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In this master’s thesis, the optimization of a multi-item system is researched. Minimization of the 

average yearly cost (including production losses) over an infinite horizon is the main objective for 

optimization. A mathematical model is developed for an age based, fixed interval replacement 

policy. Breakdowns in-between are replaced immediately by a component assumed to be ‘as good 

as new’.  Statistical tests are applied to investigate whether the individual items contain identical 

failure behavior. Finally, the chosen maintenance concept is implemented in a simulation based 

decision support tool. Near optimal decision parameter values are obtained by applying scenario 

analyses.  

Note: the numbers used in this report are fictitious 

  

  

I  Abstract 



iv 
 

 

This master thesis is the final requirement for the fulfillment of the degree of the Master program 

Operations Management and Logistics at Eindhoven, University of Technology. This project has 

been conducted at *Company name*, operational in the chemical process industry.  

Introduction  

For this research, items of the secondary compressor installation of the LdPE (low density Poly 

Ethylene) plants of *Company name* has been considered. The main item is known as the “stuffing 

box”. The stuffing box is of great influence on maintenance costs (±€45,000 per replacement) and 

production losses (± €80,000 per replacement). *Company name* owns 3 different plants that 

produce Poly Ethylene. Each compressor contains between eight and ten stuffing boxes. In the 

stuffing box, there are 5 identical rings. These are assumed to be configured in a 2-out of 5 (k-out-

of-n) system redundancy setting. Condition measuring is partially possible.   

These compressors are not able to process if one of the stuffing boxes is broken.  Complete 

shutdown is required to replace the stuffing box, with production loss as a result. Stork (a 

contractor of *Company name*) revises the broken stuffing box, which requires a high degree of 

precision and leads to high repair costs. A stuffing box is assumed to be ‘as good as new’ after 

replacement. A limited amount of spare parts and maintenance crew capacity is available.  

It is aimed to find a near optimal replacement strategy and evaluate the current maintenance 

concept. The objective is to minimize the total cost (maintenance and production losses), with the 

requisition that safety regulations are met. Initially the main research question was formulated as 

followed: 

What is the optimum maintenance concept for replacement of the stuffing box, considering multi-

items with a multi-unit item in k-out-of-n redundancy? In other words, what action will be taken in 

which (condition measured) situation. 

During the project the focus has shifted, since condition measuring of the rings is possible to very 

limited extent and has limited accuracy.  The focus of the project now considers the age of the 

stuffing boxes as a whole. The individual sealing rings are not considered. Also condition 

monitoring is no longer an option. Instead of a condition based maintenance concept, an age based 

concept is applied. Arguments justifying this are provided in this report.   

Research approach 

The research framework of Mitroff et al. (1974), for stepwise executing operational researches, has 

been used as a guideline for this project. Four phases have been distinguished: the 

conceptualization, modeling, model solving, and implementation. In the conceptualization phase the 

problem, scope, system characteristics and model to be addressed have been studied. Data analyses 

are performed to obtain information about the failure behavior of the stuffing boxes. Decisions 

about objectives, parameters and variable to include in the model are made as well. Modeling is 

concerned with the quantitative model.  It describes the causal relations between variables in 

mathematical terms. In the model-solving phase, a simulation tool is designed which provides more 

insights into the failure behavior of the system. The tool is verified and validated.  Then, different 

decision variable combinations have been evaluated by quantitatively identifying the consequences 

in terms of cost and other parameters of interest. Finally the tool has been transferred to *Company 

name* in the implementation phase. Manuals and oral transmission of knowledge ensures that the 

II  Executive summary 
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user will use the tool in practice and is convinced that the proposed maintenance strategy is a good 

one. 

Results 

From analyzing the failure behavior of the stuffing boxes, it can be concluded that reliability 

distribution of lifetimes of stuffing boxes are not equal to each other. Further, all stuffing boxes do 

not have the same distribution. The stage of a stuffing box and the system in which the stuffing box 

is located have a significant impact on the reliability curve. Finally, three data groups have been 

distinguished for estimating the lifetimes. 

When applying an age-based policy instead of a condition-based policy, the current maintenance 

concept is advantageous. Replacement of stuffing boxes are combined in the ‘small stops’, which 

reduces production losses per replacement. Maintenance decision have to be taken to optimize the 

concept.  The simulation tool designed provides insights about the consequences of maintenance 

decisions.  

In this project a decision support tool has been developed that enables the user to calculate the cost 

and other parameters values of interest based on a given set of input parameters values. Different 

scenarios can be compared with each other and the effect of maintenance decision can be 

evaluated. The simulation tool contains a user interface, which allows the user to load the input 

data and read the output data in and from a user-friendly excel spreadsheet.  

Conclusion and recommendations 

The tool is applicable for determining the influence of maintenance decisions and changes to the 

input parameters. For each system, near optimal decision parameters values differ from each other 

as a consequence of other lifetime distributions or production margins. It results from the scenario 

analyses that the decision parameters are influential to a limited extent. Optimal decision 

parameter values have to be selected by *Company name*, taking into account all criteria of 

interest. 

The lifetimes of the stuffing boxes are of great interest for the total cost. It is therefore 

recommended to pay attention in aiming to improve the lifetimes or to reduce the variance in the 

lifetimes (reduce quality differences).  

Besides, it is recommended to the company to pay attention to data storage. Stuffing box 

replacement data should be stored in an organized and thorough excel file.   

Academic relevance 

Mathematical models for system configuration with multiple items have largely been developed. 

However applying an age based maintenance policy, with a fixed maintenance interval, possibility 

of breakdown in between and a number of capacity restriction, limiting the number of possible 

replacements, has not been applied this far. Since mathematical models result in highly complex 

formulas, it’s possible that this will not be easy to solve analytically. A practical simulation model 

has been applied for this special case of *Company name* and could in practice also been applied to 

other situations.   

Furthermore, statistical research has pointed out that the failure behavior of stuffing boxes varies 

among different stages (subject to differences in pressure) and in different systems. Such effects are 

particular findings for a stuffing box. Influences of factors on the lifetimes of components are asses 

in scientific literature as well. A practical model has been applied to a specific case,  which includes 

a particular system configuration and maintenance circumstance. The model can be adapted for any 
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other (group of) components that require maintenance during a stop, and for which its failure rate 

is increasing over time.  
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Term explanation 

Activities (maintenance) Set of maintenance options possible to execute (e.g. inspection, 
monitoring, routine maintenance, overhaul, rebuilding and repair) 

Assemblage The process of putting together the different parts in a (sub)system to 
be able to produce again. 

Availability The continuous time interval the system is available to do the 
designated work or for capacity to be available at a certain point in 
time. 

Block replacement A preventive replacement at a sequence of equally spaced time points. 
It allows replacement of each unit upon its failure (Cho & Parlar, 
1991) 

Cluster (maintenance) A number of maintenance operations with a common set-up.  

Clustering Deals with the efficient combination of individual maintenance 
operations into maintenance clusters (Gits, 1993). 

Combinatorial efficiency Refers to trading off the benefit accruing from simultaneous execution 
of individual maintenance operations against increased frequency of 
demand for some of these operations. 

Common set-ups Maintenance jobs with identical set-ups (van Dijkhuizen & van 
Harten, 1997) I.e. set-up cost are shared by all components requiring 
a maintenance activity at the same point in time.  

Component A single (double elements are excluded) constituent part of an asset, 
usually modular and replaceable. 

Concept (maintenance) A collection of rules (actions and policies) that describe maintenance: 
what maintenance activity is required, when maintenance should be 
performed and how a maintenance task should be performed (Gits, 
1992) 

Condition-based 
maintenance 

Prescribes maintenance initiation on attaining of a specified 
condition. It is based on a deterministic model of predicting individual 
failures in which information about failure behaviour includes the 
physical process underlying failure during failure-fee periods. 

Corrective maintenance Maintenance carried out after fault recognition and intended to put 
the equipment into a state in which it can perform a required function 
(Márguez, 2007).   

Degree of effectiveness The degree to which the system is restored by initiating a 
maintenance activity.  

Demand (maintenance) Specifies what maintenance should be carried out and when (Gits, 
1992)  

Down-state A state characterized by a fault (corrective maintenance is required) 
or the inability to perform a required function during preventive 
maintenance (Crespo Márquez, 2007). 

Down-time The time that the system is not available to perform its intended 
function during operational hours  

Economic dependence An opportunity for a group replacement of several components 
provided that a joint replacement of several components costs less 
than separate replacements of the individual components (Sethi, 

Definitions and abbreviations 
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1977).  

Failure The transition of a technical system to the state in which it is 
inadequate for fulfilment of its function (Gits, 1992) 

Group replacement The identical items in the system is either entirely replaced with new 
components or is allowed to remain in operation. An group 
replacement can be failure based, age based or a combination (Wang, 
2002).  

Item Common name for parts in a system, components and units together 
are called items. 

Labor availability Percentage of time that the maintenance crew is free to perform 
productive work during a scheduled working period ( Campbell & 
Reyes-Picknell, 2006) 

Maintenance The combination of all technical and associated administrative actions 
intended to retain an item in, or restore it to, a state in which it can 
perform its required function” (Glossary of maintenance 
management, 1984) 

Opportunistic maintenance The failure of one subsystem results in the possible opportunity to 
execute maintenance on other subsystems (Wang, 2002) 

Policy A rule that specifies, depending on state variable, what to do exactly in 
a particular situation (Waeyenbergh & Pintelon, 2004). 

Predictive maintenance Also called Condition based maintenance (CBM). By integrating 
prediction tools, it provides the assessment and prediction of the 
systems hazard rate in current maintenance cycle based on the 
system condition, collected through continuous monitoring (Zhou et 
al, 2007). 

Preventive maintenance Maintenance carried out at predetermined intervals or according to 
prescribed criteria and intended to reduce the probability of failure or 
the degradation of the functioning of the equipment (Márguez, 2007). 

Reliability The probability that the product (system) will perform its intended 
function for a specified time period when operating under normal (or 
stated) environmental conditions (Blischke & Murthy, 2000) 

Replacement Take out the old (sub) system/item and replace it by a new one. 

Revision (*Company name* 
Term) 

The 'old' subsystem/items are taken out of operation during a 
replacement. This 'old' subsystem/item is restored into an 'as good as 
new' state by repair and replacement. The new system will become a 
spare part after revision.  

Rule (maintenance) Prescribes a maintenance operation and the type of initiation of 
maintenance (Gits, 1992)  

Set-up An activity to be carried out in order to enable execution of the 
prescribed maintenance operation. Set-ups are, e.g. 
disassembly/assembly activities, shutting down/ starting up 
production (Gits, 1992). Examples are (dis)assembly, shutting 
down/starting up procedures. 

Shutdown That period of time when equipment is out of service; also refers to 
major maintenance work where primary producing assets are down 
while the maintenance is being performed (Campbell & Reyes-
Picknell, 2006). 
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Shutdown maintenance A maintenance activity is done while the asset is out of service 
(Campbell & Reyes-Picknell, 2006). 

Small stop (*Company 
name* Term) 

A planned stop (at least 2 weeks before the planned date) used since 
2009. Each spring and fall stop is scheduled. The goal is to combine 
different replacements in one stop to reduce production losses.  

Spare parts (stuffing box) Parts that are in circulation from the moment the stuffing box is 
replaced till the moment that the stuffing box is built in again for 
fulfilment of its function in the plants. 

State of a system The physical ability considered relevant to fulfilment of its function 
(Gits, 1992) 

Stochastically dependence  Each component’s transition probability depends on the other 
components’ (Cho & Parlar, 1991).  

System A group of interacting, interrelated, or interdependent components 
and units assembled and forming a complex whole. 

Time dependent failure 
(TDF) 

Failure of a machine is only dependent on the time since the last 
repair or replacement, f.e. power failures (Gershwin, 1994) 

Unit Identical parts in a system. In a multi-unit system, more than one 
identical parts are configured either in parallel or in series. 

Up-state A state of the element characterized by the fact that it can perform a 
required function, assuming that the external resources, if require, are 
provide (Crespo Márquez, 2007). 

VGM issue (*Company 
name* Term) 

Safety, health and environmental issues (in Dutch: veiligheid, 
gezondheid en milieu) as a consequent of wearing of equipment. 
Harmful gas leaks or material under high pressure are the most 
important threats. A situation is labelled as VGM if a real threat is 
present.  

 

Abbreviation Explanation 
AB Age-based 
CBM Condition based maintenance 
CM Corrective maintenance  
LdPE Low density Poly-Ethylene 
MT Maintenance teams, labor, group of field service engineers 
Opp. M Opportunistic maintenance 
PM Preventive maintenance 
S  System. SX, SY and SZ are all systems for production of LdPE 
SP Spare parts (of stuffing boxes), parts  
SS Small stop 
VGM “veiligheid, gezondheid en mileu”, for explanation see definition 

list. 
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The notations for parameters that are used in the report are provided below. In chapter 12 these 

parameters are used for mathematical modeling of the total cost per year. Unless explicitly 

mentioned otherwise, the notations and corresponding explanations are listed in the next table.  

Notation Explanation 

𝒂 Stage of stuffing box number  𝑎 ∈ {1,2} 
𝑩 Maximum numbers of stuffing box replacement allowed in one stop at 

𝑛𝜏. 

𝑪𝑫𝑻𝒔,𝒂,𝒊
𝑷𝑴  Cost Downtime during repair time (𝑇𝑅𝑠,𝑖)per replaced stuffing box in a 

small stop. The downtime cost are dependent on the system (s), stage 
(a) and physical position (𝑖𝑠,𝑎) of the replaced stuffing box. 

𝑪𝑫𝑻𝒔,𝒂,𝒊

𝑪𝑴  Cost Downtime during the repair time per single CM replacement. The 
downtime cost are dependent on the system (s), stage (a) and physical 
position (𝑖𝑠,𝑎)of the replaced stuffing box. 

𝑪𝑳 Cycle length of two sequential maintenance cycle lengths (T) 
𝑪𝑬𝑴𝑻𝒔

 Cost for extension of one maintenance team (workforce) during a small 
stop.  

𝑪𝒑𝒔
𝑪𝑴 𝒂𝒏𝒅 𝑪𝒑𝒔

𝑷𝑴 Preparation cost for respectively a CM or PM maintenance replacement 
of at least one stuffing box.  

𝑪𝑹𝒔,𝒂,𝒊

𝑪𝑴  𝒂𝒏𝒅 𝑪𝑹𝒔,𝒂,𝒊

𝑷𝑴  Cost replacement , including materials, man-hours and services 
(revision) of a stuffing box. The replacement cost are dependent on the 
system (s), stage (a) and physical position (𝑖𝑠,𝑎)of the replaced stuffing 

box. 

𝑪𝑺𝑼𝒔

𝑷𝑴  Total set-up cost per small stop for system s including production 
losses  during shutting down and starting up the system, maintenance 
preparation, cost for shutting down the electronic motor  etc.  

𝑪𝑺𝑼𝒔

𝑪𝑴  Cost set-up per single CM activity for system s including production 
losses during shutting down and starting up the system, cost for 
shutting down the electronic motor, cost for immediately appeal for a 
maintenance crew etc. 

𝑬[𝑻𝑷𝑴] Expected duration (in years) of a preventive maintenance cycle when 
starting at a fixed replacement moment 𝑛𝜏 (always after a 𝑃𝑀 or 
𝑃𝑀+ cycle). 𝑇𝑃𝑀 is always equal to L.  

𝑬[𝑻𝑷𝑴+
] Expected duration (in year) of a preventive maintenance cycle when 

starting at a variable replacement moment (always after a 𝐶𝑀 cycle). 

𝑬[𝑻𝑪𝑴] Expected duration (in years) of a corrective maintenance cycle when 
starting at a fixed replacement moment 𝑛𝜏 (always after a 𝑃𝑀 or 
𝑃𝑀+ cycle). 

𝑬[𝑻𝑪𝑴+
] Expected duration (in years) of a corrective maintenance cycle when 

starting at a variable replacement moment (always after a 𝐶𝑀 cycle). 
𝒊𝒔,𝒂 Stuffing box number 𝑖 ∈ {1, . . , , 𝐾𝑠} in system s and stage a 

𝑲𝒔 Number of stuffing boxes in system s. 
𝑳𝑹𝑨𝑪𝒔 Long run average cost per year per system 

𝑳𝒔,𝒂,𝒊 Lifetime threshold. When L is exceeded, maintenance is initiated when 
a multiple of 𝜏 is reached. 

𝑴𝒔 Profit margin of the production output of system s per ton of 
production output 

Parameter definitions 
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𝒏 Interval number over infinite horizon 𝑛 ∈ ℕ 
𝑵𝑺𝑷𝒔,𝒂

 Number of available spare parts 

𝑵𝑴𝑻𝒔
 Number of available maintenance teams 

𝑷 (𝑴𝑪𝒔,𝒂,𝒊 (𝑻𝑪𝑴, 𝑻𝑪𝑴+
)) Probability of two sequential CM due to breakdowns during two 

maintenance intervals  

𝑷 (𝑴𝑷𝒔,𝒂,𝒊(𝑻𝑷𝑴, 𝑻𝑷𝑴))   Probability of two sequential PM’s  due to breakdowns during two 
maintenance intervals 

𝑷 (𝑴𝑷𝑪𝒔,𝒂,𝒊(𝑻𝑷𝑴, 𝑻𝑪𝑴))  Probability of one PM and after a breakdown during two maintenance 
intervals 
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This research project has been conducted at *Company name*. In this chapter, the relevance of the 

project will be discussed. Besides the deliverables, the research goal and the research approach are 

addressed.   

1.1 Research environment 
  Company background 1.1.1

*Company name*  owns three plants (system X, Y and Z) are used for the production of low density 

Poly-Ethylene (LdPE) for *Company name* in Geleen. Poly-Ethylene is the basis for products like 

plastic bags, packages, bottles, caps on top of a bottle and plastics for pharmaceutic purposes 

(packages of medicines) as most important application areas.  

  Stuffing boxes of the secondary compressor 1.1.2
The secondary compressor does not work if one of the 10 (8 for secondary compressor system 15) 

cylinders’ stuffing boxes has failed or when maintenance is necessary. To have a factory working, it 

requires a well-functioning primary and secondary compressor. This research is only limited to 

stuffing boxes in the secondary compressor. Stuffing boxes are always replaced by a component 

that is ‘as good as new’. Increasing the state of the stuffing box is only possible by replacement.. 

Assembly, repair and disassembly of the failed stuffing box is outsourced and executed by Stork 

(external firm).  

1.2 Thesis relevance 
  Relevance in practice 1.2.1

For *Company name* and also for other petrochemical companies, maintenance is a highly 

important factor for efficient use of complex installations. Under normal circumstance *Company 

name* produces plastics during 24 hours a day, 365 days per year. Systems are only down when 

maintenance is performed and or breakdowns have occurred. This makes maintenance 

optimization an important aspect of operational management.  

Earlier research at *Company name* has pointed out that replacement of stuffing box is a recurrent 

major cost item for the maintenance department of the LdPE plants (PIT PE Financials, 2014). 

Replacement of a stuffing box entails reduction of profits for *Company name* in two ways, by 

replacement cost (±€45,000 per replacement) and production losses (± €80,000 per replacement). 

Both are considered as cost in this report since they reduce the total profit of the company. A 

stuffing box is always replaced during complete shutdown of the compressor, which results is 

production losses. 

When the compressor installation in down after failure in the stuffing box, high amounts of 

production losses occur during repair, cooling down and starting up (due to unavailability). Options 

for preventively grouping replacement of the stuffing boxes into one stop result in reduction of 

production losses over the long term. Breakdowns result in unplanned production losses and the 

option for grouping maintenance activities are limited. Replacing stuffing boxes very frequently will 

result high maintenance cost (mainly revision cost) on the other hand.  The trade-off between 
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grouping replacements to save set-up cost and the increased frequency for replacement is called 

combinatorial efficiency (Gits, 1992).  

It is aimed to find a balance between production losses and replacement cost in the way it will 

minimize the total cost. It is indicated that minimizing the total cost is the main focus of the project.  

Research should point out, what is the best strategy for replacement of the stuffing boxes, under the 

objective of total cost minimization.  Potentially, cost saving could be obtained.  

Moreover, the reduction of unplanned shutdown time is a secondary point of interest for *Company 

name*. Long term goals of *Company name* are focused on reducing downtime to maximize 

availability for production. Unplanned downtime has been one of the biggest obstacles to achieve 

the goal this far.  

Different maintenance concepts have been proposed over years, and continuously innovations to 

system design are applied. It is not clear whether the current replacement strategy is a good 

strategy. It is specifically desired to propose a (near) optimal policy for implementation. 

To find the minimum of the total cost, adequate prediction of the moment of failure of each stuffing 

boxes are desired. This is one of the biggest challenges for *Company name*. A secondary objective 

for this research is to investigate the possibilities of using information, based on condition 

monitoring, to predict the moment of failure. It is requested to provide more insight in cost and 

failure data, documented proper and complete. In conclusion, further research in this area is 

desired.   

 Academic relevance 1.2.2
Academic literature consist of many model about determining optimal maintenance policies with 

respect to minimizing cost. However, for this assignment, a very specific situation should be taken 

into account with restriction and difficulties in practice. The number of replacement in one stop is 

restricted by resource capacities. Besides, a stuffing box is always restored to an ‘as good as new 

condition’, no other options are possible in practice. A mathematical-or simulation model should be 

developed conform the specifications, to be able to minimize cost. A field study has been performed 

on the failure behavior of multiple stuffing boxes at different physical locations.  

1.3 Deliverables  
At the start of this project the deliverables were assigned. Delivery of a complete research report 

about optimizing maintenance activities to stuffing boxes including breakdowns, preventive 

replacements, production losses and maintenance cost. In the past, researches for finding a 

maintenance policy for stuffing boxes have been conducted, but because of contrasts between 

researches or incompleteness, a complete and accurate investigation is required. 

Besides a tool will be delivered that will assist in making maintenance decisions for the stuffing box, 

also in changing environments.  The tool should assist *Company name* in maintenance decision 

making (by model solving) according predetermined maintenance concept. Inputs are the system 

design, estimated cost and time related parameter values (which are adjustable), should give 

output for each particular scenario.  

1.4 Research goal 
The aim of the overall master thesis is to determine the (near) optimal frequency and maintenance 

concept for replacing the stuffing boxes in the secondary compressor and determine how to 
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combine these replacements (clustering/grouping), under the objective of cost minimization. The 

final goal is to design a practical tool for assistance in decision making for maintenance of the 

secondary compressor at *Company name*. 

1.5 Research approach  
  Research questions 1.5.1

Research question were formulated, at the start of the Thesis, and will be answered in this report. 

The main research question follows from the research goal and reads as follows:  

 

Hereafter, sub questions are formulated for topics having a need for more investigation, to meet the 

demand for the final deliverables. In this report, we will return to each of the research questions 

formulated. A short summary of the answer to each question will be provided, in the conclusion of 

the corresponding chapters.  

As mentioned before, more information is needed to propose and implement a maintenance 

concept and finally implement the maintenance concept into a tool. It is not clear yet what the 

function of the tool should be in detail and how the tool should be designed to be functional for 

*Company name*. It is sensible to obtain information about the required functions first, to keep 

these in mind during the master thesis trajectory. Those questions will lead to the ultimate 

objective. The first question is formulated as follows.  

 

Sub question 1:  

Which requirements should be met in terms of usability, functionality and design and should be 

included in the design of the tool? 

Also some other research questions are formulated for stepwise execution of the research to 

answer to main research question. Below, the sub research question is formulated and after, 

explanation is provided including order dependence of the research question.  

Sub question 2:  

What is the failure distributions and failure characteristics for items (5 sealing ring per stuffing box 

and the stuffing boxes itself) in a cylinder? Are these comparable for all cylinders and for all systems? 

How to incorporate the failure behavior in the optimization function to predict the number of failures 

per year?  

It is presumed that the 5 sealing rings can be monitored by measuring gas peaks. The system 

composition is not very clear. The main point is that two rings are responsible for sealing the high 

pressure area. Investigation should point out whether the rings are configured in active standby, or 

in passive standby redundancy. Therefore, the lifetime and failure behavior of each individual ring 

position should be examined. A ring in the first functioning (seals about 80%) or in the second 

position (seals about 20%) is loaded unequally and presumably is does matter whether the ring is 

the first under high pressure, or whether it is the fourth one (for a long time in operation before it is 

finally loaded with pressure) for example for the lifetime and failure behavior. Besides, the 

consequence in term of cost for each ring that fails is unclear.  

What is the optimum maintenance concept for replacement of the stuffing boxes, 

considering multi-items. In other words, what action should be taken in which situation? 
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It is known that items in the system are deteriorating over time, and lifetime of a stuffing box is 

highly variable according experts. To which proportion the failure behavior of a stuffing box is 

attributable to the failure behavior of the sealing rings should be investigated as well. Data analysis 

should lead to statements about the lifetime and failure distribution for the stuffing boxes. A related 

issue that should be assessed, is the extent to which the failure behavior of a stuffing box can be 

predicted.  

There could be differences in the failure behavior for stuffing boxes in different system, stages 

(subject to different pressures) or physical position. For lifetime estimation and calculation 

complexity this is of influence. Failure behavior should be studied and estimated, 

Decision should be made whether to model our problem in a discrete or continuous, in a stochastic 

or deterministic environment etc. Literature is a basis for gaining more insights into modelling and 

model solving approaches. 

These failure related issues lead to the research question stated above. We have to discuss this sub 

question after listing the requirements and functions for the tool, because the modelling phase 

requires us to describe the arrival of failures (corresponding with failure time of individual rings 

and/or failure functions) in mathematical terms. The exact failure behavior will be modelled over 

time.  

Sub question 3:  

How should we include the cost (maintenance and production losses) and time related variables our 

mathematical model to determine the total yearly cost, for total cost minimization?  

We should estimate cost and time related parameters values of maintenance optimization. 

Estimation of these parameter and structures is an important step after the failure characteristics 

are known. The model is already drafted in terms of failure. Cost functions and parameters can be 

added to describe the system behavior in mathematical terms. Before we consider the maintenance 

concepts (initial maintenance concept and a possible improvement to the initial situation) and its 

decision rules about initiation of replacement this should be clear. It should be determined whether 

the cost depend on the type of maintenance, for example preventive maintenance could possibly 

prevent additional damage. It is also possible that the cost do not depend on the type of 

maintenance trigger (failure or preventive), but do depend on the lifetime of the stuffing box. A 

reasonable explanation is that items deteriorate over time and thereby subject to more damage. 

Another possibility is that the cost for revision are totally random, and no single relationship is 

visible.  

Also the duration and cost for replacement are variable, it is also not clear whether the total 

duration of the downtime (set-up and replacement time) will only depend on the system type 

(system X is faster in starting-up, compared to the other once). When replacement will take place 

during the night or in the weekend, the total downtime will vary as well. It should be determined 

whether modelling with average waiting times per system is a realistic assumption and whether we 

should take into account that down time during different moments in a week will vary. Also we 

should determine whether no other factors will influence these replacement times. The set-up and 

replacement times can be considered separately in terms of variability and duration. The cost and 

replacement breakdown structure is therefore important.   
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Sub question 4: 

Which maintenance concept(s) are worth to investigate for the specific maintenance conditions and 

system configuration?  

First the solution space for possible maintenance concepts should be narrowed. Time is not 

allowing to model all formulated research alternatives and directions. The current strategy of 

*Company name* is presumably already a good strategy and therefore it is not possible to foresee 

which alternative is a good one.  More insights must be obtained in the failure behaviour (sub 

question 2) an into the cost structure (sub question 3) to propose a useful potential improvement 

to the current strategy. 

Sub question 5: 

How can we translate a maintenance concept (with its decision rules) into a mathematical model or 

into a simulation based model solving approach (if analytical solving results in models that are too 

complex)? Which (near) optimal decision parameters values should be chosen, in order to meet the 

optimization objective?   

After, the maintenance concepts has been determined, the concept should be translated into a 

mathematical or simulation model. The decision rules should be modelled mathematically in 

agreement with the maintenance concept and will be implemented into a model solving approach 

to determine the optimal decision parameter values. The cycle has been completed since this will 

lead us to the main research question. It only remains to transform this concept into a decision 

assistance tool as a final deliverable. Therefore the next and final question will arise:   

Question 6:  

Which software program is suitable for *Company name* in terms of both usability and functionality 

for implementation of the decision support tool according the determined (near) optimal maintenance 

concept? What is the best way for transferring knowledge and handing over the tool to the company, 

*Company name*?  

To conclude, the question formulated above are covered during the master thesis project.  

  Research methodology  1.5.2
The operational research framework of Mitroff et al. (1974) will be a guideline for this report and is 

provided in Figure 1. It is used so establish a solid foundation for execution of research.  

Figure 1: Research framework of Mitroff (1974) 
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The framework of Mitroff et al. (1974), for stepwise executing operational research, distinguishes 4 

Phases: In the Conceptualization phase, the problem, scope, system characteristics and model to be 

addressed are studied and data analysis are performed to obtain this information. Decisions about 

objectives and variable to include in the model are made as well. The modelling is charged with the 

actual conceptual and quantitative model and describe the causal relations between variables in 

mathematical terms. After, in the model solving phase, a simulation tool is designed which will 

provide more insights into the failure behavior of the system. After verification and validation of the 

tool, different decision variable combination will be evaluated by quantitatively identifying the 

consequences in terms of cost and other parameters of interest. Finally the tool is transferred to 

*Company name* (implementation). Manuals and oral transmission of knowledge ensures that the 

user will use the tool in practice and is convicted why the proposed maintenance strategy is a good 

one. 

1.6 Report outline 
The report outline is clarified in 

Figure 2. The chapters that are 

part of each phase of the research 

framework of  Mitroff et al. (1974) 

are pointed out in this figure even 

as the research questions that will 

be covered in the particular 

chapters.  

After this section, the 

conceptualization phase starts. In 

the conceptualization phase the 

system description is provided 

(chapter 2). The failure 

behavior of the sealing rings 

and the failure behavior of the 

stuffing boxes as a whole are discussed in chapter 3 and chapter 4 sequentially. Afterwards, in 

chapter 5,  the lifetime data analysis performed, and decision with respect to data processing are 

discussed. A complete and reliable data set is obtained. Statistical tests for data pooling are applied 

on the lifetimes data of different factors distinguished. The ‘stage’ (chapter 6), ‘system’ (chapter 7) 

and physical position (chapter 8) of a stuffing box might influence the lifetimes.  In chapter 9, 

distribution fitting will be performed and parameter values are estimated according a theoretical 

distribution. When insights into failure behavior is provided, the maintenance  concept that is most 

appropriate to the maintenance and failure characteristics and restrictions will be selected (chapter 

10). In chapter 11, parameter value estimation for cost and time related variables are explained. 

The conceptualization phase is completed when the conceptual model is addressed and insights 

into failure behavior and system characteristic have been obtained.  

The 12th chapter provides the mathematical relations between the decision , cost and time 

variables. Next, in chapter 13  a simulation model is designed. After implementation of the 

simulation model in simulation software, the tool has been developed. The simulation (rub)runs 

Figure 2: outline of the report, phases of the research framework are indicated. 
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should be statistically independent. The procedure for creating statistical independence is 

addressed in chapter 14.  After verification and validation of the tool (chapter 14), the modeling 

phase is completed.  

For the modeling solving phase, the decision support tool has been applied in several scenarios 

(chapter 16). It is aimed to find the (near) optimal set of decision variables. In the case study 

(chapter 17) some cases are investigated by making use of the simulation tool.  

In the last phase of the research framework (chapter 18), the process of  implementation of the tool 

and knowledge transmission to the company, *Company name*, will be described.    

The main research question will briefly be answered in the conclusion. Also limitations and 

recommendation are provided in the last chapter (chapter 19).   
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In this section the processing of Poly Ethylene at *Company name*, in which the secondary 

compressor plays parts is described briefly. The general process description and system 

configuration are provided to obtain a reasonable understanding before going into detail. 

2.1 System description 
The final product, LdPE (Low Density Poly-Ethylene) is made out of Etheen (input). Etheen is 

derived from cracking (Olefin plants) naphtha, which is a fraction of petroleum. *Company name* 

Geleen receives the Nafta via a pipeline from refineries in the region. Figure 3 is a schematic 

representation of the different sequential processes starting with Etheen as input and LdPE as 

output (Hogedruk Poly Etheen Fabriek, 2014).  

 

 
Figure 3: processes for the production of low density Poly Ethylene (Hogedruk Poly Etheen Fabriek, 2014)   

Many chemical processes take place in these factories to obtain LdPE. All these processes are 

necessary to create desired conditions for molecules to split up and bind with other atoms and 

molecules.  

Under normal atmosphere conditions, ethylene molecules cannot connect to each other, because 
the molecules are too far away from each other in distance. Gas is compromised to 2500 bar, to 
reduce this distance. Increasing this pressure takes place in the both, primary-and secondary 
compressor. The first compressor increases pressure from 5 bar till 250 bar, and the second one 
increases the pressure from 250 till 2500 bar. *Company name* distinguishes cylinders (including 
stuffing box) in the first stage and second stage of the secondary compressor for stepwise 
increasing the pressure in the secondary compressor. In the first stage, 4 cylinders are located, 
which increase the pressure from 250 till 1100 bar. The other cylinders (4 for system X and 6 for 
system Y and Z) are located in the second stage and increase the pressure further till 2500 bar. The 

2. System design 
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components in the secondary compressor in particular deteriorate relatively fast, because they are 
subject to high pressure. Special seal techniques are necessary to cope with very high forces. Also 
high temperature and the released atomic hydrogen are a menace to deal with, since it can damage 
the reactor tubes. Figure 4 is indicating the stages (1 or 2) and positions of the cylinders in a 
secondary compressor. The arrow in the middle indicates the direction in which the cylinders are 
moving to increase pressure. 

 
Figure 4: Cylinder positions, 1 indicates first stage cylinder, and 2 indicates a second stage cylinder.  

2.2 Main items for optimization (scope) 
It should be mentioned that the installation (primary and secondary compressor) needs to be shut 

down completely for replacement of a stuffing box. Replacement can only be executed when the 

pressure is unloaded. Parts need to be dismantled before the stuffing box can be taken out of the 

installation. The secondary compressor is functioning only when all stuffing boxes are in an up-

state. The primary compressor is not seen as problematic, and is therefore not further considered 

as a part for optimization, although is a forced to shut down as well in case the secondary 

compressor fails.  

The three systems all have the same function (production of Poly Ethylene) but differ in used 

materials, system configuration and capacity. Stuffing boxes seal cylinders in the secondary 

compressor and allow for movements in the meanwhile. These boxes are very expensive parts and 

break down with a relative high frequency. It is therefore worth it to extensively study the stuffing 

box in the field of maintenance, in order to save unnecessary expenses.  

A simplified picture of a cylinder is provided in Figure 5. Apart from the stuffing box, the most 
critical parts subject to failure are indicated in Figure 5 (base ring, central valve, injection non- 
return valve, front stuffing box and cross head part). These items are also mention, because these 
parts can be considered to be replaced as well, when a stuffing box is replaced. The focus is not 
upon these items (only on the stuffing box), but are mentioned to get insights in which other parts 
are related to production stops due to maintenance in the secondary compressor. For further 
maintenance optimization of the secondary compressor, these components can be considered.  

X Y & Z 
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Figure 5:  cylinder, parts subject to failure are pointed out 

Figure 6 contains a simplified schematically overview of the different items considered in this 

report. The simplified component indenture levels (assembly structure) are provided at the right 

side of the picture.  

 

Figure 6: Overview of parts of main interest, and their component indenture levels 

The five sealing rings are assumed to be the main reason for a stuffing box failure. For maintenance 

optimization, it is strived to predict when the rings will break down. Failure of the stuffing box can 

be prevented if replacement of the stuffing box will take place before failure, at least if this is 

desired from cost perspective.  More information about the sealing rings and their configuration is 

provided in chapter 3. 

Plunger 

5 sealing rings 
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2.3 Dependency  
In this chapter, the whether or not a particular dependency is present between stuffing boxes of 

various cylinders is described in this section.  

  Stochastically dependence 2.3.1
Stochastically dependence is assumed to be negligible due to the following reasons. 

It is observed that a defect in one stuffing box ensures unbalance in the starting up process in other 

stuffing boxes. There is a chance that ‘weak’ items will fail immediately after the start up of the 

system after replacement of another stuffing box. It is unclear whether failure in one stuffing box 

causes this effect, or whether each single stop could affects faster deterioration. The length and 

effect of cooling down and unloading pressure might have an impact on the failure behavior of this 

‘weak’ item.  Another explanation is that rings have to settle after increasing pressure after a stop, 

and ‘weak’ items can fail. The length of the stop might also be of influence, but the precise effect of 

stops on the stuffing box is not exactly obsolete. Currently, the number of stops and the length of 

each stop that a  single stuffing box has experienced is not registered. It is recommended, to store 

this information and analyse the effect of the number and duration of stop on the lifetimes of the 

stuffing boxes. Since this data is not available, the effect of stops cannot be investigated. It is 

assumed, that the average number of stops is equal for each stuffing box in a system over the long 

run. For this assignment the effect of stops on the lifetimes of stuffing box will be neglected.  

It is also possible that stochastic dependence exist between the 5 rings. If one ring has failed, some 

loose material can accelerate the degradation process of the following ring in sequence. We will 

come back on the failure behaviour of the rings in chapter 3.  

Overall, the influence and precise relationships between failure of one stuffing to the degradation 

process of another stuffing box is unknown. It is assumed for the project that there is no stochastic 

dependence between stuffing boxes. Stochastic dependency between ring is not yet excluded, 

  Structural dependence 2.3.2
The front stuffing box (with the cross head part), the central valve and injection non-return valve 

(pointed out in Figure 5) can individually be taken out of the secondary compressor for 

replacement. However when the stuffing box needs to be replaced, it is necessary to dismantle the 

front stuffing box or central valve too, since the stuffing box is aligned in between. In case a base 

ring fails, the stuffing box and central valve/front stuffing box should be taken out of the system, 

since the stuffing box is positioned in front of the base ring when dismantling for replacement.   

  Economic dependence 2.3.3
Besides stochastic and structural dependence, there is also economic dependence between all single 

items in the secondary compressor. Each shut down of the installation results in production loss 

(during ± 2 hour). When a component has failed or is preventively maintained, both compressors 

need to be shut down completely. Rinsing and starting up the installation before it can actually 

produce the designated product again, takes much time as well (± 8 hours). Combining 

replacement of individual components or subsystems by grouping them could result in decreased 

total cost (van Dijkhuizen & van Harten 1997 and Gits 1992) related to maintenance (van 

Dijkhuizen & van Harten 1997 and Gits 1992).  
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2.4 Replacement 
The stuffing boxes of the secondary compressor are replaced after failure or preventively in a stop 

under complete shutdown. From the outside the condition of the sealing rings or the stuffing box 

cannot be observed, since these parts are encased. The stuffing box is replaced as a whole, repair or 

revision of stuffing boxes is very time consuming, requires specialist skills, and besides special 

equipment is necessary. Revision is therefore carried out in the workshop of Stork (contractor). 

Assembly and disassembly including honing (sanding sharp edges) activities performed for the 

revision of a stuffing box. It is justified that the stuffing box is always restored to an ‘as good as new’ 

state after revision. Stuffing boxes go to the warehouse of *Company name* immediately after 

revision.   

2.5 Conclusion 
A brief system description is provided. Afterwards, the main items for optimization are discussed. 

The stuffing box with its sealing rings are the main objective for maintenance optimization. Other 

components in a cylinder, also subject to deterioration (base ring, injection non-return valve, 

central valve, front stuffing box), are only considered for combining maintenance activities in a 

stop. At least, if the maintenance concept that will be chosen, is suitable. Other parts are excluded 

from scope. Only economic dependency between replacement of stuffing boxes can be stated for 

sure. Structural dependency exists only between the stuffing box and other component (base-ring, 

central valve, front stuffing box). Stochastic dependency is assumed to be neglectable, because 

statements cannot be made with any certainty.   
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In this chapter the past maintenance concepts are discussed to obtain insights in which concept 

have already been applied, and are no longer used until now. The previous and current 

maintenance concept makes use of condition measuring. To determine whether a condition based 

maintenance approach should is still a good option for maintenance optimization as goal of this 

assignment, the procedure, accuracy of measures and validity for drawing conclusions is evaluated. 

In the first section of this chapter introduction to maintenance and maintenance concepts will be 

provided.  

3.1 Maintenance categorization 
The main research goal is to select a maintenance concept that is cost optimal for replacement of 

the stuffing boxes. First a short introduction of terms used in this report will be given. 

A collection of rules that describe maintenance is called a maintenance concept. A concept includes 

what maintenance activity is required, when maintenance should be performed an how a 

maintenance task should be performed (Gits, 1992). According to van Horenbeek et al. (2010) a 

maintenance policy triggers a maintenance action (e.g. repair, replacement) when a certain event 

happens. For example the policy, failure-based maintenance triggers a maintenance action when 

failure occurs.   

Sharma, Yadava, & Deshmukh (2011) reviewed literature on maintenance optimization models and 

techniques and claimed that maintenance is usually categorized into three types: preventive, 

corrective and predictive. The following definitions are upheld in this report:  

 Preventive maintenance (PM): “maintenance carried out at predetermined intervals or 

according to prescribed criteria an intended to reduce the probability of failure or the 

degradation of the functioning of the equipment” (Márguez, 2007). It is performed before the 

system/component shows significant distress 

 Predictive maintenance, also called Condition based maintenance (CBM): By integrating 

prediction tools, it provides the assessment and prediction of the systems hazard rate in 

current maintenance cycle based on the system condition, collected through continuous 

monitoring (Zhou et al, 2007). 

 Corrective maintenance (CM): “maintenance carried out after fault recognition and intended 

to put the equipment into a state in which it can perform a required function (Márguez, 

2007).  It is performed when a system/component has failed and is shut down. 

3.2 Maintenance types and concepts 
To gain insights into the failure distribution of the stuffing boxes and its sealing ring, lifetime data is 

used over different year. However, during these year, the maintenance policy may have changed, 

which might influence the failure distribution. 

 Types of replacements over time 3.2.1
In the past maintenance concepts of *Company name* (year 2000-2014), five types of maintenance 

replacements for the stuffing box have been observed and differ in terms of duration, degree of 

3. Failure data and condition monitoring of sealing rings 
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Figure 7: disk with a broken bronze-colored sealing ring insight 

planning and cost. For observing lifetime data of the stuffing boxes and sealing rings, these 

maintenance concepts used in the past are important and might influence the failure distribution.  

 Age-based, preventive (AB). Stuffing boxes are replaced when having exceeded a certain age.  

 Small stop (SS): preventive replacements executed in spring and fall. More components other 

than the stuffing box can be replaced in one stop, with a duration varying from one day to one 

week. The small stop for each individual system is not planned simultaneously.  

 Opportunistic maintenance (Opp. M.): a preventive maintenance policy. In case other 

components have failed, an opportunity is created for the stuffing box to be replaced as well. 

The duration of maintenance to another component are at near equivalent length. In some 

highly exceptional cases, also two stuffing boxes can be replaced together when one of them 

has failed, but this required much effort in terms of labor occupation and equipment 

availability.  

 Condition based maintenance (CBM): a predictive maintenance type, based on measuring gas 

leaks, peaks and temperature in this case. These measurement might indicate the 

deterioration state of stuffing boxes and its sealing rings.  

 Corrective maintenance (CM), breakdown when frost or gas leaks are observed. At frost, the 

system is immediately shutdown. For gas leaks, this depends on the amount of gas leak, but 

cannot be prevented from shutting down within one day. This is considered as unplanned 

maintenance.  

The maintenance activities over years are categorized 

in the ‘compressed data file’ by CM, AB, CBM, Small stop 

or Opp. M.  In the next section, these type of 

maintenance activities are used to explain the 

maintenance concepts that we prevailing over years.  

 Maintenance concepts over years 3.2.2
For this research, data has been collected over the past 

14 years, from 1-1-2000 till 31-8-2014. All data that is 

used for this research is included in the ‘compressed 

data file’. Error! Reference source not found. 

provides a table with explanation on how the data in 

each column of the ‘compressed data file’ is obtained.  

The maintenance concept of replacing the stuffing 

boxes has been changed during the period 2000-2014. 

We should categorize data of the two maintenance 

concepts separately. The CBM concept (mainly CM 

activities) has been applied till 2009 and small stops concept from 2009 till 2014. 

The maintenance concepts over these periods are shortly explained the list below. Other 

maintenance concepts that have been applied over traceable time are provided as well, to get 

insights in what has been tried out already, before selecting an appropriate maintenance concept in 

chapter 10 of this report. 

Four different concepts, applied in the past, are discussed in the report of Bas Krous (2001): 

• Till 1992, age-based PM concept 
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Stuffing boxes are replaced based on lifetimes, when extreme lifetime are observed, stuffing 

boxes are replaced preventively (planned).  

• 1992-2000, unplanned CM concept 

Stuffing boxes are replaced based on a maximum amount of gas leaks or congelation 

(indicators for the end of lifetime). A CM policy is prevailing since a stuffing box is at the end 

of its lifetime.  

• 2000-2009, CBM concept 

Replace a SB base on gas leaks, frost and gas peaks (condition measuring, explanation in the 

next section). This is the first time a real CBM policy is applied, since it is aimed to replace 

stuffing boxes preventively based on condition monitoring. When 2 peaks are observed, a 

stuffing box will be replaced as long as opportunities arise. At the third peak, the system is 

shut down within 5 working days. The need to shut down is high since it should be avoided 

that the last sealing ring will breakdown and unplanned replacement in the only option. As 

indicated, it is a preventive maintenance activity and therefore the maintenance work order 

can still be prepared. The system is shut down by hand, not by immediate failure.   

From data results that most of the replacement in this period were CM replacements. In 

practice it turned out that prediction of the sealing rings were inaccurately. High gas leaks or 

frost has been observed mainly before the 2 or 3 peaks have been observed. Only, a very 

limited number of opportunistic replacements are observed.  

• 2009-current, small stop concept.  

Two stuffing boxes are scheduled by default (without determining which stuffing box is in 

need of replacement). But if not necessary it is possible to cancel one replacement. A few 

weeks in advance is determined which stuffing box in the corresponding system will be 

replaced based on the number of gas peaks in combination with the lifetime. Some single 

cases of CBM or opportunistic replacements are observed as well in this period in between 

two successive small stops. When two or three gas peaks are observed the system will shut 

down within 5 working days, and the SB is replaced.  

When the SB is replaced in a small stop, the front-stuffing box, central valve and base ring are 

replaced too. Only when a corrective replacement during the night or in the weekends will 

take place the base ring is not taken out of the system (and is also not replaced) when the 

stuffing box is replaced. This is done to save repair time (tinkering hours). After 2012, two 

front stuffing boxes are scheduled to be replaced in a small stop by default as well. According 

laws to reduce Ethylene emission, the front stuffing box needs replacement every two years.  

If hereinafter is referred to replacement of a SB, it denotes the front-stuffing box and central 

valve are replaced as well, unless stated otherwise. 

3.3 System state measurement procedures and instruments 
The theory that explains failure as a consequence of the failed sealing rings, that is prevailing at 

*Company name*, will be explained first. The function of the sealing ring is to keep the ethylene 

circuit closed, while the secondary compressor is pumping and compress ethylene gas until desired 

pressure is reached. The sealing rings are responsible for sealing the pressure and simultaneously 

allowing for movements of the plunger.  

 Definition of a broken sealing ring 3.3.1
One speaks about a broken sealing ring, or the downstate of a sealing ring in case the pressure is 

not sealed by this particular ring at all. If all sealing rings are broken, high safety and environmental 
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risk occur. Normally before this will occur a high gas leak is measured or frost in the system has 

been detected as a consequence of temperature decline after ethylene gas has escaped from a high 

pressure area to low a low pressure area (+- 4 bar). The system will always shut down itself or will 

be shut down by the maintenance operators in this case to avoid VGM issues (safety, health or 

environmental risks). 

The rings may also be in a transition state. In other words, the ring is not functioning properly and 

an increased amount of gas will escape (no frost or serious leak will occur). This will hold on till the 

ring is broken and the next ring has been settled and will take over its functioning (or till all rings 

are broken).  

When less that two rings are in an upstate, the high pressure cannot be sealed properly, therefore 

an critical ethylene gas leak occurs. These leaks can be measured by the daily individual cylinder 

measures and also congelation can indicate a pressure drop. Three different triggers for initiating 

maintenance, also mentioned in past maintenance concepts of the previous section, that can be 

measure or observed are:  

 Frost 

 Gas leak 

 Gas peaks 

Each trigger will be discusses individually in the next paragraphs. 

 Frost 3.3.2
Congelation appears as a consequence of expansion of gasses. The pipes to the separator tolerates 

temperatures of −800C as minimum temperature. Pipelines are resistant to freezing, but the 

cylinders are made of steal and are not resistant to frost. When congelation to a cylinder is 

observed, the stuffing box must be replaced immediately. A specialist will inspect whether the 

degree of congelation is critical.  

The measured temperature in the first picture (a) of Figure 8 is lower than the temperature in 

picture b, but only b indicates critical frost. The place where frost has occurred is of influence for 

the time limit for replacement of  a stuffing box to avoid VGM issues.  

Figure 8: a) acceptable frost in pipelines, b) not acceptable frost to cylinder 
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 Gas leak 3.3.3
Gas leak flows through a collection pipe to the separator. The maximum allowed quantity of gas 

leak contains 250 grams/second. In this case, the compressor is shut down within 3 days if no 

crucial congelation has appeared, otherwise replacement takes place immediately. The threshold 

level of 250 grams/second is based on the manufacturers recommended value. The gas leaks will 

occur if rings are not able to seal the high pressure anymore, due to deterioration, or break down 

according the theory of the sealing rings. 

Since the SB is at the end of its lifetime, maintenance based on a gas leak, is typed as CM. Although 

the SB should be replaced within a period of 3 day (if the amount of gas leak is not that critical), 

which allows for preparation to certain extend. It is not typed as CBM or preventive maintenance, 

since the moment of gas leak occurrences cannot be foreseen (by measuring), and the end of 

lifetime is reached.  

 Gas Peak 3.3.4
First, the definition of a gas peak according *Company name* should be clear before going into 

more details. A gas peak is an increased amount of gas leak in a cylinder during a certain period, 

which could be a few weeks. The amount of gas leak can increase till 60 or 70 grams per second on 

average. After a while the amount of gas leak will decrease to 0 or to <20 grams/second. If this 

applies, one speaks about a gas peak (Jo Meijers, 2004).  

When a sealing ring is ‘broken’ or ‘failed’, the sealing ring is not able to perform its intended 

function. In other words it is assumed that the ring will not seal any pressure and is not in function 

anymore. 

For obtaining failure data of the rings, the gas peak data is the most important indicator. The 

reasoning behind the gas leaks will shortly be described.  

