this model, parts are defined as physical components which are built into a given 

subassembly within the proposed system. This nomenclative separation was based on observations 

according to which a specific type of part is installed in several different system subassemblies, see 

Figure 8. below (Moosbrugger, 2019c).  

 

Figure 8. The distinction and relationship between parts and subassemblies. Current tools and the previous model alternative assumed 
these items to be one and the same. 

A second contrast to the previous model alternative may be found in the introduction of statistical 

reliability measures. These intend to ensure that a sufficient amount of reserve parts are made 

available for all subassemblies once their probability of survival has fallen below a predetermined 

limit, regardless of whether they have reached the end of their lifespan. Regarding its scientific 

datum, the model builds on the same set of research as the previous version, further expanded by 

the works of Cristiano et al. (2000), Jin et al. (2011), Fritzsche et al. (2014), Hienzsch et al. (2014) and 

Yang et al. (2018). Table 11. and Table 12. describe the sets, parameters and variables that have been 

added to the life cycle cost calculation as part of the extension of the model. Note that the set 

referred to as parts (𝑃) in the previous model, is henceforth denoted as subassemblies (same 

denoting letter), while “parts” now make up set 𝐵.  
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Table 11. The list of extended sets and parameters, making up the second model alternative. 

Extended 

set 

Denoted 

by 

Indexed 

by 
Contains 

Parts 𝐵 𝑖 All components that make up the parts of a system. 

Matching 
subassemblies 

𝐴𝑖 ⊆ 𝑃 𝑗 
Subset of subassemblies that are composed of a 
specific part type 𝑖.  

Extended 

parameter 

Denoted 

by 
Describes 

Unit of 

measure 

Inventory cost 𝑐1 
The cost of storing one unit of an arbitrary part during 
each month. 

€ 

Fixed 
shipment cost 

𝑐2 

The average administration and transportation cost 
for a shipment of parts. Assumed as independent of 
type and month of delivery. 

€ 

Lower 
reliability limit 

𝐿 
The lowest permitted reliability of any subassembly 
in the system, without component reservation. 

 

Table 12. The list of extended variables, making up the second model alternative. 

Extended 

variable 

Denoted 

by 
Describes 

Unit of 

measure 

Part inventory 
level 

𝐼𝑖𝑡 
The number of units of part 𝑖 in stock, at the end of 
month 𝑡. Such parts are not reserved a specific 
subassembly. 

PCS 

Time of last 
exchange 

𝑘𝑗𝑡 
The month in which subassembly 𝑗 was last 
exchanged to a replacement component. 

MO 

Delivery 
quantity 

𝑣𝑖𝑡 
The number of units of part 𝑖 delivered to the project 
site in the beginning of month 𝑡. 

PCS 

Part 
reservation 

𝑟𝑖𝑗𝑡 
Denotes whether a part 𝑖 is kept reserved in stock for 
subassembly 𝑗 during moth 𝑡, to be later installed.  

0/1 

Transfer 
Quantity 

𝑞𝑖𝑗𝑡 
Whether a part 𝑖 is transferred from general stock to 
be reserved for subassembly 𝑗, during month 𝑡.  

0/1 

Part reliability 𝑅𝑗𝑡 
The reliability (function probability) of subassembly 𝑗 
at the end of month 𝑡. 

 

Shipment 
occurrence 

𝑤𝑡 
Whether a shipment of parts takes place in the 
beginning of month 𝑡. 

0/1 

Cut-off 
variables 

𝑢𝑗𝑡
1 , 𝑢𝑗𝑡

2 , 𝑢𝑗𝑡
3  

Decision variables which prevent the values of 
functions from assuming non-realistic values. 

0/1 

The objective function and corresponding constraints follow down below.  

𝐶𝑇𝑜𝑡 = 𝑚𝑖𝑛(∑∑(𝑣𝑖𝑡𝑝𝑖 + 𝑐1(𝐼𝑖𝑡 +∑𝑟𝑖𝑗𝑡

|𝐴𝑖|

𝑗=1

))

|𝜏|

𝑡=1

|𝐵|

𝑖=1

+∑𝑤𝑡𝑐2

|𝜏|

𝑡=1

) (13) 

s.t. 
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𝐼𝑖𝑡 = 𝐼𝑖(𝑡−1) + 𝑣𝑖𝑡 −∑𝑞𝑖𝑗𝑡𝑛𝑗

|𝐴𝑖|

𝑗=1

 ∀ 𝑖 ∈ 𝐵, 𝑡 ∈ {2,… , |𝜏|} (14) 

∑𝑣𝑖𝑡

|𝐵|

𝑖=1

≤ 𝑤𝑡𝑀 ∀ 𝑡 ∈ 𝜏 (15) 

𝑥𝑗𝑡 = 𝑥𝑖𝑗(𝑡−1) + 𝑧𝑖𝑗𝑡𝐻𝑖 − 𝑂𝑗 − 𝑢𝑗𝑡
1  

∀ 𝑗 ∈ 𝑆𝐶 ∩ 𝐴𝑖 , 
 𝑡 ∈ {2, … , |𝜏|} 

(16) 

𝑥𝑗𝑡 = 𝑥𝑗(𝑡−1) + 𝑧𝑖𝑗𝑡𝛼𝑖Γ (
1

𝛽𝑖
+ 1) − 𝑂𝑗 − 𝑢𝑗𝑡

1  
∀ 𝑗 ∈ 𝑆 ∩ 𝐴𝑖 , 
𝑡 ∈ {2,… , |𝜏|} 

(17) 

𝑅𝑗𝑡 = 𝑟𝑖𝑗𝑡 + 𝑒
−(
𝑡−𝑘𝑗𝑡
𝛼𝑖

)
𝛽𝑖

− 𝑢𝑗𝑡
2  ∀ 𝑗 ∈ 𝐴𝑖 , 𝑡 ∈ 𝜏  (18) 

𝑘𝑗𝑡 = 𝑟𝑖𝑗𝑡𝑡 + 𝑘𝑗(𝑡−1) − 𝑢𝑗𝑡
3  ∀𝑗 ∈ 𝐴𝑖 , 𝑡 ∈ 𝜏 (19) 