During a gas peak, ring x is leaking a high amount of gas because it seals not well due to 

deterioration of the ring. During this period of increased gas leak, ring x has not worn out enough, 

since the pressure is not high enough that the next sealing ring (ring y) will take over its 

functioning. If ring y is taking over its functioning, the amount of gas leak will decrease again to 0 or 

<20 grams/second. This will last till also ring y is leaking and is not sealing properly. It is possible 

that dirt between the rings (these are flexible moving with the movement of the plunger) causes a 

gas leak for a while, because the ring cannot seal properly. This is most often temporary, during a 

smaller period than increased gas leaks because of  rings being in a transition state. The ring will 

not break down because of the dirt. Dirt might disappear, and a sealing ring can function properly 

again.  

The amount of leak gas is measured by 2 different (software) programs, Aspen and the daily 

logbooks on the intranet of *Company name*.  

3.4 Evaluation of condition monitoring 
Before going into detail, this section will review the measurement instruments and procedures 

critically on reliability. These measures are used to determine the degradation state of a stuffing 

box. In case the measurement tools are not measuring very precise, conclusions with respect to 

should be drawn with caution. Knowledge and experience of experts at *Company name*, who 

make decisions for replacement of stuffing boxes, are disregarded in this section. Only based on the 

observed numbers, conclusions are drawn. This is necessary because if a condition based 



18 
 

maintenance concept will be applied (if we decide so) and will be modeled mathematically, hard 

facts and numbers should be the basis for decision making. If measurements are unreliable, 

appropriate decisions should be taken, also for modeling. A certain risk to false outcomes could 

build in the model for example. Measurement performance are evaluated to obtain insights before a 

maintenance model is proposed.  

 Continuous measuring gas flow per compressor (Aspen) 3.4.1
Aspen is a graphical tool and provides information about the amount and flow of the gas leaks in 

the secondary compressor of a system among others, but does not measure the amount of gas leak 

or each cylinder individually. Interpreting and reading out the measured values is prone to error. 

Two difficulties in this process of interpreting measured data are observed: 

 It is not easy to distinguish a gas peak in Aspen from the normal flow which includes a lot of 

variation and small peak occurrences, which will not always indicate a broken ring in one of 

the stuffing boxes. Appendix A provides a screenshot with explanation about the continuous 

measured gas flow in Aspen. 

 It is hard to determine which cylinder stuffing box has caused a gas peak since Aspen only 

measures the amount of gas leak of the total secondary compressor. Also when a peak 

appears one should question whether there has occurred a failure of a sealing ring. It is also 

possible that different cylinders do all have an increasing amount of gas leak compared to a 

normal situation because of dirt for example. It is also possible that a peak occurs since a 

number of cylinders leaked gas together. This difficulties is pointed out in Appendix B, with 

an example.  

 Frequent measuring gas flow per cylinder (logbooks)  3.4.2
The logbooks on intranet (medium of *Company name*) contain the measured gas leak once per 

day, tracked by the production department. A measurement tool is connected to each individual 

cylinder once per day. The gas leak amount per second is tracked. In Appendix C is shown how the 

result is filled in in the logbooks. Three shortcomings are observed, which are in accordance with 

the shortcomings mentioned by Krous (2000): 

 The gas is not measured continuously, therefore the daily amount of gas leaks are subject to 

a certain degree of coincidence. Temporary dirt can influence these measures, and would 

contain a very high amount of a gas leak. The flow of the daily gas measures are more 

clearly displayed in the table of real observed values from the logbooks in Appendix D. It is 

shown that fluctuations are visible over days. Also due to the next shortcoming. 

 The daily scheduled measures are not always executed by the maintenance engineers. 

Therefore, some data is missing. When calculating the average amount per week (since one 

single daily measures is much dependent on the moment of measuring), missing values 

have a high influence on the average since they are counted as 0 g/s leak gas. In Appendix C, 

an example of a logbook form (on November 2, 2014) is provided, which contains missing 

values.   

 Inaccuracy of the measurement instrument. By vibrations of the secondary processor values 

are not always accurate read out. Besides, the measurement process is depend on individual 

execution. Connecting the measurement instrument and reading out the values is not 

always done in a consistent and correct manner. 
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The logbook data is used to calculate the weekly averages filled in in the excel file ‘leak gas and 

lifetimes’. A check is executed to test whether these values are in consistence with each other and to 

obtain more insights in the error sensitivity of the procedure. In the file ‘logbook measures’ is 

analyzed to find out whether the weekly amount of gas leak in the excel file ‘leak gas and lifetimes’ 

is in consistence with the values calculated by the entered values in the daily logbooks. The weekly 

average is calculated by summing up the daily logbook values starting on Monday and dividing the 

number by 7 (days per week). Only a sample of 12 weeks in taken to check whether the values are 

consistent, since it is a time consuming task (the logbooks are not exportable). It turned out that the 

values are significantly deviating from each other, especially for one of the stuffing boxes that is 

replaced at the end of that particular period. In the calculated values (as a test) from the logbooks, 

the maximum gas threshold level (replacement is necessary) is exceed for stuffing box 1d for a few 

weeks, while the original values from the file ‘leak gas and lifetimes’ are not. Also minor differences 

in the values of other stuffing boxes are observed. Appendix E provides tables containing the two 

calculated weekly averages of gas leak during the period 2-4-2013 till 24-6-2013. Two plausible 

explanations for the differences are: the values are not accurately calculated or the values are 

calculated in a different way (in contrast with what is told verbally by the executive employee, 

about how the average values of gas leaks are calculated).  

In all, combining these measurements, it can be concluded that the method to obtain information 

about the failure behavior of a ring is a cumbersome and error-prone procedure. Further, decision 

making based on these methods is really risky.   

For modelling, the condition measure, the measure values should not be used as absolute precise 

numbers. Precision of measurement is not guaranteed by the measures explained above. This does 

not exclude, that the measure might still be useful if responded with caution and in an appropriate 

manner.  These measures may have led to wise decisions in the past. It should only be decided 

whether or not to continue on condition measuring for predicting the failure behavior of a stuffing 

box. The next section will go into more detail about the drawing conclusions based on the measured 

output.  

3.5 Conclusions from measurements and observations 
In this section conclusions are drawn from condition measured data and other observations related 

to failure of the sealing rings.  

 Condition measured data of *Company name* 3.5.1
The weekly average values obtained from the logbooks are tracked in the excel file ‘leak gas and 

lifetimes’, as explained in the previous section. When the gas leak is above a certain level (30-35 

grams per second for a first stage cylinder and 50 grams for a second stage cylinder) for at least 2-3 

weeks, one speaks about a gas peak. The excel files has been analyzed on when a peak is assigned 

after a period of gas leaks.  When a stuffing box has exceeding the threshold-level for 3 weeks, a 

peak is not always remarked according that data file. Further, the threshold level is treated as a 

hard limit. In contrast, the logbooks contain unreliable and inaccurate values due to the 

shortcomings pointed out above. Also the duration of a measured gas peak is highly variable as 

shown in the file ‘gas leak and lifetime’ (not always 2 or 3 week, but also peaks with a duration of 6-

8 weeks are observed).  

In the file ‘compressed data file’ the number of measured peaks is written in the data column ‘piek’. 

Table 1 provides an overview of the number of stuffing boxes replacement for which n peaks are 
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measured at the moment of replacement. Failure as a consequence of items (base ring, central 

valve, front stuffing box) other than the sealing rings are removed from the samples in order to 

obtain information about the failed rings. It should be noted that it is still possible that a stuffing 

box has failed by reasons other than the failed sealing rings, but this cannot be explained yet.    

As shown in table Table 1 it has never occurred that 4 or 5 peaks have been detected, while many 

(88 in total) of the stuffing boxes have failed (and are correctively replaced) in the past. If the rings 

are the main reason for failure of a stuffing box, it is not possible that no single stuffing box has 

failed because of the failure of the 4 out of the 5 rings, since predominantly corrective replacements 

have been carried out in the past till 2009. Therefore we can concluded that only extreme cases will 

be detected as a peak and some peaks will not be remarked by measuring the amount of gas that 

escapes. Presumable, this is due to a lack of accurate measuring equipment that can continuously 

measure the gas leaks and will not be effected by human influences (reading out data from 

measurement instrument and interpretation of data). Another explanation could be that the 

threshold level for action after a certain amount and duration of gas leaks, is not chosen correctly.   

Table 1: Number of samples with n failed rings identified by the available gas leak information during the period Jan.2000- 
Jul. 2014 

Number of replacements with 
n failed rings  

PM  CM 

  Absolute 
number 

% of the 
available data 

Absolute number % of available 
data 

n=1  10 38.5% 14 48% 

n=2 10 38.5% 11 38% 

n=3 6 23% 4 14% 

n=4 0 0 0 0 

n=5 0 0 0 0 

No information available or 0 
failures detected 

29  57  

Total  number  55   86   

Average number of failed 
rings before replacement 

1.8   1.6   

 

  Number of failed ring determined by Stork 3.5.2
In the previous section is discussed in which way *Company name* measures how many sealing 

rings are broken at the moment of replacement. After replacement the stuffing box is disassembled 

and revised by Stork. Stork stores data about the replaced stuffing box. In the paper achieve (not 

digital), information about each stuffing box replacement is kept. The sealing rings are inspected 

before the rings are disposed and the condition of the rings is written down. Also other information 

is writing down in these revision reports. Appendix F provides an example of a part of a revision 

report with information about the rings.  

The number of failed rings according Stork at the moment of replacement are listed in the 

‘compressed data’ file obtained from all these individual revision reports. Again, failure as a 

consequence of items (base ring, central valve, front stuffing box) other than the sealing rings are 

removed from the samples in order to obtain information about the failed rings. Whether a ring 



21 
 

would still have been in a working condition, is sensitive to interpretability. Terms as 'little' and 

'middling' are occasionally used to express the functioning of a ring. Little is interpret as not 

working and middling as working, for counting the numbers of failed rings according Stork in Table 

2. Dirt  and weathering that has occurred over time, make it difficult to determine whether a ring 

should have been in a working condition at the moment of replacement. 

 
Table 2: Number of samples with n failed rings observed by Stork, during the  period 2000-2014 

# of replacement with n 
failed rings  

PM  CM 

  Absolute number % of available 
data 

Absolute number % of available 
data 

n=1  0 0% 3 4% 

n=2 2 4.5% 3 4% 

n=3 2 4.5% 7 10% 

n=4 5 11% 15 21% 

n=5 35 80% 44 61% 

No information available 11  14  

Total  number PM/CM 55   86   

Average number of failed 
rings 

4.7   4.3   

 

It turned out that the average number of the failed rings according Stork is 4.7 for the preventive 

replaced stuffing boxes (Opp. M., AB, small stops, CBM). This is a very high number for a preventive 

strategy, since 5 failed rings indicates that no gas can be sealed and either a gas leak (exceeding the 

maximum allowed quantity) or congelation should have appeared. If the theory of the rings is valid, 

5 failed rings would have resulted in a corrective replacement. 

The theory about the 5 sealing rings prevailing at *Company name* is not in accordance with the 

results obtained from the Stork revision reports. If the theory is valid, that at least 2 ring should be 

in an upstate for the stuffing box to be up, it is not possible that 5 sealing rings have failed in of 79% 

of the preventive replaced cases. No gas leak or significant frost has been detected at the moment of 

replacement. Therefore it should be concluded that either Stork cannot state with certainty 

whether a ring is still in an up-state or the theory of the rings is not valid.  

 Comparing data of *Company name* and Stork 3.5.3
When comparing both the revision data of Stork with the number of gas peaks, out of the 55 

observation that contain information about the number of peaks, only 1 single measure 

corresponds with the number of failed rings according Stork. Which measure is accurate and 

confidential is impossible to state with the available information. Both, the number of peaks and the 

number of failed rings determined by Stork does not seem valid. The reason for this is already 

explained above 

3.6 Theory of the rings 
According internal expert opinions of *Company name* and according the manufacturer of the 

stuffing boxes, the rings are put under pressure in a certain order. The first ring in up-state will seal 



22 
 

Figure 9: theoretical failure of rings over time 

80% of the total pressure, the next ring 20% and the others are unloaded. It is also suspected that 

the rings fail in order. The stuffing box that is exposed to the high pressure as closest is expected to 

fail first. This theory is pointed out in Figure 9. In the next section, it will be assessed whether or not 

this theory could be valid, based on the available data discussed in the previous sections. First the 

order of failure will be examined. After, the possibility that rings are loaded to different amounts of 

pressure is investigated.  

 

 

 Order of failure 3.6.1
The next hypothesis should be tested in order to verify that the theory about the rings is plausible: 

Rings fail in chronological order over the position of the ring. To clarify; ring 1 will fail first, ring 2 will 

fail second, ring 3 will fail third, ring 4 will fail fourth and ring 5 will fail the last. 

Only in the revision reports of Stork is information available about the order of failure. In practice it 

appeared that the rings theoretically not loaded at all, can fail before they are the first or second 

ring in up- state. Actually, 80% of all samples in which 1 or 2 rings have failed (16 samples in total, 

including secondary failure and early failures) before replaced, do not fail in the exact order as 

predicted. The other 20% could be due to coincidence when random failure occurs or do fail 

according the pattern that is expected by the theory of the rings. In observing the number of the 

failed rings, there is no other recognized pattern in the position of the rings that have failed. 

Unfortunately not much data is available to investigate the failure of the rings. In Appendix F two 

examples of revision reports are provided in which is clearly observable that the rings have not 

failed in precise order. The results are visible in the table below. 

Table 3: Observed failed rings by Stork after replacement of a correctively failed stuffing box, two replacement examples 

 Example 1 Example 2 
Ring 1 Down state Up state 
Ring 2 Up state Down state 
Ring 3 Up state Downstate 
Ring 4 Up state Up state 
Ring 5 Down state Up state 
 

It should be noted that the cases observed, to test whether the hypothesis is valid, are mainly 
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breakdowns. They are replaced, but not as a consequence of 5 failed rings. The reason for failure 

can vary. It should be remarked that the possibility exists that the rings are adversely affected by 

other failed components or by deviating circumstances. Unfortunately, with the existing data, it is 

not possible to verify whether this is also true in case of replacement of stuffing boxed as a 

consequence of the failed rings or by preventive replacements. When 5 rings have failed (in total for 

92 stuffing box replacement, including secondary and early failure) according Stork, it is not 

possible to determine the order of failure anymore. Also when 3 or 4 failed rings are observed, the 

order of failure is more difficult to determine and any exception in the order of failure cannot be 

notified. It is remarkable that 8 out of the 9 preventively (CBM, PM and Opp. M) replaced stuffing 

boxes with less than 5 failed rings, fail in order of ring number as far as observable. Table 4 

provides the status of each ring of the preventively replaced orders, all having less than 5 failed 

rings. 

Table 4: preventively replaced stuffing boxes with less than 5 failed rings determined by Stork. Data from 2000 to 2014. 

Cylind
er 
positio
n 

Year PM type # 
broken 
rings 
(STORK) 

1st  
ring 

2nd  
ring 

3rd 
ring 

4th 
ring 

5th  
ring 

hyp. 
Test 

1b 2011 small stop 4 x x x x  1 

1b 2012 small stop 4 x x x x  1 

1d 2011 PM 2 x x    1 

1a 2003 Opp. M 2 x x    1 

2a 2001 Opp. M 4 x x  x x 0 

1a 2005 Opp. M 4 x x x x  1 

1b 2002 CBM 3 x x x   1 

1d 2004 CBM 3 x x x   1 

2c 2004 CBM 4 x x x x  1 

 

For the corrective replacements, the order of failure seems to be random, but the order of failure 

for the preventive cases seems at least to be less random. Not enough information in available to 

test whether failure of the rings occur in sequential order for the preventive replacements only 

(only 9 samples available). Besides, if the failure behavior of the rings for the stuffing boxes that 

have been replaced preventively is different from the stuffing boxes that have been replaced 

correctively, prediction of the degradation state of a stuffing box is not only dependent on the 

failure behavior of the rings, but also on other factors.  

In conclusion, the hypothesis is rejected since the rings do not fail in the order formulized in the 

hypothesis. Henceforth, it is assumed that ring do not fail in a particular order.  

 Load of the rings 3.6.2
Because of the load differences between rings, it is assumed that the rings most heavily loaded will 

fail first. Although the order of failure is not as expected, the theory of the loads could still be valid. 

The first loaded ring will seal 80%, the second loaded for about 20%. Data between peak measures 

are available, but as determined before, it cannot be guaranteed that all peaks are recognized. The 

duration between two sequential measured peaks are registered,  
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From data analyses the average times between failures are provided in the next table. It should be 

noted that a certain variability in the lifetimes are observed.  

Table 5: Observed lifetime between measured peaks (by *Company name*). Data over entire range, 2000-2014. All data is 
included.  

 Av. lifetimes duration between 
peaks occurrences (hours) 

Samples per category 

Between 0 and 1st peak 13791 69 
Between 1st and 2nd peak 7101  38 
Between 2nd and 3rd peak 4324 13 
 

With the current available data it cannot be assessed whether it is true that the first ring is 

responsible for sealing 80% of  the total pressure, the second one for 20%, and the others 

completely being unloaded. 

Based on these results, the time in between two observed peaks decreases over the number of 

failed rings. One of the explanations for these observations are that the rings deteriorate also when 

they are not loaded, or the extent of a ring being exposed to pressure (e.g. 1st one 80%, 2nd 20%) is 

of influence for the failure behavior of the individual rings. A combination of both explanations 

could hold as well. Further statements cannot be made, based on this data.  

 Condition based maintenance optimization modeling 3.6.3
From the previous sections and subsections it results that there is too much uncertainty about the 

theory of the rings and the accuracy of the measured data. With the current measurement 

instruments, it is not possible to determine the moment of failure with certainty and/or to 

determine the ring position number of the failed ring. Accurate predictions about the the moment 

of failure of a stuffing box by considering the individual expected moment of failure for the rings is 

not further taken into consideration. It is impossible to develop a mathematical model including 

relations between failure behavior of the rings, since sufficient and reliable information is 

unavailable. Maintenance optimization to the lowest indenture level (level 3, level of optimization 

of the rings) will not make any sense without the possibility of accurate measuring the conditions of 

the rings.  
  Data requirement 3.6.4

If reliable measurement is possible in the future, data about peaks should be verified with the 

number of failed rings, or one should design a different approach to test whether peak measures 

are corresponding to failed rings. To be able to predict the lifetime of a ring in a certain position or 

to be able to predict the duration between each ring failure, data is necessary to estimate the failure 

distribution. Instruction on how to calculate the required sample size to ensure that a statistical test 

will have adequate power, is described in the electronic statistics textbook (StatSoft, 2013). The 

required samples size is not calculated, since the average and variation of the measurements are of 

great importance. In general, the larger the sample size, the smaller the sampling error tends to be 

for the mean lifetime per ring. The sampling error is the difference between the mean lifetime in 

data observations and the real unknown lifetime of the rings.  
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3.7 Conclusion  
In this chapter is explicitly mentioned why a condition based policy is excluded from options. 

Besides, reliability of the measurement output (gas peak and gas leak) has not been established and 

prediction of the failure behavior of the stuffing box will be risky. Optimization on the lowest 

indenture level is not recommended because of a lack of sufficient reliable failure data. 

Mathematical relations and failure distribution cannot be determined. In all, it is decided to 

continue with maintenance optimization of the stuffing box (indenture level 2). The individual 

sealing ring failures will not be regarded anymore. Condition based maintenance concepts are also 

not considered.  The condition of a stuffing box can only be measured, when corrective 

maintenance is required (high gas leaks or frost detection). It is not a measurement for predicting 

the state of a stuffing box. In the next chapters the lifetimes and reliability function of the stuffing 

box as a whole will be researched.  
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In the previous chapter is explained that condition measuring (gas peaks) is not a reliable indicator 

for determining the condition of a stuffing box. It is not clear whether the theory is valid, that 2-out-

of-5 rings should be in an upstate. In this chapter, the reliability distribution of the stuffing box as a 

whole (not considering the individual rings) will be researched.  The main goal will be to estimate 

the lifetime distribution of each stuffing box in a system. When the lifetime distribution is known, 

an appropriate maintenance concept can be selected for replacement of the stuffing boxes. In 

general it holds, if the failure rate of an item increases over time, a preventive policy could be 

advantageous. In all other cases (constant or decreasing failure rate), corrective maintenance is the 

best option from cost perspective.   

Based on the reliability function (failure distribution follows directly) the number of expected 

failures in a certain interval can be calculated analytically if modelling of the maintenance concept 

will not get to complex. In case simulation will be applied, the reliability function should be 

estimated, to generate random failure. On this topic is continued in the modeling part (chapters 11- 

13). More information about the meaning of a reliability function and the formula for calculating the 

reliability distribution is provided in Appendix G. 

Before the reliability distribution is estimated, lifetime data is analyzed and data preprocessing will 

take place, to make sure that the distribution is fit on representative data only, for each stuffing box 

in each system.  

The lifetime of a SB might be influenced 

by different factors (as system, stage or 

cylinder position). In other words, it 

should be investigated whether the 

failure distributions is equal for each 

system and whether the same failure 

distribution and parameter values 

satisfies for a SB in a different stages or 

physical positions. Prior to estimation 

of the reliability distribution and its 

parameters (chapter 9), the empirical 

reliability functions for groups within a 

factor are tested for equality as is 

pointed out in Figure 10. Essentially, 

possibilities for data pooling are 

studied.  

4.1 Stepwise approach 
First (in section 4.2), the reasons for replacement (causes of failure) and the different factors which 

can be of influence for the lifetimes of the stuffing box will be discussed. The factors are founded on 

presumptions and knowledge of Experts of *Company name* and own reasoning. These theoretical 

presumptions provides insights into the reliability curves of groups that should be tested for 

4. Failure behavior stuffing box 

Figure 10: Example of the empirical reliability function of two groups 
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equality. Information about theories and thoughts about the factors distinguished are provided. 

Hypothesis are formulized based on this information. Finally, the hypothesis about whether a factor 

is of influence is rejected or accepted. Data of different groups of stuffing boxes are combined or 

not, depending on the outcome.  

Secondly, before testing for data pooling (combining lifetime data of different stuffing boxes) for the 

different factors distinguished, data pre-processing is executed in chapter 5. The main goal is to 

select data that is most representative for the stuffing box failures at this moment, and in the future 

for lifetime estimation, and leave out the data that is influenced by circumstances other that by 

‘normal’ failure. Numbers of available data points (samples) per group are given and some noticing 

with respect to the data are mentioned. The dataset consist of censored (preventive replacements, 

which have not reached their lifetime) and non-censored (corrective replacements, which have 

reached the end of their lifetime) operational lifetimes and should be treated in an appropriate way 

for reliability function estimation. Besides, data preprocessing selection of representative data will 

be discussed, deleting outliers and recoding the original position numbering. The dataset consist of 

data over the years 2000-2014, but not all data may be useful since changes have taken place over 

time in maintenance concept, system design or by other temporarily factors. Early failures are 

assumed to be caused by other explained or unexplained reasons, and will therefore be deleted 

from the dataset.  As a consequence of these data preprocessing steps, only the reliable useful data 

will remain for reliability distribution estimation.  

In chapter 6, chapter 7 and chapter 8 the previous steps will be followed up by testing for each 

distinguished factor (in chapter 4.2) whether it has a significant influence on the reliability 

distribution of the stuffing box. Chapter 6 contains plots and tests for comparing the influences 

stages (factor 1) on the lifetimes of the stuffing boxes. Chapter 7, will assess whether the stuffing 

boxes in different systems (X, Y and Z) contain the same reliability distribution. In chapter 8 test 

results for the third factor distinguished, which are the physical positions of the stuffing box within 

a system will be given. 

Hereafter, conclusions can be drawn which groups (within a factor) are significantly different, 

resulting in different reliability functions. Finally, in chapter 9, the reliability function will be 

estimated and parameter values will be fitted to the empirical data. The approach for estimating the 

reliability function will be discussed in that particular chapter. To summarize, an overview of each 

chapter and the associated elements is provided in next table.  

Table 6: Overview of data treatment and factorial testing for estimating reliability functions 

Chapter 4 - reasons for replacement and degradation of stuffing boxes due to 
distinguished factors 

Chapter 5 - sample size analysis 
- data pre-processing (selection of representative data, deleting missing 
values, outliers, recoding) 

Chapter 6 -Testing influence of factor 1 (stage) on the lifetimes of a stuffing box 
Chapter 7 -Testing influence of factor 2 (system) on the lifetimes of a stuffing box 
Chapter 8 -Testing influence of factor 3 (physical position) on the lifetimes of a 

stuffing box 
Chapter 9 - Estimating reliability distribution. 

- Fitting parameters of the reliability distribution to the empirical data 
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4.2 Reasons for stuffing box degradation and replacement 
Before we examine the data, a qualitative reasoning for factors influencing the lifetimes of the 

stuffing boxes is provided in this section. The main goal of this section is to distinguish ‘normal’ 

degradation and replacement due to an underlying factor. In case not all stuffing boxes are subject 

to the same influences or not are not influenced to equal extend, our data might be biased when 

comparing lifetimes for reliability estimation. Whether we can neglect these influences or not will 

be reasoned in this section. Appropriate steps are suggested for treatment of extraordinary 

degradation and replacements of stuffing boxes. It is strived that lifetime data is representative for 

reliability distribution fitting under normal condition. In section 4.2.1 factors that might possibly 

having an influence on the lifetimes are discussed. In section 4.2.2 possible reasons for replacement 

are discussed. 

Experts of *Company name* are consulted as sources for finding qualitative information on 

influential (environmental as production related) factors on the stuffing box degradation and 

failure other than normal wear. Unfortunately, no literature has been found about information of 

influential factors on the degradation process of a stuffing box or reasons for failure. The keywords 

used for obtaining scientific information are: ‘stuffing box failure’, ‘stuffing box degradation’, 

‘stuffing box maintenance’, ‘compressor & stuffing box’, ‘mechanical seal’.  

Except from patent request and short descriptions about the stuffing box designs and functions, no 

information is found on the keyterm ‘stuffing box’ in general, as far as known. Many types of 

stuffing boxes are invented for many different uses. Therefore a stuffing box in e.g. the 

petrochemical industry will be subject to different environmental, process-and product-specific 

influences as for other uses.  

 Causes for variations in the degradation behavior of a stuffing box 4.2.1
To generate reliable predictions for lifetime and failure characteristics, one should distinguish 

failure by natural degradation or normal wear from failure by temporal faster degradation and 

highly exceptional reasons. In a meeting with 4 experts of various position within the maintenance 

department (October 9, 2014) the following causes for variations on the degradation process of a 

stuffing box were determined. During the project, these causes are threated in a way as is explained 

below, to continue with normal wear of stuffing boxes.    

 Changes of pressure, caused by the shutting down and starting up the system. In other words, the 

number of stops have a negative influence on the failure behavior of a stuffing box presumably. 

Excessive wear is a consequence of this effect.  

This topic is already discussed in for investigating the stochastically dependence of stuffing 

boxes on each other in section 2.3.1. Stuffing boxes over all stages and at all physical positions 

within a system are influenced by the same number and the same stop duration over time. Stops 

will per assumption not affect the lifetimes differently when considering the long run. Therefore 

there is no need to include the effect of stops on the deterioration process. We will neglect the 

effect of stops and changes of pressure on the stuffing boxes. 

 

 The system, physical position and stage of the cylinder  might have an influential effect on the 

degradation process and the lifetime of a stuffing box. Whether this influence is significantly 

different over system, stage or physical position will be tested in section chapter 7, 8 and 9. The 

stage of the cylinder in which a stuffing box is located is determinative, since pressure is 

stepwise increasing into two steps/stages. Besides, the physical position is determinative since 



29 
 

different physical position are subject to different levels of vibration. Also, the system design is 

different for the different systems. Each system contains different types of stuffing boxes and the 

output is different regarding properties of the plastics and quantity per time unit. The 

operational behavior is similar and similar materials are used. Figure 11 is indicating the stages 

and positions of the cylinders in a secondary compressor.  

For dealing with the different factors (system, positions or stage) when estimating the reliability 

distribution, one should test for each factor whether or not a factor is significantly influencing 

the lifetime of the stuffing boxes and whether we can pool the data of the groups within a factor. 

The variation between lifetimes cannot be explained when not controlling the influential factors, 

also called (categorical) control variable in this context. 

In conclusion, we should test whether we can pool the different groups within the following 

control variables (factors): 

o Stage (1st or 2nd stage), tested in chapter 6. The cylinders 1a, 1b, 1c and 1d are 

responsible to increase pressure from 250 to 1100 bar. The cylinders 1a, 2b, 2c, 2d, (2e 

and 2f) are responsible for increasing the pressure further till 2500 bar. There is a 

possibility that wear occurs to a larger extent under high pressure.  

o System (SX, SY and SZ), tested in chapter 7. The output of the system X, Y and Z are 

different in product (all producing polyethylene, but do have different characteristics), 

produce differ output quantities and differ in system design.  

o Physical position (8 or 10 different positions depending on system), tested in chapter 8.  

Each cylinder pair moves in opposite direction and each pair has a different distance to 

the electro motor. It is presumed the stuffing boxes in the cylinder located furthest 

from the electromotor in distance, is most subject to vibrations.   

 

Figure 11: visual picture of one system (X, Y or Z) indicating the stage numbers and original numbering of the cylinder 
position. 

 Other influential factors:  Over time, changes to system design, dependency with other (failed) 

components and the introduction of new auxiliaries were suggested to investigate for their 

influence on the lifetime of a SB. Over years some adaptions and improvements have been made 

in attempt to extend the lifetimes of the stuffing box and the secondary compressor as a whole. 

An example is that a new coating was introduced in 2009 in system Z and resulted presumably 

in reduced lifetimes in the particular plant according to experts. Besides, it is expected that 

compressor X experienced also some reduced lifetimes during the period 2006-2008 as a 

consequence of a less functioning cross head part. To summarize, the next time dependent 

influential factors will be investigated:  
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o System design improvement over the years 2000-2013 for all systems and location. 

Small adaptions to the system design have been applied tending to improve the 

lifetimes of items located in the system (obviously also for the stuffing box). For 

instance the introduction of other materials or adding additional items with specific 

properties (reduction of ethylene emission etc.) should lead to improvements. 

o Introduction of coating over the years 2009-2013 for SZ. A more aggressive auxiliary 

was introduced in order to modify the final product temporarily. Presumably, this has 

reduced the lifetimes of the stuffing boxes. Stuffing boxes which have survived till the 

end of 2012 might have degraded faster as is considered normal. This might result in 

shorter lifetimes when failure takes place after 2012 as well, since they have 

experienced the aggressive coating only at the beginning of their operational life. 

o Failing cross-head part during the period 2006-2008 for SX. Possibly this has influenced 

the lifetimes in a negative way. According Beijens and Sadek (2013) this was 

particularly evident in the lifetimes of stuffing box position 1b, 2a and 2D, respectively 

corresponding with the physical position numbers 2, 5, 8.  

When these factors are of influence, one should distinguish those lifetimes from the ‘normal wear’ 

otherwise it will unfairly influence our statistical results. Inaccurate lifetime estimations as a 

predictor for failure behavior in the future will result.  

 Reasons for replacement 4.2.2
The influential factors on the degradation process listened above can be reasons for variations in 

lifetimes. It is expected that the normal lifetime of a stuffing box is 20,000-30,000 hours for a first 

stage stuffing box and 15,000-20,000 hours for a second stage stuffing box according experts. This 

is considered as ‘normal wear’. It is impossible to find all underlying factors on the degradation 

process and to find all direct reasons for failure.  Consequently, when no reason for failure other 

than the normal degradation is known, it is assumed that the stuffing boxes have failed or are 

preventively replaced as a consequence of  ‘normal wear’.   

Other reason for replacement (corrective and preventive) can be distinguished which will be listed 

below. 

 Secondary damage. The stuffing box is not only replaced because of failure of the stuffing box 

itself. Due to structural dependency (explained in section 2.3.2) damaged components other 

than a stuffing box could be replaced as well.  It should be noted that the stuffing box itself has 

not failed. If damage occurs to the base ring, the central valve, the plunger, front stuffing box or 

the cross head part, the stuffing box should or might be replaced as well depending on the 

location of the secondary damaged component. 

It is hard to distinguish between other component (than the stuffing box) failure from 

manpower mistakes (next listed reason). Other components can fail because of insufficient 

quality or manpower mistakes (for example sharp edges, which result in crack formation). When 

is detected that a component other than a stuffing box has failed, it is always typed as secondary 

damage by assumption. All stuffing box replacement as a consequence of secondary damage will 

be deleted from the dataset for the analysis since they can influence the results negatively. 

Especially when this type of early failure occur more often in a particular stage, position or 

system by chance. 

Around 60% of the stuffing boxes replacement with a lifetime <5000 hours are replaced as a 

consequence of secondary damage. The other secondary damages (>5000 operational hours) 
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will also be removed from the dataset because a stuffing box is not replaced as a consequence of 

‘normal wear’. Other components may be subject to a completely different failure behavior than 

stuffing boxes and are not monitored in the same way as the stuffing boxes. Probably, these 

failures are less predictable than the failure of a stuffing box, since 93% of all replacement of a 

stuffing box due to secondary damages (28/30) are replaced correctively. 

 

 Manpower mistake. The assembly of a stuffing box and the other replaced components is not 

always performed correctly. Especially the assembly of the central valve with the stuffing box 

can contain sharp edges, by inaccurate assembly. This can result in crack formation. The 

injection non-return valve has a rather accurate manual with regard to assembly too. Imperfect 

repair (by Stork) together with incorrect assembly when replacing a stuffing box are mainly 

covered by ‘manpower mistakes’.  

Not all failures due to manpower mistakes are registered and typed as “manpower mistakes”, as 

the reason for failure is difficult to assess. Especially in the first period (below 5000 hours of 

lifetime) the stuffing boxes replacements that contain replacement or revision mistakes (by 

humans) have a high chance of failing according experts. It is therefore recommended to delete 

these early failures from the dataset. These “outliers” should be removed, because this value 

greatly influences the average and standard variation of the lifetimes and does not correspond to 

a realistic lifetimes.  

Obviously, stuffing boxes can fail due to manpower mistakes also when exceeding the level of 

5000 hours of lifetime. It cannot easily be distinguished from normal wear. Therefore all direct  

stuffing box replacements above a lifetime of 5000 hours are kept into the data file for analysis 

and are typed as ‘normal wear’. 

 

 Maintenance design: in principle, the maintenance concept has no influence on the failure 

behavior of the stuffing boxes. Nonetheless, the concept has an influence on the timing of 

replacement of a stuffing box. Maintenance rules will logically have an influence on the 

operational lifetimes and moments of replacement. A SB is not only replaced because of failure 

by normal wear, secondary damage or manpower mistakes. In a predominantly preventive 

policy the end of lifetime is only reached when the stuffing boxes does not reach the triggering 

threshold.  From 2000-2009, a condition-based policy was prevalent, but mainly corrective 

replacement have been carried out as well. Before 2009 corrective and preventive replacements 

occurred alternately. Some very high lifetimes are observed because the condition based 

threshold level was often not reached. In the end a SB failed. After 2009, the small stops were 

introduced as a moment for preventively replacing the stuffing boxes. The failed stuffing boxes 

in between were replaced correctively. When a stuffing box has exceeded a predetermined 

lifetime or a particular number of gas peaks, the stuffing box is replaced. This means, no extreme 

high operational times are observed anymore after 2009. De operational lifetimes can therefore 

be influenced  by the maintenance rules applied.  

Whether or not the maintenance design has an influence on the operational durations should 

statistically be verified. When estimating a reliability distribution for modeling the probability of 

failure, the curve of both policies might be different. When both curves are different, we have to 

select a part of the data set to continue on. Therefore the selection of representative data will be 

performed in section 5.5.1. In this chapter we will test whether the maintenance design during 

2009-2014 has a different impact on the observed operational lifetimes compared to the design 

in 2000-2008 for all systems. 
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The reasons for SB replacements are hard to identify, because the causes of a failure are often 

unexplained. Besides, the reasons for replacement are not accurately listed in the data archive. All 

other reasons for failure are categorized as ‘normal wear’  by assumption.  Short as well as very long 

lifetimes are observed. Reasons for the high variations in the lifetimes of a SB are unknown.  

4.3 Hypothesis testing  
One should control for the factors distinguished in section 4.2. Therefore these factors are also 

called control variables. The influence of categorical control variables on the lifetime of the stuffing 

boxes will be tested later on in the report (chapters 6-8). It will be determined whether lifetime 

data over different factors can be estimated by the same distribution and parameter values. The 

hypothesis that will be tested are listed below for each factor.  

SB location related control variables 

 Cylinder stage 

Stuffing boxes have equal reliability distributions in the first and second stage of secondary 

compressor. 

 System number 

The reliability distributions of the stuffing boxes are equal over different systems 

 Physical position of a cylinder 

The reliability distributions of a stuffing box are equal over the different physical positions (in 

distance from the electro motor) in the secondary compressor.  

Other influential factors over time 

Experts have pointed out some significant adjustments or problematic changes over time to one of 

the systems. It should be questioned whether we can pool all data over the years 2000-2014 for 

testing hypothesis and estimating lifetime. We should test whether the following factors have a 

significant influence on the lifetime. If significant differences are observed we have to decide to 

exclude these datelines from the dataset. These factors over time will be tested in section 5.5. 

 System design:  

The reliability distribution of the stuffing boxes have not changed over time (2000 - 2014).  

 Maintenance concept:  

The reliability distribution of the lifetime of stuffing boxes are equal over time (period 2000-2009 

compared to the  period 2009-2014) also when different maintenance concepts have been applied.  

 Cross head part:  

The reliability distribution of the lifetimes of stuffing box of SX are equal in 2006-2008 to the 

reliability distribution in 2000-2006 and 2008-2013.  

 Aggressive auxiliaries:  

The reliability distribution of the lifetimes of stuffing boxes in SZ are equal in 2009-2013 to the 

reliability distribution in 2000-2009.  

4.4 Conclusion 
It attempts to isolate lifetime data that is most representative as basis for a long term maintenance 

concept and to estimate a reliability distribution on the representative data. Temporarily influences 

or significant changes to maintenance or system design can result in increased as well as decreased 

lifetimes. Qualitative information about underlying factors will help to formulize hypothesis for 
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statistical testing. Finally, statistical test could lead to removing datelines which are not applicable 

or could result in splitting up the dataset into groups for reliability estimation since reliability 

distributions of groups within a factor distinct from each other (system, stage, position).  
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An overview of the topics discussed in this section are 

provided in Figure 12. The main goal of this chapter is to 

prepare the data for testing hypothesis over different 

factors (system, stage, and physical position). After, the 

prepared data, will be used distribution fitting for the 

lifetime distribution and estimating parameters.  

5.1 Data pre-processing 
In this section, available data about stuffing box failure 

and stuffing box characteristics will be discussed. 

Datalines of stuffing box replacement contains unusable or 

incomplete data. Appropriate data pre-processing actions 

will be taken, to obtain a dataset that is reliable and 

complete for estimating lifetime distributions of stuffing 

boxes.  

 Missing data 5.1.1
*Company name* has gathered data of stuffing boxes of all 

systems over the years 2000-2014. Data in SAP starts in 

the year 2000. Not much failure are observed each year in 

each system (± 4), therefore it is decided to use all 

available data. Unless stated otherwise, all replacements 

over the years 1st of August 2000 till the 31th of July 2014 

are considered as data points in statistical analysis. No more data is available, and besides, using 

data in from a very long time ago is with risk, since data can be outdated (not representing the 

current cost and degradation). In these years, the operational lifetimes of 191 stuffing boxes are 

known, but not all information is available for each sample.  Necessary information as the 

maintenance type (preventive, corrective, CBM etc) is only identified for 179 of the stuffing boxes. 

This is important information since preventively repaired stuffing boxes have not reached the end 

of the lifetime, while corrective replaced stuffing boxes do have. In the ‘compressed data file’, cells 

are left blank when data is unavailable. The rows which contain empty cells in critical columns are 

left out of the statistical hypothesis tests of chapter 6-8 and are not included lifetime distribution 

estimating (chapter 9). Critical information for these procedures are lifetime, censoring, system 

type, physical position and stage of a stuffing box. 

 Deleting “outliers” 5.1.2
In the previous chapter it is argued why some of the samples will be deleted from the dataset.  

Some unusual early failures are observed. Manpower mistakes and secondary damage in the first 

phase of the lifetime of a stuffing are decide to exclude from scope by deleting data about the 

replacement of an item with an extremely short lifetime (<5000 hours). This choice is made in 

accordance with experts of *Company name*. Beside deleting the samples with a lifetime <5000 

hours, also the replacements as a consequence of secondary damages when failure occurred after 

5. Sample size analysis and data pre-processing  

Figure 12: overview of topics discussed in this section. 
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5000 hours of lifetime are removed from the dataset. Especially when these the “outliers” occur 

more often in one of the systems compared to the other one, these can influence the statistical 

analysis and reliability distribution fitting negatively.  

 Recoding 5.1.3
For investigating the influence of physical positions, it is necessary to recode the stuffing boxes in 

each system to correspond with the physical position which are comparable over the systems. The 

numbering of *Company name* (pointed out in Figure 13) is therefore not suitable since the 

position of 1a, 1b etc are not corresponding to the physical positions of the stuffing box of system Y 

and Z.  

 

Figure 13: Original cylinder and stuffing box numbering, 1 is indicating first stage, 2 is indicating second stage. The physical 
positions and numbers are pointed out.  

 

Figure 14: Physical cylinder positions recoded so that SX, SY and SZ have the same numbering corresponding to the physical 
position. The fist stage numbers are indicated by the blue lines and second stage stuffing boxes by the green line.  

The physical positions are recoded as pointed out in Figure 14. It should be noted that the physical 

numbering is not corresponding with the stages anymore pointed out by the blue and green colored 

lines in Figure 14.  

Since the opposite located stuffing boxes are even as far located from the electromotor (on the left 

hand of the picture) in distance, it is decided to recode the stuffing boxes into groups as follows: 

Group 1: {1,2)  

Group 2: {3,4} 

Group 3: {5,6}  
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Group 4: {7,8} 

Group 5: {9,10}  

From now on, the recoded ‘physical numbering’ and ‘physical group numbering’ will be used to 

indicate the physical positions of the stuffing box and will be used in the statistical tests of 

paragraph chapter 8.  Physical numbering are the numbers per stuffing box, with 1 indicating the 

distance closest to the electromotor, and 10 furthest. With ‘physical group numbering’ is meant the 

stuffing boxes of equal distance clustered in groups, so physical numbering 1 and 2, are physical 

group numbering 1, as listed above. The recoded numbering is also added in column … of the 

‘compressed’ data file.  

The section will be followed up by testing the influence of covariates (factors) on the degradation 

process and lifetimes of a SB, based on the datasheet after the pre-processing phase, discussed in 

this section.  

5.2 Control variables and failure data 
In all, to make the model reflect the reality as much as possible, grounded decisions will have to be 

taken for data pooling. Influential factors on the degradation process are listed in paragraph 4.2 are 

recognized by *Company name*. Control variables are resulting directly from these influential 

factors. The control variables are subdivided in SB location related control variables and time 

related control variables as distinguished in section 4.3. The control variables have to be chosen 

carefully.  

 Covariate  5.2.1
Some of the hypothesis for testing control variables are intertwined. Co-variation between 

variables is existing. The reliability distribution per physical position may correlate with the 

reliability distributions per stage. Also the maintenance concept (all systems) and the introduction 

of aggressive auxiliaries (in SZ only) may be intertwined.  Therefore the control variables cannot be 

regarded in full isolation. Appropriate statistical test will be used to control for this. Besides, the 

order of execution of test is important. After each test a decision is made on which dataset to 

continue or which groups within a factor should be distinguished. Based on outcomes of the 

previous test, the next test will be executed on the resulting dataset or on the separate groups that 

are distinguished.  Therefore, a first indication of equality of reliability distribution are already 

obtained before the order of tests are determined. 

It is decided to start with testing for the “other influential factors” which may have led to changes in 

the lifetimes over time. These test are only necessary to determine which data is useful for 

statistical testing and lifetime estimation. It is about deleting data or keeping it in the dataset. In 

contrary, the factors (system, stage and physical position) determine whether the dataset is 

necessary to split up and regard each stage/system/physical position independently per group.   

 Right censored data 5.2.2
As mentioned before, some of the replacement are initiated because of failure and have reached the 

end of their lifetime, which is called non-censored data. Others are replaced preventively (before 

failure has occurred), and censored data results from those replacements. Miller (1998) stated that 

three types of single censored data are usually distinguished, which is important when considering 

sampling for a particular distribution. A type I test is terminated after some fixed length of time. In a 

type II test, after some fixed number of failures have taken place the test is terminated. The third 

type of censored data is called random censoring and has to be used in all other occasions. For 
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example, when an experiment has no fixed starting or terminating time. Since the preventive 

replacements are not executed at a fixed point in time, and are also not replaced after a certain 

number of failures, the lifetimes are censored according random censoring. The failures, 

𝑇1, 𝑇2, … , 𝑇𝑛 are independent identical distributed (iid). 𝐶𝑖  are the associated censored points in 

time. 

𝛿 = 𝑋(𝑇𝑖 < 𝐶𝑖) = {
1         𝑖𝑓 𝑇𝑖 < 𝐶𝑖 , 𝑡ℎ𝑎𝑡 𝑖𝑠, 𝑇𝑖  𝑖𝑠 𝑛𝑜𝑡 𝑐𝑒𝑛𝑠𝑜𝑟𝑒𝑑

 0                    𝑖𝑓 𝑇𝑖 > 𝐶𝑖   𝑡ℎ𝑎𝑡 𝑖𝑠, 𝑇𝑖  𝑖𝑠 𝑐𝑒𝑛𝑠𝑜𝑟𝑒𝑑
 

We can only observe cases for which 𝛿=1 (not censored). The binary numbering for censored or 

non-censored data is added in the “compressed” data file. However, the start of each stuffing boxes’ 

lifetime is known. Censoring data to the right should be applied, since the real values of failure are 

not know for the preventively replaced stuffing boxes. They are replaced before the lifetime has 

ended. Censoring from the right removes parts of the distribution curve when a preventive 

replacement has occurred. The only difference to normal what is called ‘right-censored’ data in 

literature (Lewis, 1993 , Miller, 1998) the terminating lifetimes are not fixed. This means, that 

stuffing boxes are not only preventive replaced at time equal to C, but also at other moments, 

observed from quick data analysis. Preventive replacement are observed over the entire range of 

5000-50000 hours of operational lifetime. Censored data point are still very useful for obtaining 

graphical results and for estimating the failure distribution and parameters, according Lewis 

(1995) . For fitting the data to a theoretical distribution (existing distributions, in which parameters 

can be fitted to sample data) probability plotting methods can be applicable when dealing with 

censored data. Fitting is defined as statistical testing whether the H0 hypothesis: “the lifetime fits a 

specific distribution”, should be rejected or not. This distribution fitting will be executed in chapter 

9. It should be noted that it is not possible to use standard formulas for calculating the sample mean 

and variance. In order to estimate the theoretical lifetime distribution best fitting to the observed 

survival curve including right censored data, appropriate measures and test should be applied.  

5.3 Lifetime data and sample sizes 
Failure data is of great interest, for understanding the system behavior and finally for problem 

solving by simulation. Before the statistical tests will be executed for testing influential factors, 

some insights and remarkable facts will be highlighted in this section to obtain general insights and 

will create awareness of the limitations of the data.  

Available data 

141 data points about replaced stuffing boxes are available when removing the outliers and 

secondary damages as described in paragraph 5.1.2. The data about the replacements are gathered 

from three different systems (SX, SY and SZ) over ten different physical positions and are 

containing censored as well as not censored data. The number of samples in each category is 

provided in Table 7. Besides, different stages can be distinguish which is pointed out in Table 8. 

Table 8 is also pointing out the average lifetimes per category, which are in itself not very 

meaningful, since the standard deviation of lifetimes within a category can be high. Insights can be 

obtained in variations between groups, and optionally, striking trends can be extracted. It should be 

noted that censored data points (not failed) cannot be simply compared with not censored data 

since the end of the lifetime has not occurred. Therefore the averages per position (last column) are 

only taken over the not censored data. 
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Table 7: Samples sizes per category of system, censored (yes/no) and physical positions 

  N (Total) N failed (not censored) 
N not failed (censored 
data) 

total 
replaced 

 System X Y Z X Y Z X Y Z   

1 3 5 7 1 1 5 2 4 2 15 

2 5 3 3 3 2 3 2 1 0 11 

3 5 4 6 3 1 5 2 3 1 15 

4 4 3 4 2 2 3 2 1 1 11 

5 5 3 5 4 1 2 1 2 3 13 

6 6 4 7 4 2 4 2 2 3 17 

7 6 5 5 3 3 3 3 2 2 16 

8 9 6 6 7 4 4 2 2 2 21 

9   5 6   2 2   3 4 11 

10   6 5   6 4   0 1 11 

Total 43 44 54 27 24 35 16 20 19 141 

 

 
Only one sample available in the corresponding category 

   Only two samples available in the corresponding category 

 

Table 8: Average lifetimes per category. The stage numbers are indicated in this table by the blue (stage 1) and green (stage 
two) colors.  

  N (Total) N failed (non-censored) N not failed (censored data) Average 

  X Y Z X Y Z X Y Z 
Only not 
censored 

1 33880 19690 17817 39984 18144 16901 30828 20076 20108 20376 

2 23291 18032 23408 27675 17724 23408 16716 18648   23587 

3 21590 15960 26421 23744 13944 28547 18360 16632 15792 25323 

4 25200 20216 25368 22596 20076 17864 27804 20496 47880 19848 

5 19488 37744 19286 18984 32256 22260 21504 40488 17304 21816 

6 24750 28350 16488 23408 23604 16506 27435 33096 16464 20686 

7 21276 25166 19824 19880 25760 17864 22672 24276 22765 21168 

8 15101 20473 23465 16727 21000 25250 9408 19419 19896 20139 

9   17136 22993   10584 20916   21504 24032 16783 

10   18844 16510   18844 16438     16800 17882 

Total 23072 21956 20266 24125 20194 20595 21841 23848 22338 20761 

 

 

  First stage positions 

  Second stage positions 
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The 1st stage contains 58 samples and the 2nd stage contains 83 samples in total. Visually looking 

into the table of lifetimes and number of samples, some matters are noteworthy. The average 

lifetimes within a system, stage, position looking at censored or non-censored data are variable. For 

example, for system X, the longest average lifetime per position is 39984 hours (position 1) and the 

lowest lifetime is 16727 (position 8). When comparing the average numbers, the number of 

samples in each category is also important. Only one sample of system X position 1 is available, 

while seven samples for position 8 are. Within these seven samples, the variation is also very high, 

varying from 6384 till 30912 hours of non-censored data. The same holds for variations between 

samples and lifetimes for system and stage and also for all factors within the censored data 

category. Due to high variations, hypothesis testing will be hampered. For these test, we will not 

compare the averages, but the reliability distribution, which entails the variance as well. Moreover, 

it is impossible to make reliable statements when only one or two samples per category are 

available. Certainly, samples sizes should be taken into account, when testing hypothesis. We 

cannot reject or accept a hypothesis only based on a few samples.  

Besides these samples, no more data is available yet, nevertheless this is still useful for determining 

input parameters (as failure distribution, and distribution parameters) for the simulation model 

and for testing whether data pooling is allowed. When more data becomes available over time, one 

could use the obtained data to execute the parameter estimation and data pooling check again.  

5.4 Statistical test and methods for data pooling 
Before estimating the lifetime distribution options for data pooling should be investigated. In this 
report we distinguish two different type of data pooling, data pooling over time and data pooling 
over groups of SB locations (stage, system, physical position). For data pooling over time, test will 
assess whether a certain event or decision in the data range between the year 2000 and 2014 had 
an influence on the lifetimes of the stuffing boxes. Those test should be performed first to explorer 
whether data is similar over time and is reflecting a ‘normal’ failure behavior. Based on the 
outcomes of the test, it is decided to remove a part of the data, or to keep all data included in the 
dataset. The dataset will serve as input for testing for data pooling over groups of SB locations and 
finally also for distribution fitting. Data pooling over SB locations results in deciding whether the 
reliability curve over different stuffing box position, 
system of stage are equal. If different groups within a 
factor are differentiating form each other, the lifetime 
data should be split into groups. Finally, for each 
separate group, a distribution will be fitted. When 
pooling the data, more data points are available for 
more accurate distribution fitting. On the contrary, 
pooling lifetime data of a category which is 
significantly different from another category will lead 
to false distribution fitting.   
The same test will be applied to both types of data 
pooling. The outcomes of the test result in accepting 
(pooling data is allow) or rejecting (only a part of the 
data is useful or data is divided into groups) the 
hypothesis that are formulated in section 4.3.  
Before testing the hypothesis for data pooling, 

appropriate statistical tests are selected. For the 

overview of the procedure before the distribution 

Figure 15: Overview, of steps to take for estimation of lifetimes, 
as input for the simulation model.  
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and parameters of stuffing boxes can be obtained, Figure 15 is provided.  

Non-parametric models only evaluate the ranking of the event times whereas parametric models 

also take into account the timing of the events, by taking into account probability distribution 

underlying in the failure data. In parametric testing, normality is often an underlying assumptions, 

and therefore a prerequisite for many statistical tests. Whether or not the distribution of the failure 

data is normally distributed has a major influence on the selection of a particular test. The Shapiro-

Wilk test is executed, which is an appropriate test for testing normality for continuous empirical 

distribution with small sample sizes. The next hypothesis will be tested:  

 
(1)  𝐻0: the lifetime distribution is normally distributed for the non-censored data 

𝐻1: the lifetime distribution is not normally distributed for the non-censored data 

For testing normality, we apply the Shapiro-Wilk test on the non-censored data only. When 
including the censored data, the results are not reliable, since they cannot be pooled together. 
 
Table 9: Total data set, test of Normality for censored (0) as well as non-censored (1) data.  

Event Occured Degrees of freedom (df) Significance level (p-value) 
1 86 0.000 
Overall, the non-censored data (event occurred=1) is not normally distributed because the p-value 

is smaller than the significance level (𝛼=0.05) indicated with red in Table 9. The data significantly 

deviates from a normal distribution, therefore the 𝐻0 hypothesis rejected.  

There is still a change that the lifetime distribution within a stage, physical position or system is 

normally distributed, but this cannot be tested. The probability of false rejecting or accepting the 

hypothesis is large, since the samples in each category are very small (sometimes <7, which is 

considered too small in this report). As a consequence of non-significant results for the total 

censored observation, it is decided to apply non-parametric tests, which means no underlying 

distribution is assumed. Yet, this decision has no consequences for the distribution of the empirical 

data. In chapter 9 the distribution will be determine and a normal distribution is still an option.  

It has been discussed before, that lifetime data contains right censored data. Preventive 

replacements, should not be considered as the ‘end of lifetime’. All that is known for sure, is that a 

stuffing box is still in an up-state at that moment in time. An appropriate methods for right 

censored data will be applied to estimate the reliability curve. The Kaplan-Meier product limit 

estimator is well known non-parametric statistic test to estimate the reliability function of the 

lifetime data based on the maximum likelihood method. More information about the Kaplan-Meier 

estimate is provided in Appendix H. Appendix I contains extensive information about the maximum 

likelihood method.  

5.5 Hypothesis testing for data pooling over time 
Whether or not data over different groups can be pooled is assessed by hypothesis testing. If 

underlying factors have changed that are effecting the likelihood of the failure, our results might by 

biased. Biased results because of underlying factors should be removed from the dataset.   

The Log rank, the Wilcoxon test and the Tarone-Ware measures are all appropriate test for 

comparing reliability curves with type I censored data. Basically it is tested whether equality of two 
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or more different reliability curves are equal to each other. The hypothesis 𝐻𝑜: 𝑅1(𝑡) =. . . = 𝑅𝑛(𝑡) is 

evaluated by these specific measures based on the chi-square principle (bron). The three test are 

different in the way the assign weight to particular parts of the curve. The Wilcoxon test assigns 

more weight to the beginning of the curve and the Tarone-Ware assigns most weight to range in the 

middle of the reliability curve (Chrishti et all, 2001). Most stuffing boxes fail of have been replaced 

in between 18,000 and 25,000 hours. These lifetimes are evaluated as normal lifetimes. Some early 

failures and also some extreme lifetimes are observed, but are considered as unusual and therefore 

is the Tarone-Ware the best option in this case. The Log-Rank test is generally seen as the most 

powerful one under the assumption of proportional hazards (Mantel, 1966) and assigns equal 

weight to all parts of the reliability curve. Factors should have proportional hazard rates over 

lifetime during the follow-up period to meet the assumption of the Log-Rank test.  This is indicated 

by the log minus log, (ln(-ln(R(T)) plots, showing parallel lines directly after the start-up. The 

proportional hazard assumption is valid for each factor (stage, system and physical position).  

  

Figure 17: Log minus log plot, proportional hazard observed for the 
factors stages.  

Figure 16; Log minus log plot, proportional hazard observed for the 
factor system number.  
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A significance level of 𝛼 = 0.05  is chosen for rejecting the hypothesis since it is a commonly used 

level. 95 percent confidence is guaranteed that the analysis is correct.   

Over years, maintenance strategies and designs have changed. Any remarkable change, explicitly 

mentioned by experts of *Company name* will be tested in the next paragraphs by testing 

hypothesis.. In case a 𝐻0 hypothesis is accepted, the data is equal and can be pooled. Finally a data 

set will be obtained with data free from underlying factor which might influence the lifetimes of the 

stuffing boxes over time. The selected data is used for  hypothesis testing for data pooling over the 

different factors and finally for distribution fitting.  

In case the data is not sufficient (n<7), hypothesis tests are not reliable. The Kaplan Meier plot and 

also the chi-square measures (Log-Rank and Tarone-Ware) are not powerful and no conclusion can 

be drawn from the tests. It is decided to visually look into the lifetime data and/or lifetime plots 

when data is not sufficient and it will be decide to pool the data when there is no evidence that data 

pooling is not allowed. Owing to this decision, more data is pooled, and the dataset becomes larges, 

which is advantageous for the parameter and distribution fitting in the next chapters. Besides, 

caution should be paid when test over time are overlapping. It is hard to determine which 

influential factor is causing the observed effect. This will be further discussed in the next 

paragraphs.    

 Maintenance concept 5.5.1
The maintenance concept changed in 2009 because replacement were mainly executed in small 

stops instead of applying a condition based policy (as described in section 4.2).This has resulted in 

changes in the proportion of non-censored versus censored data . Since the end of the lifetime is not 

reached for the stuffing boxes which are preventively replaced, the reliability curve is based for the 

two groups could be different. Lifetimes >40.000 operating hours have not occurred after 2009. 

Also the stuffing boxes are mainly  taken out of operation preventively between the 18,000 and 

25,000 operating hours and therefore, the end of lifetime is rarely reached after January 2009. This 

 

 

Figure 18: Log minus log plot, proportional hazard observed for the physical 
positions 
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could explain differences in reliability distribution in comparison to the reliability distribution 

before 2009. It will be tested whether data pooling of data over the entire period (2000-2014) is 

allowed. If not, a selection of data for reliability distribution fitting will and further analysis will be 

chosen.   

To compare the reliability function of both groups with each other, it is decided to cut-off the 

lifetime data after a certain period. In table below, the number of preventive replacements are high 

between 18,000 and 25,000. This is in accordance with the maintenance concept of *Company 

name* has decided to replace stuffing boxes of the second stage between 18.000-22.000 and the 

first stage mainly between 20,000-25,000 operating hours. In the condition based policy most of 

the stuffing boxes are replaced correctively. Since it is not valid to compare censored (preventive 

replacements) with non-censored data (corrective replacements), the reliability curve is cut-of for 

hypothesis testing at 18,000 operating hours.   

Table 10: number of replacements per interval after Jan. 2009 , to obtain the cut-off boundary for the  𝐻0 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠 𝑡𝑒𝑠𝑡 

Interval lower 
boundary (a) 

Interval upper 
boundary (b) 

Number of 
replacement in 
corresponding 
interval [a,b] 

Censored data 
 

Non-Censored data 
 

12000 13000 0 0 0 

13000 14000 1 0 1 

14000 15000 2 2 0 

15000 16000 2 1 1 

16000 17000 3 2 1 

17000 18000 2 0 2 

18000 19000 4 4 0 

19000 20000 4 3 1 

20000 21000 5 3 2 

21000 22000 3 3 0 

22000 23000 1 1 0 

23000 24000 3 3 0 

24000 25000 5 4 1 

25000 26000 0 0 0 

26000 27000 1 1 0 

27000 28000 5 2 3 

28000 29000 1 1 0 

29000 30000 1 1 0 

30000 31000 2 1 1 

31000 32000 3 3 0 

32000 33000 0 0 0 

 

Grouped censored data 

It should be noted, that after 2009 the replacements are grouped in a certain way. Only at a small 

stop a stuffing box can be replaced preventively. In the interval in between preventive replacement 

is not possible. Before 2009 a preventive replacement could be initiated any moment in time. On 

the other hand, it is known for sure that the stuffing box has survived till the moment of 

replacement, and from this perspective stuffing boxes have not been replaced  somewhere in 

between the interval, but at the end of the interval (time between a small stop). This form of 

grouped data is not found in literature in combination with censored data, neither is a way to deal 
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with this type of data. Lewis (1994) and Ebeling (2013) both discuss the combination of grouped 

data in combination with censoring. They both consider grouped data as data consisting of the 

number of failed items within each of a number of time periods, with no information available on 

the specific times within the intervals at which failure took place.  

Testing the 𝑯𝟎 hypothesis 

The next hypothesis will be tested: 

The reliability distribution of the lifetime of stuffing boxes are equal over time (period 2000-2009 

compared to the  period 2009-2014) also when different maintenance concepts have been applied.  

(2)  𝐻0: 𝑅2000−2008(𝑡) = 𝑅2009−2014(𝑡) 

𝐻1: 𝑅2000−2008(𝑡) ≠ 𝑅2009−2014(𝑡) 

 

The 𝐻0 hypothesis states that the reliability curve of the replaced stuffing boxes before Jan. 2009 is 

equal to the reliability curve after Jan. 2009.   

The Kaplan Meijer product limit estimator reliability plot will be provided to obtain insights in the 

two reliability curve and the distance between the curves.  The visual representation of the plot is 

confirmed by calculating the Log Rank (Mantel-Cox) to reject or accept 𝐻0 hypothesis (2) 

In the plot below, the Kaplan-Meier reliability curve is obtained. As explained above, the curve will 

be cut off at a lifetime of 18,000 hours. The blue line indicates stuffing boxes before 2009 and the 

green line after Jan. 2009.  

 

 

Figure 19: Reliability function over entire range, including cut-off boundary 
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Table 11: The Log-Rank and Tarone-Ware test measure, for testing equality of the reliability distributions 

 Test measure df p-value 

Log Rank (Mantel-Cox) 5.402 1 .020 

Tarone-ware 4.088 1 .043 

 
The Log Rank test is calculated for the first part of the failure curve, till the cut-off boundary is 
reached. For calculating the test measure, the population is set equal to the total number of failures 
till the cut-off boundary. Otherwise (in case the total sample size is used) the chi-square statistic 
cannot be calculated in the way it is supposed to be.  
 
A clear difference in reliability curve is observed. Also the Log Rank and Tarone-Ware measure 
both provide a significant output, since the p-value <0.05. Therefore the 𝐻0 hypothesis is rejected. A 
decision is made to continue on the lifetime date of 2000-2008 since for this maintenance concept, 
more breakdowns have occurred. Meaning, the end of lifetime is reached for sure, and therefore 
better information in available for reliability curve estimating compared to the data after 2009. 
Besides the samples size of the group with data during 2000-2008 is larger, which is also 
advantageous. Unfortunately, the most recent data will be lost in this case, which is a clear 
disadvantage.  
 
In literature is found (Bland & Altman, 2004) that “confusing” differences in censoring patterns in 
combination with actual group differences in survival distribution can lead to false conclusions 
when testing equality of reliability curves.  It should be noted, that the test in this chapter is not 
fully reliable because of the different patterns and of censoring in the two groups because of the 
different maintenance concepts. However, this conclusion will therefore only be advantageous for 
the test for the factors system, stage and physical positions. Censoring patterns are approximately 
equal over time now.  
 
From now on, only the data during 2000-2008 is considered which contains a similar pattern of 
censorship per group. The other data (2009-2014) is removed from the dataset, since it is not 
allowed to pool the data of the two groups according to the tested hypothesis in this section. 59 
samples are removed from the dataset. We will continue on 82 samples. 
 
It should be noted that the next hypothesis tests are correlating in a certain way with the 

hypothesis test with the hypothesis in this paragraph. In case the system design improvement  

(paragraph 5.5.2), aggressive auxiliaries introduction (paragraph 5.5.3) or the influence of a failed 

cross head part (paragraph 5.5.4) are causing an effect on the lifetimes, this test (maintenance 

concept) should be reconsidered in case one of the factors has a significant effect on the lifetimes, 

since the factors might correlated with each other.  

 System design improvement 5.5.2
During the years, some minor improvements have been made to improve to the system design of all 

systems. Therefore it has to be checked whether lifetimes have improved over years 2000-2008. 

The number of samples per years are not very high. In Table 12 the samples and their averages are 

provided. By observing the average lifetimes per year, high fluctuations are observed, but no 

increasing trend is observed by looking into the yearly failures. It will not make any sense to test 

whether an individual year is different from the other individual years because of the high 

variation. Dividing the data set in two groups over time will lead to a similar test as has been 
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carried out in paragraph 5.5.1 and will be used to test whether lifetimes have significantly 

improved. The samples sizes per group are sufficient enough (much larger than 7). We will divide 

the dataset over the years 2000-2008 into two groups to test the hypothesis. Group 1 contains data 

over the years 2000 till 2003 and the second group from 2004 till 2008. The samples sizes are 

nearly equal with for this dichotomy. The 𝐻0 hypothesis over two groups is executed to verify these 

observed these suspicions.   

Table 12: Average lifetimes per year for censored and non-censored data.  

  Non-Censored 
(Corr.) 

Censored (prev.) Total 

Year N lifetime av N Lifetime N 

2000 11 24084 1 47880 12 

2001 7 16056 1 19320 8 

2002 9 21989 2 18984 11 

2003 8 22134 2 26712 10 

2004 8 24297 2 15792 10 

2005 7 16848 3 15232 10 

2006 6 18564 1 8568 7 

2007 6 20076 1 24000 7 

2008 7 21624 0  7 

 
Hypothesis test  

The hypothesis test is formulated as followed:  

The reliability distribution of the stuffing boxes have not changed over time (2000 -> 2014) 

(3)  𝐻0: 𝑅2000−2003(𝑡) = 𝑅2004−2008(𝑡) 

𝐻1: 𝑅2000−2003(𝑡) ≠ 𝑅2004−2008(𝑡) 
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Table 13: The Log-Rank and Tarone-Ware test measure, for testing equality of the reliability distributions 

 Test measure df p-value 

Log Rank (Mantel-Cox) .093 1 .760 

Tarone-Ware .078 1 .780 

 

When considering both, the Kaplan-Meier plot and the Log-Rank p-value no significant difference in 

the reliability curve over time is observed. Therefore the 𝐻0 hypothesis is rejected and 

improvement to the lifetimes of the stuffing boxes are not observed.  It is still justified to pool the 

lifetime data over the years 2000-2008. 

 Aggressive auxiliaries 5.5.3
The introduction of aggressive auxiliaries was identified as an exceptional faster failure behavior 

for the years 2008-2013 by experts of *Company name*, only for the stuffing boxes of SZ. There is a 

possibility that the hypothesis test (1) is influenced by this effect since the lifetimes of the stuffing 

boxes are shorter after 2008 than before. This effect could have been caused by the introduction of 

aggressive auxiliaries as well. However, it does not really matter which factor (maintenance 

concept or the introduction of aggressive auxiliaries) has caused the effect that the reliability curves 

are different before and after 2008. For the purpose of data pooling, there is no need to execute the 

next hypothesis test, but it could be interesting to determine whether the introduction of aggressive 

auxiliaries did cause a significant decrease in the lifetimes of the stuffing box. 

The reliability distribution of the lifetimes of stuffing boxes in SZ are equal in 2009-2013 to the 

reliability distribution in 2000-2009.  

Figure 20: Kaplan-Meier reliability plot 𝑅2000−2003 (𝑡) = 𝑅2004−2008 (𝑡) 
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(1)  𝐻0: 𝑅2000−2008,𝑆𝑍(𝑡) = 𝑅2009−2014,𝑆𝑍(𝑡) 

𝐻1: 𝑅2000−2008,𝑆𝑍(𝑡) ≠ 𝑅2009−2014,𝑆𝑍(𝑡) 

Only the stuffing boxes of SZare considered, to avoid the possible influence of the system design on 

the lifetimes of the stuffing boxes. The number of data points are sufficient for executing the test 

(>7 samples for censored data only) and are provided in Table 14. 

Table 14: Sample sizes per category for system Z. 

Sample sizes (n) 2000-2008 2009-2013 
Non-Censored 25 10 
Censored 7 12 

 

 
Figure 21: The Reliability function 𝑅2000−2008,𝑆𝑍 (𝑡) and 𝑅2009−2014,𝑆𝑍 (𝑡) 

Table 15: The Log-Rank test measure, for testing equality of the reliability distributions 

 Test measure df p-value 

Log Rank (Mantel-Cox) .351 1 .554 

Tarone-Ware .396 1 .529 

 
When considering Figure 21 and Table 15, the 𝐻0 hypothesis is not rejected. The survival plot of the 

two groups is very similar. The significant test result of hypothesis (1).  is still valid and it is state 

that the decreased lifetimes after 2008 are due to a change in maintenance concept and are not due 

to the introduction of new auxiliaries. There is no need to reconsider hypothesis (1). The 

maintenance concept is also the reason that the failure after 30,000 hours are not observed for the 

failure data after 2008 in Figure 21.  
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 Cross head part 5.5.4
During the years 2006-2008 another item (the cross head part) resulted in some unexpected early 

failures. After a while it was identified that the cross head part was not functioning properly in 

system X, according experts of *Company name*. It will be tested whether or not the concerning 

stuffing box failures should be removed from the dataset, because they are influencing the lifetimes 

in a way that is not usual. The reliability curve should be representative for the obtaining a failure 

distribution to predict stuffing box failures in general.  

Hypothesis testing 

The reliability distribution of the lifetimes of stuffing box of SX are equal in 2006-2008 to the reliability 

distribution in 2000-2006 and 2008-2013.  

(2)  𝐻0: 𝑅2000−2006,𝑆𝑥(𝑡) = 𝑅2006−2008,𝑆𝑥(𝑡) 

𝐻1: 𝑅2000−2006,𝑆𝑥(𝑡) ≠ 𝑅2009−2008,𝑆𝑥(𝑡) 

The censored sample size numbers are very limited. It will result in low of power of the test, but the 

sample are in fact >7, and therefore the test is still valid.  

Sample sizes (n) 2000-2006 2006-2008 
Non-Censored 17 7 
Censored 0 2 
 

 

Figure 22: The Reliability function 𝑅2000−2006,𝑆𝑥 (𝑡) and 𝑅2006−2008,𝑆𝑥 (𝑡) 

Table 16; Log Rank test measure, for testing equality of the reliability distributions  

 Test measure df p-value 

Log Rank (Mantel-Cox) .001 1 .973 

Tarone-Wale .001 1 .090 
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Hypothesis (2) will not be rejected based on results of the reliability plot for the two groups and the 

very high non-significant output of the Log-Rank test (Figure 20). The data of the failed stuffing 

boxes during the years 2006, 2007 and 2008 are considered ‘normal’ and are therefore not deleted 

from the data file.  

5.6 Conclusion 
In summation, the raw dataset has been prepared for reliability distribution fitting by applying 

different data processing steps and (statistical) analysis.  

Missing data lines and outliers were removed. Variables have been introduced to recode the 

physical positions. Besides the dataset was analyzed in a general way to obtain insights in the 

lifetimes and the different control variables (also called factors). Because we are dealing with 

censored data, appropriate statistical test must be applied to estimate the reliability curve and to 

test for equality of reliability distributions over different groups. Whether data pooling is allowed 

should result from these test. In the previous section is discussed whether lifetime data has 

changed over time. A selection of data if proposed which is most representative for ‘normal’ stuffing 

box failure. It is concluded that the type of maintenance concept (two concepts have been applied 

over years) has a significant result on the lifetimes of the stuffing boxes. Therefore, combining the 

data over both maintenance concepts is not allowed. It is decided to continue on the data over the 

years 2000-2008, since this data is most representative to estimate the failure curve. Most of the 

stuffing boxes have actually reached the end of their lifetime in this period. 

For next chapters, we continue on the data file which is cleaned up and ready for testing which 

factors (stage, system or physical position) have a significant influence on the reliability 

distribution.  
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This chapter investigates the influence of the factor ‘stage’. Two groups are distinguished, the first 

and the second stage. Unfortunately, no literature is found on whether failure of a stuffing box is 

dependent on the pressure a stuffing box is subject to. To gain insights in the relation between stage 

and lifetime, hypothesis will be tested based on the dataset obtained after data processing and 

selection of appropriate data.  

6.1 Hypothesis testing  
The next hypothesis will be tested:  

Stuffing boxes have equal reliability distributions in the first and second stage of secondary 

compressor. 

(3)  𝐻0: 𝑅𝑠𝑡𝑎𝑔𝑒 1(𝑡) = 𝑅𝑠𝑡𝑎𝑔𝑒 2(𝑡) 

𝐻1: 𝑅𝑠𝑡𝑎𝑔𝑒 1(𝑡) ≠ 𝑅𝑠𝑡𝑎𝑔𝑒 2(𝑡) 

 The number of samples available to test this hypothesis is provided in Table 17.  

Table 17: number of samples 

Sample sizes (n) Stage 1 Stage 2 
Non-Censored 28 41 
Censored 5 8 
 

The output of this hypothesis test is provided by using the Kaplan-Meier plot, and the p-values of 

the Tarone-Ware and Log-Rank test. These p-values are used to reject or accept the hypothesis and 

provides the probability that the 𝐻0 – hypothesis is valid. If the p-value is equal to or smaller to the 

significance level of the test (𝛼), it suggests that the reliability distribution of stage 1 are not equal 

to the reliability distribution of stage 2 in this case. The 𝐻0 hypothesis must be rejected in this case.  

 

Figure 23: Kaplan-Meier curve reliability distribution 𝑅𝑠𝑡𝑎𝑔𝑒 1(𝑡)and 𝑅𝑠𝑡𝑎𝑔𝑒 2(𝑡) 

6. Influence of factor “stage” 
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Table 18: Log Rank test measure, for testing equality of the reliability distributions  

 Test measure df p-value 

Log Rank (Mantel-Cox) 2.397 1 .122 

Tarone-Ware 4.089 1 .043 

 

As observed in Table 18 the Log-Rank and the Tarone-Ware do not provides corresponding 

outputs. For this test, the two test measures differ to a relative large extent. The difference between 

the test measures in the statistical output is reasonably due to the long tail at the end of the second 

stage stuffing box. The Tarone-Ware assigns more weight to the middle part of the curve, while the 

Log-Rank assigns equal weight to the entire rang of the distribution curve, also the last part of the 

curve. In the Kaplan-Meier plot is observed that one non-censored very long lifetimes is observed 

which causes the heavy right tail for the second stage stuffing boxes. It is tried to deleting the 

stuffing box with the highest lifetime (55.000 hours), in the second stage and recalculate the Log-

Rank test. The Log-Rank statistic provides a significant output with P=0.035 without. In this case 

the Tarone-Ware statistic is assessed as most appropriate, since the Log-Rank is highly influenced 

by only one sample. The plot of Figure 23 reinforces the difference between the lifetimes in the first 

and second stage stuffing boxes. In all, we conclude on rejecting the 𝐻0 hypothesis. The conclusion 

of the tests confirms the idea that is prevailing at *Company name*.  

6.2 Evaluation of test 
Enough data is available in both stages. The number of non-censored replacement, are relatively 

high in comparison with the censored data. The non-Censored data is the most important indicator 

for the equality of the reliability distribution.  

(1)  𝐻0: 𝑅𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑥 𝑎𝑛𝑑 𝑆𝑌(𝑡) = 𝑅𝑠𝑡𝑎𝑔𝑒 2 𝑆𝑥 𝑎𝑛𝑑 𝑆𝑌(𝑡) 

𝐻1: 𝑅𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑥 𝑎𝑛𝑑 𝑆𝑌 (𝑡) ≠ 𝑅𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑥 𝑎𝑛𝑑 𝑆𝑌(𝑡) 

(2)  𝐻0: 𝑅𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑍(𝑡) = 𝑅𝑠𝑡𝑎𝑔𝑒 2 𝑆𝑍(𝑡) 

𝐻1: 𝑅𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑍 (𝑡) ≠ 𝑅𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑍(𝑡) 

It should be noted that the number of observations at the end of the curve (starting at 35,000 hours 

of lifetime) are very low, since only a few samples cause the right tailed shape of the curve. Till 

35,000 hours, the plot is a good representation of the failure behavior. 

Further, we should control for interaction effects of covariates to avoid that conclusions for 

rejecting the hypothesis are biased by other factors. In case dependency exist among the stage 

number and the system number for example, outputs will no longer be valid. As far as known, no 

statistical test is designed to control for these interaction effects for right-censored data when 

testing for equality of the reliability curve. We will test the next hypothesis.  
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Table 19: Average lifetimes per category and corresponding sample sizes.   

  
Sample size and average lifetime per category (stage-system-physical 

position), only non-censored data 
Total 

  
X Y Z All systems 

 

 N Av. L* N Av. L* N Av. L.* N Av. L* 

1 3 31917 3 17864 5 20361,6 11 22832 

2 5 23284,8 2 18480 4 26947,5 11 23743 

3 8 17660,8 2 25872 6 18424 16 18973 

4 8 16455 7 23040 5 25609,6 20 21048 

5   6 15708 5 19191,6 11 172912 

Total 24 20212,5 20 19891 25 21766 69 20683 

 
First stage stuffing boxes 

 
Second stage stuffing boxes 

* Average lifetime 
 

The averages per category (stage- system- position) are given in Table 19. For system X and Y the 

hypothesis seems to be valid, since the first stage stuffing boxes in each positions contain higher 

average lifetimes that the second stage stuffing boxes. In system Z position group 3 contain lower 

lifetimes than expected in the first stage position. Group 2 contains exceptional higher lifetimes in 

the second stage. It should be noted that the number of samples in each category is not high, while 

the variance in the lifetimes are. It cannot be stated with certainty that the system and physical 

position interact with the stage of  a stuffing box and influence the lifetimes together. Therefore the 

next tests are proposed for further investigation of the interaction between the factors stage and 

system.  

 

 
 

 

Figure 24: Survival curves of the first and second stag stuffing 
boxes of S15 and S16 together. 

Figure 25: Survival curves of the first and second stag stuffing 
boxes of S17 only.  



54 
 

Table 20: Log Rank and Tarone-Ware test measure, for testing hypothesis (1) 

 Test measure df p-value 

Log-Rank (Mantel-Cox) 10.306 1 .001 

Tarone-Ware 9.976 1 .002 

 

Table 21: Log Rank and Tarone-Ware test measure, for testing hypothesis (2) 

 Test measure df p-value 

Log-Rank (Mantel-Cox) 0.899 1 .343 

Tarone-Ware 0.481 1 .488 

 

These tests clarify the suspected interaction effect of the factors. Hypothesis (1) is rejected while 

hypothesis (2) is not. The first and second stage stuffing boxes of SX and SY are different, while the 

first stage and second stage stuffing boxes of SZ are not. From this section is therefore concluded 

that the reliability curves are estimated separately for three groups, schematically represented in 

the next picture.  

 SX and SY SZ 

First  

stage 𝐷𝑎𝑡𝑎𝑔𝑟𝑜𝑢𝑝 𝐼 

𝐷𝑎𝑡𝑎𝑔𝑟𝑜𝑢𝑝 𝐼𝐼𝐼 
Second 

stage 𝐷𝑎𝑡𝑎𝑔𝑟𝑜𝑢𝑝 𝐼𝐼 

Figure 26: Three data groups are distinguished because significant differences are observed in first and second stage of SX 
and SY 

6.3 Conclusion 
The stuffing boxes in the first stage contain higher average lifetimes compared to stuffing boxes in 

the second stage of SX and SY. A SB in the first stage is subject to a lower pressure, which is in 

accordance with the plot and (reviewed) test output.  

From now on, the hypothesis test is resulting a separation in the lifetimes of stage one (for SX and 

SY) and stage two (for SX and SY). For SZ the first and second stage reliability curves are not 

significantly different. Data of system X and system Y is combined. The test in de next chapter will 

provide more insights in the hypothesis testing whether SX and SY are equal to each other or not.  

Rejecting the hypothesis has consequences for distribution fitting of chapter 9, each data group will 

lead to one single reliability curve.  

 

 

 

  



55 
 

 

In the previous chapter it has been discussed that a clear differences in reliability curve is observed 

for the  SZ in comparison with SX-SY because the factor ‘stage’ was interacting with the factor 

‘system’. Biases occurred to the test results and additional test have been executed. The factor 

‘stage’ is influencing the lifetimes of SX and SY while not influencing the lifetimes of SZ. The next 

plots confirm once more, that the lifetimes of SZ show a different failure behavior compared to 

system X and SY in stage 1 and stage 2. For stage 1, the reliability curve is the lowest line, and for 

stage 2 the reliability curve is the upper line of the three systems.  

 

 
 

 

3 data groups have already been distinguished in the previous chapter: 

 Data group I: Stage 1, SX & SY 

 Data group II: Stage 2, SX & SY 

 Data group III: SZ, stage1 & stage 2 

 Whether the reliability curves of SX and SY are equal is not validated by test results and will be 

hypothesized in this chapter. Evaluation of tests are performed in section 7.2. 

7.1 Hypothesis testing 
In words, the hypothesis is reads as follows: 

The reliability distributions of the stuffing boxes are equal over different systems 

Since the first and second stage of SX and SY are significantly different, two hypothesis are 

proposed for testing whether data of both systems can be pooled.  

 

7. Influence of factor “system number” 

Figure 27: Survival curve first stage stuffing boxes Figure 28: Survival curve second stage stuffing boxes 
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(3)  𝐻0: 𝑅𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑥(𝑡) = 𝑅𝑠𝑡𝑎𝑔𝑒 1 ,𝑆𝑌(𝑡) 

𝐻1: 𝑅𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑥(𝑡) ≠ 𝑅𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑌(𝑡) 

 
(4)  𝐻0: 𝑅𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑥(𝑡) = 𝑅𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑌(𝑡) 

𝐻1: 𝑅𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑥(𝑡) ≠ 𝑅𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑌(𝑡) 
 

 

The sample sizes per category are provided below. Note that the first stage stuffing boxes are 

indicated with the blue colour and the second with the green.  

 
Table 22: Samples sizes per category 

  
SX SY 

   

1 3 3 

2 5 2 

3 8 2 

4 8 7 

5  6 

Total 24 20 

First stage stuffing boxes 

Second stage stuffing boxes 

* Average lifetime 

 

 

 

  

 
  

Figure 29: Survival curve first stage stuffing boxes, testing H. (3)  Figure 30: Survival curve second stage stuffing boxes, testing H. (4) 
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Table 23: Log Rank and Tarone-Ware test measure, for testing hypothesis (3) 

 Test measure df p-value 

Log-Rank (Mantel-Cox) 0.017 1 .897 

Tarone-Ware 0.015 1 .903 

 
Table 24: Log Rank and Tarone-Ware test measure, for testing hypothesis (4) 

 Test measure df p-value 

Log-Rank (Mantel-Cox) 0.005 1 .943 

Tarone-Ware 0.093 1 .761 

 
Both, plot and test output provide non-significant results. It is unambiguously stated that SX and SY 

are not significantly different from each other. Both 𝐻0 hypothesis (3) and (4) are not rejected, 

therefore equality of the reliability distribution is assumed. We continue on the 3 data groups 

distinguished in the previous chapter. There is no need to split the data into more parts according 

these tests.  

7.2 Evaluation of the test 
Table 25: Samples size of groups within the second stage. 

 Sample sizes (n) SX SY SZ 
First stage  Non-censored 8 9 11 
 Censored 0 2 3 
Second stage Non-censored 16 11 13 
 Censored 2 2 4 

 
The number of non-censored samples are all >7. It is therefore assumed that the test results are 

reliable.  

Table 26: average lifetimes per category. 

  
Sample size and average lifetime per category 

(stage-system-physical position), only non-censored 
data 

  
X Y 

 N Av. L* N Av. L* 

1 3 31917 3 17864 

2 5 23285 2 18480 

3 8 17661 2 25872 

4 8 16455 7 23040 

5   6 15708 

Total 24 20212,5 20 19891,2 

 
First stage stuffing boxes 

 
Second stage stuffing boxes 

* Average lifetime 
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Figure 31: Physical cylinder positions. The first stage numbers are indicated by the blue lines and second stage stuffing boxes 
by the green line.  

Again, we should test for interaction effect of system number and physical position. Interaction 

effects of the factors ‘stage’ and ‘system’ are already evaluated in the previous chapter. 

Unfortunately, the sample sizes are not sufficient in each category (<7) and besides the positions 

and stages of SX and SY are not comparable (position 1 is a first stage stuffing box in SX, and a 

second stage stuffing box in SY) as pointed out in Figure 31. No evaluation based on the average 

samples can be performed. It is impossible to test the interaction effect of physical position with the 

system number that is reliable.   

The next chapter will continue on testing whether the factor ‘physical position’ on itself has an 

influence on the lifetime. Still the interaction effect with other factors will be neglected.  

7.3 Conclusion 
The reliability distribution of system X and system Y are assumed to be equal, because the tests 

performed result in a non-significant p-value. The visual Kaplan-Meier plot reinforces this 

conclusion. System Z deviates in the reliability function of the stuffing boxes from the other 

systems.  

Interaction effects between the physical position of SX and SY cannot be observed since the system 

configuration is different. In the previous chapter it was already stated that stages of both systems 

differ in reliability function and average lifetimes.   

X  Y & Z 
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This chapter will provide statistical output and plot to test whether the factor “physical position” in 

significantly influencing the lifetimes of a stuffing box. The physical positions are numbered (1, .. ,5), 

with 1 closest to the electro motor and 5 the furthest. When pooling the data, more data points are 

available for more accurate distribution fitting. On the contrary, pooling lifetime data of a category 

which is significantly different from another category will lead to false distribution fitting.  

In all, to make the model reflect the reality as much as possible, grounded decisions will have to be 

taken for data pooling over physical position. 

8.1 Hypothesis testing 
In this chapter, the next hypothesis will be tested:  

The reliability distributions of a stuffing box are equal over the different physical positions (in distance 

from the electro motor) in the secondary compressor.  

The first and second stage of SX and SY contain significant different reliability curves. It is already 

mentioned in the previous chapter that the physical positions of system X and system Y in the first 

stage are not corresponding to each other, because of different system compositions. Neither do to 

physical positions of system X and system Y in the second stage. System Z (data group III) can be 

tested as one group consisting out of 5 physical position. As pointed in the next table, with the 

different colors, 5 hypothesis are tested. The samples sizes per group are provides as well.  

 
System X system Y System Z 

 
Physical 
position 

N, Non 
censored 

N, 
Censored 

Physical 
position 

N, Non 
censored 

N, 
Censored 

Physical 
position 

N, Non 
censored 

N, 
Censored 

stage 
1 

1          3 0 3 2 2 3 5 1 
2         5 0 4 7 0 4 4 2 

stage 
2 

3         8 0 1 4 2 1 6 2 
4 8 2 2 3 3 2 5 1 
    5 6 6 5 5 1 

Figure 32: Samples per category.  

 

(5)  𝐻0: 𝑅𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 1,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑥(𝑡) = 𝑅𝑃𝑜𝑠𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑥(𝑡) 

𝐻1: 𝑅𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 1,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑥(𝑡) ≠ 𝑅𝑃𝑜𝑠𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑥(𝑡) 

(6)  𝐻0: 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 3,𝑠𝑡𝑎𝑔𝑒2,,𝑆𝑥(𝑡) = 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 4,𝑠𝑡𝑎𝑔𝑒2,,𝑆𝑥(𝑡) 

𝐻1: 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 3,𝑠𝑡𝑎𝑔𝑒2,,𝑆𝑥(𝑡) ≠ 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 4,𝑠𝑡𝑎𝑔𝑒2 ,𝑆𝑥(𝑡) 

(7)  𝐻0: 𝑅𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 3,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑌(𝑡) = 𝑅𝑃𝑜𝑠𝑡𝑖𝑜𝑛 4,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑌(𝑡) 

𝐻1: 𝑅𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 3,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑌(𝑡) ≠ 𝑅𝑃𝑜𝑠𝑡𝑖𝑜𝑛 4,𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑌(𝑡) 

8. Influence of factor “physical position” 
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(8)  𝐻0: 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 1,𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑌(𝑡) = 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒2,,𝑆𝑌(𝑡) = 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 5,𝑠𝑡𝑎𝑔𝑒2 ,𝑆𝑌(𝑡) = 

𝐻1: 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 1,𝑠𝑡𝑎𝑔𝑒2,𝑆𝑌(𝑡) ≠ 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒2,𝑆𝑌(𝑡)

≠ 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 5,𝑠𝑡𝑎𝑔𝑒2,𝑆𝑌(𝑡)    𝑓𝑜𝑟 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑝𝑎𝑖𝑟 

(9)  𝐻0: 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 3,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑍(𝑡) = 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑍(𝑡) = 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 1,𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑍(𝑡)

= 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒2,𝑆𝑍(𝑡) = 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 5,𝑠𝑡𝑎𝑔𝑒2,𝑆𝑍(𝑡) 

𝐻1: 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 3,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑍(𝑡) ≠ 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒 1,𝑆𝑍(𝑡) ≠ 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 1,𝑠𝑡𝑎𝑔𝑒 2,𝑆𝑍(𝑡)

≠ 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 2,𝑠𝑡𝑎𝑔𝑒2,𝑆𝑍(𝑡)

≠ 𝑅𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 5,𝑠𝑡𝑎𝑔𝑒2,𝑆𝑍(𝑡)                          𝑓𝑜𝑟 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑝𝑎𝑖𝑟  

 

 
 

 

 

Figure 35: Reliability curves testing H. (7) 

 

 

Figure 36: Reliability  curves testing H. (8)  

Figure 33: Reliability curves testing H. (5) Figure 34: Reliability curves testing H. (6)  
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Stage 1, system X  
hyp. (5) 

Test measure df p-value 

Log-Rank (Mantel-Cox) 2.973 1 .085 

Tarone-Ware 2.752 1 .0987 

 

Stage 2, system X  
hyp. (6) 

Test measure df p-value 

Log-Rank (Mantel-Cox) 0.204 1 .652 

Tarone-Ware 0.057 1 .811 

 

Stage 1, system Y  
Hyp. (7) 

Test measure df p-value 

Log-Rank (Mantel-Cox) 3.048 1 .081 

Tarone-Ware 2.601 1 .107 

 

Stage 2, system Y  
Hyp. (8) 

Test measure df p-value 

Log-Rank (Mantel-Cox) 1.986 2 .371 

Tarone-Ware 1.478 2 .478 

 

Stage 1 and 2, system Z 
Hyp. (9) 

Test measure df p-value 

Log-Rank (Mantel-Cox) 2.633 4 .621 

Tarone-Ware 1.807 4 .771 

 

All output results in not rejecting the 𝐻0 hypothesis, although, the plot of the physical position in 

the first stage of system X and system Y show a large deviation between the two reliability curves.  

On the contrary, in the second stage, the curves are more intertwined. Moreover, the reliability 

curves of the different physical position in system Z do not obviously deviate from each other.  

 

Figure 37: Reliability curves testing H. (9) 
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Since only two positions are compared with each other in the first stage of system X and Y, these 

test do not say much about whether distance from the electromotor is influencing the lifetimes of 

the stuffing box. According this theory, the reliability curve of position 1 in a system should be the 

upper line and position 4 or 5 (depending on the system) should be the bottom line of the reliability 

curves. Since system Z contains all positions, most value is assigned to hypothesis test (9), which 

output contains high p-values, and will for sure not conclude on rejecting the 𝐻0 hypothesis.  

8.2 Evaluation of the test 
The number of samples in each class are provided in the same format as is give in Figure 32 to point 

out the different groups for hypothesis testing. 

Each stuffing box position in each system may have a different lifetime distribution, but the number 

of non-censored data points per physical position in one system is varying from 2 till 8 samples. In 

case the samples for one group <7, the hypothesis test is not seen as valid in this report. The 

reliability curve may be highly dependent on randomness since the variation in stuffing boxes in 

general are high. Reliability of the test can be questioned and limited value can be granted for the 

output of the test.  

Unfortunately, no more data is available and as far as known other approach will not lead to better 

results.  

8.3 Conclusion 
First a conclusion will be provided for chapter 8 only. Afterwards, a general conclusion will clarify 

the main line through the previous chapters.  

  Conclusion chapter 8 8.3.1
The tests are not fully validated because data is not sufficient for making firm statements. However, 

there is no reason to reject one of the hypothesis test based on the test-output. Besides, rejecting 

one of the hypothesis is disadvantageous for the number of samples in each data group.    

  Conclusion chapter 6-8 8.3.2
The probability density function 𝑓𝑠,𝑎,𝑖(𝑡) should be obtained to estimate the number of failure per 

year as input for the simulation model. Also in the mathematical model it is explained that the 

failure distribution is related to the total yearly cost per system. A theoretical distribution will be fit 

to the data, since theoretical distribution function are advantageous for simulation modelling (next 

chapter will explain this into more detail). The aim was to generate failure data for each individual 

stuffing box. Unfortunately, not enough data was available to estimate a probability density 

function, for each combination of system(s), stage (a) and physical position (i). For this reason, the 

option for data pooling was considered. In case the reliability distribution of different stuffing boxes 

were equal to each other, the data has been pooled. For distribution fitting in the next chapter, the 

probability density functions and its parameter values are assumed.  

In all, three data groups are distinguished in the chapters 6, 7 and 8 since reliability curves differ 

between these groups. Also combinations of system and stage are significantly influencing the 

reliability curves of the stuffing boxes, verified by the available data over the years 2000-2008. The 

impact of the physical position on the reliability curve is assessed as negligible.  

Three data groups are distinguished: 
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 Data group I: Stage 1, SX & SY 

 Data group II: Stage 2, SX & SY 

 Data group III: SZ, stage1 & stage 2 

This means, for the estimated probability density functions (PDF) dependent on the s,i,a:  

Group I:  𝑓𝑋,1,1(𝑡)̂ =  𝑓𝑋,1,2(𝑡)̂ = 𝑓𝑌,1,3(𝑡)̂ = 𝑓𝑌,1,4(𝑡)̂   

 

(10)  

Group II:  𝑓𝑋,2,3(𝑡)̂ = 𝑓𝑋,2,4(𝑡)̂  =𝑓𝑌,2,1(𝑡)̂ = 𝑓𝑌,2,2(𝑡)̂ = 𝑓𝑌,2,5(𝑡)̂   

 

(11)  

Group III:  𝑓𝑍,1,3(𝑡)̂ = 𝑓𝑍,1,4(𝑡)̂  =𝑓𝑍,2,1(𝑡)̂ = 𝑓𝑍,2,2(𝑡)̂ = 𝑓𝑍,2,5(𝑡)̂   

 

(12)  

 

In chapter 9, a theoretical distribution will be selected which will fit best to the data of the 

individual groups. Besides, the parameter values for the theoretical distribution will be obtained.    
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According to Ebeling (2010), three methods for estimating survival (reliability) functions are; the 

Product limit estimator, the Kaplan-Meier form of the product limit estimator and the rank 

adjustment method. All mentioned methods are suitable for data singly censored on the right. The 

formulas for computing the sample mean and variance have to be adjusted for this type of data. 

When fitting a distribution these methods can be applied.  

9.1 Empirical and theoretical distributions 
In this report two types of reliability distributions are distinguished; the empirical and theoretical 

distribution. Empirical distributions are directly derived from the data by non-parametric methods 

or distribution free methods. Theoretical distribution are distributions that are already existing and 

can be fitted to sample data by estimating their specific parameter values. The first reason for using 

a theoretical distribution is that not much failure data is available. Especially, at the end of the 

lifetime range (between 40.000 and 60.000 hour) only a few samples have been observed and 

besides no information beyond the range of the available data is provided. A theoretical distribution 

is therefore preferred over using an empirical distribution as input for the simulation model.  

According to Ebeling (2010) the theoretical distribution candidates should be identified first and 

should be based on understanding the underlying proves of the data. Afterwards, the distribution 

parameters should be estimated and a goodness of fit test should be performed for each candidate. 

The candidate with the best fit of the test should be selected. This stepwise procedure is followed in 

the next sections.  

9.2 Identifying the distribution candidates 
 Obtaining general insights 9.2.1

The identification procedure described by Ebeling (2010) is a stepwise approach. It is 

recommended to obtain visual insight into the failure process of the empirical and theoretical 

failure distributions and to compute some descriptive statistics before identifying the distribution 

candidates. Selection of the distribution candidates should be based on understanding of the 

underlying failure behavior. In the section above, some statistical test and visual plots of survival 

function are already provided. A first general impression is already obtained. Also a probability 

density function could be helpful in understanding the flow of the curve for distribution fitting. Also 

obtaining information about the flow of the theoretical distribution curves could be helpful in the 

selection process for identifying distribution candidates.  

The probability of failure should be calculated per interval to obtain the probability density 

function (PDF) out of the Kaplan-Meier reliability curve. The number of bins (number of interval) 

should be determined also for distribution fitting. According to Ebeling (2010) determining the 

proper number of intervals in important to correctly reflect the shape of the probability density 

function. . Use of too many classes results in insufficient summarization of the data and the inability 

to discern the shape of the distribution. If too few classes are used, too much information is lost 

through summarization to property identifying the distribution. A good rule of thumb for the 

number of classes is given by Sturges’ rule (1926):  

9. Distribution fitting of stuffing box lifetimes  
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𝑘 = ⎣1 + 3.3 log10(𝑛)⎦ 
 

(13)  

k=number of classes 

n = sample size, only the non-censored data is used here 

⎣ 𝑥 ⎦ = Round down the integer of  x 

For the three data categories, this implies, we have to estimate the distribution over the data 

binned in k=5 classes (𝑛𝑋 = 19, 𝑛𝑌 = 31, 𝑛𝑍 = 32). Since the data in the beginning of the curve is 

very low and also in the end (probability in some of the data groups is  0), it is decided to bin all 

data over the entire rang [0-60,000] into 6 equal bins of 10,000 hours. Histograms of the 

probabilities of failures in each interval are provided in Figure 38, Figure 39 and Figure 40 to obtain 

insights into the flow of the Probability density curve (PDF).  The probability density is obtained by 

calculating the Kaplan Meier Cumulative failure distribution, F(t), and determining the differences 

of the cumulative probabilities in each interval. The class intervals are given by [𝑎𝑖−1,𝑎𝑖] where 𝑎𝑖−1 

and 𝑎𝑖  are endpoints of the ith class interval. For the distribution being estimated with an assume 

CDF F(x), the failure probability in each class 𝑝𝑖  is calculated as follows: 

𝑝𝑖 = ∫ 𝑓(𝑥)𝑑𝑥
𝑎𝑖

𝑎𝑖−1

= 𝐹(𝑎𝑖) − 𝐹(𝑎𝑖−1) 

 

(14)  

This results in the probability of failure in each interval, the probability density.  

It should be mentioned that the number of samples in each dataset is very limited. Only 6 bins are 
distinguished. Distribution fitting and parameter estimation will strongly react to exceptional 
lifetimes. It is recommended to repeat the distribution fitting procedure when more data is 
available over time.  
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  Selection of distribution candidates 9.2.2
From the visual probability histograms of the empirical data provided above, a positive skewed 

graph can be recognized. A long tail on the right side of the peak is observed. Therefore a particular 

distributions for positively skewed data are explored for estimating the reliability distribution. This 

is Log Normal distribution. Besides a distributions commonly used for survival analysis, the Weibull 

distribution is selected as well. In reliability engineering an exponential distribution is commonly 

used to describe the failure behavior of a system, but has a decreasing probability density curve 

over the entire range [0,∞] and its failure rate is constant over time. This is not corresponding with 

the probability failure and hazard curve obtained in the previous section.  It should be noted that 

the exponential distribution is a special case of the Weibull distribution with shape parameter𝛼 =

1. The exponential distribution is still not excluded from options.  

In the next table it is explained for each of these distributions what their failure function is and 

what they are commonly used for. All of the selected distribution contain non-negative values of t 

(lifetime). A plot is provided to indicate that the curve of the distribution might match to the failure 

data of *Company name*. The set of parameter values determines the particular form of the 

distribution. Different combination of parameters are plotted in one figure for each selected 

distribution.  

 

 

Figure 38: Probability of failure in each interval  in data category I 

 

Figure 39: Probability of failure in each interval in data category II 

 

Figure 40: Probability of failure in each interval in data category  III 
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In the next section, parameter values for each of the selected distribution will be estimated. Finally, 

by evaluating each of the selected distributions, the one with the best ‘goodness of fit’ is chosen as 

input failure distribution for the simulation model.  