𝑅𝑗𝑡 ≥ 𝐿 ∀ 𝑗 ∈ 𝐴𝑖 , 𝑡 ∈ 𝜏 (20) 

𝑘𝑗𝑡 ≤ 𝑡 ∀ 𝑗 ∈ 𝐴𝑖 , 𝑡 ∈ 𝜏 (21) 

𝑟𝑖𝑗𝑡 = 𝑟𝑖𝑗(𝑡−1) + 𝑞𝑖𝑗𝑡 − 𝑧𝑖𝑗𝑡 ∀𝑗 ∈ 𝐴𝑖 , 𝑡 ∈ {2, … , |𝜏|} (22) 

𝑥𝑗𝑡 ≤ 𝐻𝑖 − 𝑂𝑗 ∀ 𝑗 ∈ 𝑆𝐶 ∩ 𝐴𝑖 , 𝑡 ∈ 𝜏 (23) 

𝑥𝑗𝑡 ≤ 𝛼𝑖Γ (
1

𝛽𝑖
+ 1) − 𝑂𝑗 ∀ 𝑖 ∈ 𝑆 ∩ 𝐴𝑖 , 𝑡 ∈ 𝜏 (24) 

𝑧𝑖𝑗𝑡 ≤ 𝑦𝑡 ∀ 𝑖 ∈ 𝑄 ∩ 𝐴𝑖 , 𝑡 ∈ 𝜏 (25) 

∑𝑦𝑡

|Θ𝑘|

𝑡=1

≤ 1 ∀ Θ𝑘 ∈ 𝜏 (26) 

𝑢𝑗𝑡
1 , 𝑢𝑗𝑡

2 , 𝑢𝑗𝑡
3 , 𝑥𝑗𝑡 , 𝑘𝑗𝑡 ∈ ℝ

+ ∀ 𝑖 ∈ 𝑃, 𝑗 ∈ 𝐵, 𝑡 ∈ 𝜏 (27) 

𝑞𝑖𝑗𝑡, 𝐼𝑖𝑡, 𝑣𝑖𝑡 ∈ ℕ
+ ∀ 𝑖 ∈ 𝑃, 𝑗 ∈ 𝐵, 𝑡 ∈ 𝜏 (28) 

𝑤𝑡 , 𝑧𝑖𝑗𝑡 , 𝑟𝑖𝑗𝑡, 𝑦𝑡 ∈ {0,1} ∀ 𝑖 ∈ 𝑃, 𝑗 ∈ 𝐵, 𝑡 ∈ 𝜏 (29) 

𝑅𝑗𝑡 ∈ [0,1]   ∀ 𝑗 ∈ 𝑃, 𝑡 ∈ 𝜏 (30) 

Unlike that of the previous alternative, this calculation is not solely dependent on estimated spare 

and wear part costs, but additional items such as fixed shipment prices as well (Fritzsche, et al., 2014). 

Thus, its objective function (13) was obtained as the sum of part costs, part storage fees and fixed 

shipment costs. Equation (14) calculates the number of units of part 𝑖 stored at the system site at 

the end of month 𝑡. In accordance with models presented by Lu et al. (2013) & Hnaien et al. (2016), 

its value is obtained as a function of the previous month’s value added to the number of delivered 

units in the beginning of 𝑡, subtracted by the total number of units reserved (not exchanged) for one 

or several subassemblies 𝑗 during 𝑡. Formula (15) states that new units of a part 𝑖 may only be 

delivered to the site during month 𝑡 if and only if a shipment takes place (Lu, et al., 2013). (16) and 

(17) set the remaining life expectancy of a subassembly 𝑗 at the end of month 𝑡, in a similar manner 

as in the previous model alternative. Equation (18) states that the reliability function of a 
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subassembly 𝑗 at the end of month 𝑡 is conditionally dependent on whether any replacement part(s) 

are reserved in stock for it. If that it indeed the case, its reliability is assumed to be 100%, since it can 

be exchanged immediately upon failure, causing only minimal downtime for the system. However, if 

no parts are reserved in stock during 𝑡, the (decreasing) reliability for a non-exchanged subassembly 

is obtained using the Weibull cumulative distribution function described by Jin et al. (2011) and 

Hnaien et al. (2016). This constraint was formulated in accordance with Moosbrugger (2019a), whom 

stated that a client may choose to decrease the amount of its annual payments if reliability of the 

system falls below a predetermined threshold.  

(19) calculates the last month of exchange for a subassembly 𝑗 before month 𝑡, and is reset to 𝑡 if 

an exchange indeed takes place during the actual month. Equation (20) constrains the solver to 

reserve the required number of units of part 𝑖 for a subassembly 𝑗, once the reliability function of the 

subassembly has dropped below a prespecified limit. (22) coincidentally states the relation between 

part reservation and exchange; once the latter occurs, reservation for parts to 𝑗 gets nullified. 

Equation (21) forbids 𝑘𝑗𝑡 from assuming a higher value than the actual month 𝑡 itself. This forces the 

cut-off variable in (19) to take the value of 𝑘𝑗(𝑡−1) and thereby reducing the value of the constraint 

to 𝑡. Most remaining constraints of the calculation were lifted from the previous alternative with only 

minimal adjustments. Finally, equation (30) sets the value of the reliability function of a subassembly 

𝑗 at the end of month 𝑡 between zero and one, as is done with all cumulative distribution functions.  

4.4.1. Complementary Transparency Measures 

Presentation of obtained results has been further enhanced via the introduction of a cost driver 

relationship matrix, attached to the formal proposal document. According to Hienzsch et al. (2014), 

such a tool facilitates an easier understanding of what relationships exist between a part and system- 

or operational parameters, and to what degree this relationship affects the total life cycle costs of 

spare and wear parts. The proposed composition and structure of such an instrument is illustrated 

by Table 13. below. 

Table 13. Component – cost driver relationship matrix proposed by Hienzsch et al. (2014), incorporating elements from Cristiano et al. 
(2000) and containing cost drivers formulated through interviews with Moosbrugger (2019c). Note that this figure only serves 
illustrative purposes and may not reflect actual observations. 
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Sheaves ● ○  ● ○ ○ ● ● 

Bullwheel  ○ ●  ○ ○   

Electric controls  ○  ○   ○ ○ 

…
 

        

The general structure of the matrix is based on the basic concept laid out by Hienzsch et al. (2014), 

while also adapting elements from the Quality Function Deployment framework described by 

Cristiano et al. (2000). The rows of the matrix are made up of part groups (or individual parts if 
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desired), while columns consist of the system and operational parameters which DCC regards as cost 

drivers (Moosbrugger, 2019c). Each cell shows thus the impact of the relationship between the total 

life cycle cost of the part group assigned to a specific row, and the parameter constituting its column. 