9.3 Estimating the values of the parameters 
For each of the distributions selected above, the independent identically distributed samples (x1, 

x2,…xn) are used to estimate the best set of parameter values. The type of censoring in our dataset 

with data from 2000-2009, the lifetimes of the stuffing boxes are all zero immediately after 

replacement. They do not have a fixed end- of –study date and can fail in between or are 

preventively replaced. The type of censoring is not found in combination with parameter 

estimation in literature.  

In the book “Statistical Models and Methods for Lifetime Data” by Lawless (2003) the maximum 

likelihood method is applied for type I random censoring and a type I censoring to the right. Both 

result in the same likelihood function. Basically, the censoring type in the failure data of *Company 

name* is a combination between censoring to the right and random censoring of type I. Censoring is 

only applied to the right, but there is no specific point in time where the experiments ends (which is 
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the case for censoring to the right). On the other hand, censoring as well as failure occur randomly 

over the complete time interval, but all samples have started at lifetime=0 (which is not the case for 

random censoring). Since the maximum likelihood estimation is applicable for both types of 

censored data, we will continue on the method proposed by Lawless (2003). For more information 

it is also recommended to read section 2.2 of this book.   

The estimators to obtain the values of the distribution parameters are obtained by solving the 

derivative of the likelihood function and setting it equal to 0. The optimal set of parameter values 

can be calculated for the maximum of the likelihood function.  The likelihood function (Lawless, 

2003) applicable for right- censored data type I is given in formula (15) 

𝐿 = ∏ 𝑓(𝑡𝑖)𝛿𝑖𝑅(𝑡𝑖)1−𝛿

𝑛

𝑖=1

  

 

(15)  

With 𝑓(𝑡𝑖) and 𝑅(𝑡𝑖) the probability density and reliability distribution sequential, provided in the 

next table. 𝛿𝑖  is either 0 or 1, with 0 corresponding a censored lifetime, and 1 to a non-censored 

lifetime (failure has occurred). The observations i should be given in pairs (𝑡𝑖 , 𝛿𝑖) 

Table 27: f(t) and R(t) distribution for the Log Normal and Weibull distribution 

Parameter 
estimation 

Density and reliability function Parameter explanation  

Log Normal   
𝑓(𝑡𝑖) =

1

𝑥𝜎√2𝜋
𝑒

− 
(ln 𝑡𝑖−𝜇)^2 

2𝜎2  

𝑅(𝑡𝑖) = Φ (
(ln 𝑥 − μ)

𝜎
) 

𝜎 = shape parameter 
𝜇 = log-scale parameter 

Weibull  
𝑓(𝑡𝑖) =

𝛼

𝛽
 (

𝑡𝑖

𝛽
)

𝛼−1

exp (− (
𝑡𝑖

𝛽
)

𝛼

) 

𝑅(𝑡𝑖) =  − exp (− (
𝑡𝑖

𝛽
)

𝛼

) 

 

𝛼 = shape parameter 
𝛽 = scale parameter 

 

More information on the maximum likelihood method is provided in Appendix I. The parameter 

values that maximize the likelihood function are obtained for each individual data class in Table 28, 

Table 29 and Table 30. Also the AIC test indexes are provided. The next section will reflect on these 

values. 

 Data class I: stage 1, SX and SY, n=19  

Table 28: Parameter value estimations for the selected distributions for data class I.  

 Parameter1 Parameter 2 AIC  
Log Normal 𝜇 = 10.36 𝜎 = 0.362 370.09 

Weibull 𝛼 = 2.761  𝛽 = 31587  371.17 
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Data class II: stage 2, SX and SY, n=31 

Table 29: Parameter estimations for the selected distributions for data class II. 

 Parameter1 Parameter 2 AIC  
Log Normal    𝜇 = 9.91  𝜎 = 0.365  564.90 

Weibull 𝛼 = 2.739  𝛽 = 20192  563.13 

 

Data class III: SZ, stage 1 and stage 2, n=32 

Table 30: Parameter estimations for the selected distributions for data class III 

 Parameter1 Parameter 2 AIC  
Log Normal    𝜇 = 10.257 𝜎 = 0.475  543.33 

Weibull  𝛼 = 2.105  𝛽 = 28481  549.70 

 

For each of the data groups, two distribution are fitted, and estimated parameters are obtained. In 

the next section will be determined, which single distribution will fit best, and will finally be 

selected to model the failure behaviour of the stuffing boxes.   

9.4 Goodness-of-Fit  
In the previous section the best set of parameters are chosen for each candidate distribution 

(selected in section 9.2.2 ) in the way it will fit best to the empirical distribution.  Distribution fit is 

defined as a statistical test in order to accept or reject the hypothesis (𝐻0) that the observed failure 

times come from a specific theoretical distribution. 

(16)  𝐻𝑜: 𝑓0(𝑋) = 𝑓(𝑋)                                                                𝑛𝑢𝑙𝑙 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠 

𝐻1: 𝑓0(𝑋) ≠ 𝑓(𝑋) 𝑓𝑜𝑟 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑋     𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠  

𝑓0(𝑋)= theoretical PDF 

𝑓(𝑋)= observed empirical PDF 

Commonly used test measures as the Kolmogorov-Smirnoff (K-S) test and the chi-square test are 

used to assess whether a theoretical distribution fits to the empirical distribution. But when dealing 

with censored data these test procedures are complicated.  

However, the Akaike’s Information Criterion (AIC) is a criterion for selecting among competing 

statistical model that fit best. In this case, likelihood-ratio goodness of fit statics of the two 

distributions are compared. Lower values of the index indicate the preferred model, that is, the one 

with the fewest parameters that still provides an adequate fit to the data (Everitt, 1998). The AIC 

numbers in Table 28, Table 29 and Table 30 indicate the best fit of the two options. How well the fit 

is to the empirical distribution is not obtained. Therefore, the visual plots of the empirical 

distributions are compared with the empirical distribution in the next plots.  
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Figure 41: Empirical 𝑅𝐼(t) function, with 95% conf. bounds 

 
Figure 42: Lognormal 𝑅𝐼(t) function 

 
Figure 43: Empirical 𝑅𝐼𝐼(t) function,with 95% conf. bounds 

 
Figure 44: Weibulll 𝑅𝐼𝐼(t) function 

 
Figure 45: Empirical 𝑅𝐼𝐼𝐼(t) function, with 95% conf. 
bounds 

 
Figure 46: Lognormal 𝑅𝐼𝐼𝐼(t) function 
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As can be observed, all estimated distribution seem to have a good fit to the empirical distribution.  

To summarize, the lognormal distribution is the theoretical distribution fits best to the empirical 

data of data group I and III. The Weibull does for data group II. The parameter values provided in 

Table 31 will be used to estimate the expected number of failure in a certain interval. The 

mathematical and/or simulation model will be covered later on in this report. It will also be 

explained how to obtain the expected number of failure in a certain interval, based on the 

theoretical distribution and its parameters estimated. 

Table 31: Theoretical distribution and parameters that are fitting to the empirical data of each data class. 

Data Class Distribution  Parameter 1 (Scale), 

𝜇 𝑜𝑟 𝛼 

Parameter 2 (Shape), 
𝜎 𝑜𝑟 𝛽 

I Log Normal 𝜇 = 10.36  𝜎 = 0.362 

II Weibull 𝛼 = 2.739   𝛽 = 20192 

III Log Normal    𝜇 = 10.257  𝜎 = 0.475  

The hazard plots corresponding to the estimated theoretical distribution and estimated parameters 

are provided below.  

   
Figure 47 Hazard rate plots for each data group separately 

As can be observed, failure probabilities are increasing till a certain lifetime. For data group I and 

III, the failure rate has become flattened at the end of the curve. It is stated that the failure (hazard) 

rat is not constant or decreasing over time. Therefore a preventive strategy might be advantageous. 

In the next chapter, a maintenance concept will be selected. The failure behavior of the stuffing 

boxes, should be kept in mind.  

9.5 Conclusion 
In this chapter, theoretical reliability distributions of the lifetimes of stuffing boxes are fitted to the 

empirical lifetime distributions, per data group distinguished. The lognormal and Weibull 

distribution are appropriate distributions for the component lifetime and right skewed 

distributions. Based on the method of maximum likelihood estimation for right censored data (type 

I), the parameter set that fits the empirical distribution best, are obtained. Finally, the best 

distribution is chosen for each distinguished data group.  

In the chapters 6-9, sub research question 2 has been answered. The failure distribution and failure 

characteristic are obtained for each stuffing box in a particular system. The stuffing boxes that are 

combined in one data group, are assumed to fail according the same distribution. For obtaining the 
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expected number of failures in a certain interval, the theoretical reliability distribution or the 

cumulative distribution function can be used. In the mathematical and or simulation model, this 

process will further be explained. 
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In the previous chapter the reliability curve is estimated and insights into the failure behavior are 

obtained. In this chapter an appropriate maintenance concept will be selected, based on evaluation 

of the current maintenance concept and concepts found in scientific literature. First, the cost 

structure is provided to obtain insights into which costs are accounted for when a stuffing box 

replaced. In this chapter, maintenance concepts will be introduced (based on literature findings) 

and afterwards, the chosen concept will be implemented in the tool. Minor changes to the proposed 

maintenance concept could be carried out on the basis of the final results, and new insights.  

The main objective should be taken into account by the selection of an appropriate maintenance 

concept. The main optimization objective is defined as follows:  

Minimize the total average yearly cost, including production losses and maintenance cost over infinite 

horizon for replacement of the stuffing boxes.  

Total cost optimization is chosen as optimization criteria since *Company name* is dealing with 

high set-up cost and high production losses, responsible for a large proportion of the maintenance 

cost for the entire secondary compressor. By including production loss in the cost optimization, 

availability for production is also taken into account. It is chosen to minimize cost instead of 

maximize the average netto profit, because profit is highly dependent on other factors as 

economical fluctuations and might give a distorted view when taking averages. Internal 

maintenance calculations at *Company name* are generally provided in terms of costs. The output 

of the simulation tool that will be developed should be comparable with historical data (registered 

in cost instead of profit). An infinite horizon is considered, because no associated terminating 

actions are defined for the system and maintenance of the system. Criteria other than cost that 

should be taken into account for maintenance optimization, are explained in the next section.  

10.1 Maintenance requirements  
Not only the maintenance cost objective, but also other preference should be taken into account, by 

selecting an appropriate maintenance concept for replacement of the SB of *Company name*.  

Safety should be guaranteed. Corrective maintenance is in general is not preferred, since there is a 

risk of additional damage as a result of damaged caused by a significant gas leak. By measuring gas 

peaks in combination with determining the level of congelation, faults can be discovered before 

VGM (safety or environmental risk) cases occur. The safety is guaranteed by immediately shutting 

down the system when congelation is observed or in the case that gas leaks are too high. The 

chance of serious damages or safety risks is neglected, as long as the system is shut down 

immediately after critical measures.  

The reliability department of *Company name* has formulated a long-term goal to reduce the 

unplanned shutdown time. Availability and reliability has become more important over the years. 

Obviously, corrective maintenance can rarely be excluded in an uncertain environment. For 2019, it 

is aimed to reduce downtime as a consequences of unplanned breakdowns from 54 (target 2015) to 

18 days (target 2019), for all plants of *Company name* together. A corrective strategy for the 

stuffing boxes is not desirable from this perspective.  

10. Selection of maintenance concept 
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Overall, a preventive strategy is preferred. Replacement of stuffing boxes can be combined, which 

reduces production losses. Furthermore, a preventive strategy seeks to prevent from failing, 

therefore unplanned breakdowns are limited. It also satisfies the safety criteria at best.   

10.2 Reliability configuration and system characteristics 
In chapter 2 much information has already been provided about the system, the stuffing boxes and 

their configuration. This information should be kept in mind during the selection of an appropriate 

maintenance concept. In short characteristics will be summarizes for the stuffing boxes, the main 

item for optimization. Optimization at the level of the sealing rings is not possible, as is discussed in 

chapter 3.  

The 8 or 10 stuffing boxes per system are configured in parallel active configuration, all stuffing 

boxes should be in an up state for the system to in a working state. The stuffing boxes are installed 

singular, no standby redundancies are present. Failure is time dependent, assuming that the 

deterioration of stuffing box start at the moment a stuffing box is put into operation, during stops as 

well as during production. It is assumed that the stuffing boxes over different positions are not 

identical, at least not  all stuffing boxes. They do not fail according the same reliability distribution. 

Three groups of stuffing boxes have already been distinguished. The hazard plots of the estimated 

distribution are provided in Figure 47. This figure shows that the failure rate is increasing over the 

lifetime, until a certain lifetime. A preventive policy is therefore not excluded and might be 

advantageous. In case the failure rate is constant or decreasing, a preventive maintenance concept 

can be excluded from the options.  

In the next sections, capacity restrictions and the cost structure are provided. Restrictions and 

insights into costs are relevant for the selection of suitable maintenance concepts for *Company 

name*.  

10.3 Resource capacities 
Spareparts 

*Company name* owns a few spare parts of the stuffing box. With the term spare parts is meant 

parts that are in circulation from the moment the stuffing box is replaced till the moment that the 

stuffing box is built in again for fulfilment of its function in the plants. When a SB is not in operation, 

it is positioned in a warehouse, waiting for repair at Stork or it is in repair. 8 or 10 stuffing boxes, 

depending on the system are always in operation and are not counted in the numbers of spare 

parts.  There is a limited number of back-up stuffing boxes available. It should be noted, that 

stuffing boxes differ in composition and used materials over stages. Therefore, a spare part of a 

particular stage can only be used as a back-up part for a stuffing box in that particular stage.   

Manpower 

Four maintenance men are required for the replacement of one single stuffing box, divided in 2 

‘experts’ and 2 ‘less experienced’ practitioners. The number of internal (contracted at *Company 

name* itself) ‘experts’ is limited. They are responsible for maintenance of the 3 different systems, 

not only for replacement of the stuffing box but also for other maintenance activities related to 

other components in the field of static equipment. 

It is possible to hire external maintenance ‘experts’ to extend capacity. The request should be 

submitted 3 weeks before actual replacement will be carried out. Again 2 ‘experts’ should be part of 
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the maintenance team, and internal 2 less experienced maintenance men can assist with the 

replacement. 

At *Company name*, working shifts are used to have maintenance teams available for execution of 

maintenance at a 24/7 basis. Since we are dealing with people, labor restrictions should be 

envisaged. During daytime a team can provide manpower for a contiguous period of about 8 hours 

(called day shift). During night and weekend shifts (with varying lengths) maintenance employees 

can be requested in case a breakdown occurs. In exceptional cases, it can be requested to exceed the 

maximum number of working hours (e.g. when a breakdown occurs a few hours after the start of 

the dayshift). A team can normally not work for more than one shift without taking a break for at 

least 8 hours (1 shift). During the nights and in the weekends one team is always in standby duty, in 

case a breakdown occurs. During small stops it is normally not necessary to work during the night 

for replacement of a stuffing box due to adequate planning. Leastwise, if the planned stop takes 

longer than the time required for executing the predetermined number of stuffing boxes during 

daytime, there is no need to replace stuffing boxes during the night. 

 

During a CBM (condition based) stop based on gas peaks, it is possible to replace 2 stuffing boxes if 

planned at least 5 days before. It is assumed that in a CBM stop 2 stuffing boxes can be replaced, but 

it should be noted that there is a certain risk. If two teams are busy with the replacement of 2 

stuffing boxed, they are not available for other calamities. There is a chance that cost per 

replacement of a stuffing box will decrease, but cost in other systems will increase. It is therefore 

preferred to execute only one stuffing box at once in between two small stops. Opportunistic 

combining the replacement of a stuffing box with the replacement of an (failed) item other than the 

stuffing box could be advantageous in term of labor capacity as well. At least, if maintenance men 

required for maintenance of this other item can be executed by teams other than the teams for 

replacement of the stuffing boxes. One maintenance team is always available for emergency 

situations (also for the other systems) and can be requested during the night or weekend shift, 

hereafter. 

10.4 Cost 
Different types of cost should be taken into account for maintenance optimization. An overview of 

the cost and cost structure is provided in the next figure.  
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Figure 48: An overview of the cost structure 

The subdivision of cost will shortly be explained hereafter 

Preparation cost 

Preparation costs taken into account for the planning of a maintenance activity. Work preparation 

employees make sure that the equipment and maintenance are at the right place at the right time 

for replacement of the stuffing boxes. Furthermore, employees are necessary to unload and 

increase pressure, to shut down and start up the electro motor etc. Preparation costs are part of the 

set-up cost, since they are accounted for per stop.  

Maintenance cost  

These costs include all that is necessary for the actual replacement. Manpower for replacement of 

the stuffing box, materials for revision and replacement of the stuffing box are required. External 

services, for guaranteeing safety or revision of stuffing boxes (Stork, JSC, and A+pluss) are all billed. 

Of course, the services of third parties are composed of manpower cost and materials as well.  

Production losses 

The system needs to be shut down when executing maintenance. During the set-up time pressure of 

the system is unloaded and increased again at the end. No production can take place, resulting in 

reduction of yield. Reduction of yield is accounted as cost. Also during the replacement time, 

production losses occur.  

Spare part related cost 

Costs for having extra stuffing boxes as spare parts cost are accounted. The cost consist of 

depreciation cost and inventory holding cost for each spare part. Purchasing cost for a spare part is 

depreciated over the time till quality of the spare part is insufficient, and cannot be revised 

anymore to an ‘as good as new state’. Holding cost are the cost for storing the spare part in a 

warehouse. A fixed position in the warehouse is reserved. Although, spare parts are not always in 

stock.  

Insights into cost, are obtained in this section, before selecting an appropriate maintenance 

concept. It is important to know that production losses and preparation cost are accounted per stop 

and can therefore be shared when replacements are combined into one stop. Also the capacity 

restrictions, provided in the next section, should become clear first.  

Total cost 

Preparation 
cost 

Maintenance cost 

manpower materials 
services of 

third parties 

production losses 

replacement 
time  

set-up time manpower  

Spare part related cost 

Depriciation 
cost 

Holding cost 
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10.5 Current maintenance concept 
Currently, replacement of the stuffing box takes place preventively during each small spring and fall 

stop. *Company name* prepares the work orders for 2 stuffing box replacements (and 2 front-

stuffing boxes) by default. About three weeks in advance, it is determined based on the measured 

gas peaks which stuffing box should be replaced. If not necessary, prepared replacements are not 

performed. In the period in between a fall and a spring stop, *Company name* executes 

opportunistic replacements (when other components/subsystems have failed) based on condition 

measured peaks. Also corrective replacement is necessary when a component has failed.  

A short evaluation is given based on the experience of parties involved. The replacements in small 

stops, save set-up cost which is assess ad cost advantageous. Unfortunately, peaks occur sometimes 

very sporadic, and plans change last minute, on which stuffing box should be replaced in a small. 

When considering chapter 3, ring failures are not always denoted by peak measures and besides no 

pattern is recognized to predict failure. Opportunistic replacement based on the peaks are 

performed only seldom. Corrective replacements are not avoided, unfortunately, and take place 

occasionally.   

Evaluation of the current maintenance concept, might lead to insights in possible improvements, or 

in ideas for other maintenance concepts.  

10.6 Preventive maintenance policies 
Some preventive maintenance concepts found in literature that are interesting for multi- 

component optimization will be discussed in this section. Production losses as a consequence of 

replacement are high, and replacement of each stuffing box individually results in high production 

losses. Besides, preventive replacement policies might be most advantageous because the failure 

rate (hazard rate) is increasing over lifetime. The Weibull and Lognormal hazard rates are plotted 

in Figure 47.  

Therefore maintenance concepts are discussed that aim to combine the preventive replacements of 

stuffing boxes. Condition based policies are disregarded, since reliable measures are not obtained 

with the current measuring equipment.  The discussed policies in the next subsections are in 

literature distinguished when economic dependence is present between (identical) components 

(Cho and Parlar, 1991, Wang, 2002, Nicolai and Dekker, 2002). The purpose of listing these policies 

is not to obtain a complete overview of maintenance concepts that are optional for the problem that 

is considered in this project. It is only intended to provide insight into some overall concepts 

applied for similar problems. For more information on concepts already proposed, it is 

recommended to read the literature review articles of Dekker, Wildeman & Duijn (1997) and Cho 

and Parlar (1991). Both consider optimization models for multi-items system.   

 Interval based replacement policy  10.6.1
In an interval based replacement policy is in literature, also called group replacement policy. 

preventive replacement is optionally performed on an operating component after a fixed time 

interval t=kT, with k=1,2,3.. Corrective maintenance is performed when a failure occurs. 

Replacement is not required after each interval, as opposed to a block policy. Modifications to the 

standard interval based policy are found in literature (L’ecuyer and Haurie, 1983, Wildeman et al 

1997, Van Dijkhuizen, 2000).  
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In our situation, the stuffing boxes are not considered as identical in failure distribution. Basically, 

the small stop in the current maintenance concept can be considered as an interval replacement.  

 Opportunistic policy  10.6.2
Opportunistic maintenance refers to the scheme in which preventive maintenance is carried out at 

opportunities, either by choice or based on the physical condition of the system. Opportunities can 

occur at planned shutdown (basically also during the small stops of *Company name*), when 

components fail or by clustering.  

In this project only stuffing boxes and a few other components (central valve, basering, front 

stuffing box and injection non-return valve) are considered, to limit the scope of the project. Also 

other components in the complete system SX, SY or SZ can create opportunities. Therefore, this 

might be a good policy for *Company name*. Unfortunately, for this project, the opportunities are 

very limited as a consequence of considering only a limited scope of items. It is therefore hard to 

quantify the number of opportunities.  

 Direct grouping policies 10.6.3
All components are partitioned into a number of groups. The components in a group are always 

jointly maintained with a maintenance interval that is optimal for that group. Groups can be 

assigned based on lifetimes. Such a policy is proposed by Van Dijkhuizen and van Harten (1996). In 

the article of Dekker, Wildeman & van der Duijn Schouten (1997) the direct grouping policy is also 

discussed.  

However, the lifetimes of the stuffing boxes are highly variable. Also in a very early stadium a 

failure can occur. In case a fixed maintenance interval is assigned, and a breakdown occurs in 

between, many unnecessary replacements will be performed (at failure and at the end of the next 

maintenance interval). Besides, workload might be unbalanced when replacing a fixed number of 

stuffing boxes.  This policy is therefore not a decent option.  

 Selection of a policy 10.6.4
After assessing the most obvious options of replacement policies for this particular situation, it 

turns out that the current maintenance approach of *Company name* already is a combination of a 

opportunistic with an interval based replacement policy. Opportunities arise during a small stop to 

replace not only the stuffing boxes, but also other items that require replacement during a stop. 

Production losses can be allocated to all items being replaced in one stop. Setup times are therefore 

reduced. It is decided to choose the maintenance concept close to what is currently carried out. This 

facilitates implementation in practice. Besides, there is no reason to change the strategy of 

performing SB replacement in a small stop.  

Applying small stops in a maintenance concept, in which stuffing boxes can be replaced 

preventively, seems to be advantageous due to following reasons: 

 Other components can be replaced at the same time a stuffing box is replaced. The replacement 

of a stuffing box is very time consuming compared to maintenance (either replacement or 

repair) of other components. Production losses per items can be allocated.  

 A small stop is planned on forehand, materials are available, and optionally external 

maintenance teams can be hired since time allows to arrange it in advance.  
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 Other departments are allowed to plan inventory and sales, since it is already known in advance 

that there will be no production during a given period (the small stop). Unexpected breakdowns, 

resulting in production losses are limited in this maintenance policy. 

 Replacements of more than one SB can be clustered. Set-up time is averaged per stuffing box 

replacement. This is assessed as very efficient in literature (Cho and Parlar, 1991, Wang, 2002, 

Nicolai and Dekker, 2002) under many circumstances, when dealing with multi-component or 

multi- item systems. Calculations of cost according this policy should prove whether this concept 

is also efficient for the problem considered in this report.  

Currently, the stuffing boxes that will be replaced are selected based on conditional measurement, 

which will not be done because of earlier mentioned reasons. The state of a stuffing box cannot be 

observed either. The only plausible indicator to describe deterioration behaviour of a SB is based 

on the lifetimes. An age-based strategy is applied to decide on which stuffing box should be 

replaced.  It should be taken into consideration that assigning a fixed moment to each of the stuffing 

boxes is useful, since synchronization is not guaranteed anymore.  

10.7 Qualitative explanation maintenance concept selected 
From previous section, it is concluded that the current small stop strategy (interval based) is 

selected for modelling. Since capacity is limited, also capacity restriction should be taken into 

account. Qualitative explanation about the maintenance concept proposed is provided in this 

section.  

The current maintenance policy of *Company name* is a combination of a periodic interval-based 

maintenance policy and an age-based policy, which are both well-known policies in the 

maintenance literature (Wang, 2002; Cho & Parlar, 1991). At the end of each interval, an 

opportunity arises to replace a stuffing box preventively during a small stop. In reality the decision 

to replace a particular stuffing box during a small stop is mainly dependent on the lifetime in 

combination with the number of gas peaks. Only the age of a system is considered as a failure 

predictor. Therefore a stuffing box is replaced during a small stop when having exceeded an age-

based threshold limit. The maintenance interval is called ‘small stop interval’ at *Company name*.  

In Figure 49 and example is provided of possible failure behavior to explain the concept. Both axis 

indicated time axis, the x-axis to point out the maintenance intervals, the y-axis to point out the 

operational duration of an SB.  
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Figure 49: Example, dependency of historical failure behavior 

At the start, the lifetime is 0 and increases over time. After each maintenance interval with length T, 

a possibility for replacement occurs. Only when the lifetime of a stuffing box has exceeded the 

threshold level, the stuffing box is replaced preventively, PM (for the red line at 2T). When a failure 

occurs in between (green line) two successive ‘small stops’ the SB is replaced immediately, and 

stays in operation till the lifetime threshold L has been exceeded and an opportunity for 

replacement (during small stop) arises. The item indicated with green has been in operation for 

around 2
2

3
 𝑇 after failure, while the item indicated by the red line was in operation for 2T. This 

example is pointing out that the replacement history is important and cannot be neglected in the 

current situation. The lifetime till replacement of each stuffing box is dependent on the lifetime of 

the formerly replaced SB. The sequence of events that have taken place before replacement of the 

particular stuffing box considered is called replacement history.  

 Literature finding about model for the selected maintenance concept 10.7.1
Age based, interval, failure-and repair limit policies are available to a large extend in literature 

(Wang, 2002). In our model we consider a combination of both an age based policy in combination 

with periodic policies.  

Models with multi items and immediate initiated corrective replacement after failure in 

combination with delayed maintenance moments after failure, are not found in literature. The 

model will become even more complicated when dealing with a forced limited number of 

replacements during a maintenance stop at kT, because of manpower and spare part limitations.   

Many models are found in which a group of units in a system is replaced at a fixed moment (not at a 

multiple of smaller interval), also when a corrective replacement has taken place in between. 

Periodic replacement policies with minimal repair at failures are established (f.e. Barlow and 

Hunter, 1960, Pham and Wang, 1996) as well. But this is not corresponding to our replacement 

model. Minimal repair is not possible.  
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Also Block replacement policies and periodic replacement policies are extensively studied in 

literature. Unfortunately they are always independent of the replacement or failure history of the 

unit according Wang, (2002).  

 General modelling assumption 10.7.2
The following assumptions are made for the modeling of the small stop maintenance concept.  

I.  *Company name* produces 24/7. Each hour of downtime results in production losses 
II.  No other components than the stuffing boxes are considered in the maintenance model. In 

a small stop the stuffing box is the main component for replacement.  
III.  It is possible to foresee (age-based) the number of stuffing boxes that will be replace in the 

next small stop at least three weeks in advance, extra maintenance teams can be hired in 
case this is desired. 

IV.  The system is available to produce again when pressure is increased to the predestinated 
level and the output is of sufficient quality (after broad production has been completed). 

V.  Only corrective replacement, or age-based preventive maintenance during a small stop are 
options for replacement. No other maintenance options are considered. 

VI.  In case a SB spare part is not available when a breakdown has occurred, the system is 
down for a while, till a SB spare part is revised under emergency (called immediate revision 
in this report). 

VII.  Only 1 maintenance team is available for corrective replacement because replacement 
duration will per definition exceed the time left in the corresponding working shift. The 
shift should stay available to take over the replacement. In a CM stop, at maximum one SB 
can be replaced. In a small stop, the entire maintenance team capacity (MT capacity) is 
available for replacement as a consequence of accurate planning.   

  

 Decision variables  10.7.3
For this concept, the next decision variables should be obtained 

- Length of the fixed small stop interval, 𝜏  

- Lifetime threshold per system and stage.  

Also the capacity resources can be varied, therefore some additional decision variables are 

formulated for the extended situation.  

- Number of  SB spare parts (SP) per system and stage  

- Number of internal maintenance teams (𝑀𝑇𝑖𝑛𝑡) 

- Number of external maintenance teams that can be hired in a small stop (𝑀𝑇𝑒𝑥𝑡) 

10.8 Conclusion 
In this chapter an appropriate maintenance concept has been chosen for the replacement of stuffing 

boxes. Insights into the maintenance preferences, system design and cost structure are obtained in 

order to determine what is probably beneficial for the selection of an appropriate maintenance 

concept. Finally, a grounded decision is made. It is chosen to stay close to the current small stop 

maintenance policy. An age based, interval policy will be applied.  

It is preferred to replace the stuffing boxes as much as possible during small stops, because set-up 

cost can be saved when combining stuffing box replacement. Also other components are replaced 

during a small stop, and therefore the production losses can be allocated over the different 
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components that undergo maintenance in the same stop. Due to a limited number of spare parts 

and manpower it is not possible to replace more stuffing boxes that capacity allows for.  

In this chapter, research question 4 has been answered which reads as follows: “Which 

maintenance concept(s) are worth to investigate for the specific maintenance conditions and 

system configuration”. The system configuration has been discussed already in chapter 2. 

Additional information about maintenance conditions and characteristic have been provided in this 

chapter. A maintenance concepts has been selected that is appropriate and worth to investigate into 

more detail.  

This chapter also completes the conceptualization phase defined in the research methodology of 

this thesis. The system characteristics have become clear, data analysis have been performed, and 

the model to be addressed is studied qualitatively.  

The next chapter is concerned with estimation of cost and time related model input parameter 

values. It is aimed to estimate the input parameters to be able to solve the mathematical model and 

determine the (near) optimal decision parameters values. 
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In chapter 9, the lifetime distribution and distribution parameters are already estimated. Besides, 

other input parameters for the mathematical model (or simulation model) should be estimated to 

be able to obtain optimal decision parameter values.  

The cost (𝐶), resource capacity (𝑁), quantity(𝑄), margin (M) and duration (𝑡) parameters are input 

parameters for modeling.  

To keep in mind, the cost and duration of a maintenance activity is schematically provided in Figure 

50. Note that for a small stop the set-up cost are calculated only once independent of the number of 

replacements. While the other costs are dependent on the number of replacements.  

 

Figure 50: Overview of cost and time parameters 

Opportunistic maintenance and condition based maintenance has been and is (to a very limited 

extent) still executed at *Company name*. In the policy proposed, these types are not taken into 

consideration.  The cost and time durations of opportunistic and CBM replacements are stored as 

preventive maintenance in general and might be different to the small stop data for estimating 

parameter values, while all are preventive strategies. Hence, they are not considered for obtaining 

the estimated parameter values in this chapter and are excluded from the data for estimating 

parameters.  

11.1 Cost parameters (C) 
The cost parameter values are obtained from the cost data in the SAP system of *Company name*. It 

should be noted that the cost in one category are highly variable. As shown in chapter 11, the 

mathematical model (and also the simulation mode) is already quite complex. Adding cost 

dependent on the state of the system or assigning a particular distribution will make it even more 

complex. It is therefore decided to keep the cost parameters constant and independent. Besides, no 

regularity or trend distinguished in the cost data. It has been reviewed whether maintenance cost 

increase over operational lifetime, whether cost for revision of stuffing boxes are higher as more 

cores are replaced and whether cost increased over time (2000-2014). None of the reviewed 

factors seem to be valid. Sometimes a revision is requested with urgency because of insufficient 

spare parts in the warehouse. Cost are higher in this case (on average €5000,-), but occur 

infrequent (numbers are unknown) and will not have a major impact on the total cost. 

11. Estimation of other model parameters values 
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The “compressed data file”, with data over the years 2000-2014 contains cost information per 

stuffing box replacement. It should be mentioned that not each data line is complete, also high 

variations are observed. Therefore it is decided to calculate the average cost. Only an average 

estimation is obtained (rounded off to thousands), due to unavailability of data.  

It is examined in the chapters 6, 7 and 8 that three different data groups are distinguished for 

estimating the reliability curve. For cost, it should also be determined whether the cost differ per 

system, stage or physical position. No excessive procedure is performed test whether cost differ 

over factors. The replacement cost are different for the first and second stage since the plunger and 

valves for the first stage is always revised, while for the second stage stuffing box the plunger and 

valves are only revised when necessary. For the second stage stuffing boxes average replacement 

cost are calculated by taking into account the percentage (𝑝 ≈ 0.13) that a plunger or valve 

(𝑝 ≈ 0.05) should be revised. For the systems also separate cost parameters are accounted for 

when necessary. Cost per physical position within a stage are assumed to be equal. It has not been 

mentioned by experts of *Company name*, that stuffing boxes in different physical positions are 

easier to replace or different in composition. In the table the cost parameters values as input for the 

simulation model are provided: 

Table 32: Cost parameters, all numbers are provided in euro per replacement or stop and serve as input parameters for the 
simulation model. 

 System X System Y System Z 
 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 
Replacement cost in euro 

per replacement (𝑪𝑹𝒔,𝒂,𝒊

𝑪𝑴 ) 
𝐶𝑅𝑋,1,𝑖

𝐶𝑀

= 47,000 

𝐶𝑅𝑋,2,𝑖

𝐶𝑀

= 35,000 

𝐶𝑅𝑌,1,𝑖

𝐶𝑀

= 47,000 

𝐶𝑅𝑌,2,𝑖

𝐶𝑀

= 35,000 

𝐶𝑅𝑍,1,𝑖

𝐶𝑀 = 

47,000 

𝐶𝑅𝑍,2,𝑖

𝐶𝑀

= 35,000 

Replacement cost in euro 

per replacement (𝑪𝑹𝒔,𝒂,𝒊

𝑷𝑴 ) 
𝐶𝑅𝑋,1,𝑖

𝑃𝑀

= 46,000 

𝐶𝑅𝑋,2,𝑖

𝑃𝑀

= 34,000 

𝐶𝑅𝑌,1,𝑖

𝑃𝑀

= 46,000 

𝐶𝑅𝑌,2,𝑖

𝑃𝑀

= 34,000 

𝐶𝑅𝑍,1,𝑖

𝑃𝑀 = 

46,000 

𝐶𝑅𝑍,2,𝑖

𝑃𝑀

= 34,000 

Preparation cost PM in 

euro, per stop (𝑪𝑷𝒔

𝑪𝑴) 
𝐶𝑆𝑋

𝐶𝑀 = 3,000 

 

𝐶𝑃𝑌

𝐶𝑀 = 3,000 

 

𝐶𝑃𝑍

𝐶𝑀 = 3,000 

 

Preparation cost CM in 

euro, per stop (𝑪𝑷𝒔

𝑷𝑴) 
𝐶𝑃

𝑃𝑀 = 1,000 
 

𝐶𝑃
𝑃𝑀 = 1,000 

 
𝐶𝑃

𝑃𝑀 = 1,000 
 

Extension of workforce 
during a small stop per 
extra team (𝑪𝑬𝑴𝑻𝒔) 

𝐶𝐸𝑀𝐶𝑋
= 12,000 

 

𝐶𝐸𝑀𝐶𝑌
= 12,000 

 

𝐶𝐸𝑀𝐶𝑍
= 12,000 

 

Extra cost for immediate 
revision, per SB 

𝐶𝑖𝑟𝑋
= 5,000 𝐶𝑖𝑟𝑦

= 5,000 𝐶𝑖𝑟𝑧
= 5,000 

Depreciation cost*, per 
SB 

𝐶𝑑𝑒𝑝𝑟𝑋
= 4,000 𝐶𝑑𝑒𝑝𝑟𝑌

= 4,000 𝐶𝑑𝑒𝑝𝑟𝑍
= 4,000 

Inventory holding cost*, 
per SB 

𝐶𝑖𝑛𝑣𝑋
= 70 𝐶𝑖𝑛𝑣𝑌

= 70 𝐶𝑖𝑛𝑣𝑍
= 70 

* These cost are in euro per spare part per year. 

As can be observed replacement cost and preparation cost of a CM activity are only slightly 

deviating from the cost for a PM activity. The replacement cost of a stuffing box include services, 

man-hours and materials. Man-hour cost are on average 1000 euro higher for an unplanned CM 

activity. Some of the replacements have to be executed during the night, additional labor cost are 

compensated for calling employees. The preparation cost for small stops (CM) are 2,000 euro lower 

as a result of proper planning and availability of tools, manpower (electrical engineers for shutting 
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down and starting up the system) and materials. The proceedings for shutting down and starting up 

the system can be performed faster in these circumstances. Replacement and preparation cost, are 

not much higher for CM replacements. The main advantage of executing PM instead of CM is that 

production losses per stuffing box are much lower when replacements of stuffing boxes can be 

combined.  

11.2 Recourse capacity (N), Quantity (Q) and margin (M)  
In the table below, the numbers are provided for capacity, quantity and production margin per 

system and stage in the current situation. These numbers are obtained from consulting different 

experts at *Company name*.   

Table 33: Capacity, quantity, and production margin parameter estimates 

 System X System Y System Z 
 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 
Number of available 
stuffing box spare parts 
(𝐒𝐏𝒔,𝒂) * 

𝑆𝑃𝑋,1 = 2 𝑆𝑃𝑋,2 = 2 𝑆𝑃𝑌,1 = 2 𝑆𝑃𝑌,2 = 

2* 

𝑆𝑃𝑍,1 = 2 𝑆𝑃𝑍,2 = 

2* 

Number of int. MT in a 
small stop (𝑴𝑻𝒊𝒏𝒕𝒔

) ** 
𝑀𝑇𝑖𝑛𝑡𝑋

=2   𝑀𝑇𝑖𝑛𝑡𝑌
=2 𝑀𝑇𝑖𝑛𝑡𝑍

=2 

Number of ext. MT in 
small stop (𝑴𝑻𝒆𝒙𝒕𝑺

 )** 
𝑀𝑇𝑒𝑥𝑡𝑋

= 1 𝑀𝑇𝑒𝑥𝑡𝑌
= 1 𝑀𝑇𝑒𝑥𝑡𝑍

= 1 

Production quantity in 
tons (𝑸𝒔) 

𝑄𝑋 =12 𝑄𝑌 =20 𝑄𝑍 =24 

Margin in euro/ton (𝑴𝒔) 𝑀𝑋 =236 𝑀𝑌 =236 𝑀𝑍 =236 
* The number of spare parts for the system Y and Z are four in total. The stuffing boxes of SY and SZ are equal 

and are therefore those spare parts can be used to own convenience. But in the simulation model of the next 

section is designed to calculate the cost for one system only. The input parameters for the spare parts are as 

given in this table. 

** Since a small stop for the systems X, Y and Z are never executed simultaneously, it is assumed that always  

a number of x int. or ext. MT are available per system (first and second stage together).    

Due to economical fluctuations, the profit margins are not constant over time and are not always 

equal for the three different system. Therefore the margins are calculated by taking the long run 

averages, and are also internally (at *Company name*) used for computing production losses.  

11.3 Duration parameters (t) 
As indicated in Figure 50 the total maintenance duration is divided into repair time and set-up time. 

During the total duration of a maintenance activity, it is impossible to produce the desired product 

and production losses are a consequent. Estimation of both repair and set-up time are necessary for 

calculation the total cost. 

 Figure 51 is provided to give insights into the total duration and variance in the total maintenance 

duration of corrective maintenance activities only. Beyens and Sadek (2014) investigated the 

variations in maintenance duration and showed that 66% of the replacement in the weekend and 

80% of the replacements in the evenings of a weekday, lasted for a duration above average at 

*Company name*. This can be explained by the fact that these replacements are not planned 

beforehand and will last for a longer time interval without any preparations. Also, the maintenance 

team must be sued, since they are not yet on the spot during these time moments. 
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Figure 51: boxplot with downtime durations for CM stuffing box replacements only. Data during 2000-2013 

 

 

 

 

 

 

 

 

 

The downtime durations for CM replacements of stuffing boxes in are tracked for calculating the 

production losses at *Company name*. Unfortunately no information is stored about the 

replacement and set-up durations for preventive maintenance activities. In a small stop, the other 

components can be replaced too. Allocation of duration and production losses are not tracked. 

Parameter estimation and distribution fitting will therefore be impossible for replacements of the 

stuffing box in a small stop (PM). Appropriate decision are made and explained below.  

  Service time  11.3.1
For corrective and preventive maintenance different methods are applied for estimating the service 

times since total durations for performing a corrective maintenance activity are available, but are 

not for preventive maintenance. For corrective maintenance only total maintenance durations are 

available, but no data is available for service and set-up activities separately. For the replacement 

durations it is assumed that they are constant for all replacements. The values for each system are 

estimated by different experts, among others; maintenance planners and operators. It should be 

noted that the service times for PM replacement during a small stop, are allocated service time. 

During a small stop, several maintenance activities are executed simultaneously. The downtime 

during replacement (service) is therefore not only accounted to the stuffing boxes in practice. Not 

in each small stop, the stuffing box is the main reason for arranging a small stop, but it happens that 

the stuffing boxes are. Therefore an estimation is provided, which is lower than the actual service 

time, in practice. The average service times are given in the next table.  

Table 34: Service time parameter estimations, in hours 

 System X System Y System Z 
 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 
Av. Service time  

(𝐓𝐑𝐬,𝐚,𝐢
𝑪𝑴 )  

TRX,1,i
𝐶𝑀

= 8 

TRX,2,i
𝐶𝑀 =

8  

TRY,1,i
𝐶𝑀

= 8 

TRY,2,i
𝐶𝑀

= 8 

TRZ,1,i
𝐶𝑀

= 8 

TRZ,2,i
𝐶𝑀

= 8 
Av. Service time  

(𝐓𝐑𝐬,𝐚,𝐢
𝑷𝑴 ) 

TRX,1,i
𝑃𝑀

= 6 

TRX,2,i
𝑃𝑀

= 6 

TRY,1,i
𝑃𝑀

= 6 

TRY,2,i
𝑃𝑀

= 6 

TRZ,1,i
𝑃𝑀

= 6 

TRZ,2,i
𝑃𝑀

= 6 
 

  Set-up time 11.3.2
Preventive maintenance  

For preventive maintenance activities, no data is available for set-up durations. It is therefore 
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assumed that these are constant for each small stop. The set-up duration are only accounted for 

once, also when two (or more) stuffing boxes are replaced. In the picture below, an indication of 

durations of different elements for replacement of one stuffing box is provided by maintenance 

planners (of *Company name*).  

1: 2-2.5 h. 2: 6-8 h. 3. 3-4.5 h. 4. 2.5 h.  5. 1 h. 

  set- up time 

  Service time 

1 shut down system, unloading pressure 

   2 actual replacement, including disassembly and assembly 

3 purge gas, increasing pressure 

4 pumping gas and heating up 

5 broad production (insufficient quality) 

 

 

The set-up times are indicated with the green color in Figure 52. A remarkable fact is that the hours 

necessary for replacement are dependent on the system design. The design of system X is smaller 

and is faster in unloading pressure (element 1) and increasing pressure (element 3). Pressure is at 

designated level in a shorter time interval. Data is not available to estimate the preventive set-up 

times. An estimation is based, and a uniform distribution is assumed. The parameter values are as 

follows.   

Table 35: set- times preventive maintenance during a small stop.  

 System X System Y System Z 
 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 
Set-up 
time  
(𝐓𝐒𝐔𝐬

𝑷𝑴) 

TSUX
𝑃𝑀  

𝑈𝑛𝑖𝑓~(8,9) 
TSUX

𝑃𝑀 
𝑈𝑛𝑖𝑓~(8,9) 

TSUY
𝑃𝑀 

𝑈𝑛𝑖𝑓~(10,11) 
T𝑆𝑈Y

𝑃𝑀 
𝑈𝑛𝑖𝑓~(10,11) 

TSUZ
𝑃𝑀 

𝑈𝑛𝑖𝑓~(10,11) 
TSUZ

𝑃𝑀 
𝑈𝑛𝑖𝑓~(10,11) 

 

Corrective maintenance  

Since it is assumed the replacement times are constant for each maintenance activity, the Set-up 

times are calculated by taking the total maintenance duration and subtracting the replacement 

times. For corrective maintenance activities, it is possible to estimate a distribution function.  

However, the data does not seem very reliable. When subtracting 8 hour of repair time, some of the 

values are negative, which is impossible. Two possible explanations are; data is not stored well or 

the repair times are not always around 8 hours for each of the system. Besides very low numbers 

have also been observed as 0.6, 2 hours etc. Values over the years 2000-2014 are used. It is decided 

to remove the negative values to continue with the distribution fitting. The duration for 

replacement seems still very inaccurate and only a small number of values are available (<12 for 

one system) and therefore it is decided to obtain a very general distribution for all systems 

together. Not much time is spend on estimating individual distribution for each system. It is 

strongly recommended to repeat the procedure if data becomes available. The set-up time will not 

differ for first and second stage, since the set-up time is only dependent on the system.  

 

Figure 52: duration and time indication for replacement of a stuffing box. 
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Distribution fitting  

Figure 51 shows that the maintenance durations contains a skewed distribution to the right, which 

is still observed when subtracting the constant replacement times. In the literature is found that 

time to repair (total maintenance duration in our report) is often modeled with a log normal 

distribution (Aitchison and Brown, 1957). The lognormal distribution applies to most maintenance 

tasks and repair actions comprised of several subsidiary of unequal frequency and time duration 

(System Reliability Engineering, 2011). It is chosen to fit the data to this distribution because of its 

widely applicability for modelling repair times. The procedures are repeated as described in the 

chapter for distribution fitting (chapter 9). The following plot of the theoretical distribution with 

fitted parameter values (numbers provided in Table 36) are obtained. 

 

Figure 53: Lognormal distribution with parameters fit to the data 

Table 36: Estimated Log Normal set-up distributions, with parameter values (𝜇, 𝜎 )  

 System X System Y System Z 
 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 
Set-up 
time  
(𝐓𝐒𝐔𝐬

𝑪𝑴)  

TSUs
𝐶𝑀 

~ 𝐿𝑜𝑔 𝑁𝑜𝑟𝑚𝑎𝑙  
(2.174, 0.813) 

TSUs
𝐶𝑀 

~ 𝐿𝑜𝑔 𝑁𝑜𝑟𝑚𝑎𝑙 
(2.174, 0.813) 

TSUs
𝐶𝑀 

~ 𝐿𝑜𝑔 𝑁𝑜𝑟𝑚𝑎𝑙 
(2.174, 0.813) 

TSUs
𝐶𝑀 

~ 𝐿𝑜𝑔 𝑁𝑜𝑟𝑚𝑎𝑙 
(2.174, 0.813) 

TSUs
𝐶𝑀 

~ 𝐿𝑜𝑔 𝑁𝑜𝑟𝑚𝑎𝑙  
(2.174, 0.813) 

TSUs
𝐶𝑀 

~ 𝐿𝑜𝑔 𝑁𝑜𝑟𝑚𝑎𝑙  
(2.174, 0.813) 

 

11.4 Conclusion 
The cost and time related model parameter values have been estimated in this chapter. These 
values have been estimated as accurate as possible with the current available data. When more 
(accurate) data is available, the parameter values can be re-estimated to improve the accuracy of 
the simulation output. Research question 3 has been addressed partly. Cost and time related 
variables are estimated and dependencies of these parameters have been discussed. In the 
conclusion of chapter 12 a complete answer will be provided. 
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In this chapter the maintenance concept proposed will mathematically be modeled for obtaining 

the yearly cost per system per year, by modeling the expected failures of the individual stuffing 

boxes per system. 

It is aimed to calculate the cost and compare the cost to other scenarios or to the current 

maintenance strategy to determine which concept is optimal for the replacement of the stuffing 

boxes. The optimal set of decision parameter values should be obtained as well. Besides, if the 

current concept is mathematically formulized or simulated if necessary, it will provide numerical 

cost outputs for different input values. The current maintenance model will be the basis for further 

(small) improvement(s) of the maintenance concept. This chapter contains the mathematical model 

formulation of maintenance concept explained in previous chapter (section 10.7). First a basic 

periodic interval policy is modeled in combination with an age-based threshold level. Thereafter 

the basic model will be extended by modelling current resource restrictions and a soft second 

threshold level.  

The variables used in this chapter are defined at page XVI of the pre-section of this report. For the 

mathematical model, the renewal theorem is applied, which in an approximated method. The 

renewal theorem makes use of  jumps in time and intervals between events. Events occur at 

random times according a failure distribution. For more information about this modelling 

approach, it is recommended to read chapter 8.5 of the book “Measure Theory and Probability 

Theory” of Krisna & Athreya (2006). Information about reliability and failure distributions is 

provided in Appendix G. Formulas for reliability calculation or failure probability calculation are 

given in this appendix.  

12.1 Introduction  
Each system contains 8 or 10 stuffing boxes subject to failure. All stuffing boxes of one system are 

considered in the maintenance policy simultaneously, because setup and production losses can be 

saved when combining replacements of stuffing boxes. Cost parameter values and failure 

distribution can differ among stuffing box positions or stage numbers within a system resulting 

from chapter 9 (distribution fitting and parameter estimation). Therefore parameters in the cost 

formula will be notated in a general way by using the indicator “s” for system, “a” for the stage and 

“i” for the number of a stuffing box. As a reminder, the stage of a SB corresponds to the differences 

in the amount of pressure that should be sealed. The first stage is distinguished from the second 

stage. The picture to point out the relation between, system, stage and number of a stuffing box is 

provided earlier in this report (Figure 4).   

In Figure 54, an example is provided of two stuffing boxes (i=1,2) which are replaced according to 

the policy discussed and supports the explanation.  

12. Mathematical model 
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Figure 54: Example to clarify the policy with  fixed Interval and an age-dependent threshold level  

The current maintenance concept will be modeled as a combination of an age-based threshold level 

(L) and a fixed interval replacement moment at a multiple of 𝜏. The parameters 𝐿 and 𝜏 are decision 

parameters, as is already discussed in section 10.7.3. The decision parameters will be chosen in a 

way that the total costs (including production losses and replacement cost) are minimized.  