Based on the work of Cristiano et al. (2000), a three-grade scale for showing the strength of impact 

was constructed. Grades are marked and denoted as follows: 

▪ No relationship, thus no impact: marked by an empty cell;  

▪ Weak relationship impact: marked by a transparent black circle; 

▪ Strong relationship impact: marked by a solid black circle. 

Although Hienzsch et al. (2014) uses a scale of integer numbers, the choice to use circles was made 

in order to guarantee transparency and unambiguity towards clients (Cristiano, et al., 2000).  

Calculating the impact of a relationship between a part (group) and a certain parameter was 

accomplished by a two-step method. First, it had to be established whether a relationship could exist 

at all, by the means of personally inspecting and discussing part-parameter relationships with DCC 

management. If an existing relationship was indeed observed, its impact was calculated according to 

the measures used by Hienzsch et al. (2014). Using notations from the previous model alternative, 

this yielded: 

𝐸𝑖 =
∑ 𝑧𝑖𝑡𝑛𝑖𝑝𝑖
|𝜏|
𝑡=1

𝐶𝑇𝑜𝑡
 ∀ 𝑖 ∈ 𝑃 (31) 

Whether the obtained relationship impact 𝐸𝑖 could be characterized as weak or strong, was 

determined by a threshold value calculated through further discussions. If an impact value would 

cross this limit, it would be marked with a solid circle in the corresponding cell, in all other cases it 

would be categorized as weak. 

𝐸𝑖 < 𝑙 ⟹○ (32) 

𝐸𝑖 ≥ 𝑙 ⟹● (33) 
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5. Analysis & Construction of Final Model 

Throughout this chapter, the respective performance of the two obtained models are evaluated, both 

in comparison to each other as well as to concurrent instruments. The evaluation takes place through 

two sequential iterations wherein model alternatives are chosen or merged to form the final model.   

5.1. First Iteration – Comparing the Two Alternative Models 

The two model alternatives described in Chapter 4. were compared by qualitatively determining their 

scores in the weighted decision matrix proposed in section 2.3., together with DCC Operations 

Services personnel. As previously discussed in the second chapter, the intent of this work was to test 

each model using a mathematical modelling environment and solver as well, this however proved to 

be impossible for the second model alternative, due to the lack of necessary input data. Table 14. 

below presents, weighs and summarizes the scores of each model, in order to determine which 

alternative possesses superiority and to what degree it extends.  

Table 14. Comparison of the two alternative models obtained by academic literature review, utilizing a weighted decision matrix. The 
right sub-column within each main score column gives the weighted score of a model. 

Criterion 
Measured by 

(KPI) 
Weight 

Scores, 

Model 1 

Scores, 

Model 2 
To calculate life cycle 

costs accurately 
Cost accuracy 0.17 7 1.19 0 0 

To perform 
calculations within 

48h 
Calculation time 0.17 9 1.3 6 1.02 

High degree of 
automatization 

Number of manual 
steps 

0.13 9 1.17 9 1.17 

Comprehensibility, 
clear nomenclature 

Sum of questions and 
complaints 

0.11 8 0.88 8 0.88 

Cost efficiency 
Cost of developing & 

using model 
0.11 10 1.1 3 0.33 

Minimal need for 
preparatory training 

Training duration 0.09 10 0.9 10 0.9 

Transparently 
presented calculations 

Observed 
transparency 

0.22 10 2.2 10 2.2 

Total weighted score: 1 63 8.97 46 6.5 

As reflected by the first matrix row, comparing the accuracy of the two alternatives was deemed to 

be unattainable, due to data insufficiency. As revealed by Moosbrugger (2019d), neither DCC nor its 

sister company Doppelmayr Seilbahnen currently collects data about the actual (historic) lifespan of 

the spare parts that comprise already operating systems. Thus, performing accurate calculations with 

the second alternative became unrealizable, since the shape and scale parameters (see Eq. (10)) of 

parts could not be obtained, as these rely on previous data (Das, 2008). Lack of data affected the first 

alternative as well, since the MTBF-values which DCC provided as input were only approximative in 
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nature. On a qualitative level, it was however theorized that the second alternative would be capable 

of producing more accurate results than the first one. This was attributed to its ability to take into 

account cost items which the first alternative disregards, such as the fixed shipment cost from 

manufacturing facility to project site, bulk shipment discounts and the on-site part storage cost. 

However, two detail aspects introduced by the second model were deemed to be irrelevant for life 

cycle cost calculations, in accordance with Moosbrugger (2019d). As of today, DCC does not have to 

pay any holding (storage) costs for storing replacement parts on-site, since these are held in buildings 

which house operating equipment and would thus still exist regardless of being utilized for storage. 

Secondly, making a distinction between parts and subassemblies was not observed to make a 

difference in accuracy, as this would only have been the case if ordering the same type of part (meant 

for several subassemblies) in large quantities would yield any discounts. Additionally, the introduction 

of more details was noted to entail the risk of diminished accuracy as well, due to an increasing 

difficulty for programming solvers to obtain an optimum calculation solution. 

During the evaluation of the estimated calculation time, discrepancies in scoring could solely be 

estimated theoretically, due to the non-realizability of the second model alternative. Not unlike 

previous concerns expressed by Migdalas (2019), the first model however showed substantial 

calculation times (1-2h depending on constraint formulation), which were attributed to the amount 

of equality constraints and binary integer variables built-in into the mathematical model formulation. 

According to Migdalas (2019), high calculation times may be possible to decrease by the use of high-

performance commercial solvers or experimental methods. The second model was theorized to 

require a longer period of time to perform its calculations due to a higher number of variables and 

non-linearities in its constraints, this extra time requirement was estimated to be able to fall well 

outside the tolerance limits of one score point. Migdalas (2019) further pointed out that the 

combination of non-linearities and integer equality constraints place the model in the category of 

NP-hard problems may make it entirely unsolvable due to its computational complexity. Hence, 

conclusions about its computational time requirements could only be drawn theoretically and the 

final score assigned to it cannot be regarded as fully reliable. Regarding the number of manual steps, 

performance of the two model alternatives do not differ, as only their main calculation blocks are set 

up differently. Both received a score of nine.  

The cost score of the second alternative was set to a significantly lower value due its computational 

requirements, which necessitate the purchase of additional software packages that are able to 

handle non-linear integer models. According to distributor pricelists, case-appropriate solvers could 

cost as much as $14500 or $20000 USD for commercial applications (AMPL Optimization Inc., 2019). 

The calculations of the first model meanwhile proved to manageable for an open-source complement 

to Microsoft Excel’s built-in solver function (Mason, 2011). Furthermore, maintaining and developing 

the second model proved to consume a higher number of (paid) working hours. Choosing this model 

would in turn require the allocation of more financial resources than the first one, in terms of 

developer salary, due to the time it took (and would take in future applications) to research and 

integrate statistical reliability functions utilized by the model. As for the duration of training new 

employees to use the model on a daily basis, no differences were observed due to both alternatives 

possessing the same input and output interfaces. An equivalent score was thus set. For their degree 
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of observed transparency, both models received a score of ten. However, qualitative responds 

indicated that the second model alternative provides higher transparency owing to the cost driver 

relationship matrix it introduced. As confirmed by interviewees, this tool assisted in the 

understanding of how much the cost of certain spare and wear part groups affected total life cycle 

costs and what possible roots such impacts may have. 

5.1.1. Further Considerations 

A characteristic feature of both model alternatives, that has come under scrutiny by the research 

counsellor of this work, is the binary constraint which sets the maximum number of yearly system 

shutdowns to one, see equations (7) and (26). According to Migdalas (2019) this constraint adds to 

the complexity of both models as well as their input, since it requires the generation of multiple 

subsets (one for each year within the planning horizon) together with a separate constraint line for 

each. Instead, it has been suggested that the purpose which the constraint aims to fulfil, could be 

achieved through adding the product of every shutdown variable and an estimated recurring 

shutdown cost to the objective function (Migdalas, 2019). Thus, the objective function would be 

“punished”, i.e. its value increased for every new month a system shutdown is initiated. An important 

consideration it this case was determined to be the accurate estimation of a recurring shutdown cost, 

such that its magnitude would be high enough to minimize the number of shutdowns to the level 

which DCC management considers as acceptable. Given a lifelike estimation, this solution was thus 

considered to be able to achieve a similar level of calculation accuracy as the two proposed 

alternatives, whilst decreasing computational complexity compared to them (Migdalas, 2019). 

5.1.2. Merging the Models 

Based upon the conclusions drawn from the first evaluating iteration, a merger of the alternative 

models was proposed. This was accomplished by removing superfluous components from the second 

model, while also taking into consideration and incorporating alterations proposed by Migdalas 

(2019). Below follows the obtained, merged model.  

𝐶𝑇𝑜𝑡 = 𝑚𝑖𝑛(∑∑𝑣𝑖𝑡𝑛𝑖𝑝𝑖

|𝜏|

𝑡=1

|𝑃|

𝑖=1

+∑(𝑤𝑡𝑐1 + 𝑦𝑡𝑐2)

|𝜏|

𝑡=1

) (34) 

s.t. 

𝑥𝑖𝑡 = 𝑥𝑖(𝑡−1) + (1 − 𝑠𝑖)𝑧𝑖𝑡𝐻𝑖 + 𝑠𝑖𝑧𝑖𝑡𝛼𝑖Γ (
1

𝛽𝑖
+ 1) − 𝑂𝑖 − 𝑢𝑖𝑡

1  
∀ 𝑖 ∈ 𝑃, 
𝑡 ∈ {2,… , |𝜏|} 

(35) 

𝑥𝑖𝑡 ≤ (1 − 𝑠𝑖)𝐻𝑖 + 𝑠𝑖𝛼𝑖Γ (
1

𝛽𝑖
+ 1) − 𝑂𝑖 ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (36) 

𝑅𝑖𝑡 = 𝑟𝑖𝑡 + 𝑒
−(
𝑡−𝑘𝑖𝑡
𝛼𝑖

)
𝛽𝑖

− 𝑢𝑖𝑡
2  ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (37) 

𝑅𝑖𝑡 ≥ 𝐿𝑖 ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (38) 

𝑘𝑖𝑡 = 𝑟𝑖𝑡𝑡 + 𝑘𝑖(𝑡−1) − 𝑢𝑖𝑡
3  

∀ 𝑖 ∈ 𝑃, 
𝑡 ∈ {2,… , |𝜏|} 

(39) 

𝑘𝑖𝑡 ≤ 𝑡 ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (40) 
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𝑟𝑖𝑡 = 𝑟𝑖(𝑡−1) + 𝑣𝑖𝑡 − 𝑧𝑖𝑡 
∀ 𝑖 ∈ 𝑃, 
𝑡 ∈ {2,… , |𝜏|} 

(41) 

∑𝑣𝑖𝑡

|𝑃|

𝑖=1

≤ 𝑤𝑡𝑀 ∀ 𝑡 ∈ 𝜏 (42) 

𝑧𝑖𝑡 ≤ 𝑦𝑡 ∀ 𝑖 ∈ 𝑄, 𝑡 ∈ 𝜏 (43) 

𝑘𝑖𝑡 , 𝑥𝑖𝑡, 𝑢𝑖𝑡
1 , 𝑢𝑖𝑡

2 , 𝑢𝑖𝑡
3 ∈ ℝ+ ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (44) 

𝑟𝑖𝑡, 𝑣𝑖𝑡 , 𝑧𝑖𝑡, 𝑦𝑡 ∈ {0,1} ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (45) 

𝑅𝑖𝑡 ∈ [0,1]   ∀ 𝑖 ∈ 𝑃, 𝑡 ∈ 𝜏 (46) 