 

When the lifetime L (threshold level) has been exceeded, maintenance is initiated at the first 

preventive maintenance moment immediately after (𝑛𝜏) , with 𝜏 is the interval length (duration 

between two successive small stops). Breakdown can occur during the entire lifetime till L has been 

exceeded and the next small stop is reached at nτ. It is decided to choose L equal to a multiple of the 

interval length (𝐿 = 𝑛𝜏, with n = 0,1,2, ..). L will be determined as the optimal lifetime for 

replacement and PM replacements in a small stop are preferred over CM replacement. It is strived 

to set the decision variable L equal to a lifetime so that the stuffing box will most survive till the end 

of this interval. Resulting in a preventive replacement. The interval length of a PM replacement 

(when starting at a multiple of 𝜏), 𝑇𝑃𝑀 is always equal to 𝐿 when deciding to replace the stuffing 

boxes at a multiple of 𝜏 when 𝑡 ≥ 𝐿. Initiating replacement when 𝑡 ≥ 𝐿  is a decision rule for this 

maintenance concept. There is still a possibility that a corrective failure will occur. In this case, the 

stuffing box, did not reach the age of L. After a CM replacement, the stuffing box is as good as new 

and its lifetime starts at 0 immediately after. It should be noted that a CM replacement will never 

take place at a multiple of 𝜏 by assumption. Therefore a decision should be made to replace the 

stuffing box preventively at 𝑛𝜏 before or after lifetime L has been exceeded. It is decided to keep a 

stuffing box in operation till the next moment for preventive maintenance is reached, when L is 

exceeded in an interval [𝑛𝜏, (𝑛 + 1)𝜏]. This holds only if the previous replacement was a CM 

replacement. The length of a maintenance cycle (T) of the stuffing box installed after a CM 

replacement will be extended in this case, indicated by the “+” sign. In Figure 54 𝐶𝑀+and 𝑃𝑀+ are 

referring to a cycle after a CM activity.  The probability that a CM occurs at exactly 𝑛𝜏 is neglected, 

therefore the maintenance cycle is always extended (𝑇𝐶𝑀+
, 𝑇𝑃𝑀+

> 𝐿).  One should note that 

𝑇𝑃𝑀+
≠ 𝑇𝑃𝑀, indicated as well in the plot below (Figure 54). This has also consequences for the 
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probability that a certain type of failure will occur. Besides it should be noted that a maintenance 

cycle has not the same length for different types of replacements , 𝑇𝑃𝑀+
≠ 𝑇𝑃𝑀 ≠ 𝑇𝐶𝑀+

≠ 𝑇𝐶𝑀. 

Four different types of replacements are distinguished in our maintenance policy: 

TPM = a maintenance cycle starting at a small stop, nτ(always after a PM or PM+ cycle) and 

ending at a preventive replacement at a multiple of τ.   

TPM+
= a maintenance cycle starting somewhere in between two successive small stops (always 

after a CM or CM+ cycle) and ending at a preventive replacement after L has been 

exceeded at a multiple of τ. 

TCM = a maintenance cycle starting at a small stop, nτ (always after a PM or PM+ cycle) and 

ending  at the moment a breakdown has occurred somewhere in between two successive 

small stops before L has been exceeded.  

TCM+
= a maintenance cycle starting somewhere in between two successive small stops (always 

after a CM or CM+ cycle) and ending at the moment a breakdown has occurred 

somewhere in between two successive small stops.  

12.2 Modeling assumptions analytical model 
Before the mathematical model will be presented, some assumptions are listed to simplify the 

model. This will limit the complexity and increase the solvability of the model.  It is indicated 

whether an assumption is realistic or not, also an explanation of the consequences is given. 

I. No distinction is made for a corrective replacement during night or during day time in  
set-up duration and replacement duration. These durations are only considered for 
calculating the downtime. Variability in set-up times (for CM) due to a degree of planning 
e.g. (un)availability of equipment, will be included in parameter estimations, to keep the 
output realistic. This will therefore not be of influence for modelling.   

II. In order to calculate the cycle length, the replacement times are neglected. It should be 
noted that replacement times are being considered for calculating the downtime(CDT). 

III. The maintenance period (τ) is assumed to be constant. 
IV. PM is only possible at a multiple of the cycle τ (at the moment nτ, with n ∈ ℕ).  
V. CM is possible at any point in time, except when the point in time is equal to 𝑛𝜏. The 

probability a CM occurs during a small stop is neglected. The probability this happens is 
very small, besides, the stuffing box will be replaced anyhow at 𝑛𝜏 when the stuffing box 
lifetime has exceeded L. Over the long run, the effect of this assumption can be neglected.  

VI. Both preventive replacement as well as corrective replacement restores the conditions of 
the items to an ‘as good as new state’.  

VII. Items fail according to an (estimated) probability density function f(x) 
VIII. Fixed set-up and downtime cost are counted for each maintenance period nτ, also when 

no PM activity will be executed. This assumption influences the cost in a negative way 
(cost will be higher) in comparison to the actual reality of *Company name*.  

IX. The items within one system fail independently. This assumption is made as far as 
dependencies are not know in reality.  
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XV. A maximum number of replacements, BS, is allowed during a small stop. It is assumed 
that resources are always available for corrective replacement, which will per assumption 
never occur during a small stop.  

XVI. In case the lifetimes of more than B stuffing boxes have exceeded or are equal to L at nτ, 
the one(s) with the longest expected lifetime left till L, are postponed for replacement  at 
(n + 1)τ, one period later. They have to be replaced at latest at (n + 1)τ and cannot be 
postponed again. it is assumed that B at (n + 1)τ will not be exceeded by a number of 
stuffing boxes which have exceed L at nτ and have to be replaced at (n + 1)τ. This 
assumption is unrealistic and is part of the extended situation discussed in section 
12.4.1.Therefore, it will be decided to continue with simulation. 

XVII. The number of maintenance teams and stuffing box spare parts are equal or greater than 
B for each system at each moment in time 

* This assumption will be discussed more extensively in the next section. 

12.3 Mathematical model 
It should be noted that maintenance moments 𝑛𝜏of the different systems are in practice never 

planned at the same moment in time. So also in the extended situation, the total capacity is available 

for each independent system in a small stop. The cost are modeled per system, in this way the 

decision parameter values can be optimized for each individual system and insights into cost per 

system can be obtained. First the objective function will be provided. The expected long run 

average cost (LRAC)  per year, per system are expressed by the next formula:  

𝐿𝑅𝐴𝐶𝑠 = ∑ ∑
𝐸[𝑇𝑉𝐶𝑃𝐶𝑠,𝑎,𝑖]

𝐸[𝐶𝐿𝑠,𝑎,𝑖]

𝐾𝑠,𝑎

𝑖=1

2

𝑎=1

+
1

𝜏𝑠
∗ (𝐶𝑆𝑈𝑠

𝑃𝑀 + 𝐶𝑃𝑠

𝑃𝑀) 

(17)  

X. Two sequential replacements are considered to determine the average cycle length per 
type of replacement and the probability of occurrences of these sequential replacement 
types. *  No other possibilities are considered. It is assumed that we start the first 
maintenance cycle at a multiple of τ. The history before is neglected. By assuming that the 
start of the lifetime of the first sequential replacement takes place at 𝑛𝜏 we neglect the 
chance that the maintenance activity before was a CM replacement. This is necessary 
since it is almost impossible to take into account the entire history in an analytical model.  

XI. After a CM replacement has taken place, the start of the lifetime of a stuffing box is not at 
an integer of the maintenance period (𝑛𝜏). The next replacement will per assumption 

take place at 𝐿 +
𝜏

2
 in case a PM is the next replacement, or in between [0, 𝐿 +

𝜏

2
] for a CM 

replacement.*   
𝜏

2
 is the mean of a maintenance period if constant probability of failure is 

assumed in between 𝑛𝜏 and (𝑛 + 1)𝜏. In reality, the probability of failure will not be 
constant during the entire interval. Therefore, the mean replacement time after CM, will 
deviate to a small extent, dependent on the failure distribution of a particular stuffing box. 

XII. Setup cost (CSUs
) are only dependent on the system numbers (not on the physical 

positions or on the stage number). 
XIII. Replacement cost for a CM replacement (CRs,a,i

CM ) are assumed to be constant with respect 

to operational lifetime. This assumption is realistic because data analysis and expert 
opinions confirm that no link between longevity and cost is detected.   

XIV. The probability that two breakdowns (CM) occur at exactly the same time is neglected. 
This probability is very small (lifetimes are high with respect to the time jumps which are 
used in the discrete models), therefore the assumption is realistic.  
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The expected variable cost per maintenance cycle (𝐸[𝑇𝑉𝐶𝑃𝐶𝑠,𝑎,𝑖]) divided by the expected duration 

of maintenance cycle, is the total variable cost per year. A summation over the cost per year for 

each stuffing box (summation over each stage and number within a stage) is calculated. 
1

𝜏𝑠
∗ (𝐶𝑆𝑈𝑠

𝑃𝑀 + 𝐶𝑃𝑠

𝑃𝑀) are the set-up and preparation fixed cost per year for initiating small stops (it is 

assumed that a small stop is always initiated at 𝑛𝜏). The set-up and preparation cost are counted 

only once per small stop. Initiating a small stop is independent of the number of replacements in a 

small stop and independent of the stage and stuffing box number of the stuffing boxes replaced. The 

maintenance cycle is subdivided in always exactly two sequential maintenance intervals (PM or CM 

maintenance intervals). Basically we calculate the probability of 0, 1 and 2 failure(s) within two 

maintenance intervals (which do not need to have an equal duration). 0 failures indicate two 

sequential preventive maintenance activities at a small stop and no failures in between. At the 

beginning of the two maintenance cycles, a new stuffing box has lifetime 0 at the beginning of the 

fixed maintenance cycle at 𝑛𝜏. 

It is chosen to consider two sequential replacements (either PM or CM) after each other, to take into 

account a certain influence of the failure history. Basically the first period is the history of the 

replacement thereafter. For the first period, all history before the start of this period is neglected as 

also mentioned in assumption X, to avoid limitless numbers of sequential options. Graphically, this 

is shown in the next picture. In orange part of figure Figure 55, is used for calculating the expected 

variable cost during the cycle length (𝑇𝑉𝐶𝑃𝐶𝑠,𝑎,𝑖) and the length of the cycle (𝐶𝐿𝑠,𝑎,𝑖).  

 

Figure 55: failure history and CL subdivided in two maintenance periods.  

For the interval policy in combination with an age-based threshold limit only a corrective or a 

preventive replacement can take place, these are the only options. For 

calculating the average cycle length, the averages per interval should be 

obtained. The interval lengths are dependent on the replacement and on 

the replacement that has been executed in the maintenance interval 

before. After a 𝐶𝑀+ or 𝐶𝑀 cycle,  a new stuffing box does not start at a 

multiple of 𝜏, which makes the calculation more complicate. In the 

Figure 56: options of two 
sequential maintenance 
activities.  
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approach used here, the length and the probability of failure in maintenance interval is calculated 

by considering all possible options. All options for two intervals are pointed out in Figure 56. 

Basically starting at a fixed maintenance cycle, which is starting after a PM activity, is most 

preferred. Therefore only two options are possible CM or PM. After CM, the start of the maintenance 

cycle is not at a 𝑛𝜏, therefore only 𝐶𝑀+and 𝑃𝑀+ are an option.  All possible combinations (4 in 

total) of two sequential maintenance activities will be listed on the next page. A figure is created to 

clarify each option distinguished. In these figures, a 𝑃𝑀 maintenance interval is chosen with a 

duration of 𝐿 = 2𝜏  as an example.  
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Option 
Numbe
r 

1st 
cycl
e  

2nd 

cycle   
Probability Visual clarification of the options 

distinguished 

1 CM 𝐶𝑀+ 
 

P (MCs,a,i(TCM, TCM+
)) 

 

2 PM PM P (MPs,a,i(TPM, TPM)) 

 

3 PM CM P (MPCs,a,i(TPM, TCM)) 

 
 

4 CM 𝑃𝑀+ P (MCPs,a,i(TCM, TPM+
))  

 

Figure 57: A CM cycle followed by a 𝐶𝑀+ cycle. 

Figure 58: A PM cycle followed by a 𝑃𝑀 cycle. 

Figure 59: A PM cycle followed by a CM cycle 

Figure 60: A CM cycle followed by a 𝑃𝑀+ cycle 
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The formula for calculating the 𝐸[𝑇𝑉𝐶𝑃𝐶𝑠,𝑎,𝑖] of the objective function is provided in formula (18) 

𝐸[𝑇𝑉𝐶𝑃𝐶𝑠,𝑎,𝑖] = 

𝑃 (𝑀𝐶𝑠,𝑎,𝑖(𝑇𝐶𝑀, 𝑇𝐶𝑀+
)) ∗ 2 ∗ (𝐶𝐷𝑇𝑠,𝑎,𝑖

𝐶𝑀 + 𝐶𝑆𝑈𝑠

𝐶𝑀 + 𝐶𝑃𝑠

𝐶𝑀 + 𝐶𝑅𝑠,𝑎,𝑖

𝐶𝑀 ) +

𝑃 (𝑀𝑃𝑠,𝑎,𝑖(𝑇𝑃𝑀, 𝑇𝑃𝑀)) ∗ 2 ∗ (𝐶𝑅𝑠,𝑎,𝑖

𝑃𝑀 + 𝐶𝐷𝑇𝑠,𝑎,𝑖

𝑃𝑀 ) +

 𝑃 (𝑀𝑃𝐶𝑠,𝑎,𝑖(𝑇𝑃𝑀, 𝑇𝐶𝑀)) ∗ (𝐶𝐷𝑇𝑠,𝑎,𝑖

𝐶𝑀 + 𝐶𝑆𝑈𝑠

𝐶𝑀 + 𝐶𝑃𝑠

𝐶𝑀 + 𝐶𝑅𝑠,𝑎,𝑖

𝐶𝑀 + 𝐶𝑅𝑠,𝑎,𝑖

𝑃𝑀 + 𝐶𝐷𝑇𝑠,,𝑎,𝑖

𝑃𝑀 ) +

𝑃 (𝑀𝐶𝑃𝑠,𝑎,𝑖(𝑇𝐶𝑀, 𝑇𝑃𝑀+
)) ∗ (𝐶𝐷𝑇𝑠,𝑎,𝑖

𝐶𝑀 + 𝐶𝑆𝑈𝑠,

𝐶𝑀 + 𝐶𝑃𝑠

𝐶𝑀 + 𝐶𝑅𝑠,𝑎,𝑖

𝐶𝑀 + 𝐶𝑅𝑠,𝑎,𝑖

𝑃𝑀 + 𝐶𝐷𝑇𝑠,𝑎,𝑖

𝑃𝑀

 

 

(18)  

The 4 rectangle boxes around the sub-formulas are meant to indicate the four options in the 

equation. The total variable cost per cycle is the probability of occurrence of a particular option 

(options listed and explained on page 95), multiplied by the cost of the corresponding sequential 

maintenance intervals. The variable cost 𝐸[𝑇𝑉𝐶𝑃𝐶𝑠,𝑎,𝑖] consists of setup cost (𝐶𝑆𝑈𝑠

𝐶𝑀)  which are cost 

for shutting down and starting up the system during a breakdown, downtime cost (𝐶𝐷𝑇𝑠,𝑎,𝑖

𝐶𝑀 ) 

resulting in production losses and replacement cost (𝐶𝑅𝑠,𝑎,𝑖

𝐶𝑀 ), including all cost for the replacement 

and revision of one stuffing box. For a preventive replacement, only replacement cost (𝐶𝑅𝑠,𝑎,𝑖

𝑃𝑀 ) are 

counted as variable cost for each single stuffing box replacement are already included in the 

objective function. Obviously, a combination of a CM cycle and a PM cycle will result in both 

variable CM and PM cost. 

It is assumed that replacement time is constant for each replacement. Therefore a fixed time 

duration of replacement (𝑇𝑅𝑠,𝑎,𝑖 ) is counted per type of maintenance activity (CM or PM). 

𝑇𝑅𝑠 , 𝑇𝑆𝑈𝑠, the profit margin (𝑀𝑠) of the production output and the production quantity (𝑄𝑠) are 

dependent on the system and are used to calculate the downtime cost according next formulas.  

𝐶𝐷𝑇𝑠,𝑎,𝑖

𝐶𝑀 = (𝑇𝑅𝑠,𝑎,𝑖 
𝐶𝑀 ) ∗ 𝑀𝑠 ∗ 𝑄𝑠 

  

(19)  

𝐶𝐷𝑇𝑠,𝑎,𝑖

𝑃𝑀 = (𝑇𝑅𝑠,𝑎,𝑖 
𝑃𝑀 ) ∗ 𝑀𝑠 ∗ 𝑄𝑠 

 

(20)  

𝐶𝑆𝑈𝑠

𝐶𝑀 = 𝑇𝑆𝑈𝑠 
𝐶𝑀 ∗ 𝑀𝑠 ∗ 𝑄𝑠 (21)  

𝐶𝑆𝑈𝑠

𝑃𝑀 = 𝑇𝑆𝑈𝑠 
𝑃𝑀 ∗ 𝑀𝑠 ∗ 𝑄𝑠 (22)  

 

𝐶𝑝𝑠
𝐶𝑀 and 𝐶𝑝𝑠

𝑃𝑀 are the maintenance preparation cost. The PM set-up and preparation cost are used in 

the objective function, to calculate the fixed cost per year, as a consequence of initiating small stop. 

The total average cycle length (used in the objective function) is the mean of the average cycle 

lengths of the individual options, expressed by the next formula. 
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𝐸[𝐶𝐿𝑠,𝑎,𝑖] =  𝑃 (𝑀𝐶𝑠,𝑎,𝑖 ((𝑇𝐶𝑀, 𝑇𝐶𝑀+
))) ∗ (𝐸[𝑇𝐶𝑀] + 𝐸[𝑇𝐶𝑀+

])

+  𝑃 ((𝑀𝑃𝑠,𝑎,𝑖(𝑇𝑃𝑀, 𝑇𝑃𝑀))) ∗ 2 ∗  𝐸[𝑇𝑃𝑀]

+ (𝑃(𝑀𝐶𝑃(𝑇𝑃𝑀, 𝑇𝐶𝑀))) ∗ (𝐸[𝑇𝑃𝑀] + 𝐸[𝑇𝐶𝑀])

+ 𝑃 (𝑀𝐶𝑃𝑠,𝑎,𝑖(𝑇𝐶𝑀, 𝑇𝑃𝑀+
)) ∗ (𝐸[𝑇𝐶𝑀] + 𝐸[𝑇𝑃𝑀+

])  

(23)  

 

The expected cycle length of a system is the probability of occurrence of the options 1,2,3 or 4 

multiplied by the cycle length of each single option. In the objective formula the total variable cost 

are divided by the expected cycle length, for each stuffing box in a system.  

The probabilities of each option of two sequential replacements in accordance with the options 

listed can be calculated by equations (24), (25), (26), (27)  

Option 1: 

𝑃 (𝑀𝐶𝑠,𝑎,𝑖(𝑇𝐶𝑀, 𝑇𝐶𝑀+
)) = ∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡 ∗ ∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡

𝐿𝑠,𝑎,𝑖+
𝜏𝑠
2

0

𝐿𝑠,𝑎,𝑖

0

 

 

(24)  

Option 2: 

𝑃 (𝑀𝑃𝑠,𝑎,𝑖(𝑇𝑃𝑀, 𝑇𝑃𝑀)) = ∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡 ∗ ∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡
∞

𝐿𝑠,𝑎,𝑖

∞

𝐿𝑠,𝑎,𝑖

 

 

(25)  

Option 3:  
 

𝑃 (𝑀𝑃𝐶𝑠,𝑎,𝑖(𝑇𝑃𝑀, 𝑇𝐶𝑀)) = ∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡
∞

𝐿𝑠,𝑎,𝑖

∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡
𝐿𝑠,𝑎,𝑖

0

 

 

(26)  

Option 4:  

𝑃 (𝑀𝐶𝑃𝑠,𝑎,𝑖(, 𝑇𝐶𝑀, 𝑇𝑃𝑀+
)) = ∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡

𝐿𝑠,𝑎,𝑖

0

∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡
∞

𝐿𝑠,𝑎,𝑖+
𝜏𝑠
2

 

(27)  

 

The formula of option 4 will be explained into more detail, since both a preventive and a corrective 

cycle is used, also one having an extended cycle length, 𝑃𝑀+. The other formulas are derived in the 

same way.  

The probability that option 4 (in formula (11) will occur is determined by the probability of failure 

(∫ 𝑓(𝑡)𝑑𝑡
𝐿𝑠,𝑎,𝑖

0
) somewhere in the interval [0,L] multiplied by the probability of surviving 

(reliability)hereafter over the entire interval [0, 𝐿𝑠,𝑎,𝑖 +
𝜏𝑠

2
 ]. The reliability 

 𝑅 (𝐿𝑠,𝑎,𝑖 +
𝜏𝑠

2
) = 1 − 𝐹 (𝐿𝑠,𝑎,𝑖 +

𝜏𝑠

2
) = ∫  𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡

∞

𝐿𝑠,𝑎,𝑖+
𝜏𝑠
2

, with f(t) and R(t) are the density and 

reliability function of a particular stuffing box. The probability of surviving is taken between 0 and 

𝐿𝑠,𝑎,𝑖 +
𝜏𝑠

2
 , since replacement after a CM maintenance cycle does not start at a multiple of 𝑛𝜏𝑠. The 
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next preventive replacement will take place at the next multiple of 𝜏 after L has passed. Therefore, 

the maintenance interval is extended with approximately 
𝜏𝑠

 2
  on the long run for a constant failure 

rate for failure during a maintenance period, [𝑛𝜏𝑠, (𝑛 + 1)𝜏𝑠]. This assumption is also added in the 

assumption list, number XI. 
𝜏𝑠

2
 is half of a maintenance period 𝜏𝑠. This assumption is only made to 

calculate the extended period, if the previous replacement was not at a multiple of 𝜏𝑠. This 

assumption is not used for calculating lifetime. Any theoretical distribution can be used to calculate 

the probabilities of failure and survival. 

After each replacement, the stuffing box is as good as new, and the age will be 0 at the beginning of 

a lifetime.   

The mean time to breakdown in a certain interval [a,b) is equal to integral of the reliability function 

over this range. The mean time to replacement 𝑇𝐶𝑀, 𝑇𝐶𝑀+
, 𝑇𝑃𝑀 , 𝑇𝑃𝑀+ 

are calculated in the formulas 

below.   

𝐸[𝑇𝐶𝑀] = ∫ 𝑅𝑠,𝑎,𝑖(𝑡)𝑑𝑡
𝐿𝑠,𝑎,𝑖

0

  
(28)  

𝐸[𝑇𝐶𝑀+
] = ∫ 𝑅(𝑡)𝑑𝑡

𝐿𝑠,𝑎,𝑖+
𝜏𝑠
2

0

 

 

(29)  

𝐸[𝑇𝑃𝑀] = 𝐿𝑠,𝑎,𝑖 (30)  

𝐸[𝑇𝑃𝑀+
] ≈ 𝐿𝑠,𝑎,𝑖 +

𝜏𝑠

2
 

(31)  

Since it is decided to choose L as a multiple of 𝑛𝜏, the maintenance cycle of a PM replacement is 

always equal to L. Therefore 𝑇𝑃𝑀 = 𝐿𝑠,𝑎,𝑖  holds.  𝑇𝑃𝑀+
is approximately equal to 𝐿𝑠,𝑎,𝑖 +

𝜏𝑠

2
 .   

12.4 Extension, modeling restrictions 
In reality, *Company name* faces limitations in the number of execution of stuffing boxes during a 

small stop because of manpower or spare part limitations. Therefore the basic cost model of section 

12.3 should be extended by modelling the restriction.  

The maintenance resources are best utilized if the workload is distributed over several small stops. 

Accumulation of replacements in a small stop is disadvantageous because a risk exists that 

resources are not sufficiently available and replacement should be postponed to the next 

maintenance cycle (resulting in greater risk for breakdown). In the model presented in this section 

restrictions are modeled to obtain a more realistic model of reality by extending the basic model of 

section 11.1. Possibilities for extension of resources arise when it is advantageous from cost 

perspective, and will be investigated later on in this report when numerical output is generated (by 

simulation).    

 Modeling restrictions 12.4.1
The number of SB that can be replaced in a particular small stop is restricted by the minimum of 

available spare parts (SP) and maintenance teams (MT), indicated by B. For each SB replacement a 

spare part corresponding to the right system and stage is necessary and also one maintenance 

team. B is the maximum number of stuffing boxes that can be replaced and is expressed by the next 

formula.  
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𝐵 = 𝑚𝑖𝑛[𝑁𝑆𝑃𝑠,𝑎
, 𝑁𝑀𝑇𝑠

] 

 

(32)  

In case the lifetimes of more than B stuffing box have exceeded or are equal to L at 𝑛𝜏, only B 

stuffing boxes can be replaced. The one(s) with the longest expected lifetime left after L are 

postponed for replacement at (𝑛 + 1)𝜏, one period later. In practice it is also an option to hire 

external maintenance teams. First a model will be derived for without this option, if the model 

results in a solvable model, also this extension can be extended. Step by step, the model is increased 

in complexity.  

 For the corrective replacements, the capacity restrictions will not have any limitations, since 

chance of more than one failure at exactly the same moment is neglected (always exactly CM per 

stop). The manpower capacity and spare parts are always  available for corrective replacement as is 

listed in the assumption list number XV. Option 1 (CM – CM+) in the basic mathematical model 

remains unchanged so formula (4) and (7) are still valid in the extended model with restrictions.  

Only 𝑃 (𝑀𝑃𝑠,𝑎,𝑖(2𝑇)) and T will be determined for the other options (2,3 and 4), since the cost 

function remains unchanged. We continue on modeling with capacity restriction at the end of each 

period 𝑛𝜏, a possible moment for preventive replacement.  

Option 2: PM -> PM  

Per definition, a PM replacement will not take place after L since, capacity restriction can force to 

postpone the replacement till next small stop. Within two maintenance cycles, four possibilities can 

be distinguished pointed out in Figure 61, with B is the maximum number of stuffing box 

replacement allowed in one stop. In each cycle the options exist of having PM performed at L and 

one for having PM performed at L + τ because the resources (manpower or spareparts) are not 

available at L. Hence, PM is initiated one small stop later if the stuffing box is still in an up state at 

that moment. Again any history is neglected before the first period, 

and any future after the second period as well. Basically, the model 

becomes an abstraction of reality. Unfortunately, considering more 

than two maintenance intervals, will result in complex analytical 

solving. Analytical modelling is not a good option anymore due to 

oversimplification. The formulas for only option 2 (PM -> PM) are 

provided to obtain insights into the process and probabilities that 

need to be calculated. It is decided to continue on simulation, after 

providing insights into the modelling behavior of the system in this 

section. These insights can be used for simulation modelling as well.  

The probability of two PMs in sequential order will be calculated 

according the next formula. 𝑋𝐿 is the number of stuffing boxes that 

have exceeded lifetime threshold L at a small stop moment. 

 

 

 

 

Figure 61: four options 
distinguished in two cycles. 
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𝑃 (𝑀𝑃𝑠,𝑎,𝑖(2𝑇𝑃𝑀)) = (∑ 𝑃(𝑋𝐿𝑠,𝑎,𝑖
= 𝑧) 

𝐵

𝑧=0

)

2

(∫ 𝑓𝑠,𝑎,𝑖  (𝑡)𝑑𝑡
∞

𝐿𝑠,𝑎,𝑖

)

2

+ 

2 ∗ ∑ 𝑃(𝑋𝐿𝑠,𝑎,𝑖
= 𝑧) 

𝐵

𝑧=0

∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡
∞

𝐿𝑠,𝑎,𝑖

∑ 𝑃(𝑋 = 𝑧) 

∞

𝑧=𝐵+1

∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡
∞

𝐿𝑠,𝑎,𝑖+𝜏𝑠

+ (∑ 𝑃(𝑋𝐿 = 𝑧)

∞

𝐵+1

)

2

(∫ 𝑓𝑠,𝑎,𝑖(𝑡)𝑑𝑡
∞

𝐿𝑠,𝑎,𝑖+𝜏𝑠

)

2

 

 

(33)  

In words, the probability of not exceeding B is equal to  ∑ P(X𝐿𝑠,𝑎,𝑖
= z) B

z=0  and the probability of 

exceeding B is equal to  ∑ P(X𝐿𝑠,𝑎,𝑖
= z)∞

z=B+1 . A stuffing box which has exceeded threshold level L 

but is allowed for replacement since X𝐿𝑠,𝑎,𝑖
 (number of stuffing boxes which have exceed L) ≤ B is 

operational till L with a chance of ∑ P(X𝐿𝑠,𝑎,𝑖
= z) B

z=0 ∗ ∫ f(t)dt
∞

𝐿𝑠,𝑎,𝑖
. In case XL > 𝐵 the stuffing box 

will be replaced one interval (τ) later with a probability of ∑ P(XL = z)∞
B+1 ∗ (∫ f(t)dt

∞

𝐿𝑠,𝑎,𝑖+τ
).  

𝑇𝑃𝑀 will not be simply equal to the interval length 𝜏 but can be expressed as followed:  

𝐸[𝑇𝑃𝑀] = ∑ 𝑃(𝑋𝐿𝑠,𝑎,𝑖
= 𝑧) 

𝐵

𝑧=0

∗ 𝐿 + ∑ 𝑃(𝑋𝐿𝑠,𝑎,𝑖
= 𝑧)

∞

𝐵+1

∗ (𝐿𝑠,𝑎,𝑖 + 𝜏𝑠) 

 

(34)  

The probability of not exceeding B (∑ P(X𝐿𝑠,𝑎,𝑖
= z)) B

z=0 and the probability of exceeding B ( 

∑ P(X𝐿𝑠,𝑎,𝑖
= z)∞

B+1 ) are not easy to obtain with exact methods by model solving, since principles of 

queuing theory must be applied and will result in complex mathematical models for this situation. 

The probability that exactly X𝐿𝑠,𝑎,𝑖
 stuffing boxes in one system have a lifetime of ≥ 𝐿 at nτ should be 

calculated. We will continue on modelling by making use of simulation, which will better suit to 

complicated models as this. When using simulation also the possibility of hiring external 

maintenance teams will be considered and will be included in the total cost function. 

12.5 Simulation instead of analytical model solving 
In the previous section was described that continuing on mathematical modelling the expected 

numbers of stuffing boxes that have exceed the lifetime threshold in a small stop, with considering 

capacity restriction will be time consuming and will result in complicated formulas. Simulation is a 

better method to model the system behavior. The simulation model will be implemented in 

simulation software. Random failure times will be generated according the estimated failure 

distribution. The cost formulas will be implemented and the expected number of failure per year 

will be approximated. By making use of scenario analysis, numerical output will be provided for 

different combinations of input values for the set of decision 

parameters (𝐿𝑠,𝑎,𝑖 , 𝜏𝑠, 𝑁𝐸𝑀𝑇 , 𝑁𝐼𝑀𝑇 , 𝑁𝑆𝑃𝑠,𝑎
). The values for the combination of decision parameters will 

be chosen in a way that is cost optimal (minimizing cost). Numerical output will also lead to 

recommendation and possibly to insights for model improvement, to make the maintenance 

concept even better in terms of cost.  
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12.6 Conclusion 
At the end of this chapter, answering sub research question 3 has been completed. Total yearly cost 

function has been expressed, which is the objective function for minimizing the total cost. This 

function is subdivided in many other mathematical function including relations between cost and 

time related variables.  

In this chapter, it has been attempted to model the age-based small stop maintenance concept 

mathematically. The formulas for calculating the expected number of failure per year result in large 

complexity, especially when modeling the resource restrictions. Unfortunately, many simplification 

are required in order to solve the model analytically. The model will not reflect reality anymore. 

Therefore it has been decided not to solve the model analytically.  

Model solving and determining optimal values for the decision parameters will be accomplished via 

a simulation approach. For simulation modelling, the same maintenance concept is used and 

therefore the mathematical model of this chapter will provide insights in how to model this 

maintenance concept with a simulation approach. The final tool for maintenance decision support 

will also be based on simulation instead of exact methods. 

The first part of sub research question 5 has been answered in this chapter as well, which reads as 

follows: “how can we translate a maintenance concept (with its decision rules) into a mathematical 

model or into a simulation based model solving approach (if analytical solving results in models 

that are too complex)”. The mathematical relations between input and decision parameter have 

been established based on the maintenance concept that has been selected in chapter 10. Further it 

is decided that a simulation model solving approach is desired. In the next chapters, we will 

continue on answering this research question by providing the simulation model. 
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The mathematical model in chapter 12 resulted in complex formulas and it has been decided to 

compare different scenarios by making use of simulation. A tool will be designed, based on discrete 

event simulation, which calculates the average total cost per year of the long run for a given set of 

input parameters. Other performance indicators such as the average downtime cost per year are 

computed by the tool as well.  

Random events will be generated based on theoretical distribution functions. The failure time, the 

replacement (service time) and revision duration are generated by the Monte Carlo approach. The 

number of spare parts and the number of maintenance teams are restrictions in the simulation 

model. These restrictions will influence the number of replacements per small stop. These are 

modeled in the simulation tool as well. Finally the total cost per year (set-up, downtime and 

replacement cost) will be calculated based on the expected number of replacements over a long 

time horizon. Distinctions in term of cost between corrective and preventive replacements (in a 

small stop) are included.  

The tool will not calculate the optimal set of decision variables (𝐿, 𝜏, 𝑀𝑇𝑖𝑛𝑡 , 𝑀𝑇𝑒𝑥𝑡  and 𝑆𝑃𝑎). 

However, the tool will find the near optimal value by making use of scenario analysis and finding 

the near optimal values for the decision parameters. Also when *Company name* decides to 

rearrange small stops (as a result of cost parameters that have been changed) or in case external 

factors (e.g. the profit margins change) they are able to recalculate the near optimal decision 

parameters values in the future with assistance of the tool. This can lead to an adjustment of the 

maintenance decision can if necessary.  

Besides the function to obtain near optimal decision parameters, the tool can be used at *Company 

name* to obtain new insights. By varying the input parameters it is possible to monitor the changes 

in the total cost. It should be noted that it is possible to extend the model proposed in this chapter 

to make the tool more accurate or to implement maintenance concept changes.  

13.1 Discrete event simulation 
According to Griep and Flapper (1987), a discreet system is a discreet system in case all state 

variables of the system are discrete functions in time. The state of a system is only changing at a 

certain moments in time when a component proceed to the next phase. The state transitions occur 

timeless and instantly.  

This type of simulation fits to the simulation problem regarded in this report since the system can 

be considered as a discreet system. In discrete time simulations the timing of every event depends 

on the time of all related events.  Relatively only a few events (initiating a small stop or a 

breakdown for example) can possibly occur over time. Further a discrete event simulation is in 

general faster than a continuous time simulation model, which is advantageous. The speed of the 

discrete event simulation depends on the time units chosen. For more information about modelling 

discrete event simulation and implementation, it is recommended to read the book “Discrete 

simulatie” (Griep & Flapper, (1987). 

13. Design of the simulation model  
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13.2 Generating random numbers 
Activities are lasting for a certain time in real life, but are almost, never constant. To simulate 

reality as much as possible, durations for lifetimes, services (replacement), set-up activities and 

revision are assigned, by a random number generator according a particular distribution.  The 

random numbers are necessary to calculate the downtime and the number of failures which will 

appear during the run length of the simulation model, taken into account the restrictions. It is 

chosen to generate random number, instead of using average values, because queues and 

unexpected sequences of events may occur in practice. Resources are limited and analytically 

solving the decision parameter values is not an option as explained in chapter 12 (mathematical 

modelling). For more accurate reflection of reality choices are made to develop a tool using random 

number for calculating the total cost.  

The Simulation tool developed for *Company name* is designed in R, which is a free object oriented 

programming language for statistical purposes. R generates random numbers based on the 

Mersenne-Twister pseudo-random number generator developed by Matsumoto and Nishimura 

(1998). This is a very running random number generator and statistically evaluated as completely 

random (passed the strict Diehard-tests, which measures the quality of a random number 

generator).  

For estimating distribution parameter values, a separate tool is supplied. In this tool the Weibull 

distribution and the log-normal parameters can be estimated. These distribution together with the 

uniform distribution is set as default for generating random numbers for the activities. A uniform 

distribution is added to the options, since the distribution is instinctively and parameters are easy 

to estimate. The tool also allows to generate random numbers according to other distributions. The 

generated numbers are round to integer values, since the discrete time simulation takes into 

account time steps of one hour.  

13.3 Simulation definitions in discrete time simulation 
In order to understand a system for developing a discrete simulation model, a number of terms of 

system components are defined. For each term, the components in our system are listed.   

An entity is an object interest in the system (Banks, 2009). For our system these are:  

 System stuffing boxes (𝐾𝑠 units per system),  

 Maintenance teams (𝑁𝑀𝑇𝑠
 units per system) 

 Spare parts (𝑁𝑆𝑃𝑠
 units per system) 

 Small stops (at each moment 𝑡 = 𝑛𝜏) 

Attributes are properties of an entity (Banks, 2009). The next attributes are distinguished. 

 Position of a stuffing box (s,a,i) 

 Failure distribution of each stuffing box i.  

 Number of maintenance teams available, 𝑁𝑀𝑇𝑠
 

 Number of spare parts available, 𝑁𝑆𝑃𝑠
 

 Service duration (during replacement)  

 Revision duration  

 Small stop interval 𝜏 
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An activity represents a time period of specified length.  

 Shut down system  

 Start-up system 

 Replacement of stuffing box 

 Revision (by Stork) 

 Production till CM failure occurs 

 Wait for 𝜏 time periods till a maintenance can be performed during a small stop 

State variables are a collection of variables necessary to describe the system at any time, relative to 

the objectives of the study.  These will be described in the next paragraph, and are called support 

variables.  

After each event a state variable might change. After a certain condition is satisfied and an event has 

occurred. The main events in our simulation model triggering are the following: 

 Small stop occurs at n𝜏 

 Breakdown occurs 

 A spare part comes in after revision.  

Variables changes after an event has occurred. The event time simulation jump to the next event 

after an event is finished, and computes the changing variables.  

Later on in this report, the process flow model is given in Figure 63 and will provide more insights 

into the processes and interaction effects between processes. Further the relation between 

activities, events, entities and state variables becomes clear.  

13.4 Input variables 
The input variables and their estimated values are the input for the simulation model. Based on 

these values the simulation is able to compute the total cost and other variables of interest. The 

input parameters are listed below and are divided into decision and cost-and -time related input 

data. The customer input data are system specific parameters, cost and time parameters.  

  Decision variables 13.4.1
Two parameters are the main decision variables, which should be filled in in the input board of the 

decision tool. Both will be explained briefly.  

 Number of small stops per year  

 The lifetime threshold of a stuffing box 

 Capacity decision variables 

Number of small stops per year 
A trade-off should be made in the frequency of a small stop occurrence. In case a small stop is 

initiated (at least one stuffing box will be replaced), since one or more stuffing boxes have exceeded 

the threshold level, the system is shut down completely for repair. Cost for the set-up period are 

accounted for at each initiated small stop (independent from the number of replaced stuffing 

boxes). It is more cost efficient set the number of small stop per year at a low frequency, but the risk 

that a stuffing box breaks down in between becomes higher. A corrective replacement results 

usually in higher production losses, since clustering of maintenance activities is not possible for a 
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corrective replacement. In the simulation model, separate threshold levels are set for the first stage 

(𝐿1) as for the second stage (𝐿2) per system. 

The lifetime threshold of a stuffing box 

Stuffing boxes fail according a certain failure distribution, with parameter values estimated from 

the emperiocal lifetime data. These lifetimes are generated by a random generator in the simulation 

model. In the current maintenance policy the stuffing boxes are replaced preventively after a 

certain lifetime. The lifetime threshold of a stuffing box is dependent on the stage and system the 

stuffing box is positioned, since the failure distribution parameters are different. For each stage and 

system combination the threshold level should be determined to optimize maintenance. A trade 

risk for a breakdown and cost is underlying for this decision variable.  

Finally when the (near) optimal set of decision variable values are chosen based on the total cost, 

the maintenance concept will perform (near) optimal over the long term.  

Besides the main decision variables, the recourse capacity levels can be evaluated. When varying 

the parameter values for the capacity of spare parts (for stage 1 and stage 2) and manpower, the 

influence on the total cost can be observed. A decision to increase or decrease those levels is 

recommended in practice if beneficial in terms of cost or reliability of the system.  

Capacity decision variables 

Also the capacity of maintenance teams (MT) and spare parts (SP) are quantities that the decision-

maker controls, and are therefore a decision variable in the simulation tool. The capacity 

parameters are, subdivided in the next four decision variables.  

 Total number of spare parts for stuffing boxes stage 1 (𝑆𝑃1) 

 Total number of spare parts for stuffing boxes stage 2 (𝑆𝑃2) 

 Total number of internal maintenance teams (𝑀𝑇𝑖𝑛𝑡)  

 Maximum number of external maintenance teams that can possible be hired (𝑀𝑇𝑒𝑥𝑡) 

It can be decided to adapt the available resources. A trade-off should be made between capacity and 

postponing stuffing box replacement with higher chance on breakdowns. This can be explained as 

follows. In case enough capacity is available to replace the number of stuffing boxes that require 

replacement (having exceeded the threshold level), all stuffing boxes can be replaced preventively 

in a small stop. But when not having as much capacity available as the required number of 

replacements, one or more stuffing boxes stay operational and will preventively be replaced the 

small stop after. At least if capacity is available at that moment and if the stuffing box has not failed 

in between. The chance of failures are increasing over time.  

  System settings, cost-and-time parameters 13.4.2
System settings 

 Total number of stuffing boxes in a system  

 Number stuffing boxes per stage 

Cost parameters 

 Replacement cost per stuffing box (including man-hours, materials, and services) for a CM 

replacement and for a replacement. 

 Preparation cost CM and in a small stop per stuffing box. 
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 Cost for extension of workforce (hiring external maintenance teams in a small stop) 

 Cost for immediate revision in case no spare parts are in the warehouse when a breakdown 

occurs. 

 The production quantity (in tons per hour) 

 The production margin (in euro/ton) 

Time parameters 

The distribution and parameter values should be given to the simulation model to generate random 

numbers. Activities are lasting for a certain period. These distribution and parameters should be 

specified for the duration (in hours) of next activities: 

 Lifetime of a stuffing box  

 Set-up (shutting down and starting up the system) 

 Service (replacement) 

 Revision (by Stork) 

13.5 Output variables 
The output of the simulation is divided into cost related output and other information for analyzing 

the resource capacities and the number of replacements. The output variables are chosen as 

follows: 

Cost output variables 

 Total cost per year (maintenance and production losses) 

 Production losses per year, split up into CM and PM   

 Maintenance cost per year, split up into CM and PM 

Other output variables 

 Number of postponed replacements(because capacity is not available) in a small stop 

 How much external capacity is desired per year 

 Number of corrective replacements per stuffing box per year 

 Number of preventive replacements per stuffing box per year 

 Average number of replacements in one small stop 

 Number of times a small stop is not initiated (No replacement are required)  

 Hours of downtime per year (availability follows) 

  Support variables 13.5.1
To generate the output, some support variables are defined and updated over time or after an event 

has occurred. The main support variables are listed below. 

 Time in the simulation 

 Number of available spare part per stage   

 Time to return for a revised spare part 

 Number of available maintenance teams 

 Number of unavailable maintenance teams in a small stop 

 Number of unavailable spare parts in a small stop 

 The lifetime of a stuffing box 
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 Time till failure (failure are generated randomly) 

 Time till revision of a stuffing box is completed  

 Number of corrective maintenance per stuffing box position 

 Number of preventive maintenance per stuffing box position 

 Downtime   

13.6 Simulation model 
In this section the simulation model is explained. The main part of the 

simulation model is explained in more detail. First an overview is given in 

the next section. The scripts containing formulas and relations between 

variables are added in Appendix P.  

  Creating variables and vectors, initialize values 13.6.1
The input of the simulation model is read from the user tool. The values 

for the input parameters are loaded into the simulation software (“R”). 

Variables and vectors are created, and initial values for the start of the 

simulation are loaded. Failure times are generated.  

The main procedure is the part of the simulation model that entails the 

actual discrete time simulation model of the maintenance concept for the 

secondary compressor. This is explained in more detail in the next section.  

If N runs are performed the averages over the different runs are 

calculated. Sub runs should statistically be independent of each other, and 

therefore creating more runs will improve the quality of the output of the 

simulation model. Statistical independence will be discussed in chapter 14 

Finally output will be printed in the output screen of the user tool.  

  Main part of the simulation model 13.6.2
Based on the process flow model (Figure 63), the explanation will be 

provided stepwise. Generally, for the complete simulation, it should be 

noted that the simulation runs over discrete time steps. When an event 

occurs, time parameters are updated. The time dependent parameters are: 

the current simulation time, the total downtime of the system, the lifetime 

of each stuffing box and the time to return for spare parts in revision are 

updated after each event. In the simulation model, a distinction is made 

between a PM and CM maintenance activity, because output is separately 

saved. The procedure as also pointed out in the process model of Figure 63 

is overlapping and therefore described together in the explanation below. 

The numbers in the figure are corresponding with the numbers used to explain the model.  

Main 
procedure

Create variable and 
vectors & initialize 

values

Save run data

N runs reached?No

Calculate averages         
  - Cost
  - Number of  replacements
  - resource   unavailablity

yes

Start simulation, 
read input

End simulation
Print output

Figure 62: Overview simulation model 
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Figure 63: Process flow model of main procedure 
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1) Maintenance is triggered by two possible events. A small stop can be initiated at each 

multiple of the period 𝜏. Maintenance is also triggered when a failure occurs. In our 

simulation model, this occurs in case the current lifetime of the stuffing box is equal to the 

generated failure time.  

2) Maintenance cannot be performed immediately if maintenance is busy. Before spare parts 

and maintenance teams are requested, this check is executed. In practice, it will occur only 

seldom that maintenance is busy at the moment a failure occurs or a time is equal to a 𝑛𝜏 

(moment of a possible small stop). In case this happens, it is decided to wait till set-up has 

been performed completely before a new maintenance activity can be initiated again. 

3) At 𝑡 = 𝑛𝜏 (moment of a possible small stop) it should be determined whether replacement is 

required and which stuffing box(es) should be replaced. Since it is desired to replace the 

stuffing boxes which have exceeded the lifetime threshold the most, a ranking is added. The 

stuffing box for which lifetime minus its associated lifetime threshold is largest will receive 

number 1. This implies that it is first checked for this stuffing box whether capacity (MT, 

maintenance teams and SP, spareparts) is available and the lifetime (𝑇𝑖) is above the 

predefined thresholdlevel (𝐿𝑎,𝑖). The threshold level can be specified for each stage and 

system separately. If all checks result in a “yes”, the SB number i is added to the set R, and 

finally SB i will be replaced. If not, checks will be executed for the next rank and so on. Ranks 

will be assigned randomly if 𝑇𝑖  - 𝐿𝑎,𝑖  is equal for two or more stuffing boxes. Finally, set R will 

be replaced if all stuffing boxes are checked for the possibility for maintenance. If set R is 

empty, no single SB satisfies the conditional checks, maintenance is not initiated.  

4) Maintenance to a stuffing box is only initiated if its particular spare part is available. Spare 

parts will be send to Stork for revision after a replacement is completed. So the maximum 

spare part capacity is not always available. The level of available spare parts increases when 

revision is completed and decrease when it is decided to replace stuffing box i. The spare part 

should correspond with the stage of the stuffing box, since stuffing box designs of the first 

stage are different from the design of a second stage stuffing box. If spare parts are not 

available for a stuffing box which has exceeded 𝐿𝑎,𝑖 this stuffing box is not replaced. But if 

spareparts are not available when a breakdown has occurred, the system cannot continue 

producing before this part is replaced. Immediate revision can be requested if the expected 

time to return of a stuffing box is higher that the immediate revision duration. When a spare 

part comes available maintenance is initiated immediately. The waiting time is counted as 

downtime.  

5) Availability of maintenance teams is limited. Internal maintenance teams, but also external 

maintenance teams (which are more expensive) are counted as MT (maintenance teams) 

availability. The system keeps track of the number of times external MT should be hired. The 

maximum number of external teams is an input variable. For a small stop, the number of 

maintenance teams are limited. Possibly, more stuffing boxes require repair that capacity is 

available. Capacity is the bottleneck in this case and replacement for the parts which cannot 

be replaced are postponed (stay in operation). Maintenance is performed in parallel in a 

small stop. For a CM maintenance activity the chance that two stuffing boxes breakdown at 

the same moment is very small. It is assumed that maintenance is executed in series (after 

each other if this occurs). Besides 1 maintenance team is always available. Therefore MT are 

never a limitation in a CM stop.  
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6) Finally, when it is decided which stuffing box should be replaced and which spare parts 

should be taken out of the warehouse, the set-up process can start and maintenance (PM or 

CM) is set to busy (1). Set-up will start when either PM or a CM trigger arrives in the 

simulation model. Also the spare parts leave the warehouse when the trigger arrives. It is 

assumed that the system set-up process lasts for a simulated random set-up time. Downtime 

is accounted for during the set-up. Starting-up and shutting down is together considered as 

set-up.  Since SP are taken out of the warehouse during set-up, and maintenance teams are 

available, this decision has no consequences for the output. The lifetime of the other SB, not 

being repaired, increase by the set-up duration. Time till spare parts return to the warehouse 

for the spare parts that are not in the warehouse before reparations starts, are decreased by 

the set-up duration. Finally the set-up has finished and the actual replacement can be started. 

7) Maintenance teams perform the actual replacement with a service time duration generated 

randomly according a particular distribution. Again time dependent parameters are updated.  

8) When the maintenance activity is completed, the “old” spare parts are transferred to Stork. 

Stork revises the stuffing box(es) with a time duration according a particular generated 

distribution. When revision is completed, the inventory position of the spare parts are 

increased by 1 (and the time to return stays 0 in the simulation model).  

9) The maintenance has been completed, values are saved, updated and reset. E.g. the number of 

maintenance activities, the number of replacements per stuffing box position are updated. 

New failure times are generated for stuffing boxes which have been replaced. MT are 

available with total capacity again, the set R is emptied and the maintenance is set not busy 

anymore (value=0).  

13.7 Modelling assumptions 
Simulation  

The next assumptions are made to simplify the simulation model. Explanation for these decisions 

are provided as well. Sometimes assumptions are also made when information is unknown.  

I. Stuffing boxes can fail at any moment in time. Failure of a stuffing box during downtime is 

detected after the start up is performed completely. The model checks whether a breakdown 

has occurred based on the lifetime and the simulated failure time. Also a Small stop moment 

can occur at the same time that a CM replacement is already being performed. When the set-

up is completed and the system is ready for production again a new maintenance activity can 

be initiated. So a new set-up will be accounted for. Although, the chance of two maintenance 

request at the same time is very low, downtime cost are overestimated to small amount.  