As reflected by the objective function (Eq. (34)), the periodic holding cost for parts as well as the 

part-subassembly distinction have been discarded from the merged model, in accordance with the 

factors discussed throughout the previous section. Moreover, minimization of the number of system 

shutdowns has been incorporated into the objective function by assigning a fixed, “punishing” cost 

to the shutdown variable 𝑦𝑡. The subset of spare parts (𝑆) and its complement set of wear parts (𝑆𝐶) 

have been replaced by a binary parameter 𝑠𝑖, thus eliminating two groups of constraint lines, see 

equations (35) and (36). Reliability constraints from the second model have been retained, these 

prevent the part reliability function and the time-of-last-exchange constraint from assuming non-

realistic values, such as 𝑅𝑖𝑡 > 1 or 𝑘𝑖𝑡 > 𝑡. The inequality constraint of (42) preserved the 

introduction of a fixed shipping cost from the second alternative, stating that a reserve component 

for part 𝑖 may only arrive during month 𝑡, if a shipment takes place during the same month, that is 

𝑤𝑡 = 1. Within this context, the letter 𝑀 denotes a large magnitude number that keeps the right-

hand side of the inequality always higher than the left-hand side. At last, the number of integer 

variables has been diminished compared to the second model, see equations (44) and (45). 

Since the layout and basic software (Microsoft Excel) within which the models were embedded is 

identical for both alternatives, no change in structure was carried out. The cost driver relationship 

matrix was however added to the merged model, owing to the positive qualitative feedback it 

received from focus group respondents. From this point on however, the merged model presented 

above had to be split into two versions, a complete theoretical and a practically solvable actual. Due 

to the lack of historic data about the true lifespan of parts, no accurate Weibull-parameters could be 

calculated, thus forcing constraints (37), (38), (39) and (40) to be discarded from the actual model 

version. Recommendations regarding the collection of empirical data that allows the full 

implementation of the merged model are discussed within the frames of Chapter 7. For the second 

iteration, only the actual version was thus passed. Moreover, due to the extensive calculation times 

provided by the non-commercial optimization solver programme, (42) and its related variables had 

to be removed from the actual model as well, in essence only retaining the features of the first model 

version. 
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5.2. Second Iteration – Comparison to Current Practices 

Comparison of the merged model alternative and current practices took place through a similar 

qualitative focus group evaluation as described in the previous section, complemented and 

supported by a performance test realized through Microsoft Excel. Table 15. below presents, weighs 

and summarizes the scores of each model, in order to determine which alternative possesses 

superiority and to what degree it extends. 

Table 15. Comparison of the recommended final model and concurrent set of instruments, utilizing a weighted decision matrix. The 
right sub-column within each main score column gives the weighted score of a model. 

Criterion 
Measured by 

(KPI) 
Weight 

Scores, 

Actual 

Merged 

Model 

Scores, 

Current 

Instruments 

To calculate life cycle 
costs accurately 

Cost accuracy 0.17 7 1.19 5 0.85 

To perform 
calculations within 

48h 
Calculation time 0.17 9 1.53 3 0.51 

High degree of 
automatization 

Number of manual 
steps 

0.13 9 1.17 5 0.65 

Comprehensibility, 
clear nomenclature 

Sum of questions and 
complaints 

0.11 8 0.88 3 0.33 

Cost efficiency 
Cost of developing & 

using model 
0.11 10 1.1 5 0.55 

Minimal need for 
preparatory training 

Training duration 0.09 10 0.9 8 0.72 

Transparently 
presented calculations 

Observed 
transparency 

0.22 10 2.2 0 0 

Total weighted score: 1 63 8.97 29 3.61 

As reflected by the WMD-score comparison of models, the actual merged model performed better 

than the current set of instruments according to every measurement applied within the matrix. When 

observing results for the three highest weighing criteria, improvements were especially noted within 

the areas of transparency and calculation time. The observed transparency of current instruments 

may have been best summarized by a focus group respondent stating “…I would do anything to 

escape it, you know”. A common thread pointed out by as well Moosbrugger (2019a) as respondents, 

was the manageability of output information, i.e. to summarize extensive lists and tables into a 

concise, tangible output that can be passed on to a client. A respondent has also pointed out the 

amount of data shown in individual worksheets as excessive. As previously mentioned in 5.1., the 

common Excel-base on which both model alternatives stood and which thus became a base for the 

merged model, was evaluated in contrast as transparent by focus group respondents. Regarding the 

calculation time, the automatized features of the merged model helped it to gain a higher score than 

current instruments. In addition, it was noted that even if solving a mixed integer problem required 
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an increased amount of calculation time, the solve process itself does not require continuous 

supervision and can thus be run in the background while attending to other tasks (given substantial 

enough computing capacity).  

Calculation accuracy of the merged model showed superiority as well, despite the need to exclude 

statistical reliability measures and the lack of actual historic data about spare part endurance. This 

was in turn attributed to higher number of periods into which a system’s life cycle is divided, since a 

shorter period length allows for smaller round-downs and thus lost lifespans or MTBF-values. The 

advantage of month-long periods rather than year-long ones is illustrated by Figure 9. below. 

 

Figure 9. Difference in predicted time of exchange, depending on period length. A switch from red to blue lines represents the exchange 
of a part. 

This observation may further be explained by the following example: Suppose that a given part 

possesses a lifespan between 18 and 19 months. Utilizing concurrent practices, this would be 

rounded down to one year – thus loosing more than six months – and an exchange would be 

calculated to occur at the end of each year. Performing calculations on a monthly basis would on the 

other hand only disregard less than a month of remaining lifespan and thus calculate a rarer exchange 

interval. After four years, a transition to monthly calculation basis would already have saved the client 

one whole part.  

Additional analysis showed that the merged model improved the life cycle cost calculating 

performance of DCC in terms of costs as well. This advancement was attributed to the lower number 

of working hours that were required to design it (although the presented model is still a prototype, 

in need of possible adjustments) and that are expected to be spent on further developing it. While 

the development of the merged model and its two predecessors was calculated to take 82h, 

according to Moosbrugger (2019f) the development of current instruments took approximately 400-

500 hours and it required a customization time of 100-150 hours for several individual project 

proposals. Assuming an average annual developer salary of €52529, such an amount of time yielded 

the total development cost (up until 2019) to €14084.  
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5.2.1. Merging Features  

Although the (actual) merged model showed overall superiority, the issue of increased calculation 

time remained as topic of discussion and analysis. Following a discussion with the research counsellor 

of this thesis and DCC personnel, it was decided to limit the scope of the mixed integer mathematical 

model to spare parts that are exchanged through CARP-operations, during system shutdowns. For 

remaining parts, calculations were instead set up using a dynamic algorithm programmed in Visual 

Basic Applications (VBA) for Microsoft Excel. This was considered to be a prudent choice since such 

parts can assumedly simply be exchanged at end of their respective lifespan (or MTBF) without any 

constraining variables or parameters such as a system shutdown. Hence, it was noted that an 

optimum life cycle cost of these parts could be obtained using a simpler, iterative algorithm and a 

dynamic programming model. The model itself was based on the original objective function and the 

first constraint of the merged model (Eq. (35)), such that: 

𝐶𝑇𝑜𝑡 =∑∑𝑧𝑖𝑡𝑛𝑖𝑝𝑖

|𝜏|

𝑡=1

|𝑃|

𝑖=1

 (47) 

where: 

𝑧𝑖𝑡 = {
1, 𝑥𝑖(𝑡−1) ≤ 𝑂𝑖
0, 𝑥𝑖(𝑡−1) > 𝑂𝑖 

 (48) 

(48) states that exchange is only necessary if the remaining lifespan of a part in the beginning of a 

period is less than or equal to the number of hours the part is required to operate during the period. 

Moreover, 

𝑥𝑖𝑡 = {
{
𝐻𝑖 − 𝑂𝑖, 𝑠𝑖 = 0

𝑀𝑇𝐵𝐹𝑖 − 𝑂𝑖, 𝑠𝑖 = 1
, 𝑥𝑖(𝑡−1) ≤ 𝑂𝑖

𝑥𝑖(𝑡−1) − 𝑂𝑖, 𝑥𝑖(𝑡−1) > 𝑂𝑖 
 (49) 

If the remaining lifespan of a part at the end of the previous period indeed exceeds its number of 

operating hours per period and no exchange is required, then the part’s life expectancy at the end of 

the current period is obtained by a simple subtraction. (49) further states however, that if an 

exchange takes place, the remaining lifespan of a part at the end of 𝑡 will equal the value of its pre-

set lifespan or MTBF subtracted by the number of its operational hours.  

Furthermore, in accordance with DCC, the monthly basis for calculations was changed to a quarterly 

basis, thus further eliminating computational complexity. This decision was moreover motivated by 

the compatibility of dividing operating years into quarters with concurrent accounting practices and 

an unaffected calculation accuracy. It is to be noted as well that the formal proposal document 

template was composed to present costs annually rather than quarterly, as client payments are 

carried out on an annual basis. Thus, the final model was completed and proposed for 

implementation to Doppelmayr Cable Car GmbH.  

  



42 
 

6. Conclusions 

Findings of the research behind this paper are summarized and concluded by answering the three sub-

questions through which the main research question of this paper is concretized.  

What set of instruments is currently utilized for projecting the preliminary spare and 

wear part costs for the planned life cycle of a proposed urban gondola lift system? 

As shown by the study of contemporary practices, no fully standardized instruments are available 

within the industry as of today. Doppelmayr Garaventa Group, the sole market entity that currently 

covers all phases of an urban gondola lift’s life cycle – from design through operation to 

decommissioning – and its subsidiary DCC carry out life cycle calculations using an only partially 

standardized and documented set of instruments. Calculations are performed by the means of a 

Microsoft Excel-based tool consisting of eight interconnected worksheets. The tool utilizes direct-to-

sheet parameter input and a chain of cross-worksheet references paired with nested formulas to 

obtain results. Costs are only calculated for spare and wear parts which can be exchanged without 

the need for a system shutdown and do not constitute significant cost items; projected costs for 

major (CARP-)parts are calculated manually, using separate instruments. As well system as 

operational parameters are collected through face-to-face meetings, while component parameters 

are obtained by non-documented means. The obtained life cycle costs are compiled into a formal 

proposal document manually, by the means of copy-paste and hand formatting of tables and values.  

The above described setup limits the transparency and user-friendliness of the tool, thus allowing 

only its developer and one other DCC employee to fully comprehend its functionality and use it as 

intended. Excluding major system components from its calculations further limit its capability to 

satisfy the requirements which an O&M contract proposal has to meet. Due to the sheer number of 

manual steps, calculation times also exceed what DCC considers as acceptable long term. Moreover, 

the current way to estimate part costs and spare part lifespans was regarded as a negative factor as 

well, due to the lack of process documentation, standardization, reliance on historical data and 

process knowledge only possessed by one single employee.  

What sets of instruments are regarded by contemporary academic research as 

being capable of optimizing life cycle cost calculations for manufacturer-operated 

industrial systems? 

It appears that there is no unifying consensus between contemporary researchers about what 

method suits this purpose best. Some common traits and implications were however noted during 

the readthrough of articles and conference papers which were chosen to constitute the basis of the 

literature review for this work. A majority of reviewed works also proved to be in agreement that the 

most accurate means to estimate the MTBF-value and survival probability of individual spare parts, 

is to use statistical distributions based on the historic, actual endurance of part types. All works which 

incorporated statistical tools further agreed that the most contextually suitable distribution is the 

Weibull distribution, due to its generalisability and applicability for mechanical systems. When 

considering factors such as pre-planned system shutdowns, consolidated shipping of different parts 
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to geographical sites and installing a certain part type into different system subassemblies, several 

works used mathematical optimization approaches such as mixed integer programming to optimize 

shutdown periods and part deliveries, and thus to minimize costs. The formulation (and thus solving) 

complexity of such models demonstrated variation however, while some showed resemblance to 

“conventional” linear programming models, others were formulated more complexly and utilized 

advanced or experimental algorithms to obtain costs.  

Based on the review of contemporary literature, two mathematical optimization models – embedded 

in the same model structure – were formulated, based on the capacitated lot sizing model, the 

probability density function and the MTBF function of Weibull distributions. The life cycle cost of each 

part in both alternatives is calculated based upon how often the part gets exchanged, which is in turn 

constrained by its lifespan or MTBF-value, possibility to exchange without a system shutdown and in 

the case of the second model, when it is most cost efficient to deliver from the manufacturing plant. 