II. Deterioration (by increasing the lifetime) will continue during a shut down for the stuffing 

boxes that are not replaced, although the system is down in fact. This is a realistic assumption 

because stuffing boxes might deteriorate even faster in reality because of pressure 

fluctuations.  

III. When more than one events comes in at the exactly the same moment in time t, a particular 

order of starting event is assumed. The start of a sub run will be initiated first (timeless 

activity), after, spare parts return to the warehouse at t (timeless activity) and finally a 

maintenance activity will be started at time t. This ensures, the maintenance activity will be 

counted in the new sub run, and the spare part is available before maintenance is initiated in 

case a combination of these activities occur.  



111 
 

IV. Spare parts are taken out of the warehouse at the start of the set-up period in parallel. In 

practice this is sometimes done at the end of the shutting down procedure. In the simulation 

model the spare part level is checked, it is decided which stuffing box should be replaced, and 

spare parts are immediately taken out of the warehouse. This simplifies the model a, because 

stuffing boxes can also return to the warehouse during the set-up activity.  

V. Capacity should be available at the start of a time event. If not available at when maintenance 

is triggered, a stuffing box cannot be replaced in case of a small stop trigger, or has to wait for 

capacity in case of a breakdown. When a spare part for example enters the warehouse during 

replacement, this spare part cannot be used anymore.  

VI. Ranking, or priority is assigned to candidates which have exceeded the threshold level at 

most. These have the highest failure probability by assumption. No other degradation 

measurement are considered (like the gas peaks) to assign ranking. The ranks are assigned 

randomly in case stuffing boxes have the same lifetime and same threshold level at the 

moment of a small stop. In reality the gas peaks are measured, and based on the gas peaks 

rank can be re-evaluated. This will probably result in less breakdowns and therefore 

downtime cost might be overestimated in the simulation model. Because of limited 

availability of data and limited knowledge on the increased wear of stuffing boxes, it is not 

possible to include this into the simulation model.  

VII. The lifetime of a replaced stuffing box is set to 0 immediately after the complete maintenance 

activity has been performed (including set-up). From this moment on the lifetime increases 

till replacement takes place again. Is it decided not to split the set-up period into a start-up 

and shutting down period because it will result in more random simulation and input 

parameters, while downtime and set-up durations are calculated as one number at *Company 

name*. Furthermore, the decision to combine starting up and shutting down has no 

consequences, since spareparts are taken out of the warehouse at the start of the set-up in 

parallel, and maintenance teams will be available from the moment a maintenance activity 

starts.  

VIII. A Small stop will not be initiated when no stuffing boxes have exceeded the lifetime 

threshold. Set-up cost (downtime cost) are not accounted. 

IX. Replacement in a set-up will be executed in parallel (in the same time), regardless the 

number of maintenance activities. The production will start again when the replacement with 

the highest service time has been completed. This might result in lower downtimes.  Besides 

it is assumed that one maintenance team can only perform one maintenance activity during a 

small stop.  In practice, maintenance teams can also perform maintenance in series, especially 

when a duration is assigned to a small stop higher than the time necessary for a stuffing box 

replacement (as other components in the secondary compressor might be maintained as 

well). This option is excluded from the simulation model because it is highly dependent on 

decisions for maintenance to components left out of scope for this project. Hiring external 

teams and executing maintenance in parallel might be advantageous in one case, and 

executing maintenance in series (one team can perform 2 or even more replacements) in the 

other. No conclusions can be made about the effects of these assumptions on the output.  

X. It is assumed that exact one maintenance team is available at each moment in time (also 

during the night) in case a breakdown occurs. It can happen very occasionally that two 

stuffing boxes fail at equal moments in time. Both can be replaced in one stop, but 

replacement is performed in series (one replacement after the other). More than one 

maintenance teams is per assumption never available since day and night shifts are a 
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limitation for maintenance teams (shifts of 8 hours). Besides, those maintenance teams 

should be available for other maintenance activities (not only for the stuffing boxes of the 

secondary compressor).  

XI. Immediate revision can be requested when a breakdown has occurred and no spare parts are 

available. The revision duration will be the minimum of the time left till the spare parts would 

have been returned originally (generated revision time) and the time for immediate revision. 

XII. Transferring time, for maintenance teams, set-up (also by employees) and for bringing “old” 

stuffing boxes to stork are neglected. If desired, these times can be included in the data for 

estimating the parameters to generate random number for revision time, service time or set-

up times.  

XIII. The revision time for stuffing boxes is independent of the number of stuffing boxes. In reality 

time for revision might be dependent on the number of stuffing boxes that are in revision. 

This will result in complex modeling, and exact information about dependency is not 

available. Assigning higher variations by editing the distribution parameters for the random 

generated revision times might reduce the effect of this assumption.  

XIV. Tools necessary for replacement are assumed to be available at any moment in time. This 

assumption might not be entirely valid. This might delay set-up or replacement somewhat. 

Also for this assumption, more variation can be assigned to the random generated 

replacement times.  

13.8 Conclusion 
A discrete time event simulation approach has been applied to model the age-based small stop 

maintenance concept. By random number generations, the time to failure of a stuffing box can be 

simulated. The simulation model has been design in this chapter. Parameters have been listed, 

subdivided in input, output and simulation parameter. Stepwise explanation of the main-and sub 

procedures have been provided as well.  

In the next chapter statistical dependency of simulation runs will be discussed. Verification and 

validation of the simulation tool will also be covered in chapter 15.  
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To make statements about the reliability of the simulation results the confidence interval will be 

calculated. When calculating the confidence intervals of a set of data values, it is assumed that the 

data values are independent and identically distributed (i.i.d). This chapter will describe how i.i.d. 

can be achieved.  

In a simulation run the behavior of the system as a function of time is dependent on coincidence 

because the generated random numbers are highly variable for the different components. In our 

model for example, the number of candidates for replacement could be spread out heterogeneously 

over small stop. Sometimes a small stop is not initiated, while in another small stop resources are 

the bottleneck because more stuffing boxes than the available capacity have exceeded the lifetime 

threshold. A certain dependency between sequential events exist. To obtain a certain confidence 

interval and precision, independency of results should be guaranteed. Therefore the number of sub 

runs, the sub run length and the warm-up period should be chosen carefully.  

The main performance measure of the system are the total average cost, which are at most 

dependent on the number of CM and PM replacements (in a small stop). Therefore the number of 

CM and PM stop per time period is chosen as measurement to express the system behavior. To 

generate output values in this chapter, the default input parameter values for system Y are used as 

input for the simulation model, and provided in Appendix J. 

14.1 Warm-up period 
Since we are interested in the total average cost per year over the long run, a warm-up period is 

desired. The warm-up time is the time that the simulation will run before starting to collect results. 

This allows the queues (and other aspects in the simulation) to get into conditions that are typical 

of normal running conditions in the system you are simulating (Simul8, 2015). The start state of the 

system, is the state of the system after the warm-up period is finished. The lifetimes of all stuffing 

boxes are set to 0 at the beginning of a stimulation run, but when starting at a random point in time 

over the long run, the probability that the lifetimes of the individual stuffing boxes are all equal to 

each other after the warm-up period has passed is negligible. It is also assumed that it will never 

happen that all stuffing boxes (8 or 10) in one system will be replaced at the same time, at 

*Company name*.  

In Griep and Flapper (1987) the procedure is described to determine the warm-up period. This will 

be followed broadly to determine the warm-up period.  

A certain period should be chosen to measure the system behavior. To reduce the variation in the 

number of CM and PM activities slightly it is decided to calculate the average number of CM and PM 

activities per two years. By plotting the number of CM and PM replacements over time (of 10 

stuffing boxes) with the estimated input parameters, the warm-up length is determined.  

14. Creating statistical independency 
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Figure 64: The number of CM and PM maintenance activities per period of one year. 25 sub runs are performed 

In the first 2 sub runs (4 years) the number of preventive maintenance activities are 0. 4 

breakdowns have occurred. Lifetimes are set to 0 at the beginning of the run, therefore the 

threshold level will be exceeded at the same time for the survivors.  In period 6 the number of small 

stop replacements is very high. This can be reasoned by the fact that stuffing boxes have exceeded 

lifetime threshold L at the same small stop is very high. It is therefore decided to set the warm-up 

period equal to 10 sub runs (20 years).  Per assumption, a steady state situation is reached after 

this warm-up period. The main simulation run will therefore start at t= 175200 hours (20*365*24 

hours, which is equal to 20 years).   

14.2 Number of sub runs and sub run length 
In order to ensure a certain reliability of the simulation behavior. One big run will be performed 

and will be divided into sub runs.  

Each sub simulation run results in a description of the system behavior reflected in output 

parameters of the simulation model. Again the number of CM and PM activities per period is chosen 

to determine the number of sub runs and the simulation length of each sub run. The average of each 

individual sub run is taken at corresponding moments.  
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The van Neumann ratio (Kleijnen 1986), q, is based on the autocorrelation method, which 

expressed the independency of sequential sub run averages. The sub run length and the number of 

sub runs will be calculated based on the van Neumann ratio q, expressed as follows:  

𝑞 =
∑ (�̅�𝑖 − �̅�𝑖+1)2𝑛−1

𝑛=1

∑ (�̅�𝑖 − �̅�𝑛
𝑛=1 ) 2

 
(35)  

With �̅�𝑖  is the average value of subrun i,  and �̅� is the average value of all subruns together.  

In case the averages of the sub runs are i.i.d according a normal distribution with parameter 𝜇 and 

𝜎, it is proved that q is approximately normally distributed with 𝜇 = 2 and 𝜎2 =
4(𝑛−2)

𝑛2−1
 (Kleijnen, 

1986). Identically independency is reached with 95% confidence (Griep & Flapper, 1987) if the next 
formula holds:  

𝑞 > 2 − 1.645 ∗ 𝜎𝑞  (36)  

For this formula to be valid, approximately normally distributed runs should be satisfied. The 
central limit theorem holds when the number of iterations (runs) are sufficiently large. The sample 
mean of the independent random variables will be approximately normally distributed regardless 
of the underlying distribution (Nicholson, 2014). The number of simulation runs, n, is considered 
large enough when n>30. The number of sub runs is set to 500 initially, because computational time 
of the simulation becomes critical when the number of simulation runs is set too high. When 
increasing the number of runs and their run length, the computational time of the simulation model 
will increase.  
 
In case the number of simulation runs is equal to 500 initially. q must be larger than 1.85 according 
formula (36). For a sub run of 5 years (5*24*365=43800 hours), 𝑞𝐶𝑀 =1.99 for the number of CM 
replacement year, and 𝑞𝑃𝑀 = 1.94 for the number of PM replacements per year. Therefore the sub 
runs are independent and identically distributed with n=500 and sub run length equal to 5 years. 
The total run will have a length of 2500 (500*5) years. 
 

14.3 Confidence intervals 
It is suggested by Griep & Flapper (1987) to calculate confidence intervals to evaluate the precision 

of the output parameter values.  The size of the confidence interval will depend on the variance in 

the values of the variables. A confidence level of 95% means that we can state with a certainty of 

95% that the true value of the output parameters lies between the upper and the lower bound. The 

confidence interval is calculated by the next formula, assuming a normal distribution for the sub 

runs. 

�̅� −
𝑠

√𝑛
∗ 𝑡𝑘−1,   𝛼/2 < 𝜇 <  �̅� +

𝑠

√𝑛
∗ 𝑡𝑘−1,   𝛼/2 

(37)  

�̅� =
1

𝑛
∑(𝑋𝑖 − 𝑋𝑛

̅̅̅̅

𝑛

𝑖=1

) 
(38)  

With �̅� is the average value of all sub runs together, 𝑠 = √
1

𝑛−1
∑ (𝑥𝑖 − 𝑋𝑛

̅̅̅̅𝑛
𝑖=1 ) the standard deviation 

of the subrun averages and n is the number of sub runs. 𝑋𝑖   is the mean value of the ith sub run, and 

𝑋𝑛
̅̅̅̅  is the average mean value of n sub run.   
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For calculating the confidence bounds, the input and decision parameter values are given in table 

Table 37.  The decision variables are chosen as originally applied by *Company name* provided in 

the first seven rows of the table. 

Table 37: Default input values, estimated in section 9.3 and chapter Error! Reference source not found.. Decision 
parameters, are as there are at *Company name*, currently.  

Decision variables System Y 

𝜏  2 

𝐿1  20000 

𝐿2  20000 

𝑀𝑇𝑖𝑛𝑡  2 

 𝑀𝑇𝑒𝑥𝑡  1 

𝑆𝑃1  2 

𝑆𝑃2  2 

Input variables  

number of stuffing boxes 10 

Number SB stage 1 4 

Number SB stage 2 6 

Maintenance cost stage 1, CM 47000 

Maintenance cost stage 1, PM 35000 

Maintenance cost stage 2, CM 46000 

Maintenance cost stage 2, PM 34000 

Preparation cost, CM 3000 

Preparation cost, PM 1000 

Cost for hiring ext. MT 12000 

Cost immediate revision 5000 

Production quantity (tons) 20 

Production margins (euro/ton) 236 

lifetime distr. Stage 1 Lognormal(10.36,0.362) 

lifetime distr. Stage 2 Weibull (2.739, 20192) 

Setup CM Lognormal (2.174, 0.813) 

Setup PM Uniform (10, 11) 

Service time CM Uniform (8, 8) 

Service time PM  Uniform (6, 6) 

Revision Uniform (336, 504) 

Immediate revision Uniform (20, 26) 

 

For all output parameter values provided by the simulation tool, the confidence interval is given in 

the table below. To arrive at the next table the upper and lower bound are calculated by applying 

formula (37) and the mean is expressed in formula (38). 500 runs (n=500) are performed to 

generate the next table.  
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Table 38: Confidence intervals cost and average values per run length 

Output parameter (averages/ 
year)* 

Lower  limit Mean Upper limit  

Maintenance cost CM 99550 101553 103555 
Maintenance cost PM 92097 93468 94840 
Maintenance cost total 193794 195021 196249 
Production losses CM 242453 248249 254046 
Production losses PM 109315 111018 112722 
Production losses total 353898 359268 364637 
Total cost 566218 572366 578514 
    
Number of CM replacement 2.54 2.59 2.64 
Number of PM replacement 2.16 2.20 2.34 
Total number of replacements 4.76 4.79 4.82 
    
Average number of repl. per small 
stop 

1.54 1.56 1.58 

Average number of small stops not 
initiated per year 

0.55 0.58 0.60 

    
Number of SP stage 1 unavailable 0.008 0.012 0.017 
Number of SP stage 2 unavailable 0.024 0.032 0.040 
    
External MT necessary 0.128 0.142 0.156 
Number of MT unavailable 0.020 0.027 0.034 
    
Number of times SP not available at 
breakdown 

0.014 0.020 0.025 

* All numbers provided are averages per year, except from the average number of replacements per small stop. 

Obviously, those are averages per small stop. 

14.4 Conclusion 
In conclusion, the number of replacements (CM and PM) do not contain high variations since the 

confidence interval is small. The total cost are most dependent on the number of replacements per 

year, because maintenance cost and production losses have the highest influence on the total cost. 

Depreciation or inventory holding cost, are also included in the total cost function, which is a fixed 

amount per year. Further, the number of immediate revisions and the number of external 

maintenance teams necessary, vary considerably. This is obviously dependent on the sequences of 

events and will therefore vary over sub runs even as the number of spare parts and maintenance 

teams unavailable.  
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Figure 65: picture to point out the meaning of verification 
and validation, Banks (2009).  

 

Verification is the process of ensuring that the model design 

(conceptual model) has been transformed into a simulation 

model with sufficient accuracy (Davis, 1992). The main 

question is whether the computer program is performing 

properly according the conceptual simulation model. 

Validation is the usually achieved through the calibration of 

the model, an iterative process of comparing the model 

against the actual system behavior and using the 

discrepancies between the two, and the insights gained to 

improve the model (Banks, 2009). Figure 65 is pointing out 

the difference between these definitions.  

15.1 Verification 
If the input parameters and logical structure of the model 

are correctly represented in the tool, the verification is 

completed. The structure of the model is based on different 

modules (all provided in separate scripts in R). In discrete 

event simulation, jump in time are made to each next event. 

Checks are performed to find the next coming event in time, 

this event could be either, return of a spare part, moment of a small stop or a breakdown (CM 

follows). Afterwards, steps are executed related to the next coming event. For a small stop or CM 

stop check are performed linked to resource capacity, rankings based on lifetimes are assigned to 

stuffing boxes which will be replaced in a small stop. Step by step procedure were added to the 

main module, while verifying each step extensively. Some fictive input values have been entered 

into the model and interim values were checked, by calculating values by hand as well. Checking the 

ranking of replaced stuffing boxes, the generated failure time, the actual lifetime, the state of which 

stuffing boxes will be replaced, and the current time in the simulation model are good indicators, to 

check if the simulation model functions properly.   

Also for each possible system state the tool has been tested to ensure it works properly. Some 

examples are, a failure occurs when a small stop is busy, a spare part has not returned before the 

next replacement takes place, SP are not available for the corresponding stage, MT are not available 

etc.  No extreme or unexpected values appeared in the output.  

15.2 Validation 
In Griep and Flapper (1987) two methods for validation are distinguished. The values of the output 

variables should correspond to the known values from the ‘real world situation’. Comparing the 

historical data with the simulation output is a method for validation. Also comparing the simulation 

output with theoretical values is often only possible to limited extend. These methods will both by 

applied as far as possible.  

15. Model verification and validation  
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  Historical data validation 15.2.1
The estimated parameters values based on historical data, are influential for the validation part. 

The output of the simulation tool should correspond to the cost and other values of the real 

situation.  

As explained before, the input parameter values are estimated based on a very limited dataset. The 

cost and also some time related input variables are not estimated very precisely, since data contains 

extraordinary values (negative values, extreme high or low values). For estimating the lifetime data, 

data is accessible to limited extent. When more data is available, re-estimating the parameter is 

recommended. This has consequences for the validation phase. It cannot be stated that the output 

will correspond to the real values accurately. Deviation will for certain be observed when 

comparing the output of the model with values from practice. Therefore the comparison will only 

validate the model to a limited extent.  

In the data of *Company name*, the yearly cost are not known. The way these cost are obtained are 

not very consistent and include sometimes cost for other component failures, which results in a 

stuffing box replacement. Also cost for replacements in small stops are not accounted for, normally. 

In the yearly total cost overviews of *Company name*, cost are provided per system and per 

category (rotating, mechanical, electrical) in general, but not for stuffing boxes only. This makes it 

almost impossible to compare the results. Only a few cost, which can be obtained in a certain way, 

are provided in Table 39. This data is subscribed to stuffing boxes only, registered in SAP or in the 

asset utilization file of *Company name*. Cost in historical data are taken over the years 2009-2014, 

since the small stops have been applied in the maintenance policy of *Company name* during these 

years. The maintenance cost have changed in comparison to the data before, because small stops 

were not performed. Other maintenance concept with mainly, CM, CBM or opportunistic 

replacements result in different frequencies of replacement and in the cost. 

Table 39: Compare output simulation tool with historical data of system Y, during 2009-2014 

 Simulation tool Historical data 
Maintenance cost per year 
(PM and CM) 

195,021 177,693 * 

Production losses per year 
CM 

1052 tons (52 hours) 922 tons (46 hours) ** 

* Cost saved in the SAP system, for all replacements during 2009-2014, data that is not found, the average cost of 
the other replacement is taken 
** In the asset utilization file of *Company name*, production losses are registered for the corrective 
replacements only, these production losses are counted in tons (expressed in this unit in the file).  

The production losses for breakdowns per year are comparable, but the maintenance cost deviate 

almost 18.000 euros (10%). There is no strong argument how this difference can be explained. 

Probability some cost are not registered in the SAP system. Sometimes the revision for the front 

stuffing boxes or preparation cost, are not included. These cost are not very strong indicators for 

validation of the simulation tool.  

Other data is more suitable for a comparison, like the number of PM and CM occurrences. It should 

be noted that for system Y, four stuffing boxes were replaced because of other failed items in the 

secondary compressor (which is left out of scope in our simulation model). These number cannot 

be left out of consideration, since the stuffing box is replaced in that period, and put into operation 

in an as “good as new state”. The lifetime is set to 0 hours of operational time, and the probability of 
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failure is decreased. Therefore the failures due to secondary damages are considered as CM 

replacements in the historical data numbers presented below. A few CBM and Opportunistic 

maintenance activities were performed for system Y, which is in the table below counted as PM 

activities. Not much data is available (only 27 failures in total over 5 years). The numbers in the 

table below can deviate from each other, while the simulation tool is still valid, as a consequence of 

very limited data. Historical data during 5 years data is tracked for the small stop policy, while the 

simulation model counts averages failures over 2500 years.  

 Simulation output (SY) Historical data (SY) 
Average number of CM 
replacements per year 

2.59 2.00 
 

Average number of PM 
replacements per year 

2.20 3.6 

Total number of replacements 
per year 

4.79 5.20 

Figure 66: Average number of replacements per year, for system Y, during 2009-2014. 

The number of replacements per year is higher in the historical data of system Y than in the 

simulation output. This could be due to the fact that CBM replacements are also counted as PM, 

which could have led to breakdowns when only applying small stops and CM replacements. Besides, 

the peak measures indicating ring failures according *Company name*, could indicate which 

stuffing box has most deteriorated, and should first be replaced in a small stop. More preventive 

and less corrective replacements could be a consequence of replacement based on these condition 

based measures. Another possible explanation for this difference could be that the distribution fit 

based on very limited data is not representative for the failure behavior of stuffing boxes during 

2009-2014.  

Still there is no reason to assume that the simulation model is not valid. Distribution fit and 

parameters estimations of lifetimes could be reconsidered, if more lifetime data becomes available. 

The same holds for the cost parameters. At least no very unexpected results are observed by 

comparing the simulation output with historical data. 

  Sensitivity analysis 15.2.2
In this section, the parameter sensitivity analysis will be discussed. Basically, we will test to what 

extent the dependent output variable changes when the value of an independent input variable 

changes. This is a method of validation, it will assess whether the output parameters change in the 

direction as expected on basis of logical reasoning.  

At the same time, a sensitivity analysis is a way to predict the outcome of a decision if a situation 

turns out to be different compared to the key predictions(s) (Investopedia, 2015). The input 

parameters should represent reality of *Company name* as much as possible. As already 

mentioned before the parameters are estimated based on very limited data. This chapter will 

provide insights into the consequences of incorrect parameter value estimations, and the influence 

on the output parameters. Besides, some of the input parameters values can change over time. For 

example, the lifetimes of the stuffing boxes can change, variability in lifetimes might be reduced or 

increased and also profit margins might fluctuate as a consequence of economical dependency of 

the sales market. Mean and variability of the following input parameters is assessed:  

 SB Lifetimes 
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 Service time 

 Number of maintenance teams 

The other input parameters are not analyzed, because they are cannot be influence by *Company 

name* or consequences can easily be predicted. Besides, some of the parameters respond in the 

same way as one of the parameter that will be discussed in this section. For example, the service 

times will be discussed, however, the set-up times will respond in the same way. Both have an 

impact on the downtime and on the duration of a stop.  

Output of the sensitivity analysis is provided in Appendix K, Also the input parameters that remain 

unchanged (are kept as estimated) are provided in the appendix. In the sensitivity analysis it can be 

concerned to change the shape of the distribution (in case distribution parameters are varied), the 

values of the parameters or both.  

Lifetime 

First the mean lifetime due to wear is changed. The effects of the lifetime on output parameters are 

studied by changing the expected lifetime to half and double of the lifetime that was estimated. The 

scale parameter 𝛽 of the Weibull distribution is therefore halved and doubled for only the second 

stage stuffing boxes. The Weibull parameters are easier to adapt instinctively than the log normal 

parameters (estimated distribution for the first stage stuffing boxes). To be able to compare the 

output results fairly, also the lifetime thresholds are adapted. Since mean lifetimes are halved and 

double, the same holds for the threshold level 𝐿2.  

The standard deviation of the lifetime will increase if the value of the shape parameters decreases. 

To calculate the effect of the standard deviation of the lifetime, the values for the shape parameters 

are also halved and doubled. It should be noticed that also the mean values changes slightly. 

Besides, it is concerned to change the parameters of both the shape and scale parameter. Therefore, 

an option is edit in which both variance and lifetimes are reduced slightly. In Appendix K, In this 

appendix, input parameters that are varied for sensitivity analysis are explicitly mentioned in the 

tables. The other input variables of system Y are provided in Appendix J. Decision parameters are as 

follows: 

Table 48: Values of the decision parameters 

Parameter 𝜏 𝐿1 𝐿2 𝑆𝑃1 𝑆𝑃2 𝑀𝑇𝑖𝑛𝑡 𝑀𝑇𝑒𝑥𝑡  
value 2 20,000 20,000 2 2 2 1 
 

Lifetimes 

Table 49: Sensitivity analysis, varying the mean and standard deviation of the lifetime shape relates to mean, and scale to 
variance of the lifetimes. 

 Initial values Scenario1 Scenario2 Scenario3 Scenario4 Scenario5 
First stage 
 

Lnorm ~ 
(10.360, 0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Second stage Weibull ~ 
(2.739,  20192) 

Weibull ~ 
(2.739,  
10096) 

Weibull ~ 
(2.739,  
40384) 

Weibull ~ 
(1.370,  
40384)  

Weibull ~ 
(5.478,  
40384) 

Weibull ~ 
(3.5, 
 18192) 

𝑳𝟐 20000 10000 40000 20000 20000 18000 
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Total cost 575148 962081 384239 619098 557200 606658 
STD of total 
cost 

69971 96465 53230 92490 61795 67359 

Production 
losses 

362211 637096 230387 387772 354345 387034 

Maintenance 
cost 

250219 305828 136581 212492 185539 201832 

# PM 2.21 2.45 1.89 2.51 1.90 2.12 
# CM 2.57 5.28 1.33 2.76 2.61 2.84 

 

 the numerical output of the different scenarios suggested in this paragraph is provided.  

It is remarkable that the variance in total cost is highest of all scenarios, in case the lifetimes are 

halved. The total cost in this scenario is also extremely high. Because the lifetimes are half of the 

current estimated lifetimes, the replacements are much higher. If we compare the number of PM 

with the number of CM activities, the number of CM activities is very high (5.28), this causes the 

extreme high cost. It can be concluded that the total cost output is very sensitive to lower lifetimes, 

especially also when changing the lifetime threshold to 10,000 hours.  

As expected, the total cost will decrease for scenario 2 (double lifetimes). The lowest total cost of all 

scenario results. The number of CM activities are low (1.33), and most of the stuffing boxes survive 

till the lifetime threshold has been exceeded and will be replaced preventively.  

For the different scenarios for varying the scale parameter, it can be concluded that the higher the 

variance, the more corrective failures will take place, which has influence on the total cost. In case 

the variance is reduced the number of corrective failure is not reduced, probably, because the 

percentage of failure before the lifetime treshold is reached is larger in total (the mean of the graph 

has moved by changing the scale parameter).  

When reducing both the lifetime and standard deviation, the cost become higher compared to the 

initial set of input parameter values.  

Concluding, especially the mean of the lifetimes has a great impact on the cost. The variance is only 

slightly of influence. Normally the larger the variance, the higher the total cost and the number of 

breakdowns. Increasing the lifetime will lead to cost savings. In terms of validation, the output 

reacts as expected.  

Service time 

The service time is of great importance for the downtime cost. To test the sensitivity of changes in 

the service times, the production cost are especially important. The number of PM and CM 

maintenance activities are also provided in Table 50 of Appendix K, to test whether any changes in 

service times will also affect the number of replacements.  Initially the service time distribution for 

a CM replacement is uniform (with 𝑎 =8, and 𝑏 = 8) distributed (mean of the CM service times is 9 

hours), while the distribution for a PM replacement is uniform (with 𝑎 =6, and 𝑏 = 6) distributed. 

In the first scenario the service times are set to uniform between 4 and 12 for CM replacements and 

uniform between 2 and 10 for PM replacements. The mean will still be equal, only the variance is 

set higher. For the second scenario the PM and CM service time are uniform distributed between 14 

and 15 hours. The variance for CM activities will therefore be small, but the mean service duration 
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is increased compared to the initial values. The third scenario will test what the influence is when 

the service times are both low, and contain less variance. For PM and CM the service times are set to 

uniform between 4 and 5.  

As expected, the production losses decrease as the service duration decreases and includes for 

increased service duration. The duration of service, does not influence the number of PM and CM 

replacements. When the CM service times are uniform distributed with higher variance the 

variance is not per definition higher for the total cost output. The variance of cost is dependent on 

many other factors, e.g. spare part unavailability during CM. The variation in the service times are 

not of great influence on the variance of the total cost.  

It should be kept in mind, that the production losses are close to the maintenance cost in the third 

scenario. When difference between production losses and maintenance cost become almost equal, 

or when maintenance cost will even get larger, we might consider to find another lifetime threshold 

or even change the maintenance concept to a more corrective strategy.  

To conclude, the service time will particularly have an influence on the production losses, not on 

other output parameters. As service times decrease, so do the production losses. The same effect on 

the total cost, and other output parameters will holds as well when varying the production margins, 

production quantity or the set-up times instead of the service times.  

Number of internal maintenance teams  

This sensitivity analysis is only executed for the number of maintenance teams, but holds also for 

increasing or decreasing the capacity spare parts of stage 1 as well as stage 2, and also for the 

possibility of hiring a particular number of external maintenance teams.  

The number of maintenance teams is in the initial situation 2, besides 1 external maintenance team 

is available (three in total). For the sensitivity analysis the output parameters of great relevance 

are; the number of CM and PM replacement, the average number of replacements per small stop, 

the average number of maintenance teams unavailable and the number of external maintenance 

teams necessary. The parameters value for the total capacity of internal maintenance teams will be 

set to 1 (half of initial values) and 3 (1.5 times the initial value). The number of external 

maintenance teams will stay equal to 1. Numerical output of this sensitivity analysis is provided in 

Table 51 of Appendix K. 

The numbers change in the direction that is expected. Total cost increase slightly in case there is 

only one internal maintenance team, since the number of CM activities is increasing. When a 

stuffing box has exceeded its lifetime, but cannot be replaced because of capacity limitation, a 

stuffing box stays in operation till next small stop. The probability of failing increases. In scenario 2 

(MT=3), this behavior is observed the other way around. The number of times that a MT is not 

enough available in a small stop is very small and the number of CM replacement is slightly lower 

compared to the initial number. Cost are slightly lower.  

Cost parameters 

For when the cost parameter are varied, the total cost will change in the same direction as the cost 

parameter has been changed. To what extend the parameter changes, is mainly related to the 

number of PM and CM activities per year. No sensitivity analysis has been performed for the cost 

parameters itself.   
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To conclude this subsection: results obtained with the proposed maintenance policy are especially 

sensitive to changes in the lifetimes of a stuffing box. They effect the total cost and the variability of 

the total cost. The cost are most dependent on the number of maintenance activities, mostly 

effected by the lifetime of a stuffing box. For *Company name*, effort should be put in attempting to 

reduce the variance in the lifetimes and to increase the stuffing box lifetimes. In section 19.3, 

general recommendations to the company are discussed. This topic will be elaborated in more 

detail. The other investigated independent parameters, have an influence on cost as described 

above, but theydo not highly influence the number of maintenance activities, which influence to 

total cost at most.   

  Conclusion on validation 15.2.3
The simulation model behaves in the way that is expected when input parameters have been 

changed in the sensitivity analysis. For historical data validation, data is not sufficiently available 

for validation, and besides, the data available in not very reliable. This results in limited power of 

the validation. In all, considering both of the validation methods, no incorrect or unexpected results 

are observed by comparing the real system with the simulation output. Therefore the simulation 

model is validated.  

15.3 Computational time  
The computational processing time of the simulation model for 500 sub runs, with a sub run length 

of 5 years is less than 2 minutes. The computational time charged is depending on the processing 

speed of a computer, but will not deviate to a large extent. The time for loading the input and output 

parameters from the spreadsheet tool and saved them into a CSV file in neglect able.  

In total this computational time is considered as acceptable by the end users of the tool.  

15.4 Conclusion 
The verification and validation procedure has been completed in this chapter. The conceptual 

model has been transferred into the simulation model in good way. No unexpected output has 

appeared, and extensive test have been performed to make sure, the simulation model is built 

correctly. After historical data validation and sensitivity analyses, there is no reason to assume that 

the simulation tool is not valid.  
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In this chapter scenario analysis will be performed by testing different combinations of values for 

the decision parameters, aiming to find the combination of values which offers the lowest cost as 

output of the simulation model.  Changing these parameter values will effects time durations of 

event and between event, and will also have influences on the number of events.  

This chapter is structured into two parts. Some of the decision parameter are highly correlating 

with each other. Besides, optimizing seven decision parameters by selection a certain number (n) of 

values result in 7𝑛 options. Due to the reasons mentioned, two sets of decision parameter will be 

optimized individually, by making use of scenario analysis. The first section in this chapter (section 

16.1) will focus on finding the near optimal parameters for the next decision parameters, called 

parameter optimization set 1: 

 SS interval  𝜏 

 Lifetime threshold for stage 1 𝐿1  

 Lifetime threshold for stage 2, 𝐿2  

The next set (set 2) of near optimal decision parameters will be found when the first set is already 

determined. The sections thereafter will focus on determining the numbers for the following 

decision parameters: 

 Capacity of internal MT, 𝑀𝑇𝑖𝑛𝑡  

 Capacity of external MT, 𝑀𝑇𝑒𝑥𝑡 

 Capacity of SP stage 1, 𝑆𝑃1 

 Capacity of SP stage 2, 𝑆𝑃2 

The starting configuration of the fixed input variables will be as provided in Appendix J. 

Combination of decision variables are changed, to get insights into the interaction effect of the 

decision variables. Only limited number of options are tested, due to time constraints for the 

project. This process can be repeated to find the precise optimal combinations of decision variables. 

The optimization criteria for the model, is to minimize cost, which will be the main criteria for 

selecting values of decision parameters. Also the number of breakdowns and the production losses 

are evaluated as important performance indicators. Based on prior knowledge on the effect of 

decisions on the total cost and the number of maintenance activities, candidate values for decision 

parameters are selected.  

Quick analysis turned out that lifetime threshold for the SB of the different systems, should not be 

set to the same value. The first, and second stage of SX and SY are different in lifetime and so does 

the lifetime of the stuffing boxes of SZ from the other systems. The scenario analysis is applied to all 

systems, since the parameter values are different for the systems. Main differences are observed in 

the lifetime and production margins.  

To obtain a better estimation of the decision variables, a first initialization of the decision variables 

is executed per system by searching over a coarse grid. Afterwards, values for decision parameter 

will be selected over a finer grid. The values of the first initialization are obtained in Appendix L. 

Afterwards, the values for the best combination of decision parameters are improved by finer grid 

16. Scenario analysis  
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search, stepwise. At first, scenario analysis of set one is executed. Based on this set of input 

parameters, scenario analysis is performed for the next set (set 2).  

16.1 Effects of decision parameter set 1 
The interaction effects of the decision parameters of set 1 is explained shortly by making use of 

exemplary graphs. Basically, we want to set the lifetime threshold in a way that is optimal and will 

prevent breakdown. In small stops, production losses during set-up are saved, since stuffing boxes 

can be replaced together.  
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In the graph of Figure 67, the 
maximum of the lifetime 
threshold of option 1 is set lower 
than in option 2 (option 1 
indicated by the green line, 
option 2 by red line). In general 
we would expect that lower 
threshold levels would result in 
more preventive and less 
corrective replacements. But the 
impact of setting this threshold 
level low (option 1) is very 
limited, since the next small stop 
is closer to the maximum lifetime 
treshold in option 2. In this way, 
the search for optimal parameter 
values is more complicated.  

 
Figure 67: Interaction between SS interval and Lifetime threshold picture 1 

Compared to the previous plot, 
the lifetime thresholds are set at 
the same age, but the small stop 
interval τ is shorter. In this case, 
stuffing boxes in option 1 will be 
replaced preventively at 5τ, while 
stuffing boxes in option 2 will 
preventively be replace at 6τ.  

 
Figure 68: Interaction between SS interval and Lifetime threshold picture 2 

In the plot on the right side, the 
threshold levels (L1 and L2)are 
drawn separately, to point out 
the effect if the threshold levels 
are set in a particular case. 
Interaction with the SS interval 
becomes clear.  When a stuffing 
box of second stage in option 1 
exceeds L2, it is replaced one SS 
earlier (at 3τ) than a stuffing box 
of options 2. The stuffing box in 
option two stays operational if no 
failure occurs till 4τ. For option 
two stuffing boxes in both stages 
are replaed at the same small 
stop. Therefore the impact of 
setting L2 < L1 is not very high.  

 
Figure 69: Interaction between SS interval and Lifetime threshold picture 3 
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It should be noted, that understandability of the interaction between SS interval and lifetime 

threshold is of great importance for finding optimal values, especially for finer grid search.  

  SS interval, 𝝉 16.1.1
Considerations  

For the stuffing boxes over the different stages, the same small stop interval is chosen. The lifetimes 

are differentiating from each other, but not so much that one maintenance interval is a multiple of 

the other maintenance interval. In our concept, it is strived to replace in “blocks” according to a 

block policy. Hence, the maintenance interval is kept the same for replacement of first and second 

stage stuffing boxes.  

It should be considered that choosing a non-integer number of small stops will result in executing 

the small stop in different moments in the year. For planning, this could result in complicated 

situations, especially when the occupation of employees (for maintenance as well as for planning 

and preparation) is small, for example during summer holidays. We will select therefore an integer 

number of small stops per year. Anyhow, values are presented for some non-integer numbers as 

well. *Company name*, could consider to use a non-integer number of stops per year, if this is 

advantageous from a cost perspective. 

Expected results 

The maintenance interval is in particular of influence for the number of maintenance activities. In 

case the SS interval is short, a stuffing box can be replaced at the next stop after having exceeded 

threshold L. Presumably the time period till the next small stop is short, and the expected number 

of breakdowns not very high. But on the other hand, if the maintenance interval is short, many 

options for initiating maintenance are created. Possibility to combine maintenance in a small stop 

will be reduced. 

The other way around will hold for choosing the maintenance interval large. Chance of breakdown 

will become higher, but chance of combining more than one replacement will increase. This can 

result in capacity limitations in a small stop, which can also lead to cost that are even higher. 

Choosing the maintenance interval equal to a multiple of the threshold level probability will have 

advantageous effects, since the maintenance concept focuses on replacing stuffing boxes in a small 

stop. If a stuffing box is replaced in a small stop, the next time that a stuffing box will be replaced 

will be at L hours later and if L equal to 𝑛𝜏, this will be immediately after exceeding L.   

The next output parameters will be effected by a change in SS interval 𝜏.  When increasing the SS 

interval, this will result in an increase or decrease of the next output values as shown within 

parentheses.  

 Number of CM (increase) 

 Number of PM (decrease) 

 Average number of replacement per SS (increase) 

 Average number of external maintenance necessary (increase) 

 MT unavailable (increase) 

 Spare part unavailable (increase) 

 Production losses CM (increase) 

 Production losses PM (decrease) 

 Maintenance cost (decrease) 
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Selected values for searching over a finer grid 

To investigate the effect of the small stop interval on the total cost we will run some values to see 

whether the effect is as is expected. An optimum value should be found. 

The number of integers to be tested for finer grid search are 1, 2 and 3 times per year, 

corresponding to 𝜏 =  {8760, 4380, 2920}. None of these values can be completely excluded from 

analysis, for all systems and therefore it is decided to use these values for finer grid search as well. 

Initiating SS more often than three times per year will lead to many single replacements in one 

small stop, and will therefore not be efficient. The main goal is to combine replacements in small 

stops. For finer grid search also the moments of a small stop are considered. Setting the lifetime 

threshold just before a small stop occurs might be advantageous.  

Table 40: Small stop initiated at n𝜏. Numbers provided for 𝜏 = {8760, 4380, 2920}  

𝝉  1𝜏 2𝜏 3𝜏 4𝜏 5𝜏 6𝜏 7𝜏 8𝜏 9𝜏 
1  8760 17520 26280 35040      
2 4380 8760 13140 17520 21900 26280 30660   
3 2920 5840 8760 11680 14600 17520 20440 23360 26280 
 

  Lifetime threshold 𝑳𝟏 and 𝑳𝟐 16.1.2
Considerations 

Lifetimes of different stages are not equal to each other for SX and SY. The lifetimes of the stuffing 

boxes for stage 1 are higher than the stuffing boxes for stage 2, therefore 𝐿1 ≥  𝐿2 for system X and 

Y. For system Z the lifetimes distributions are equal, and also the lifetime thresholds will be set 

equal.  

Expected results 

How to set the lifetimes is highly dependent on the maintenance interval as observed in the 

numerical output of the coarse grid search in Appendix L. Mainly, the more frequently the SS 

interval is set, the higher the thresholds can be set, since the resulting lifetime till the next SS is 

expected to be low. But of course it does matter what the ratio between 𝑗𝜏 and 𝐿1 and 𝐿2 is, as 

explained in figures Figure 67, Figure 68 and Figure 69 

When lifetime thresholds are set higher, the next parameters are in general expected to change in 

the direction put between parentheses.  

 Number of CM (increase) 

 Number of PM (decrease) 

 Average number of replacement per SS (decrease) 

 Average number of external maintenance necessary (decrease) 

 MT unavailable (decrease) 

 Spare part unavailable (decrease) 

 Production losses CM (increase) 

 Production losses PM (decrease) 

 Maintenance cost (decrease) 

In case the lifetime thresholds 𝐿1and 𝐿2 are set high, the chance of failure is high before the 

threshold level is reaches. The number of CM replacement will increase, also having consequences 
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for the production losses. The number of replacements in a small stop will decrease, since more 

stuffing boxes will fail before and only a few will be replaced during a small stop. Capacity will 

become less critical for replacements in a small stop.  

Selected values for finer grid search 

From coarse grid search it is observed that setting different values (also for ‘extreme case’) for the 

lifetime threshold has not a very large impact on the total cost. However, is has a great influence on 

the number of CM and PM replacements. Since the PM replacement have advantageous in other 

perspectives as planning and preferences, we will look into values for threshold levels that result in 

a small number of breakdowns (as they cannot be avoided completely). The range of lifetime 

thresholds from 15000 till 25000 are chosen for finer grid search.    

  Near optimal values 16.1.3
The output for the finer grid search is provided in Appendix M.  We have to conclude that 

differences in cost are not very high. In other words, the total cost are not very sensitive to changes 

in the decision variable. Other decision criteria are decisive now. The number of breakdowns 

becomes very important for selection of the best set of decision parameter values, since one of the 

goals of *Company name* is to reduce the number of breakdowns and unplanned production losses. 

Besides the number of small stops is also a decision that could depend on other factors, for instance, 

when other components need replacement. Initiating only one stop per year is in the cost optimal, 

because replacements are more grouped, when only considering the stuffing boxes. But when small 

stops need to be initiated more often because of other components, it is definitely also more 

advantageous to consider to replace stuffing boxes as well.  

The only question is how much more money are we willing to spend to decrease the number of CM 

slightly or to have more stops in a year. *Company name* should make its own decision for which 

set of parameter values will be choose. It is recommended to observe the scenario plots (Appendix 

N) in combination with all output values (Appendix M). The best combination in term of cost, 

number of CM, and other output parameters should be selected. In Figure 70 one of the scenario 

plots is provided in the main text as an example, to clarify. In the scenario plot, a tradeoff between 

cost and the number of CM activities becomes clear. The labels at each of the dots in the plot are 

corresponding to the scenario numbers in Appendix M. Decision parameter values, and other 

corresponding output values are provided in this appendix. As can be observed, the cost is near 

equal for the scenarios 3, 9, 10 and 5. But the number of breakdowns are highly variable. When cost 

are near equal is suggested to choose decision parameters, in the way that the number of CM 

replacements are low as well. In this example, it is clear that scenario 9 is most advantageous. For 

the other plots that are provided in the appendix, the optimal set of decision parameter values is 

less obvious. In general, cost for 𝜏 = 3 is higher than for 𝜏 = 2, and cost for 𝜏 = 2 higher than cost 

for 𝜏 = 1.  It is recommended, to choose the scenarios that are also good with respect to planning, 

not only from cost perspective only.  
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Figure 70: Scenario plot SY, 2 small stops per year. Other scenario plots are provided in Appendix N.  

To continue on estimating the next set of decision parameter values. A selection of a relative 

advantageous scenario to own insights is selected and provided in Table 41. The selection is not 

based on an optimal cost perspective only. A planning perspective is also taken into account which 

focusses on the number of breakdowns and the number of stops per year. The resource capacitates 

are kept as default.  For system Z the threshold levels are equal, also because the distribution for 

the first and second stage stuffing boxes are equal. System X differs from system Y in the production 

margins and number of stuffing boxes (clear visible in the output values and scenario plots). 

Decision parameter values are chosen slightly different.  

Table 41: Selected parameter values as input for the next set of optimization parameters.   

 SX SY SZ 
Decision par.     
𝑓  2 (𝜏 = 4380) 2 (𝜏 = 4380) 2 (𝜏 = 4380) 
𝐿1  22000 21000 19000 
𝐿2  13000 13000 19000 

output    
Total cost 330648 554246 495529 
# CM 1.24 1.59 1.2 
# PM 2.97 4.09 3.08 
 

The optimal parameters of this section, serve as input for the next set of parameters that should be 

optimized. *Company name*, should repeat the process described in the next section itself to obtain 

optimal values for set 1of decision variables that is preferred. The next chapter will only serve as an 

example on how to obtain a ‘near’ optimal set 2 of decision variables. 

16.2 Effects of decision parameters set 2 
The decision parameter values of set 1 are chosen as provided in Table 41. These decision 

parameters will be kept, for optimization of the decision parameter values of set 2. Decision 

parameter of set 1 could be re-evaluated, when the near optimal of set 2 have been changed in 
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comparison to the default settings. This is an iterating procedure, since many optimization 

parameters are optimized.  

The optimization parameters of set 2 are intertwined. All are capacity limitation, and if resources is 

not available, replacement cannot be accomplished and other resources are not necessary. For 

example is maintenance teams are not available for replacement of SB stage a in a small stop, 𝑆𝑃𝑎  is 

not necessary. Also the number of internal and external number of maintenance teams are 

intertwining.   

In the current situation 2 spare parts of each stage are available, and two internal maintenance 

teams. These are owned by *Company name* itself. It should be noted that disposing spare parts, or 

not using internal maintenance team (these employees have a fixed paid contract with the 

company) is useless. But in the long term it could be decided to decrease capacity if desired. 

Increasing is also an option, but for increasing internal maintenance teams, courses should be given 

or new employees should be hired. Cost for courses or contracts are not included in the total cost 

function, since they are not known. In advance, a warning should be given that cost outcomes 

should be interpret in a right way.  

Further it should be noted, unavailability of resources, is highly dependent on the sequence of 

events in the simulation model. Although we are running the simulation model for 2500 years, the 

number of unavailable resources (also resulting in the cost) is varying over different simulation 

runs. This should be taken into account, when interpreting the results.  

 Maintenance team capacity (𝑴𝑻𝒊𝒏𝒕 and 𝑴𝑻𝒆𝒙𝒕) 16.2.1
Internal and external team capacity is discussed in the same section since both influence the cost 

and other output parameters (except from number times ext. maintenance is required) in the same 

way. The external maintenance teams are always requested in case extra maintenance is required, 

in the simulation model. So basically, the total available capacity is expressed by the next formula:   

𝑀𝑇𝑡𝑜𝑡𝑎𝑙 =  𝑀𝑇𝑖𝑛𝑡 + 𝑀𝑇𝑒𝑥𝑡   (39)  

Only in terms of cost, internal and external maintenance teams differ. 

Internal teams 

The maintenance teams capacity is restriction for the number of stuffing boxes that can be replaced 

in a small stop. The influence of the maintenance team capacity in a CM replacement stop is very 

limited. Only in case the number of corrective replacements is higher than the maintenance 

capacity minus 1 (because of day and night shifts) the number of maintenance teams has an 

influence on the corrective replacements (assumed that the interval maintenance team capacity is 

always equal or higher than one).  

External MT teams 

External teams are only available in small stops, since accurate planning for hiring external teams is 

required. It is decided by the simulation model, that external capacity is always hired. No individual 

choice is made per situation. To test whether hiring external capacity is advantageous in itself, the 

parameter values are set to 0. 

In general holds if the extra cost for courses and contract (for stuffing box replacements only) per 

replacement (resulting from the expected number of failure per year) are higher than the extra cost 

for hiring external maintenance teams one should consider to have a limited maintenance teams 



133 
 

available as possible and hire as much as needed. Nowadays in practice, having a capacity of two 

internal maintenance teams will be the minimum, since day and night shifts are a requisition at 

*Company name*, when producing 24/7.  

Considerations 

For setting the capacity of maintenance teams a trade-off should be made between having enough 

capacity to replace all or almost all stuffing boxes that have exceeded their threshold level and 

between the risk of leaving the component in operation (till next stop that capacity is available, or 

till the SB has failed). Basically, a trade of between MT cost and between extra costs of CM (in 

comparison to PM at their expected moments) should be made. 

Expected results 

When considering the total MT capacity, it is expected that the number of CM increase when 

capacity is set lower than the default value (𝑀𝑇𝑖𝑛𝑡 = 2, 𝑀𝑇𝑒𝑥𝑡 = 1), and will decrease when capacity 

is highly available. The number of CM activities is directly influencing the total cost as well. 

Therefore the total cost are expected to be lower when capacity is high. On the other hand, if hiring 

external maintenance capacity is more expensive than the profit in cost as a consequence of less 

CM, the total simulated cost can increase. Movement of direction for the total cost unclear, but will 

be influenced by setting this parameter value.  

It should be noted, that the cost for internal maintenance teams are not calculated by the simulation 

model. In general it holds, if extra cost for courses and contract (for stuffing box replacements only) 

are lower than the savings as a consequence of more PM instead of CM, it is not advantageous to 

increase the number of maintenance teams compared to the default value.   

Further, the unavailability of maintenance teams and spare parts unavailability will change in the 

direction that is provided in the list below. All output parameters expected to change as a 

consequence of increasing the number of maintenance teams (𝑀𝑇𝑡𝑜𝑡𝑎𝑙 > 3) are provided below.  

 Total cost (unclear) 

 # CM (decrease) 

 # PM (increase) 

 Av. Per small stop (increase) 

 MT unavailable (decrease) 

Selected values for finer grid search 

Of course, 1 or 2 internal maintenance teams are required for breakdowns (not only for small 

stops), so the number of internal teams should never be set equal to 0. We will test therefore having 

1, 2, or 3 internal maintenance teams as capacity.  

For the number of external maintenance teams only the option of not hiring external maintenance 

teams (𝑀𝑇𝑒𝑥𝑡 = 0) are compared to the option of hiring at most 1 maintenance team (𝑀𝑇𝑒𝑥𝑡 = 1). 