Coincidentally, the literature review also revealed a lack of research focus on the qualitative aspects 

of life cycle cost calculation instruments, such as transparency, user-friendliness, form of input or 

output formalization. A review of the few works which indeed researched these aspects disclosed 

models which regarded user forms as best way for input parameter collection, relationship matrices 

as most optimal for presenting drivers behind costs and macro-automated worksheets to increase 

the degree of automatization and minimize labour intensity. 

Does the adaptation of academic research enhance a manufacturer-based 

service provider’s ability to determine preliminary spare and wear part costs for 

urban gondola lifts? 

Due to the lack of data which contemporary research considers as quintessential and which 

companies of the Doppelmayr Group currently lack, this question can only be answered as: partially. 

As neither DCC, nor Doppelmayr Seilbahnen keep record of how long a specific part type has lasted 

between exchanges in already operating systems, it was deemed impossible to accurately estimate 

the MTBF-value of the part or to determine the probability of its survival at the end of a given period. 

Hence the Weibull-distribution or indeed any other statistical instrument could not be practically 

applied to construct life cycle cost calculation models that DCC management would consider as more 

well-performing than concurrent practices. Similarly, a wide-scale utilization of mixed integer 

programming models was hampered as a result of their computational complexity and the limited 

ability of available solver software packages to tackle them.  

Other instruments adapted from contemporary research proved however to be capable of creating 

improved models. Worksheet automatization, measures for transparency and input effectivization 

supported the creation of a model which demonstrated superiority over current practices according 

to all company measurements and criteria. Moreover, shortening the length of periods into which 

the system life cycle is divided, to fiscal quarters rather than years, improved the accuracy of 

calculations.  
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7. Discussion & Recommendations 

The following chapter concludes this paper and the research behind it by discussing its ability to reach 

its goals, its contribution to relevant scientific fields and its generalisability. Moreover, it points out 

the directions into which future research based on this work should embark. 

7.1. Completion and Contribution to Research 

Based on the findings concluded in chapters 5. and 6., it can be established that this work was 

successful in achieving its purpose, despite obstructive factors taking shape during the course of 

research. It resulted in a model that encompasses every aspect of life cycle cost calculations which 

DCC considered as vital and a model that was possible to recreate and use with Microsoft Excel, the 

company’s software-of-choice. Some initially planned features had to be left out due to time 

constraints, which in turn affected the final readiness of other parts of the model as well, 

predominantly the formal output worksheets which still are in need of formatting. Access to a higher 

number of working hours would also have allowed the refinement and higher degree generalization 

of the visual basic code that was used to recreate the functionality of the model within Microsoft 

Excel. Moreover, this chapter would not be complete without discussing the issue of data shortage 

as well. As made clear by an apparent majority of reviewed scientific papers, a key requirement for 

accurate life cycle cost calculations is the availability of historic data about the actual durability of the 

parts for which calculations are performed. Since DCC does not keep records containing this 

information as of today, models proposed by most scientific sources were only partially possible to 

apply to systems operated by the company. Own observations and measurements could not be made 

either, due to time differences between the maximal duration of this work and the MTBF-values of 

most spare parts. It thus became unrealizable to improve the accuracy of the company’s life cycle 

cost calculations to the extent considered as theoretically maximal by contemporary sources. 

Regarding its scientific contribution, it is the hope of the author that the results of this work will be 

able to complement the sphere of knowledge within spare part logistics- and systems life cycle 

research. As the installation of new urban gondola lift systems throughout the globe have been 

described to be on the rise by among others Alshalalfah et al. (2014), Brand & Davila (2011), Težak et 

al. (2016) and Winter (2013), this paper may serve as a bedrock for future research intending to 

explore the life cycle of systems belonging to this type. Furthermore, owing to its partial focus on the 

qualitative aspects of life cycle cost calculation models, this work hopes to counteract the lack of 

concurrent research into the non-quantitative elements of such instruments.  

7.2. Generalisability and Recommendations for Future Research 

In terms of generalisability, it can be stated that above presented models may also be applied for 

other types of gondola lifts, as urban systems only differ from recreational ones in type of service 

provided. Moreover, DCC hopes to be able to adapt to obtained model to other forms of cable 

propelled transportation systems as well and automated people movers (APM) in particular. The 

design, construction and operation of such systems as of yet makes up the company’s core 

competency and portfolio, creating compatibility between them and the model is thus of key 
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importance to management. These intentions were kept in mind whilst the design phase of the model 

alternatives took place, hence both the part library and the featured calculations of the final model 

are capable of managing an arbitrary set of parts, regardless of physical characteristics or area of use. 

It was thus established that the final model would theoretically be capable of accommodating 

calculations for APM systems. According to Moosbrugger (2019a) however, efforts to generalize the 

findings of this work may be challenged and possibly thwarted by the fact that unlike gondola lifts, 

APM:s are not constructed of already available, “on-shelf” parts, but rather of client-tailored 

components designed from scratch for each new project. This difference in design is expected to 

culminate in two chief issues: 

▪ The need to manually update a substantial portion of the part library before each new project; 

▪ Lack of necessary component parameters which would enable a life cycle cost calculation to 

take place. 

Of the two issues described above, the second one was considered as especially problematic, since 

how accurately the lifespan of a newly designed component can be determined is entirely dependent 

on its similarity to previously designed parts. 

Following finalization of the proposed model, two potential areas for future research were thus 

defined. Firstly, in order to enable life cycle cost calculation interchangeability between gondola lift 

and APM systems, it is recommended that future works explore ways to accurately predict the 

expected lifespan of newly designed parts which only show minor resemblance to previously 

designed components fulfilling the same role. As a second topic for future studies, the author 

recommends further research into modelling life cycle cost calculations as mixed integer problems 

and solving these time-efficiently. Findings of such works may possess a key role in increasing 

calculation accuracy while keeping computational resource intensity at a low level. An idea that has 

been considered during the undertaking of this research, was to make use of the NEOS network of 

servers, that harnesses the computational power of several dozen computers, thus decreasing solve 

time. 

A practical recommendation towards DCC (and possibly other involved members of the Doppelmayr 

Garaventa Group), is to establish procedures for gathering data about the actual lifespan of gondola 

lift parts. This would chiefly entail keeping records of how long each type of spare and wear part has 

lasted between exchanges in all systems currently operated by DCC. Such procedures would enable 

the company to fully implement the proposed final model, without the need to exclude statistical 

instruments which have the potential to enhance calculational accuracy.  
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Appendix 1: Index Terms and Search Strategy 

For searches generating more than 100 hits, a four-step elimination process was implemented. Each 

new step was applied if and only if the number of remaining hits after the previous step still exceeded 

100. The steps in sequential order were: 

1. The search is restricted to articles and conference papers which are assigned to a category of 

topic that has been deemed relevant for the undertaken research. Other works automatically 

become excluded from the set of search results. To achieve this, the author relied on the 

built-in subject area categorizing system of Scopus. 

2. If size of the result set still exceeds 100, all results quoted less than ten times by other works 

get rejected. 

3. If size of the result set still exceeds 100, conference papers become excluded from the result 

set, as these are considered to possess a lower degree of academic validity than journal 

articles.  

4. If size of the result set still exceeds 100, the readthrough of results is halted after the 100th 

article.  

Table 16. below lists each index term combination, the number of hits every combination generated 

and how many of these were chosen as relevant for the undertaken research.  

Table 16. Index term combinations. 

Index term combination No. of hits 

No. of 

relevant 

hits 
“life cycle cost”, transportation 391 11 

“life cycle cost”, maintenance 1490 10 

“life cycle cost”, service 807 6 

“life cycle cost”, transportation, “operation and maintenance” 57 4 

“life cycle cost”, transportation, “inventory and maintenance” 19 2 

“life cycle cost”, “spare part” OR “spare component” OR 
“replacement part” 

40 12 

“life cycle cost”, transparency 10 2 

“life cycle cost”, estimation, calculation 16 1 

“cable car” OR ropeway OR “aerial tramway”, maintenance 27 3 

“cable car” OR ropeway OR “aerial tramway”, service 58 3 

“cable car” OR ropeway OR “aerial tramway”, urban  22 1 

“transportation system”, service, maintenance 276 5 

“operation and maintenance”, “spare part”, inventory 17 9 

“operation and maintenance”, “spare part”, planning 8 2 

“operation and maintenance”, “spare part” 57 9 

“cost calculation” OR “cost estimation” OR “cost projection”, 
“spare part” OR “replacement part” OR “spare component” 

9 1 

“maintenance”, “capacitated lot sizing problem” 16 1 
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“Microsoft Excel”, “user form” OR “userform” 1 1 

“Mixed integer planning”, Weibull 4 2 
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Appendix 2: Scoring Tables and Score Assignment to 

WMD 

The conversion between various KPI units of measurement and the standardized ten-point score 

system of the weighted decision matrix was made possible by the following conversion tables. 

Conversion rates were established during or based upon interviews and meetings with DCC personnel 

and reflect the requirements which the company poses on a new life cycle cost calculation model.  

Table 17. Unit of measurement-standardized score conversion table for the indicators of calculation time, accuracy and number of 
steps. Sources: (Moosbrugger, 2019a), (Moosbrugger, 2019b), (Moosbrugger, 2019c). 

Calc. Time 

(h) 
Score 

Accuracy 

(%) 
Score No. Of Steps Score 

0 1.6 10 0 1 10 0 5 10 

1.6 3.2 9 1 2 9 5 10 9 

3.2 4.8 8 2 3 8 10 15 8 

4.8 6.4 7 3 4 7 15 20 7 

6.4 8 6 4 5 6 20 25 6 

8 9.6 5 5 6 5 25 30 5 

9.6 11.2 4 6 7 4 30 35 4 

11.2 12.8 3 7 8 3 35 40 3 

12.8 14.4 2 8 9 2 40 45 2 

14.4 16 1 9 10 1 45 50 1 

16 17.6 0 10 11 0 50 55 0 

Table 18. Unit of measurement-standardized score conversion table for the indicators of comprehensibility, cost and training duration. 
Sources: (Moosbrugger, 2019a), (Moosbrugger, 2019b), (Moosbrugger, 2019c). 

Comprehend-

ability 
Score Cost (€) Score 

Training 

Duration (h) 
Score 

0 3 10 0 2500 10 0 0.8 10 

3 6 9 2500 5000 9 0.8 1.6 9 

6 9 8 5000 7500 8 1.6 2.4 8 

9 12 7 7500 10000 7 2.4 3.2 7 

12 15 6 10000 12500 6 3.2 4 6 

15 18 5 12500 15000 5 4 4.8 5 

18 21 4 15000 17500 4 4.8 5.6 4 

21 24 3 17500 20000 3 5.6 6.4 3 

24 27 2 20000 22500 2 6.4 7.2 2 

27 30 1 22500 25000 1 7.2 8 1 

30 33 0 25000 27500 0 8 8.8 0 



 

9.2:2 

 

Table 19. Unit of measurement-standardized score conversion table for the indicator of transparency. Sources: (Moosbrugger, 2019a), 
(Moosbrugger, 2019b), (Moosbrugger, 2019c). 

Transparency Score 
  0 0 

  1 10 

Table 1. down below accounts for in what way a model’s ability to fulfil a specific criterion was 

evaluated and given a score in the matrix.  

Table 20. Evaluation and score assignment methods for different criteria. 

Criterion 
Measured by 

(KPI) 

Unit of 

measurement 

Method of 

Evaluation 
To calculate life cycle 

costs accurately 
Cost accuracy 

Deviation from actual 
costs (%)  

Quantitative test using 
Microsoft Excel 

To perform 
calculations within 

48h 
Calculation time Hours (h) 

Quantitative test using 
Microsoft Excel 

High degree of 
automatization 

Number of manual 
steps 

No. 
Quantitative test using 

Microsoft Excel 

Comprehensibility, 
clear nomenclature 

Sum of questions and 
complaints 

No. 
Qualitative focus 
group sessions 

Cost efficiency 
Cost of developing & 

using model 
Euro (€) 

Analysis of software & 
labour costs 

Minimal need for 
preparatory training 

Training duration Hours (h) 
Qualitative focus 
group sessions 

Transparently 
presented calculations 

Observed 
transparency 

Yes or no (binary 
decision) 

Qualitative focus 
group sessions 

 