The cost for hiring external maintenance teams are fixed per replacement, and only be different in 

terms of cost compared to internal teams. Ratio between internal and external cost is not known, 

therefore it makes no sense to calculate more scenarios. Is will also make no sense to evaluate the 

number of external teams in combination with the SP capacity, since effects of varying internal 

maintenance capacity results in the same output parameters (except from cost and number of ext. 

MT required). MT capacity in total, is basically investigated till 4 teams (3 int. and 1 ext.). A higher 
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number is not necessary, since the number of unavailable maintenance teams is almost equal to 0 

results from coarse grid search (Appendix L) 

  Spare part capacity (𝑺𝑷𝟏 and 𝑺𝑷𝟐) 16.2.2
On average a spare part of a stuffing box is expected to have a lifespan of 25 year. Holding cost for 

having spares in stock should are accounted for as well. In contrast to the maintenance teams, all 

cost for spare parts are known. The (near) optimal level of spare part capacity can be chosen by 

using scenario analysis. 

Spare parts of the first and second stage differ slightly in maintenance cost. Further system X has an 

equal number of stuffing boxes in its system configuration in the first as second stage. System Y and 

Z have 2 more stuffing boxes in the second stage than in the first stage. The average number of 

spare parts per stuffing box position per stage is therefore higher in the first than in the second 

stage. This should be kept in mind, during the scenario analysis in this section.  

Considerations 

The considerations for choosing the capacity of the spare parts are similar to the considerations for 

the capacity of the maintenance teams.  Cost for having extra spare parts in stock should outweigh 

the profit of having less breakdown. When spare parts are sufficiently available to replace all SB 

that have exceeded their threshold levels, SB are replaced early and can be combined with 

replacement of other SB in a small stop. 

Expected results 

The higher the number of spare parts the higher the number of replacements in a small stop. 

Besides, it is expected that the number of breakdowns will decrease on average if the number of 

spare parts increase (compared to default settings). In this case, the cost can change in both 

direction. Cost might decrease as a consequence of reduced numbers of CM. Another possible 

option, is that cost increase as a consequence of having more holding and depreciation cost, for the 

extra spare parts. Influences on other output parameters are listed below (including the expected 

directions of change when SP increase). 

 Total cost (unclear) 

 # CM (decrease) 

 # PM (increase) 

 Av. Per small stop (increase) 

 𝑆𝑃𝑎  (decrease) 

Selected values for finer grid search 

Per default, *Company name* owns two SP per stage, at the moment. Increasing as well as 

decreasing the SP capacity by 1 is researched. So, having an equal amount of spare parts for both 

stages, with values 1 2 and 3 spare are tested. Two more scenarios are added only for system Y and 

Z: 

 𝑆𝑃1 = 1 and 𝑆𝑃2 = 2 

 𝑆𝑃1 = 2 and 𝑆𝑃2 = 3 

These scenarios are added, since the number of stuffing box position as system configuration is 

higher for the second stage as for the first stage.  
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  Selection of near optimal values 16.2.3
In the same way as in section 16.1.3 scenario plots are provided for each scenario investigated and 

are also provided in Appendix N. The option numbers are corresponding to decision parameter 

combinations of set 2, provided in Appendix M. Output values are provided in the tables of this 

appendix as well. The scenario plots are provided for the number of internal maintenance teams set 

to 1, 2 or 3. The cost of internal maintenance teams are not assessed but are per presumably not 

dependent one of the other decision parameters. Therefore scenarios for which 𝑀𝑇𝑖𝑛𝑡 are kept 

equal, can be compared and are provided in one plot. As example the scenario plot of SY, for two 

internal maintenance teams is provided. Scenario 1 corresponds to the default capacity.  

For all system scenario plots, it can be concluded that the current resource capacities are chosen 

quite well. Cost and the number of CM replacements per year are relatively low compared to other 

scenarios. Some scenarios are more advantageous, but merits are very limited, for the given set op 

input parameters.   

 

Figure 71: Scenario plot for SY. 𝑀𝑇𝑖𝑛𝑡 = 2.  

Again, *Company name*, should determine which set of decision parameter values is most 

preferred. An optimal set of decision parameters is therefore nog provided. The outcomes of the 

scenario analysis might lead to decisions to change of the resource capacities relative to the 

decision variable set by default (as it is currently). In case, resource capacity parameter values will 

be changed, it is recommended to re-evaluate the values of decision parameter set 1. When capacity 

is not available, a SB replacement is postponed for the next small stop if capacity is available and 

the particular SB has not failed in between. When the maintenance interval is large, the change of 

failure in between is becomes large as well. It could be advantageous to change not only the 

maintenance interval but also the lifetime threshold. Lowering the threshold value is recommended 

in case capacity is limited. Based on logical reasoning some scenarios should be selected, to test 

whether the set of parameters initially chosen is still most advantageous.   
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16.3 Conclusion 
In this chapter has been described how the near optimal decision parameters can be obtained in 

order to meet the optimization objective. Therefore, sub research question 5 has been answered.  

According cost and other secondary criterion, the optimal set of parameters cannot be selected, 

without having more information. First, *Company name* should determine how much more 

money they want to spend on decreasing the number of CM replacement to a certain extent, 

starting at the cost optimal set of decision variables. From the scenario plot, the desired scenario 

can be selected, and corresponding decision parameters can be read out.   

The options that is most preferred could also vary over time, for example on the economic situation 

(height of production margins for example) or on other criteria that should be focused on 

(temporarily). It is therefore recommended to repeat the scenario analysis frequently as input 

parameters or decision criteria change.  

The most preferred sets of decision parameters cannot easily be obtained. Many scenarios have to 

be tested and output values should be compared, since in total 7 decision parameters should be 

optimized. Besides, the parameters within the sets distinguished are highly depending on each 

other. Especially in decision parameter set 1, output of scenarios is not very predictable, and 

therefore a relative large number of scenarios has been selected.  

Once when an initial near optimal set of parameters is chosen, one could choose to keep some of the 

decision parameters as initialize (for example the capacity parameters, since these cannot easily be 

changed). When the scenario analysis is obtained ones, insights are provided in directions of 

change, and specific scenarios can be selected to save effort, when this process should be repeated 

It should be taken into account that cost for internal maintenance teams are not assessed. For 

determining optimal number of internal maintenance teams, the cost should be estimated first. 

When adding these cost to the total cost from the simulation output, a well advised choice can be 

obtained.  

  



137 
 

 

In this chapter, some other features of the simulation tool are used to assess, how other strategies 

or other situations will influence the output parameters.  

17.1 Comparison proposed maintenance concept to CM policy 
In this section the maintenance concept proposed is compared to a maintenance strategy in which 

components are only replaced correctively. The main optimization objective is to minimize total 

cost. Secondary criteria, will be harmed in a breakdown concept. 

With the current estimated input parameters, the cost for a preventive policy can easily be 

calculated with the simulation tool, by setting the lifetime threshold to infinite. In practice, setting 

the lifetime threshold at 1,000,000,000 for both stages will satisfy, since no single stuffing box will 

survive this limit. All stuffing boxes will fail and corrective replacement is necessary.  For the three 

systems, these runs are performed with the input parameter values as provided in Appendix J, and 

the decision variable to the number provided in the table below.  

Table 42: Decision parameter values, as input for generating output for a CM policy 

Parameter 𝑓 𝐿1 𝐿2 𝑆𝑃1 𝑆𝑃2 𝑀𝑇𝑖𝑛𝑡  𝑀𝑇𝑒𝑥𝑡  
value 2 1,000,000,000 1,000,000,000 2 2 2 1 
 

The output of applying a corrective maintenance concept only, is provided in the following table 

Table 43: Output for a CM policy for each system separately. 

 SX SY SZ 
Total cost  310428 555281 453100 
# CM 2.97 3.96 2.72 
# PM 0 0 0 
# total repl. 2.97 3.96 2.72 
av. Per SS 0 0 0 
not initiated SS 2 2 2 
Ext MT required 0 0 0 
MT unavailable 0 0 0 
SP1 unavailable 0 0 0 
SP2 unavailable 0 0 0 
SP unavailable CM 0 0 0 
Prod. Loss CM 168981 376118 312236 
Prod. Loss PM 0 0 0 
Prod. Loss total 168981 376118 312236 
Cost maint CM 125153 162797 116444 
Cost maint PM 0 0 0 
Cost maint total 125190 162797 116444 
 

Compared to the scenario analysis output the Small stop maintenance concept performs better, but 

not very much . For the systems X and Z the corrective policy is even cheaper as the cheapest option 

17. Case study  
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of initiating two small stops per year in the proposed concept. This results from Appendix M. For SY 

a CM policy is not cheaper than the cheapest option for initiating two small stops per year for the 

small stop maintenance concept, but for many scenarios it is. For initiating only one small stop per 

year, the small stop maintenance concept performs best.  

In the current situation, with the current input parameters, a CM policy is probably not the most 

preferred option for *Company name*.  

However, in case unplanned downtime becomes less important, for example, when economic 

situation are less good and the final product cannot be sold anyway. A corrective strategy could be 

advantageous. This depends on the proportion between the production margins and maintenance 

cost. Next section will shorty provided one more case to clarify this perspective.  

17.2 Changes in cost parameters 
If production margins decrease or maintenance cost increase in comparison to the current 

situation, the maintenance concept might be reconsidered. An example will be given to confirm the 

statements that a CM concept could be cost advantageous when production margins decrease. A CM 

strategy is compared to the proposed small stop concept. As decision parameter values, the values 

of set 1 that minimizes cost in the scenario analysis, are chosen for comparison. It should be noted, 

that this set of decision parameters is not per definition the set that minimizes cost when the 

production margins are set lower.  

Simulation output values are provided in Table 44, when the  profit margin decrease with 20%. The 

profit margins become 189 euro per ton instead of 236 euro per ton. All other input parameters are 

as provided in Appendix J. Resource parameters are 𝑆𝑃1 = 2, 𝑆𝑃2 = 2, 𝑀𝑇𝑖𝑛𝑡 = 2 and 𝑀𝑇𝑒𝑥𝑡 = 1 for 

all system. The other decision parameter (𝑓, 𝐿1 and 𝐿2) are provided the next table.  

Table 44: Output when production margins decrease. A CM policy compared to the a cost effective set of input parameters of 
the small stop policy 

 SX SY SZ 
 

CM Policy Small stop CM Policy Small stop CM Policy 
Small 
stop 

𝑓  2 1 2 1 2 1 
𝐿1  1,000,000,000 21000 1,000,000,000 20000 1,000,000,000 17000 
𝐿2  1,000,000,000 14000 1,000,000,000 14000 1,000,000,000 17000 
       
Total cost  275871 281657 482600 468244 385706 404372 
# CM 2.97 1.73 3.96 2.48 2.75 1.37 
# PM 0 1.95 0 2.25 0 2.86 
# total repl. 2.97 3.68 3.96 4.73 2.75 4.23 
av. Per SS 0 2.09 0 2.31 0 2.86 
not initiated SS 2 0.07 2 0.03 2 0 
Ext MT 
required 

0 0.33 0 0.46 0 0.87 

MT unavailable 0 0.15 0 0.35 0 1.19 
SP1 
unavailable 

0 0.04 0 0.04 0 0.11 

SP2 
unavailable 

0 0.08 0 0.29 0 0.97 
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SP unavailable 
CM 

0 0.01 0.03 0.04 0 0.03 

Prod. Loss CM 134269 79855 303389 195558 251547 129086 
Prod. Loss PM 0 30734 0 60646 0 74793 
Prod. Loss total 134269 110589 303389 256204 251547 203879 
Cost maint CM 125302 70958 162791 99521 117870 57999 
Cost maint PM 0 79808 0 90494 0 115574 
Cost maint 
total 

125302 150766 162791 190015 117869 173573 

 

In the given example, for a decrease of the production margins with 20%, the CM policy is for SX 

and SZ most advantageous in terms of cost only. For SY the small stop maintenance concept is most 

advantageous. As pointed out in this example, when cost parameters change, the proposed 

maintenance concept might not be most advantageous. The small stop concept can easily be 

compared to CM policy, by applying the simulation tool. Unfortunately, it is not easy to compare the 

performance of the small stop maintenance concept with other maintenance concepts, without 

changing the simulation model. Due to time constraints of the project, possible improvements and 

changes to the simulation model have not been performed. 

17.3 Conclusion 
In this chapter, it has been studied how the small stop maintenance concept performs in 

comparison to a simple CM maintenance concept (stuffing boxes are only replaced correctively). 

For the current failure, time and cost input parameters, the small stop concept performs well. Total 

cost are relatively low, and besides. Besides, secondary criteria, as limiting the number of 

breakdowns and creating opportunities for other components to be replaced, satisfied to a certain 

extent.  

However, when cost parameters change, the small stop maintenance concept, might not be most 

advantageous anymore. Especially, when profit margins decrease or maintenance costs increase, a 

CM could outperform the small stop concept. Of course, this is dependent on the system parameters 

and to the degree to which the profit margins or maintenance cost change.  
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In this chapter, the design of the tool and the procedure of transmitting the tool to *Company name* 

will be discussed.  

18.1 Design of the tool 
The tool was developed with input from the end-users i.e. a maintenance specification engineer, 

mechanical engineer and reliability engineers. From the beginning of the project, they explained to 

situation, possibilities and restrictions for implementation of a maintenance concept. In the design 

of the tool each possibility and restriction is taken into account as much as possible. In case 

parameters and system composition change as a result of a changing environment, the tool must 

remain usable.  

The end-users were also involved in designing the final user interface. The features of the 

simulation tool were explained and after the end-user was asked for suggestions and issues of 

interest. The tool was built in Excel, since all end-users are familiar with excel. By programming in 

VBA (programming language in Excel) it allows to copy the input values to a CSV file, and starts the 

simulation in R afterwards. When the complete simulation run has been performed R creates 

output and prints the output to a CSV file again. When the output is copied to the CSV file, the VBA 

codes ensures that the final input is printed into the user face output screen.  

R is fast and convenient to use for simulation. At *Company name*, R can be installed on the 

computers of the end users since it a free and widely available software package.  

18.2 User friendly 
Many words are used to describe the variable, to ensure that the correct value is entered in the 

appropriate cell. Even without manual the input and output screen should be understandable. It 

should not be time consuming to fill in all the values. Accordingly, the default values are entered in 

with a push at a button. The default values can also easily be edited.  

18.3 Knowledge transmission 
In Appendix N the user-manual of the tool is provided. The user-manual is an instruction for using 

and editing the simulation tool. Much information is provided on filling in the input parameters of 

the tool. Besides the user manual provides all kinds of information on simulation and the purpose 

of the tool. Screenshots of input, output screens are included as well to clarify.  

Workshops will be given to the end users of the tool. Information about the purpose of the tool and 

on how to fill in the input values will particularly be explained. Besides, a workshop will be given to 

a reliability engineer. The codes and formulas used in the simulation tool (in R), will be explained as 

well. The simulation tool could be applied for uses other that stuffing box optimization. Besides, 

adjustments as consequences of changes in system or maintenance design could be adjusted in the 

R scripts of the simulation tool. The reliability engineer should understand the R script and should 

be able to make changes to the script if necessary.  

18. Implementation   
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18.4 Conclusion 
Chapter 13 in addition to the information provided in this chapter, have answered research 

question 1 and 6 formulated in section 1.5.1. The requirements is terms of usability, functionality 

and design are met by implementing the tool in an excel spreadsheet (all users are familiar with 

excel). R is the program for executing of the simulation runs. Programming is performed in R, which 

is a fast running software program with a built in random number generator (for generating failure, 

service times and revision times). The code is hidden in the R script. There is no need to open the 

codes for running the simulation. Besides, graphs, buttons and messages are provided for the user, 

to make it even more user-friendly. The functionality of the simulation tool, is evaluated as useful. 

Optimal decision parameters can be chosen, although many runs will be necessary. Other purposes 

of the tool are investigating scenarios when input parameters or system design change. The 

simulation tool might even be applicable for other uses than optimization of the stuffing box only, 

by modifying the codes in the simulation tool.  
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19.1 Conclusion  
 Goal of the thesis 19.1.1

The final goal of the thesis is to design a (near) optimal maintenance concept for the replacement of 

the stuffing boxes in the secondary compressor and to design a tool for assistance in how frequently 

a stuffing box should be replaced, according the maintenance concept designed. The main objective 

is to minimize the total yearly cost over infinite horizon. Safety should be envisaged and unplanned 

shutdowns should be avoided as a second and third criteria.  

 Summary 19.1.2
The stuffing boxes, items of the secondary compressor, are the core items in this research. These 

stuffing boxes fail independently from each other. Replacement of a stuffing box takes place at a 

complete shutdown, per definition. High set-up cost are involved. Initially, it has been attempted to 

model the failure behavior of a single stuffing box, by modelling the failure behavior of the 5 rings, 

composed in a 2-out-of 5 redundancy configuration (2-out-of-5 rings should work for the stuffing 

box to function properly). After all, with the current data, it was impossible, to obtain insights in the 

failure behavior or the rings. Therefore the only possible option as indicator for the state of stuffing 

box, is by considering their lifetimes. In this report an extensive statistical research has been 

conducted on whether data of groups of individual stuffing boxes can be combined, since lifetime 

data is limited.  

For optimization of a multi-component system with high set-up cost and production losses during a 

maintenance stop, an appropriate maintenance concept has been selected. This  maintenance 

concept is highly overlapping, with the current strategy. A fixed number of ‘small stop’ are initiated 

per year. It is ought to combine stuffing boxes replacements in a small stop, because a relatively 

small amount of average production losses are involved. Stuffing boxes that have exceeded a certain 

threshold level (only age-based in the proposed strategy) will be replaced during the next small 

stop immediately hereafter. At least, if resource capacities (manpower and spare parts) are 

available. Also other components, that are left out of scope for this research, can be replaced in the 

same stop. Production losses can be allocated.  

*Company name* is already in the possession of a tool, for deciding on which stuffing box should be 

replaced in the next small stop. This tool is applicable in the proposed maintenance concept. In 

addition, a tool based on discrete event simulation has been designed to obtain insights into the 

consequences of maintenance decisions on cost and other output parameters. The tool could 

provide insights for potential investments in the future and an optimal set of decision parameter 

values can be selected by scenario analysis. The near optimal decision parameter values should be 

chosen carefully. At *Company name*, criteria other than costs might be envisaged, by the decision-

maker in question.  

 Research question 19.1.3
The sub research questions formulize at the start of the thesis have been answered during this 

report. The overall research question has to still be addressed which reads as follows:  

19. Conclusion, limitations, & recommendations 
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What is the optimum maintenance concept for replacement of the stuffing boxes, considering 

multi-items. In other words, what action should be taken in which situation? 

Due to time constraints on the project, only the (age-based) small stop maintenance concept has 

been studied. This maintenance concept has been compared to a corrective maintenance strategy in 

the case study. From cost perspective, the corrective policy might by advantageous in case the 

proportion between the margin of profit and the maintenance cost decreases (margins decrease or 

maintenance cost increase). For the current estimated parameters, the age-based small stop policy 

performs best, when decision parameters are chosen in a effectively. When considering also the 

other criteria, the small stop maintenance concept outperforms the corrective strategy. Besides, 

opportunities are created for other maintenance activities to other components in the secondary 

compressor, left out of scope for this research. Overall, in the current circumstances the interval 

based replacement strategy is advantageous. Replacement of a stuffing box should be initiated at 

the next coming small stop, only when it has exceeded the age-based predetermined threshold 

level.  

Many different maintenance concepts have been proposed in the existing literature for optimization 

of a multi-item or multi-component system. It cannot be stated with certainty that the proposed 

policy is optimal, since comparisons to other models is time consuming. Further research should 

point out whether other maintenance concepts could be advantageous as well. Comparisons can be 

made, by making use of the simulation tool.  

19.2 Limitations 
Data limitations 

Due to a very limited amount of failure data and a lack of reliable time and cost related data, the 

accuracy of parameter estimations are not guaranteed. The statistical test for data pooling over 

different physical positions cannot be performed properly. This has also consequences for choosing 

the optimal decision parameter values and might even be influencing the choice for the 

maintenance concept that should be selected, based on preferences.   

Condition measuring 

It is impossible to assess the accuracy of the condition measured data of *Company name*. There is 

no way to check whether the number of measured peaks corresponds to the number of failed rings. 

Besides, the relations between the failure behavior of rings, loads of pressure and deterioration 

over operational lifetime are not clear. Mathematically expressing the failure behavior of the rings 

cannot be formulated, without making many assumptions.    

In case reliable condition monitoring was guaranteed and relations between variables became 

clear, condition based maintenance concepts could be applied. Currently, the lifetimes contain high 

variability. When predictions of the moment of the individual ring failures can be stated with high 

certainty, lifetimes can be lengthen (for particular stuffing boxes), and even the possibility to 

combine stuffing boxes replacement could be considered.  

 

Scope 

Due to time limitation, components other than the stuffing box, have not been include in the 

maintenance optimization. Other components, also subject to failure as the injection non-return 

valve, base ring, front stuffing box and central valve are parts containing economical dependency 

with the stuffing box. To replace the base ring and the central valve, the stuffing box, must be taken 



144 
 

out of the system as well. Also components that contain economical dependency with the stuffing 

boxes could be considered to be included for maintenance optimization, in the primary as well as 

the secondary compressor. Due to time limitation, no other components have been include in the 

maintenance optimization other than the stuffing boxes.  

Analytical modeling 

Related to the previous limitation. It could be decided to put the old stuffing box back into 

operation, when components containing structural dependency with the stuffing box. It can also be 

decided to replace the stuffing box by an ‘as good as new’ one. Unfortunately, analytical modelling 

resulted in complex formulas. If analytical modeling was possible, calculations could have been 

made for trading off the extra maintenance cost of replacement and savings of production losses as 

a consequence of the opportunity that is created. Adapting the simulation tool, will cost much more 

effort, compared to analytically solving the trade-off equation. By solving the equation, a level could 

be established, for which stuffing boxes are replaced when a component with structural 

dependency is replaced.  

19.3 Recommendations to the company 
In this section, the recommendation to the organization are described.  

  Data collection and data storage at *Company name* 19.3.1
Excel spreadsheet 

It is recommended to record all sorts of information being of interest in one file. It is currently 

relatively hard to see the complete overview of all information regarding failures and replacement 

of stuffing boxes. In the “compressed file” (also handed over to *Company name*), all necessary 

information available for this research is saved in an excel file, as example. In this file information is 

combined from different sources containing cost  and lifetime data for maintenance to a stuffing 

box. In each line a single stuffing box replacement is notated (not per stop). This allows the user to 

select data by setting filters. In this way it has become easier to analyze lifetimes of stuffing boxes 

and also other items of interest.  

In short: 

 Write down everything as completely as possible.  

 Keep track of data consistently, using consistent term, define them, and making separate 

columns for each item of interest 

It is important to take time to register everything carefully after an event. This will pay out in the 

long run. 

Cost structure in SAP 

Specific for the SAP structure of *Company name*, it is recommended to change the structure, since 

it requires much work to obtain the cost for a particular stuffing box replacement.  

 Use the terms Small stop, breakdown, preventive in an unambiguous way and also the 

priorities assigned to maintenance (since it is not always executed at the moment an order is 

created.  

 Create one order per stuffing box replacement, and also for a front-stuffing box or make use 

of the suborder hierarchy in a right way. The goal is to obtain cost per replacement. This 

makes analyzing cost easier. In the current situation, the number of (front) stuffing box 



145 
 

replacement in a small stop varies. This creates confusion, especially, when analyzed by 

employees who do not know this background information.  

 Fill in the next information in separate blocks, to be able to filter results:  

o Mention the reason for replacement, for example based on the lifetime, frost, gas leak 

or gas peaks.  

o Day of actual replacement (not only when an order is created). Searching on the date of 

replacement (or year of replacement) is currently not possible. It is only possible to 

search on the data that an order is created, while an order is often created in advance 

(sometimes even half a year in advance).  

Downtime cost are not included in SAP. In a small stop cost for production losses are not accounted 

for at all, which is not very realistic. Downtime cost should not only be assigned to stuffing boxes in 

case of a breakdown, but also for losses during a small stop. Stuffing boxes influence the duration of 

a small stop, because they require much capacity in terms of time duration and manpower. Besides, 

they are not flexible to fit in, during unplanned maintenance activities in between small stops.  

Revision report 

Make concrete agreements with Stork, about what should be checked for when a stuffing box comes 

in for revision and which information should be stored in the revision report. For this research the 

information about the failed rings was very important. It has been found that the observations of 

the rings are not corresponding with the theory that at least 2 rings should be in an up-state for the 

stuffing box to perform well. The great importance of checking and/or measuring whether a ring 

has failed or not should be emphasized.  

  Lifetime of stuffing boxes 19.3.2
Maintenance concepts change over time, and can have a great impact on the lifetimes of the stuffing 

boxes. Nowadays, high lifetimes are not observed anymore since stuffing boxes have already been 

replaced before the end of their lifetime is reached. Preventive replacement should be distinguished 

from corrective replacements, and should be treated with appropriate techniques for right-

censored data. One cannot analyze the lifetimes, without being aware of the impact of censored 

data and the influence of the maintenance concept on the amount of censored data and their cut-off 

boundaries (end of operational lifetime, while failure has not occurred).  The Kaplan-Meier method 

is recommended to use, for obtaining failure distributions, means and averages of lifetime data 

including censored observations.  

Causes of failure are important indicators for differences in lifetimes. In case a component other 

than the stuffing box itself has failed (secondary failure), the stuffing box has not reached the end of 

its lifetime. It should not be treated as a corrective replacement. Besides secondary failures, many 

other reasons other than failure of the rings can be designated. Each extraordinary failure, should 

be labeled by its cause.  

Improving lifetimes, or reducing variance 

As explained in the sensitivity analysis, of section 15.2.2 lifetime of a stuffing box are especially 

sensitive to changes. They have a great influence on the number of replacements that need to be 

carried out. When variation in lifetimes is high, the chance of failing before the lifetime threshold is 

reached is typically higher than when variance is low. Effort should be paid in attempting to reduce 

the variance in the lifetimes and to increase the stuffing boxes’ mean lifetime. In order to be able to 

increase lifetimes or reduce variances, the reasons for failure earlier as is expected should be 
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identified and solved. Of course, this is not easy in practice, but significant cost savings could be 

obtained by focusing on improving the lifetimes.  

Stochastic dependency and number of stops 

It is also recommended to investigate the effect of the failure of a stuffing box to the degrading 

behavior on other stuffing boxes (stochastic dependence). The number of stops in one system could 

be of influence on the failure behavior of a stuffing box. This is also noted by experts of *Company 

name*. Unloading pressure and increasing pressure may lead to increased deterioration. It is 

recommended to keep track of the number of stops to the secondary compressor per system (SX, SY 

and SZ) and the duration of a stop (also small stops) at each point in time. The number of stuffing 

box failures in one system should be determined too. One could also make use of historical data, if 

available. For each replaced stuffing box, the number of stops and their duration (during the 

lifetime of a SB), should be determined. On the long run, when more data is available, the 

relationship between the number and the duration of stops and the lifetimes of a stuffing box could 

be investigated. Also the relationship between the number of stuffing box failures during the 

lifetime of another stuffing box and the lifetimes of a stuffing box is recommended for further 

investigation when data if available.  

  Improve quality of estimated parameters 19.3.3
The output of the model is only an accurately representation for reality if the input parameters are 

estimated correctly. The input is based on interviews with experts and on data derived from 

different sources (several excel spread sheet and SAP). Information in different sources were often 

not in accordance with each other, so estimates for especially cost parameters are made at own 

discretion. Not much lifetime data was available for the estimation the survival distribution. In the 

future when more data has been stored, the analysis for grouping stuffing boxes based on their 

reliability distribution (chapter 6, 7 and 8) can be reviewed. Also distribution fitting and parameter 

estimation as input for the simulation model can be reviewed when more data becomes available. 

The failure behavior is of great importance for the output of the simulation model.  Proper 

reviewing of the input parameters is highly desirable, certainly as maintenance decision are made 

based on output results.  

  Implementing possible improvements in the simulation model  19.3.4
One of the main advantages of a simulation modeling, is that the way of modeling is flexible, and 

easy to adapt. Many “what if” questions about real-world systems can be investigated. Analyzing the 

effect of changes and predicting the performance of a new maintenance situation, are main features 

of the tool. Reprogramming might be required if the model changes.   

Due to time limitations, adaptions of the current maintenance policy have not been explored.  Small 

adaption of the current maintenance design can easily be implemented in the tool and can be 

compared with the current maintenance strategy. Examples of small adaptions without changing 

the idea of the maintenance concept and the small stop are: 

 Instead of replacing only the stuffing boxes that have exceeded the lifetime threshold, a fixed 

number of replacement can be executed each small stop for example 2 per period.  

 In a small stop a stuffing box could be selected based on the lifetime only (as is proposed), but 

could also be replaced base on the available capacity. In case 2 stuffing boxes of the first stage 

are available and 1 of the second stage, the preference should be to replace at least one first 
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stage stuffing box, instead of replacing only one second stage stuffing box. A combination of 

considering lifetime and capacity would be best.  

 At small stop n, the expected number of replacements for the small stop n+1 can be 

determined. It can be decided, to replace one stuffing box extra at small stop n when the 

number of replacements at n+1 is higher than M (M=2 for example). For the purpose of 

stretching the capacity load this option could be advantageous. The number of hiring external 

maintenance will be reduced.  

  Other possibilities for improvements 19.3.5
Early failures 

In this report, the main focus has been on optimization of maintenance concepts and reliability 

facets. This is not the only area where maintenance cost savings can be achieved. Due to manpower 

mistakes or secondary failures stuffing boxes have been replaced at a very early operational 

lifetimes. Especially due to secondary failures, many early stuffing box replacements (lifetime 

<5000) have been performed. Costs that are involved with failures of the base ring or injection non-

return valve (resulting in a stuffing box replacement as well), are of significant importance for the 

maintenance department. The failure of the injection non-return valve and base ring are probably 

influenced by technical defects by aging and bending of piping.  A project team of *Company name* 

has already decided to invest in the renewal of the pipelines. It is especially recommended to 

prevent early corrective replacements in the future, also due to manpower failure, as high cost are 

involved.  

Varying the moments of small stops 

Instead of taking an integer number of small stops per year, it can investigated whether a non-

integer number of small stops per year is more cost effective or whether varying lengths of 

maintenance interval could be advantageous. It should be noted that small stops are not always at 

fixed moments in a year, at this moment. During holidays for example is not very convenient in 

relation to availability of maintenance teams. Planning and alignment with other departments as 

sales and production will probably be more difficult. Research should point out whether cost 

savings will outweigh the extra effort.  

19.4 Further research  
The next section describes topics that are not covered or are not investigated into detail. For 

further research it is suggested to explore these topics.  

Investigate option for investments in measuring equipment. 

Up to now, the theory of the failure behavior of the sealing rings is not justified. The measuring 

equipment and method is not very precise. Even if the measurement equipment is trustworthy in 

measuring gas peaks and leaks, it is still unclear whether we are could predict the failure behavior 

of a stuffing box with any certainty. It could be interesting to investigate the savings in case the 

failure behavior of the rings could be predicted with a particular certainty. Based on these 

calculation and taking into account the risk that investments will be less than the expected profit, 

CBM investments could be weighed out against the savings due to better failure predictions.  

Modelling behavior of sealing rings 

The failure behavior of the sealing rings is unclear in this research. However, for academic research 

it could be interesting to model the failure behavior of the rings (in a n-out-of-k system 

configuration) mathematically, under the assumption that the ‘theory of the rings’ is valid. Adding,  
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a certain probability of incorrectly predicting the number of failed rings (to apply a condition based 

concept on this situation) could be interesting for further research as well.  

Investigate other maintenance concepts 

In this report, an age-based small stop maintenance concept is compared with a corrective strategy. 

Many other maintenance concepts could be investigated, for example an opportunistic replacement 

strategy. Replacing stuffing boxes also opportunistically instead of only during small stops could be 

cost effective in particular situations. Other parts in the primary or secondary compressor are worn 

out or will spontaneously break down. Not only mechanic but also electronic problem to the 

compressors arise. At each stop with significant length (4-8 hours) it can be considered to replace 

stuffing boxes in the meanwhile. Extension of the tool can assist  in comparing these two strategies 

with each other. 

For academic research, the same circumstances could be considered. The proposed opportunistic 

strategy in combination with the small stop policy could be investigated. E.g by implementing 

randomly some stop into the simulation model, with randomly simulated durations as well. Based 

on lifetime (e.g. when almost reached lifetime L) or on the expected number of replacements (e.g. 

when higher than 2) an opportunity can be utilized. 
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Appendix A Aspen output, gas flow and temperature 

The next plot is a screenshot of the software program Aspen. Temperature, gas flows and any other 

criterion of interest that is measured to the system can be obtained. For the state of the rings, the 

gas flow is of great importance. Also the temperature gives meaning to the situation in combination 

with the flow of ethylene gas.  

Explanation:  

The first line is the most important one (the yellow rectangle) in the legend corresponds with the 

red line in the plot. It indicates the flow of gas leaks of the secondary compressor in total. All other 

lines correspond to the temperature in different cylinders (1A, 1B,…, 2F) and for each cylinder a 

suction and pressure pipe is measured. Some rectangles are drawn in the picture to point out what 

can be observed in the graphical plot and why it is hard to determine whether a peak has occurred.  

The green rectangles indicate a shutdown of the system, if the system is shut down, with any 

reason, all temperatures will decrease and the pressure flow will go to zero. The red rectangle 

indicated normal fluctuations in gas leaks and also temperature is fluctuating. Finally, the purple 

Figure 72: Aspen, output of measurement instruments.  
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rectangle indicated a peak occurrence (according experts corresponding to a broken sealing ring). 

This measured gas peak is also verified with the file in which peaks are stored. As shown the total 

temperature of the cylinders, indicated by the light green line is slightly decreasing when the gas 

peak is occurring (red line). These are indicators for a gas peak. Most often, gas peaks are not this 

obvious, results from further analysis. Expert interpretations are required, but still, it is not easy to 

distinguish a peak as a consequence of a failed ring from fluctuation in the flow of gas leaks (as a 

consequence of other events). Besides, gas leaks cannot be measured, when starting up or shutting 

down.   
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Appendix B Continuous measuring gas leak 

In this appendix, an example is given on why continues measuring the flow for the total amount of 

gas leaks for all ten cylinders together, is not very reliable as an indicator for a peak. The numbers 

given in this example are fictive to point out that measuring the gas leaks for all stuffing boxes 

together may lead to false identifying a gas peak with a certain probability. The amount of gas flow  

per position are not available at continuous basis (only measure ones a day). Only the total amount 

of gas (last column) is measured continuously.  

Two situations are pointed out in Figure 73. The first one contains a real peak in the amount of gas 

that is escaping due to failure of rings in one stuffing box. However, the second one does not contain 

a real peak in one of the cylinder positions both the total result does show a peak has occurred, 

while no peak has occurred in the second example. In practice this could happen, because 

temporarily dirt can increase gas leaks during a while, and if this occurs in more stuffing boxes, a 

peak can possibly be measured.  

 

 

 

 

 

 

Gas peak (ring broken)1a 1b 1c 1d 2a 2b 2c 2d 2e 2f Total

Day 1 0 10 0 0 0 10 0 0 0 0 20

Day 2 0 10 10 0 0 0 10 30

Day 3 15 0 0 0 0 10 0 0 0 0 25

Day 4 0 0 0 0 0 20 0 0 0 0 20

Day 5 10 0 0 10 0 20 0 0 10 0 50

Day 6 0 0 0 10 0 60 0 0 0 10 80

Day 7 0 0 0 0 0 80 0 0 0 0 80

Day 8 0 0 0 10 10 80 0 10 10 0 120

Day 9 0 20 0 0 0 90 0 0 0 0 110

Day 10 0 0 0 0 0 85 0 10 0 0 95

Day 11 0 10 0 0 20 20 0 0 0 0 50

Day 12 0 0 0 0 10 0 0 0 0 10 20

Day 13 15 0 0 0 0 0 0 10 0 0 25

No gas peak (ring not broken)1a 1b 1c 1d 2a 2b 2c 2d 2e 2f Total

Day 1 10 0 0 0 0 10 0 0 0 0 20

Day 2 0 10 0 0 0 10 0 0 0 0 20

Day 3 0 0 0 0 0 0 0 20 0 20

Day 4 0 15 0 0 0 0 10 0 0 0 25

Day 5 10 10 0 10 30 20 0 15 0 10 105

Day 6 20 0 0 10 20 25 0 10 10 0 95

Day 7 10 0 20 10 0 15 0 20 20 10 105

Day 8 0 0 10 0 10 0 0 20 10 0 50

Day 9 20 0 0 0 0 0 0 0 10 10 40

Day 10 10 0 0 0 0 0 0 10 10 0 30

Day 11 0 10 0 0 10 0 0 0 0 20

Day 12 0 0 0 0 10 0 0 0 0 10 20

Day 13 0 0 20 0 0 0 0 10 0 0 30

Figure 73: example of a gas peak (smooth blue color) versus an increase in total amount of gas leak. 
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\ 

Note: a short time interval is used to point out the idea of a gas peak. Normally a peak lasts for two 

or three weeks. 

Explanation: 

Visually, by observing Figure 74, a peak in gas flow is observed in both cases. In reality (pointed out 

in Figure 73) only the blue line in the graph represents a gas peak and a corresponding broken 

sealing ring. A ring of stuffing box 2b has failed as pointed out in the table in Figure 73. In the 

second case, no gas peak has occurred in because of one particular stuffing box (that causes the 

leak), but the gas leak values in different stuffing boxes are suddenly (by chance) during a time 

period higher than normally.  
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Appendix C Logbook values 

In the next screenshot, an example is provided of data stored into the logbooks. Each day, a 

maintenance engineers, measured the amount of gas leak per cylinder. The values are filled in in the 

logbooks.  

Explanation: 

As can be observed, the values are sometimes not filled in (second row). The output N (=cylinder 

position) g/s is a standard default in the system, and normally at least one of the cylinders is 

leaking gas at the moment of measuring. Also, different maintenance engineers will fill in the 

logbooks differently (difference between first and second row when no leak gas is observed).  

Figure 75: The amount of gas leaks in grams per second are registered in the logbooks.  
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Appendix D Gas leaks per day 

When not filled in the number 0 is used to calculate the average weekly value. Therefore het 

averaged are highly influenced by missing data as pointed out in the table below. This data is real 

data in a time period of 3 months in the year 2013.   

  

Explanation  

The values are highly dependent on fluctuations. It is also observed that the amount of gas leak is 

different for the first and second stage. Also differences within stages are observed 
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Appendix E Average calculations of weekly gas leaks  

The value filled in the logbooks are on a weekly basis inspected and the average in taken. The 

average value of gas leaks are filled in in the excel fill ‘gas leak and lifetime’ and are provided in 

Table 46. During week 14-25 in the year 2013 a test has been executed to check whether these 

values are calculated precisely based on the values in the logbooks (Table 45). The tables can be 

compared with each other.  

Table 45: Average values per week, calculated by summing up the daily measured values in the logbooks and dividing by 
seven. 

Averages 
from 
logbooks 

week 
14  

week 
15 

week 
16 

week 
17 

week 
18 

week 
19 

week 
20 

week 
21 

week 
22 

week 
23 

week 
24 

week 
25 

1a  0 0 0 0 0 5 5 0 0 5 0 0 

1b  5 0 5 0 10 5 5 5 0 10 5 0 

1c 0 0 5 0 0 5 10 0 0 10 5 5 

1d 5 5 20 10 40 35 20 15 30 40 25 10 

2a 0 0 0 0 0 5 0 0 0 5 0 0 

2b 5 5 10 5 15 5 0 10 0 15 10 0 

2c 0 0 15 5 10 25 10 15 20 15 30 25 

2d 0 5 0 5 10 10 0 5 0 10 5 0 

2e 0 5 5 5 5 10 5 5 0 5 10 20 

2f 5 0 0 0 10 5 5 5 0 5 10 25 
 

Table 46: values listened in the file ‘gas leaks and lifetime’. 

Averages 

in file 

‘gas 

leaks’ 

Week 
14 

Week
15 

Week 
16 

Wee
17 

Week
18 

Week
19 

Week
20 

Week 
21 

Week
22 

Week
23 

Week
24 

Week 
25 

Re
pl. 

1a 0 0 0 0 0 0 0 5 5 5 10 10  

1b 5 0 5 0 5 5 5 10 10 10 15 5  

1c 0 5 0 0 0 5 5 10 10 10 20 5  

1d 10 5 20 20 15 10 15 15 10 10 15 50 x 

2a 0 0 0 0 0 0 5 5 5 10 5 5  

2b 15 5 10 15 20 25 25 20 15 20 15 5  

2c 0 0 10 10 15 15 20 20 15 20 20 15  

2d 0 0 0 0 0 5 5 5 5 10 15 10  

2e 0 0 0 0 0 5 5 5 5 10 15 10  

2f 5 0 0 0 5 5 10 10 15 25 30 35 x 
 

 Indicates significant differences 
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Explanation  

These tables are created to compare the weekly amounts of gas leak from the logbooks with the 

weekly amount of gas leaks filled in in the file ‘gas leaks and lifetimes’. These two should 

correspond to each other, since the weekly averages are calculated by taking the average of the 

daily measured values. However, significant differences are observed (indicated with yellow). 

Especially for the stuffing boxes that are replaced at the end of the period considered. At the end of 

week 25 it has been decided to replace stuffing box 1d and 2f based on the gas leaks (not in a small 

stop). A random period is chosen before a condition failure and a condition based replacement to 

execute this test. Not many of these condition based replacement have been observed in the past 5 

years.   
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Appendix F Revision reports Stork 

The next revision reports  are provided to give insights in what is registered about the sealing rings 

when a stuffing box is dissembled. Revision reports indicate which rings are would still have been 

in an up state at the moment of replacement, for each ring individually. It can therefore be observed 

to a small extent whether rings have failed in a particular order, at least if not all stuffing boxes have 

failed. Two examples are provided.  

Part of the revision report of stuffing box replacement of cylinder 2B system Y 

 

Ring 1, (located in disk 6) 

 

Ring 2, (located in disk 5)  

 

Ring 3, (located in disk 4) 

 

Ring 4 (located in disk 3) 
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Ring 5 (located in disk 2)  

 

In conclusion, the next states of the individual rings are observed: 

1: down state 

2: up state 

3: up state 

4: up state 

5: down state 
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Stopbuswissel 2D, system 17 

 

 

Ring 1, (located in disk 6) 

 

Ring 2, (located in disk 5) 

 

Ring 3, (located in disk 4) 
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Ring 4, (located in disk 3) 

 

Ring 5, (located in disk2) 

 

In conclusion, the next states of the individual rings are observed: 

1: up state 

2: down state 

3: down state 

4: up state 

5: up state 
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Appendix G Reliability mathematics 

The stuffing box is subject to deterioration and will fail in the end. To calculate the expected 

number of failure or to obtain the probability that a stuffing box will be operational at a certain 

point in time, mathematical formulas are provided in this appendix.  

In this report, the time till failure for a stuffing box is a continuous random variable which follows a 

probability distribution. Random implies, the moment of failure is not known in advance. However, 

the probability that a stuffing box is still operational at a certain point in time can be calculated. The 

probability density function, f(t), provides the probability that a component fails at a certain point 

in time. The probability that a component fails at or before a certain point in time can be calculated 

by with the cumulative distribution function (CDF), F(T) and is the area under the f(t) curve from 0 

to T. In formula (40) this mathematically notation is provided.  

𝐹(𝑇) = 𝑃(𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑓𝑎𝑖𝑙𝑠 𝑎𝑡 𝑜𝑟 𝑏𝑒𝑓𝑜𝑟𝑒 𝑇) = ∫ 𝑓(𝑡) 𝑑𝑡
𝑇

0

 
(40)  

The probability that a component fails in interval [a,b] can also be obtained by taking the integral 

over the probability density function (PDF): 

𝐹(𝑎 ≤ 𝑡 ≤ 𝑏) = ∫ 𝑓(𝑡) 𝑑𝑡
𝑏

𝑎

 

 

(41)  

The reliability function is the complement of the CDF. The reliability function provides the 

probability that a component does not fail before a certain point in time, which is denoted by R(T). 

The relation between F(T), R(T) and f(T) are respectively given by next equations. Figure 76 

provides a visual representation of the individual curves. 

𝑅(𝑇) = 1 − 𝐹(𝑇) 
 

(42)  

𝑓(𝑡) = −
𝑑𝑅(𝑇)

𝑑𝑡
 

(43)  

Another useful function is the hazard rate. The hazard rate, also called failure rate 𝜆(𝑡), is the 

frequency with which an component fails, in failures per time unit. In case the failure rate is 

constant, the probability of failure at each moment is time is equal. In Figure 76 the hazard function 

of Weibull distribution is given. The mathematical expression is as follows.  

𝜆(𝑡) =
𝑓(𝑡)

𝑅(𝑡)
 

(44)  
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Figure 76: examples of a PDF, hazard function, CDF and Reliability plot of a Weibull distribution with parameter 𝛼 = 2.739 
and 𝛽 = 20192.  
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Appendix H Statistical tests applied 

In this appendix test procedures and formulas used are provided, literature sources are given for 

additional information.  

Kaplan-Meier product limit estimator 

The Kaplan-Meyer estimates is an appropriate method for determining the survival curve, since the 

curve is directly fitted form the observed (empirical) failure data without requiring any 

assumptions or parameterization. This Kaplan-Meier product limit estimator has some 

advantageous over the other methods and is applicable when dealing with right-censored data 

(Ebeling, 2010). In section 5.5 the survival and hazard plots will mainly be used to obtain a 

graphical view of the observed survival curve. It also serves as an eligible reference point for the 

goodness of fit of chapter 9.  

The reliability or survival function is equivalent to the well-known reliability formula under 

complete data when no censored data is used. Kaplan-Meier (1958) also provided a formula for 

calculating the variance of the data points and therefore confidence intervals can be estimated as 

well. The Kaplan Meier method is used in complex statistical analysis which are also applied by 

software. Survival curves can be plotted and comparison between two or more groups are possible.  

The Kaplan-Meijer product-limit estimator makes use of appropriate test measures to deal with 

censored data according specific calculation of the survival rate. The survival rate reflects he 

percentage of stuffing boxes which are still in an up-state at the given lifetime (t). The right 

estimated survival rate 𝑆(𝑡)̂  is calculated according the product limit method of Kaplan and Meier 

(1958): 

𝑆(𝑡)̂ = ∏ 1 −
𝑑𝑗

𝑛𝑗
𝑡𝑗<𝑡

 
(45)  

With j= the number of the replacement [1,…,m] 

𝑡𝑗= Actual times of death/replacement of the j-th component 

𝑑𝑗= number of deaths at moment 𝑡𝑗  , in our case 0 for censored data 1 for failure (uncensored) 

𝑛𝑗  = number of stuffing boxes still in life just before the moment of failure 𝑡𝑗    

F(t) is defined as the cumulative distribution function (CDF) and is related to the 

survival/reliability, S(t), distribution as followed: 

�̂�(𝑡) = 𝑃[𝑇 > 𝑡] = 1 − 𝑃[𝑇 ≤ 𝑡] = 1 − 𝐹(𝑡) (46)  

In which T represents survival time and is the random variable with cumulative distributions 

function 𝑃(𝑡) = 𝑃(𝑇 ≤  𝑡).  

The variance in the Kaplan-Meier procedure used in the statistical analysis of section is estimated 

by the Greenwood (1926) approximated formula:  

𝑉𝑎𝑟(�̂�(𝑡))̂ = �̂�(𝑡)2 ∑
𝑑𝑖

𝑛𝑖(𝑛𝑖 − 𝑑𝑖)
𝑡𝑖≤𝑡

 
(47)  
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The hazard function will also be use in the statistical analysis. The failure rate is the frequency of 

failure for and component in this case. The expected failures per hour (failure rate, 𝜆) at a certain 

point in time can be read from the hazard function graph.  

In continuous sense, as we are dealing with for the lifetime of the stuffing boxes the hazard rate is 

defined as follows:  

ℎ(𝑡) = lim
∆𝑡→0

𝑅(𝑡) − 𝑅(𝑡 + ∆𝑡)

∆𝑡 ∗ 𝑅(𝑡)
=

𝑓(𝑡)

𝑅(𝑡)
 

(48)  

The failure rate of distributions other that the exponential distribution are not constant with 

respect to time and will vary over time.  

Log-rank test  

The log-rank test is commonly used to establish whether there is a statistically significant 

difference exists between groups( Flynn, 2012) . Besides, the test is applicable for censored data 

type I, which is observed in the failure data of *Company name*. It has considerable advantages that 

it does not rely on the shape of the reliability curve or the distribution of this curve. The Log-Rank 

test is based on the same assumptions as the Kaplan-Meier survival curve, described above.  

For comparing two groups with each other, the Log-Rank test satisfies and will be used to test in 

this report whether the reliability functions are equal to each other. The Log-Rank measure is 

calculated by the next formula, which is based on the Chi-square measure.   

 

𝐿𝑜𝑔 𝑅𝑎𝑛𝑘 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 =
(𝑂1 + 𝐸1)2

𝑉𝑎𝑟(𝑂1 − 𝐸1)
=

(𝑂2 − 𝐸2)2

𝑉𝑎𝑟(𝑂2 − 𝐸2)
 

 

(49)  

𝑂𝑚 = ∑ 𝑎𝑚𝑗

𝑗

      
(50)  

𝐸𝑚 = ∑
(𝑅𝑚𝑗 ∗ 𝐶𝑚𝑗)

𝑛𝑗
𝑗

 
(51)  

𝑎𝑗  are the observed deaths at time j, 𝑏𝑗 is numbers still alive at time j.  𝑅𝑚𝑗 = 𝑎𝑚𝑖 + 𝑏𝑚𝑖  with 𝑏𝑖  is 

numbers still alive in group 𝑚 ∈ {1,2} in a case with two groups. 𝐶𝑗  = ∑ 𝑏𝑗𝑚  is equal total numbers 

of deaths in all groups together and 𝑛𝑗 = ∑ 𝑎𝑗 + 𝑏𝑗𝑚  

The variance is calculated by the next formula:  

𝑉𝑎𝑟(𝑂𝑚 − 𝐸𝑚) = ∑
𝑅1𝑗 ∗ 𝑅2𝑗 ∗ 𝐶1𝑗 ∗ 𝐶2𝑗

𝑛𝑖
2(𝑛𝑖 − 1)

𝑗

 

 

(52)  

In case the test statistic  >𝑍𝑑𝑓,𝛼  the 𝐻0 hypothesis should be rejected, with df=number of groups-1. 

An alpha level of 0.05 is applied in this report.  
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Collett (2003) describes the method for calculating the Log-Rank test statistic for more than two 

groups on page 52 in the book “Modelling Survival Data in Medical Research”, second edition. 

Covariances are also involved. The procedure for >2 groups will not be explained into more detail.  
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Appendix I Maximum likelihood estimation 

Let 𝑋 = {𝑋1, 𝑋2, . . , 𝑋𝑛}  is a sequence of independent random variables with probability 

function 𝑓(𝑥, 𝜃1, … , 𝜃𝑘). The distribution of X has k unknown parameters .  

First the joint distribution function is formulated: 

𝑓(𝑥1, 𝑥2, … , 𝑥𝑛) = 𝑓(𝑥1) ∗ 𝑓(𝑥2) ∗, … ,∗ 𝑓(𝑥𝑛) 

The likelihood function represents, roughly, the likelihood of any collection of 𝑥𝑖  values. So for the 

sample date with 𝑋1, 𝑋2, . . , 𝑋𝑛 and unknown parameters 𝜃1, . . , 𝜃𝑛 . The failure of the parameter will 

be chosen that maximizes the likelihood for the samples. The likelihood function is formulated as 

follows: 

𝐿(𝜃1, . . , 𝜃𝑛) = 𝑓(𝑋1, 𝑋2, … , 𝑋𝑛) 

In some cases it is easier to maximize the log of the likelihood function. Finally, the derivative is 

taken with respect to the unknown parameters and setting it equal to 0. The MLE 𝜃1, . . , 𝜃𝑛 are 

obtained from the observations, when solving the formula.  

For more information on the maximum likelihood estimation it is recommended to read chapter 9.3 

of the book Discrete-Event System Simulation (Banks et al., 2009)  
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Appendix J Estimated parameters values and distributions 

In the next table, the values of the parameters estimated and distribution (for time dependent 

parameters) are listed. 

Table 47: Parameter values and theoretical distributions 

 System X System Y System Z 

    

number of stuffing boxes 8 10 10 

Number SB stage 1 4 4 4 

Number SB stage 2 4 6 6 

Number of SP stage 1 2 2 2 

Number of SP stage 2 2 2 2 

Number of MT  2 2 2 

Maintenance cost stage 1, CM 47000 47000 47000 

Maintenance cost stage 1, PM 35000 35000 35000 

Maintenance cost stage 2, CM 46000 46000 46000 

Maintenance cost stage 2, PM 34000 34000 34000 

Preparation cost, CM 3000 3000 3000 

Preparation cost, PM 1000 1000 1000 

Cost for hiring ext. MT 12000 12000 12000 

Cost immediate revision 5000 5000 5000 

Production quantity (tons) 12 20 24 

Production margins (euro/ton) 236 236 236 

lifetime distr. Stage 1 Lognormal(10.36,0.362) Lognormal(10.36,0.362) Lognormal (10.26, 
0.475) 

lifetime distr. Stage 2 Weibull (2.739, 20192) Weibull (2.739, 20192) Lognormal (10.26, 
0.475) 

Setup CM Lognormal (2.174, 
0.813) 

Lognormal (2.174, 
0.813) 

Lognormal (2.174, 
0.813) 

Setup PM Uniform (8, 9) Uniform (10, 11) Uniform (10, 11) 

Servicetime CM Uniform (8, 8) Uniform (8, 8) Uniform (8, 8) 

Servicetime PM  Uniform (6, 6) Uniform (6, 6) Uniform (6, 6) 

Revision Uniform (336, 504) Uniform (336, 504) Uniform (336, 504) 

Immediate revision Uniform (20, 26) Uniform (20, 26) Uniform (20, 26) 
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Appendix K Results of sensitivity analysis 

In this appendix, input parameters that are varied for sensitivity analysis are explicitly mentioned 

in the tables. The other input variables of system Y are provided in Appendix J. Decision parameters 

are as follows: 

Table 48: Values of the decision parameters 

Parameter 𝜏 𝐿1 𝐿2 𝑆𝑃1 𝑆𝑃2 𝑀𝑇𝑖𝑛𝑡 𝑀𝑇𝑒𝑥𝑡  
value 2 20,000 20,000 2 2 2 1 
 

Lifetimes 

Table 49: Sensitivity analysis, varying the mean and standard deviation of the lifetime shape relates to mean, and scale to 
variance of the lifetimes. 

 Initial values Scenario1 Scenario2 Scenario3 Scenario4 Scenario5 
First stage 
 

Lnorm ~ 
(10.360, 0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Lnorm ~ 
(10.360, 
0.362) 

Second stage Weibull ~ 
(2.739,  20192) 

Weibull ~ 
(2.739,  
10096) 

Weibull ~ 
(2.739,  
40384) 

Weibull ~ 
(1.370,  
40384)  

Weibull ~ 
(5.478,  
40384) 

Weibull ~ 
(3.5, 
 18192) 

𝑳𝟐 20000 10000 40000 20000 20000 18000 
       
Total cost 575148 962081 384239 619098 557200 606658 
STD of total 
cost 

69971 96465 53230 92490 61795 67359 

Production 
losses 

362211 637096 230387 387772 354345 387034 

Maintenance 
cost 

250219 305828 136581 212492 185539 201832 

# PM 2.21 2.45 1.89 2.51 1.90 2.12 
# CM 2.57 5.28 1.33 2.76 2.61 2.84 

 

Service times 

Table 50: Sensitivity analysis, varying the distribution and parameters of the service times. 

 Initial values Scenario1 Scenario2 Scenario3 
CM distr. 
PM distr. 

Unif (8,8) 
Unif (6,6) 

Unif (4,12) 
Unif (2,10) 

Unif(14,15) 
Unif (14,15) 

Unif (4,5) 
Unif (4,5) 

     
Total cost 575148 582493 708346 540548 
Production 
losses 

362211 370097 494771 327445 

STD of 
production 
losses 

67494 58810 71480 64488 

Production 
losses CM 

250219 246954 324262 225642 

Production 111992 123143 170509 101803 
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losses PM 
Maintenance 
cost 

250219 19427 195452 194502 

# PM 2.21 2.24 2.22 2.15 
# CM 2.57 2.53 2.59 2.62 

 

Maintenance team capacity 

Table 51: Sensitivity analysis, varying the number of internal maintenance teams capacity. 

 Initial values MT scenario1 MT scenario2 
# of MT available 2 1 3 
    
Total cost 573708 583359 565827 
# PM 2.55 2.57 2.5 
# CM 2.23 2.17 2.26 
# Replacements per SS 1.55 1.45 1.59 
# MT unavailable 0.03 0.19 0 
# Ext. MT necessary 0.14 0.67 0.02 
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Appendix L Scenario analysis coarse grid search output 

Coarse grid search Set 1 

First a coarse grid search is performed for decision parameter set 1. In this appendix, input 

parameters that are varied for scenario analysis are explicitly mentioned in the tables. The other 

input are provided in Appendix J, Estimated parameters. The decision parameters that are not 

varied for optimizing the decision parameter values of set 1, are provided in the next table.  

Table 52: Parameters that are not varied for coarse grid search  

 SX, SY and SZ 
Parameter 𝑆𝑃1 𝑆𝑃2 𝑀𝑇𝑖𝑛𝑡  𝑀𝑇𝑒𝑥𝑡  
value 2 2 2 1 
 

Coarse grid search SX set 1 

Table 53: Coarse grid search SX set , f=1 

𝑓  1 1 1 1 1 1 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 8760 8760 8760 8760 8760 8760 

Total cost 321292.8 318081.7 311819.3 320401.1 313777.5 317714.4 

# CM 1.39 1.47 1.99 2.29 2.56 2.73 

# PM 2.85 2.61 1.5 1.06 0.55 0.37 

# total repl. 4.25 4.08 3.49 3.36 3.12 3.09 

av. Per SS 2.86 2.63 1.78 1.42 1.25 1.11 

not intiated SS 0 0.01 0.15 0.25 0.55 0.67 

Ext MT required 0.88 0.67 0.14 0.04 0 0 

MT unavailable 0.74 0.43 0.03 0.01 0 0 

SP1 unvailable 0.14 0.14 0.04 0.12 0.01 0 

SP2 unavailable 0.1 0.09 0.01 0 0 0 

SP unavailabe CM 0.01 0 0 0.01 0.01 0 

Prod. Loss CM 77636.45 83798.88 113379.1 131843.8 147872.9 157538.5 

prod. Loss PM 40956.38 40678.85 35128.13 31078.37 18532.61 13672.9 

prod. Loss total 118592.8 124477.7 148507.3 162922.1 166405.5 171211.4 

Cost maint CM 54628 58308 80860 93340 105976 113090 

Cost maint PM 121250 111004 64496 47295 25069 17118 

Cost maint total 175878 169312 145356 140635 131045 130208 
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Table 54: Coarse grid search SX set 1, f=2 

𝑓   2 2 2 2 2 2 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 4380 4380 4380 4380 4380 4380 

Total cost 384374.6 346650.5 330389.6 323838.5 322341.5 319317.2 

# CM 0.8 0.97 1.71 2.22 2.54 2.67 

# PM 4.73 3.75 2.07 1.22 0.71 0.43 

# total repl. 5.53 4.72 3.78 3.44 3.25 3.1 

av. Per SS 2.37 2.05 1.51 1.34 1.16 1.08 

not intiated SS 0.01 0.16 0.6 1.07 1.38 1.6 

Ext MT required 0.96 0.62 0.14 0.03 0 0 

MT unavailable 0.2 0.22 0.02 0 0 0 

SP1 unvailable 0 0.02 0.01 0.01 0 0 

SP2 unavailable 0.1 0.04 0.01 0.01 0 0 

SP unavailabe CM 0.02 0.01 0 0.01 0 0.01 

Prod. Loss CM 46838.45 55235.33 97630.37 124845.9 144001.5 155680.7 

prod. Loss PM 81907.1 75467.14 57665.18 38322.62 25555.97 16748.45 

prod. Loss total 128745.6 130702.5 155295.6 163168.5 169557.5 172429.2 

Cost maint CM 30590 38056 68800 90096 104488 110680 

Cost maint PM 197125 154166 88362 53836 31982 19898 

Cost maint total 227715 192222 157162 143932 136470 130578 
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Table 55; Coarse grid search SX set 1, f=3 

𝑓  3 3 3 3 3 3 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 2920 2920 2920 2920 2920 2920 

Total cost 434402.3 365203.4 343305.7 328306.6 311097.5 317038.6 

# CM 0.61 1.02 1.55 2.09 2.38 2.67 

# PM 5.56 3.64 2.39 1.38 0.78 0.45 

# total repl. 6.17 4.66 3.94 3.47 3.16 3.12 

av. Per SS 1.9 1.6 1.37 1.23 1.13 1.06 

not intiated SS 0.06 0.7 1.23 1.88 2.31 2.59 

Ext MT required 0.71 0.28 0.07 0.01 0.01 0 

MT unavailable 0.06 0.04 0 0 0 0 

SP1 unvailable 0 0 0 0.01 0.01 0 

SP2 unavailable 0.05 0.04 0.02 0 0 0 

SP unavailabe CM 0.01 0.01 0 0.01 0 0.01 

Prod. Loss CM 35281.06 60633.12 89998.13 121107.7 133339.1 151948.1 

prod. Loss PM 120609.2 94379.23 72813.55 46206.91 28869.41 17439.46 

prod. Loss total 155890.3 155012.4 162811.7 167314.6 162208.5 169387.6 

Cost maint CM 23276 40024 61254 84808 97446 110502 

Cost maint PM 230362 150521 102131 59691 35064 20839 

Cost maint total 253638 190545 163385 144499 132510 131341 
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Coarse grid search SY set 1 

Table 56: Coarse grid search SY set 1, f=1 

𝑓  1 1 1 1 1 1 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 8760 8760 8760 8760 8760 8760 

Total cost 535141.8 527302.2 550105.4 565505.4 570362.7 559229.9 

# CM 2.24 2.25 2.83 3.2 3.62 3.69 

# PM 2.93 2.82 1.7 1.19 0.54 0.38 

# total repl. 5.17 5.07 4.54 4.39 4.16 4.08 

av. Per SS 2.93 2.83 1.95 1.62 1.23 1.18 

not intiated SS 0 0 0.12 0.25 0.56 0.67 

Ext MT required 0.94 0.84 0.24 0.07 0 0 

MT unavailable 1.52 0.86 0.08 0.02 0 0 

SP1 unvailable 0.2 0.16 0.04 0.03 0.01 0 

SP2 unavailable 0.51 0.38 0.05 0.01 0 0 

SP unavailabe CM 0.04 0.04 0.03 0.02 0.02 0.02 

Prod. Loss CM 219961.4 217686.4 277757.8 309768.9 348581.4 349478.2 

prod. Loss PM 77790.32 77832.8 68666.56 58721.52 34536.24 25662.64 

prod. Loss total 297751.8 295519.2 346424.4 368490.4 383117.7 375140.9 

Cost maint CM 87514 88096 112824 127262 146282 150046 

Cost maint PM 122196 117079 71532 52530 24550 17666 

Cost maint total 209710 205175 184356 179792 170832 167712 
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Table 57: Coarse grid search SY set 1, f=2 

𝑓  2 2 2 2 2 2 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 4380 4380 4380 4380 4380 4380 

Total cost 595765.2 564156.7 564904.9 567583 572054.6 567412.4 

# CM 1.32 1.49 2.41 2.96 3.38 3.63 

# PM 5.45 4.48 2.45 1.46 0.79 0.44 

# total repl. 6.77 5.97 4.86 4.42 4.17 4.07 

av. Per SS 2.73 2.32 1.63 1.36 1.15 1.09 

not intiated SS 0 0.07 0.48 0.93 1.33 1.61 

Ext MT required 1.51 0.93 0.2 0.04 0.01 0 

MT unavailable 0.75 0.54 0.06 0 0 0 

SP1 unvailable 0 0.01 0.01 0.01 0.01 0 

SP2 unavailable 0.57 0.34 0.04 0 0 0.01 

SP unavailabe CM 0.04 0.04 0.02 0.02 0.01 0.01 

Prod. Loss CM 133004.9 148349.6 231015.7 286324.6 331079.7 352296.1 

prod. Loss PM 155670.3 150549.1 118283.2 84346.4 53420.96 31619.28 

prod. Loss total 288675.2 298898.7 349298.9 370671 384500.6 383915.4 

Cost maint CM 50626 58068 94944 117448 135892 146756 

Cost maint PM 221821 179530 101882 62648 35236 20391 

Cost maint total 272447 237598 196826 180096 171128 167147 
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Table 58: Coarse grid search SY set 1, f=3 

𝑓   3 3 3 3 3 3 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 2920 2920 2920 2920 2920 2920 

Total cost 673979.6 621447.4 586496.4 579465.7 572976.7 574267.7 

# CM 1.08 1.56 2.22 2.9 3.4 3.6 

# PM 6.44 4.31 2.8 1.57 0.82 0.5 

# total repl. 7.53 5.87 5.02 4.48 4.21 4.1 

av. Per SS 2.18 1.67 1.48 1.25 1.12 1.08 

not intiated SS 0.04 0.41 1.08 1.75 2.28 2.57 

Ext MT required 1.07 0.34 0.15 0.03 0 0 

MT unavailable 0.2 0.11 0.02 0 0 0 

SP1 unvailable 0 0 0.01 0 0 0 

SP2 unavailable 1.05 0.8 0.04 0.02 0 0 

SP unavailabe CM 0.07 0.13 0.02 0.02 0.01 0.01 

Prod. Loss CM 111415.6 164440.1 215694.6 281840.6 326968.6 353136.2 

prod. Loss PM 230421 201841.4 149576.8 98445.04 57126.16 36353.44 

prod. Loss total 341836.6 366281.4 365271.4 380285.7 384094.7 389489.7 

Cost maint CM 41286 60416 86890 115656 136224 145264 

Cost maint PM 261384 173772 116205 66801 36253 23174 

Cost maint total 302670 234188 203095 182457 172477 168438 
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Coarse grid search SZ set 1 

Table 59: Coarse grid search SZ set 1, f=1 

𝑓  1 1 1 1 1 1 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 8760 8760 8760 8760 8760 8760 

Total cost 457035 457884.4 447553.2 465762.4 469117.4 457704.5 

# CM 1.32 1.38 1.59 1.79 2.14 2.23 

# PM 2.96 2.82 2.2 1.8 1.15 0.9 

# total repl. 4.28 4.21 3.79 3.59 3.29 3.13 

av. Per SS 2.96 2.83 2.31 1.94 1.62 1.5 

not intiated SS 0 0 0.05 0.07 0.28 0.38 

Ext MT required 0.97 0.84 0.46 0.24 0.09 0.05 

MT unavailable 2.25 1.03 0.27 0.07 0.02 0.01 

SP1 unvailable 0.17 0.09 0.04 0.02 0.01 0 

SP2 unavailable 1.18 1.51 0.24 0.3 0.04 0.02 

SP unavailabe CM 0.01 0.04 0.01 0.04 0.01 0.01 

Prod. Loss CM 160982.2 165207.6 181163 211153.9 247024 251657.2 

prod. Loss PM 93274.75 93053.86 88970.11 86823.46 67203.36 57999.36 

prod. Loss total 254257 258261.4 270133.2 297977.4 314227.4 309656.5 

Cost maint CM 55952 58462 68378 76406 91974 95168 

Cost maint PM 118889 114562 87165 72000 45482 35995 

Cost maint total 174841 173024 155543 148406 137456 131163 
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Table 60: Coarse grid search SZ set 1, f=2 

# SS per year 2 2 2 2 2 2 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 4380 4380 4380 4380 4380 4380 

Total cost 529554.9 518552.7 502400.4 490252.3 480225.5 482595.8 

# CM 0.44 0.64 1.29 1.6 1.9 2.16 

# PM 5.86 5.09 3.01 2.17 1.51 1.04 

# total repl. 6.3 5.73 4.29 3.76 3.42 3.2 

av. Per SS 2.93 2.55 1.78 1.59 1.37 1.29 

not intiated SS 0 0 0.3 0.63 0.88 1.19 

Ext MT required 1.87 1.2 0.32 0.14 0.04 0.03 

MT unavailable 1.17 0.71 0.07 0.03 0.01 0 

SP1 unvailable 0.01 0.03 0.1 0.01 0 0 

SP2 unavailable 0.71 0.58 0.12 0.06 0.02 0.01 

SP unavailabe CM 0.01 0.02 0.03 0.02 0.01 0.01 

Prod. Loss CM 51253.54 73847.23 148209.9 189353.2 217163.4 255888.2 

prod. Loss PM 186889.3 186617.5 159543.6 128567.1 104597.1 76554.62 

prod. Loss total 238142.9 260464.7 307753.4 317920.3 321760.5 332442.8 

Cost maint CM 18330 28408 55208 68426 81678 92454 

Cost maint PM 234317 198922 119190 85854 59961 41060 

Cost maint total 252647 227330 174398 154280 141639 133514 
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Table 61: Coarse grid search SZ set 1, f=3 

# SS per year 3 3 3 3 3 3 

𝐿1 10000 15000 20000 25000 30000 35000 

𝐿2 10000 13000 18000 23000 28000 33000 

  𝜏 2920 2920 2920 2920 2920 2920 

Total cost 642641.1 576712.4 533675.5 510253.4 496457.3 489477.1 

# CM 0.24 0.63 1.08 1.47 1.95 2.13 

# PM 7.27 5.07 3.44 2.44 1.53 1.1 

# total repl. 7.51 5.69 4.52 3.92 3.48 3.23 

av. Per SS 2.43 1.86 1.59 1.39 1.26 1.2 

not intiated SS 0.01 0.27 0.81 1.23 1.78 2.08 

Ext MT required 1.58 0.61 0.23 0.1 0.03 0.02 

MT unavailable 0.08 0.15 0.02 0.02 0 0 

SP1 unvailable 0.01 0.01 0.01 0.01 0 0 

SP2 unavailable 0.05 0.08 0.06 0.02 0.01 0 

SP unavailabe CM 0.01 0.01 0.01 0 0.01 0.01 

Prod. Loss CM 28212.38 71864.83 126596.1 167529.8 220709.1 251481.6 

prod. Loss PM 279563.7 255140.5 205110.4 165830.6 114877.3 86653.54 

prod. Loss total 307776.1 327005.4 331706.5 333360.4 335586.3 338135.1 

Cost maint CM 10000 27642 46422 63616 83930 91098 

Cost maint PM 289547 198406 136435 95825 60218 43718 

Cost maint total 299547 226048 182857 159441 144148 134816 
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Coarse grid search decision parameter set 2 

Initially, for a coarse grid search, the input parameters of set 1 are set as follows for all systems:  

 

 
 

Coarse grid search SX set 2 

𝑀𝑇𝑖𝑛𝑡  1 2 4 1 2 4 1 2 4 6 

𝑀𝑇𝑒𝑥𝑡 0 0 0 0 0 0 0 0 0 0 

𝑆𝑃1 1 1 1 2 2 2 4 4 4 4 

𝑆𝑃2  1 1 1 2 2 2 4 4 4 4 

Total cost 348364 339805 337725 343915 334932 326531 362065 349249 344130 340927 

# CM 2 1.86 1.82 1.96 1.81 1.74 1.98 1.81 1.79 1.75 

# PM 1.59 1.85 1.88 1.62 1.92 1.98 1.61 1.92 1.94 1.98 

# total repl. 3.59 3.7 3.7 3.58 3.72 3.73 3.59 3.73 3.73 3.73 

av. Per SS 1 1.23 1.25 1 1.39 1.51 1 1.38 1.55 1.57 

not initiated SS 0.41 0.49 0.5 0.38 0.61 0.66 0.39 0.6 0.72 0.71 

Ext MT required 0 0 0 0 0 0 0 0 0 0 

MT unavailable 0.77 0.06 0 0.8 0.11 0 0.78 0.1 0 0 

SP1 unavailable 0.32 0.13 0.13 0 0.01 0.01 0 0 0 0 

SP2 unavailable 0.13 0.13 0.13 0 0.01 0 0 0 0 0 

SP unavailable CM 0.13 0.14 0.13 0 0.01 0.01 0 0 0 0 

Prod. Loss CM 124045 114337 112930 111439 105964 99837 113033 103809 103042 99701 

prod. Loss PM 65240 62065 61820 66561 57329 55118 66199 57390 52767 53209 

prod. Loss total 189285 176402 174750 178000 163293 154955 179232 161199 155809 152910 

Cost maint CM 80208 73925 72390 78354 71938 69238 79214 71980 71359 69520 

Cost maint PM 70065 80640 81791 71268 83386 86020 71060 83510 84402 85937 

Cost maint total 150273 154565 154181 149622 155323 155258 150273 155490 155762 155457 

 SX, SY and SZ 
Parameter 𝜏 𝐿1 𝐿2 
value 2 20,000 20,000 
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Coarse grid search SY set 2 

 

𝑀𝑇𝑖𝑛𝑡  1 2 4 1 2 4 1 2 4 6 

𝑀𝑇𝑒𝑥𝑡 0 0 0 0 0 0 0 0 0 0 

𝑆𝑃1 1 1 1 2 2 2 4 4 4 4 

𝑆𝑃2  1 1 1 2 2 2 4 4 4 4 

Total cost 639223 612361 610037 613644 580367 570827 625333 588516 580664 577433 

# CM 2.9 2.67 2.64 2.91 2.6 2.54 2.87 2.57 2.55 2.52 

# PM 1.66 2.05 2.07 1.68 2.15 2.24 1.7 2.18 2.25 2.29 

# total repl. 4.55 4.71 4.71 4.59 4.75 4.78 4.57 4.75 4.79 4.81 

av. Per SS 1 1.31 1.31 1 1.44 1.59 1 1.46 1.63 1.71 

not initiated SS 0.35 0.43 0.43 0.32 0.5 0.57 0.3 0.5 0.59 0.62 

Ext MT required 0 0 0 0 0 0 0 0 0 0 

MT unavailable 1.12 0.1 0 1.17 0.18 0 1.2 0.2 0.01 0 

SP1 unavailable 0.36 0.14 0.13 0 0.01 0.01 0 0 0 0 

SP2 unavailable 0.33 0.32 0.32 0.02 0.03 0.03 0 0 0 0 

SP unavailable CM 0.33 0.32 0.32 0.02 0.02 0.02 0 0 0 0 

Prod. Loss CM 313742 287999 285373 278556 253137 248130 273471 245502 243410 242019 

prod. Loss PM 129341 122235 122852 131110 117286 111670 132411 117099 109625 107365 

prod. Loss total 443083 410234 408225 409666 370424 359800 405882 362602 353035 349384 

Cost maint CM 114412 104876 103726 114943 102320 99834 113434 100933 99938 98507 

Cost maint PM 71926 87511 88362 72673 91259 94797 73458 92421 95130 96980 

Cost maint total 186338 192387 192088 187616 193579 194631 186891 193354 195068 195488 
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Coarse grid search SZ set 2 

 

  

𝑀𝑇𝑖𝑛𝑡  1 2 4 1 2 4 1 2 4 6 

𝑀𝑇𝑒𝑥𝑡 0 0 0 0 0 0 0 0 0 0 

𝑆𝑃1 1 1 1 2 2 2 4 4 4 4 

𝑆𝑃2  1 1 1 2 2 2 4 4 4 4 

Total cost 348364 339805 337725 343915 334932 326531 362065 349249 344130 340927 

# CM 2 1.86 1.82 1.96 1.81 1.74 1.98 1.81 1.79 1.75 

# PM 1.59 1.85 1.88 1.62 1.92 1.98 1.61 1.92 1.94 1.98 

# total repl. 3.59 3.7 3.7 3.58 3.72 3.73 3.59 3.73 3.73 3.73 

av. Per SS 1 1.23 1.25 1 1.39 1.51 1 1.38 1.55 1.57 

not initiated SS 0.41 0.49 0.5 0.38 0.61 0.66 0.39 0.6 0.72 0.71 

Ext MT required 0 0 0 0 0 0 0 0 0 0 

MT unavailable 0.77 0.06 0 0.8 0.11 0 0.78 0.1 0 0 

SP1 unavailable 0.32 0.13 0.13 0 0.01 0.01 0 0 0 0 

SP2 unavailable 0.13 0.13 0.13 0 0.01 0 0 0 0 0 

SP unavailable CM 0.13 0.14 0.13 0 0.01 0.01 0 0 0 0 

Prod. Loss CM 124045 114337 112930 111439 105964 99837 113033 103809 103042 99701 

prod. Loss PM 65240 62065 61820 66561 57329 55118 66199 57390 52767 53209 

prod. Loss total 189285 176402 174750 178000 163293 154955 179232 161199 155809 152910 

Cost maint CM 80208 73925 72390 78354 71938 69238 79214 71980 71359 69520 

Cost maint PM 70065 80640 81791 71268 83386 86020 71060 83510 84402 85937 

Cost maint total 150273 154565 154181 149622 155323 155258 150273 155490 155762 155457 
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Appendix M Scenario analysis finer grid search output 

 Best option, in each table from cost perspective only 

 

Scenario output for decision parameter set 1.  

The input parameters are as listed in Appendix J. The decision parameters of set 2, all resource capacity parameters, are chosen as 

currently available. From coarse grid search, the capacities seem to be chosen quite well. These capacity parameters are provided in the 

next table, and are input for finding values for decision parameter set 1. After the finer grid search for parameter set 1 has been 

completed, scenarios for set 2 are calculated based on a near optimal set of values for parameters set 1.  

 SX, SY and SZ 
Parameter 𝑆𝑃1 𝑆𝑃2 𝑀𝑇𝑖𝑛𝑡  𝑀𝑇𝑒𝑥𝑡  
value 2 2 2 1 
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SX, 𝑓 = 1 

Scenario no. 1 2 3 4 5 6 7 8 9 10 11 12 

# SS per year (f) 1 1 1 1 1 1 1 1 1 1 1 1 

𝐿1 17000 18000 18000 19000 20000 20000 20000 20000 20000 21000 21000 22000 

𝐿2 17000 15000 16000 16000 16000 13000 14000 15000 17000 14000 17000 17000 

  𝜏 8760 8760 8760 8760 8760 8760 8760 8760 8760 8760 8760 8760 

Total cost 322739 314011 324848 313237 311623 313425 313713 319231 310107 307535 310568 308812 

# CM 1.55 1.76 1.58 1.81 1.8 1.78 1.78 1.87 1.92 1.73 1.83 1.83 

# PM 2.53 1.92 2.51 1.83 1.85 1.9 1.92 1.74 1.68 1.94 1.78 1.75 

# total repl. 4.08 3.69 4.08 3.64 3.65 3.68 3.71 3.62 3.60 3.67 3.61 3.59 

av. Per SS 2.53 2.1 2.51 2.02 2.03 2.04 2.08 1.93 1.89 2.09 2 1.97 

not initiated SS 0 0.08 0 0.09 0.08 0.07 0.07 0.09 0.1 0.07 0.1 0.1 

Ext MT required 0.58 0.33 0.55 0.3 0.29 0.3 0.33 0.23 0.2 0.32 0.27 0.25 

MT unavailable 0.23 0.15 0.23 0.13 0.1 0.15 0.16 0.11 0.07 0.14 0.08 0.09 

SP1 unavailable 0.1 0.05 0.11 0.06 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.04 

SP2 unavailable 0.04 0.06 0.04 0.08 0.04 0.27 0.07 0.28 0.18 0.06 0.03 0.04 
SP 
unavailableCM 0.01 0.01 0.01 0.01 0.01 0.05 0.01 0.08 0.07 0.01 0.01 0.01 

Prod. Loss CM 88118 104099 90572 105804 103925 103907 103255 113181 114281 98586 105420 104714 

prod. Loss PM 41002 37751 41001 37263 37678 38317 38052 37277 36850 38323 36845 36884 

prod. Loss total 129120 141849 131572 143067 141603 142224 141307 150459 141603 136909 142265 141598 

Cost maint CM 61118 71976 62098 74324 73387 72898 72974 76607 73387 70833 74585 75122 

Cost maint PM 109178 79892 108197 75950 76800 78250 79157 72685 76800 79572 74172 72808 

Cost maint total 170296 151868 170295 150274 150187 151149 152131 149292 148890 150405 148757 147930 
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SX, 𝑓 = 2 

Scenario no. 1 2 3 4 5 6 7 8 9 10 11 

# SS per year (f) 2 2 2 2 2 2 2 2 2 2 2 

𝐿1 19000 20000 20000 20000 20000 20000 20000 21000 21000 22000 22000 

𝐿2 17000 13000 14000 17000 18000 19000 20000 13000 17000 13000 17000 

  𝜏 4380 4380 4380 4380 4380 4380 4380 4380 4380 4380 4380 

Total cost 328164 337995 330249 327890 328928 329472 329682 335435 327975 330648 320210 

# CM 1.5 1.18 1.38 1.49 1.65 1.73 1.8 1.14 1.52 1.24 1.65 

# PM 2.43 3.23 2.65 2.42 2.13 2.03 1.95 3.26 2.39 2.97 2.07 

# total repl. 3.92 4.41 4.03 3.91 3.78 3.76 3.75 4.4 3.91 4.21 3.72 

av. Per SS 1.64 1.86 1.7 1.62 1.52 1.51 1.49 1.85 1.58 1.74 1.54 

not initiated SS 0.51 0.26 0.42 0.49 0.58 0.63 0.68 0.23 0.47 0.28 0.64 

Ext MT required 0.2 0.41 0.24 0.19 0.12 0.11 0.08 0.41 0.2 0.28 0.13 

MT unavailable 0.04 0.09 0.05 0.03 0.02 0.01 0.01 0.09 0.03 0.05 0.03 

SP1 unavailable 0.01 0.03 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 

SP2 unavailable 0.03 0.06 0.04 0.02 0.01 0.01 0.01 0.05 0.04 0.05 0.02 

SP unavailableCM 0.01 0.01 0.01 0.01 0.01 0.01 0 0.01 0.01 0.01 0.01 

Prod. Loss CM 86583 67402 81581 86407 96097 99229 101782 64528 85396 71838 93798 

prod. Loss PM 61367 71689 64672 61943 58245 56293 54510 72786 62791 70660 55954 

prod. Loss total 147949 139091 146252 148349 154342 155522 156292 137313 148187 142497 149752 

Cost maint CM 59862 48032 55598 59814 65862 68745 71408 46178 61172 52000 67530 

Cost maint PM 101625 129584 109159 101098 90917 87543 84718 130672 99920 116442 84998 

Cost maint total 161487 177616 164757 160912 156779 156288 156126 176850 161092 168442 152528 
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SX, 𝑓 = 3 

Scenario no. 1 2 3 4 5 6 7 8 9 10 11 

# SS per year (f) 3 3 3 3 3 3 3 3 3 3 3 

𝐿1 17000 18000 18000 19000 19000 20000 20000 20000 20000 20000 21000 

𝐿2 17000 17000 18000 17000 18000 14000 15000 16000 17000 18000 18000 

  𝜏 2920 2920 2920 2920 2920 2920 2920 2920 2920 2920 2920 

Total cost 341753 352058 346048 332485 329325 344910 342013 344559 339074 337219 330109 

# CM 1.34 1.4 1.61 1.54 1.66 1.08 1.31 1.38 1.41 1.53 1.6 

# PM 2.93 2.75 2.36 2.38 2.15 3.25 2.82 2.71 2.62 2.38 2.14 

# total repl. 4.27 4.14 3.96 3.92 3.81 4.33 4.13 4.09 4.03 3.91 3.75 

av. Per SS 1.78 1.36 1.39 1.62 1.54 1.53 1.48 1.43 1.42 1.42 1.33 

not initiated SS 0.33 1.96 1.28 0.52 0.58 0.86 1.07 1.08 1.13 1.3 1.37 

Ext MT required 0.31 0.08 0.08 0.17 0.13 0.21 0.15 0.12 0.12 0.1 0.07 

MT unavailable 0.05 0.01 0.01 0.04 0.04 0.02 0.02 0.01 0.01 0.02 0.01 

SP1 unavailable 0 0.01 0.01 0.01 0.01 0 0 0.01 0.01 0.01 0.01 

SP2 unavailable 0.02 0.01 0 0.03 0.01 0.02 0.02 0.02 0.02 0.01 0.01 

SP unavailableCM 0.01 0 0.01 0 0.01 0.01 0 0.01 0.01 0 0.01 

Prod. Loss CM 75575 79806 93235 91796 94900 62727 75531 79672 78350 87480 91717 

prod. Loss PM 68568 84110 70953 60916 58413 87769 79207 78974 77110 69990 66592 

prod. Loss total 144143 163916 164188 152713 153313 150496 154737 158646 155460 157471 158309 

Cost maint CM 52364 55068 63812 61904 65896 43430 52192 54957 55948 60516 64504 

Cost maint PM 125182 115790 100748 99480 92270 132104 116980 113168 109964 101684 90136 

Cost maint total 177546 170858 164560 161384 158166 175534 169172 168125 165912 162200 154640 
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SY, 𝑓 = 1 

Scenario no. 1 2 3 4 5 6 7 8 9 10 11 12 

# SS per year (f) 1 1 1 1 1 1 1 1 1 1 1 1 

𝐿1 18000 18000 19000 20000 20000 20000 20000 20000 21000 21000 22000 23000 

𝐿2 15000 16000 16000 13000 14000 15000 16000 17000 14000 17000 17000 17000 

  𝜏 8760 8760 8760 8760 8760 8760 8760 8760 8760 8760 8760 8760 

Total cost 534360 527544 529496 555449 526760 536075 539443 572606 531423 535391 527390 539709 

# CM 2.55 2.52 2.56 2.65 2.47 2.54 2.61 2.8 2.51 2.61 2.59 2.65 

# PM 2.21 2.19 2.15 2.03 2.26 2.19 2.1 1.73 2.23 2.05 2.04 1.97 

# total repl. 4.76 4.71 4.71 4.68 4.73 4.73 4.71 4.54 4.74 4.66 4.63 4.61 

av. Per SS 2.31 2.3 2.26 2.12 2.33 2.27 2.21 1.89 2.3 2.18 2.16 2.12 

not initiated SS 0.04 0.05 0.05 0.04 0.03 0.04 0.05 0.08 0.03 0.06 0.06 0.07 

Ext MT required 0.46 0.45 0.44 0.34 0.48 0.44 0.41 0.21 0.46 0.38 0.37 0.33 

MT unavailable 0.32 0.28 0.27 0.3 0.36 0.29 0.26 0.15 0.34 0.22 0.21 0.18 

SP1 unavailable 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.04 0.03 0.03 

SP2 unavailable 0.22 0.18 0.19 0.79 0.29 0.23 0.19 0.61 0.28 0.16 0.15 0.23 

SP unavailableCM 0.03 0.03 0.02 0.18 0.04 0.04 0.03 0.29 0.04 0.03 0.03 0.08 

Prod. Loss CM 246184 241462 244315 270513 239051 248993 254136 296305 243932 253317 246282 260559 

prod. Loss PM 74640 74253 73919 74906.4 75605 75157.5 74236 71621 75278 73311 73598 72441 

prod. Loss total 320824 315715 318234 345419 314656 324151 328372 367926 319210 326628 319880 333000 

Cost maint CM 101973 100726 102401 105708 99038.4 101715 104368 111607 101023 104303 103478 106194 

Cost maint PM 89646 89234 87239 83052 90880.8 88472 85364 72796 89205 83473 83141 79845 

Cost maint total 191619 189961 189640 188760 189919 190187 189732 184403 190228 187776 186620 186039 
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SY, 𝑓 = 2 

Scenario no. 1 2 3 4 5 6 7 8 9 10 11 12 

# SS per year (f) 2 2 2 2 2 2 2 2 2 2 2 2 

𝐿1 17000 19000 20000 20000 20000 20000 20000 20000 21000 21000 22000 22000 

𝐿2 17000 17000 13000 14000 17000 18000 19000 20000 13000 17000 13000 17000 

  𝜏 4380 4380 4380 4380 4380 4380 4380 4380 4380 4380 4380 4380 

Total cost 586260 562954 556562 583848 557981 566016 566623 575124 554246 561631 586173 558385 

# CM 2.05 2.18 1.59 2.15 2.16 2.41 2.46 2.57 1.59 2.15 2.06 2.3 

# PM 3.38 2.87 4.11 2.96 2.88 2.46 2.35 2.21 4.09 2.88 3.13 2.56 

# total repl. 5.43 5.06 5.7 5.11 5.04 4.86 4.81 4.78 5.68 5.03 5.19 4.86 

av. Per SS 1.83 1.75 2.14 1.71 1.79 1.62 1.61 1.57 2.14 1.76 1.69 1.66 

not initiated SS 0.15 0.35 0.08 0.26 0.38 0.47 0.52 0.57 0.09 0.35 0.16 0.45 

Ext MT required 0.39 0.3 0.69 0.26 0.33 0.19 0.18 0.15 0.68 0.3 0.3 0.23 

MT unavailable 0.06 0.07 0.23 0.07 0.09 0.03 0.03 0.03 0.29 0.09 0.15 0.06 

SP1 unavailable 0 0.01 0.07 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 

SP2 unavailable 0.1 0.09 0.31 0.75 0.09 0.05 0.04 0.06 0.33 0.1 1.54 0.09 

SP unavailableCM 0.03 0.02 0.05 0.16 0.02 0.02 0.02 0.05 0.04 0.03 0.18 0.04 

Prod. Loss CM 200547 210859 158203 222805 208688 230906 237376 250732 158169 210746 216361 224153 

prod. Loss PM 144398 128869 149769 135776 126296 119329 115429 111556 148453 128696 143968 120738 

prod. Loss total 344398 339729 307972 358580 334984 350235 352805 362288 306623 339442 360329 344890 

Cost maint CM 79243 86048 63526 84909 85308 94572 96638 100885 63574 84984 83274 92385 

Cost maint PM 140965 117232 556562 120118 117346 102494 98672 93692 159424 117218 121855 101885 

Cost maint total 220208 203280 1.59 205027 202654 197066 195310 194577 222998 202202 205129 194270 
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SY, 𝑓 = 3 

Scenario no. 1 2 3 4 5 6 7 8 9 10 11 12 13 

# SS per year (f) 3 3 3 3 3 3 3 3 3 3 3 3 3 

𝐿1 19000 19000 20000 20000 20000 21000 21000 22000 23000 23000 24000 25000 26000 

𝐿2 17000 18000 13000 17000 18000 13000 18000 18000 17000 18000 18000 18000 18000 

  𝜏 2920 2920 2920 2920 2920 2920 2920 2920 2920 2920 2920 2920 2920 

Total cost 588662 598389 588137 582906 584110 582728 581096 583383 580756 578762 573055 572904 576845 

# CM 2.04 2.27 1.58 2 2.2 1.64 2.33 2.36 2.16 2.37 2.45 2.45 2.52 

# PM 3.18 2.78 4.12 3.19 2.82 3.87 2.51 2.48 2.86 2.46 2.28 2.25 2.19 

# total repl. 5.22 5.05 5.7 5.19 5.02 5.51 4.84 4.84 5.02 4.83 4.73 4.7 4.71 

av. Per SS 1.53 1.38 1.69 1.54 1.47 1.65 1.42 1.4 1.48 1.4 1.38 1.37 1.37 

not initiated SS 0.91 0.97 0.55 0.92 1.06 0.64 1.21 1.22 1.06 1.23 1.34 1.35 1.39 

Ext MT required 0.21 0.1 0.37 0.21 0.14 0.32 0.12 0.1 0.16 0.1 0.09 0.08 0.08 

MT unavailable 0.04 0 0.05 0.03 0.01 0.07 0.02 0.01 0.02 0.01 0.02 0.01 0.01 

SP1 unavailable 0 0.08 0 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0 

SP2 unavailable 0.06 0.04 0.15 0.06 0.04 0.16 0.04 0.08 0.08 0.04 0.04 0.04 0.05 
SP unavailable 
CM 0.03 0.03 0.03 0.02 0.03 0.03 0.02 0.04 0.03 0.03 0.03 0.03 0.02 

Prod. Loss CM 196860 218383 151520 193014 211160 162447 228150 231235 209914 228280 235738 237246 244143 

prod. Loss PM 163129 158043 190811 162376 151756 183562 139788 139312 151754 138107 129879 129351 125933 

prod. Loss total 359989 376426 342330 355390 362915 346010 367937 370546 361667 366387 365617 366597 370076 

Cost maint CM 80010 88672 62822 78596 86077 66028 92368 93482 86081 93983 98121 98398 101281 

Cost maint PM 129724 115697 162165 129950 117089 150424 102999 101711 114652 100767 91825 90512 88147 

Cost maint total 209733 204369 224987 208546 203166 216452 195367 195192 200733 194750 189946 188910 189428 
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SZ, 𝑓 = 1 

Scenario no. 1 2 3 4 5 6 7 8 9 

# SS per year (f) 1 1 1 1 1 1 1 1 1 

𝐿1 17000 18000 19000 20000 21000 22000 23000 24000 25000 

𝐿2 17000 18000 19000 20000 21000 22000 23000 24000 25000 

  𝜏 8760 8760 8760 8760 8760 8760 8760 8760 8760 

Total cost 449488 461939 451703 457933 461603 460610 450956 458716 459771 

# CM 1.34 1.63 1.59 1.65 1.7 1.72 1.67 1.75 1.77 

# PM 2.91 2.2 2.2 2.11 2.04 1.97 1.97 1.88 1.83 

# total repl. 4.25 3.82 3.79 3.77 3.74 3.69 3.64 3.63 3.6 

av. Per SS 2.91 2.28 2.3 2.23 2.17 2.11 2.11 2.05 2.01 

not initiated SS 0 0.03 0.04 0.05 0.06 0.07 0.06 0.08 0.09 

Ext MT required 0.92 0.44 0.44 0.39 0.36 0.33 0.33 0.29 0.28 

MT unavailable 1.4 0.29 0.24 0.21 0.18 0.15 0.15 0.1 0.1 

SP1 unavailable 0.13 0.04 0.04 0.05 0.03 0.03 0.02 0.02 0.02 

SP2 unavailable 0.78 0.3 0.21 0.17 0.15 0.14 0.14 0.12 0.12 
SP unavailable 
CM 0.02 0.03 0.01 0.02 0.02 0.02 0.02 0.01 0.01 

Prod. Loss CM 155089 192320 184825 193104 198562 200898 192979 202817 205991 

prod. Loss PM 93393 90520 89496 88846 88290 87341 87452 86163 85526 

prod. Loss total 248482 282840 274321 281949 286852 288239 280431 288980 291517 

Cost maint CM 56932 69545 68065 70676 72898 73558 71643 75115 75436 

Cost maint PM 116721 87852 87640 84272 81133 78507 78536 74851 73126 

Cost maint total 173653 157396 155704 154948 154032 152064 150180 149966 148562 
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SZ, 𝑓 = 2 

Scenario no. 1 2 3 4 5 6 7 8 9 

# SS per year (f) 2 2 2 2 2 2 2 2 2 

𝐿1 17000 18000 19000 20000 21000 22000 23000 24000 25000 

𝐿2 17000 18000 19000 20000 21000 22000 23000 24000 25000 

  𝜏 4380 4380 4380 4380 4380 4380 4380 4380 4380 

Total cost 512450 498860 495529 499974 496423 495454 490010 487425 490259 

# CM 0.92 1.21 1.2 1.27 1.29 1.59 1.58 1.6 1.65 

# PM 3.98 3.14 3.08 2.98 2.9 2.27 2.21 2.15 2.08 

# total repl. 4.9 4.35 4.29 4.26 4.19 3.86 3.79 3.76 3.72 

av. Per SS 2.06 1.83 1.82 1.82 1.75 1.6 1.55 1.57 1.55 

not initiated SS 0.06 0.27 0.29 0.34 0.33 0.56 0.56 0.61 0.64 

Ext MT required 0.58 0.35 0.34 0.33 0.29 0.17 0.14 0.15 0.13 

MT unavailable 0.11 0.09 0.09 0.08 0.06 0.04 0.03 0.03 0.02 

SP1 unavailable 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 

SP2 unavailable 0.79 0.1 0.09 0.1 0.22 0.06 0.05 0.04 0.04 
SP unavailable 
CM 0.04 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01 

Prod. Loss CM 109354 139697 140821 151455 149301 184277 181427 185233 192325 

prod. Loss PM 181096 161972 159811 154851 156417 134316 134989 129617 126833 

prod. Loss total 290450 301669 300632 306307 305718 318593 316416 314850 319157 

Cost maint CM 38934 51681 51759 54479 55154 68014 67430 68638 70593 

Cost maint PM 159597 124984 122685 118839 115634 90484 88179 85820 82606 

Cost maint total 198530 176665 174444 173318 170788 158498 155609 154459 153199 
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SZ, 𝑓 = 3 

Scenario no. 1 2 3 4 5 6 7 8 9 

# SS per year (f) 3 3 3 3 3 3 3 3 3 

𝐿1 17000 18000 19000 20000 21000 22000 23000 24000 25000 

𝐿2 17000 18000 19000 20000 21000 22000 23000 24000 25000 

  𝜏 2920 2920 2920 2920 2920 2920 2920 2920 2920 

Total cost 551029 535811 534895 531277 523166 517471 516509 511090 511215 

# CM 0.79 1.04 1.11 1.11 1.35 1.38 1.4 1.61 1.64 

# PM 4.31 3.51 3.41 3.37 2.77 2.7 2.63 2.2 2.13 

# total repl. 5.1 4.55 4.52 4.47 4.12 4.08 4.04 3.8 3.77 

av. Per SS 1.76 1.59 1.59 1.57 1.46 1.49 1.44 1.38 1.34 

not initiated SS 0.52 0.76 0.83 0.83 1.09 1.16 1.15 1.38 1.4 

Ext MT required 0.42 0.25 0.23 0.22 0.13 0.16 0.11 0.08 0.07 

MT unavailable 0.04 0.04 0.04 0.03 0.02 0.02 0.02 0.01 0.01 

SP1 unavailable 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

SP2 unavailable 0.08 0.06 0.05 0.04 0.04 0.03 0.03 0.04 0.02 
SP unavailable 
CM 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Prod. Loss CM 92604 122950 129305 128204 158130 160540 160944 186026 189604 

prod. Loss PM 231814 209183 203358 202699 179037 172204 173006 151562 149672 

prod. Loss total 324418 332132 332663 330902 337167 332744 333949 337588 339276 

Cost maint CM 33659 44618 47462 47317 58060 59110 59948 68805 70058 

Cost maint PM 171535 139712 135734 134098 110038 107423 104936 87445 84706 

Cost maint total 205194 184331 183195 181415 168098 166532 164884 156250 154764 
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Scenario output for decision parameter set 2.  

For optimization of the decision parameter of set 2, a fine grid search has been performed, based on chosen values of the decision 

parameters of set 1. The chosen parameters are given in the table below, and serve as input for finding near optimal values for the second 

decision parameter set.  

Table 62: Values of the input decision variables of set 1. 

 

  

 SX SY SZ 
Parameter 𝜏 𝐿1 𝐿2 𝜏 𝐿1 𝐿2 𝜏 𝐿1 𝐿2 
value 2 22,000 13,000 2 21,000 13,000 2 19,000 19,000 
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SX decision parameter set 2 

Scenario no. 1 2 3 4 5 1 2 3 4 5 

𝑀𝑇𝑖𝑛𝑡    1 1 1 1 1 2 2 2 2 2 

𝑀𝑇𝑒𝑥𝑡 1 0 1 1 1 1 0 1 1 1 

𝑆𝑃1 2 2 1 1 3 2 2 1 1 3 

𝑆𝑃2  2 2 2 1 2 2 2 2 1 2 

Total cost 340840 343288 339942 341144 344583 330648 331524 331173 332825 335387 

# CM 1.3 1.82 1.31 1.45 1.28 1.24 1.32 1.3 1.43 1.27 

# PM 2.81 1.83 2.82 2.53 2.83 2.97 2.79 2.91 2.56 2.95 

# total repl. 4.12 3.65 4.13 3.98 4.11 4.21 4.11 4.21 3.99 4.22 

av. Per SS 1.6 1 1.58 1.43 1.6 1.74 1.59 1.72 1.44 1.75 

not initiated SS 0.24 0.17 0.21 0.23 0.22 0.28 0.25 0.3 0.23 0.3 

Ext MT required 1.05 0 1.03 0.76 1.05 0.28 0 0.25 0 0.29 

MT unavailable 0.39 2.22 0.31 0.34 0.4 0.05 0.41 0.02 0 0.06 

SP1 unavailable 0.01 0.01 0.17 0.2 0 0.01 0.01 0.19 0.18 0 

SP2 unavailable 0.07 0.03 0.03 0.75 0.08 0.05 0.07 0.05 0.79 0.06 
SP unavailable 
CM 0.01 0 0.02 0.11 0.01 0.01 0.01 0.04 0.12 0.02 

Prod. Loss CM 74243 102774 76318 89915 73683 71838 71838 77916 77274 90107 

prod. Loss PM 72474 75067 73476 72820 72939 70660 70660 72123 70024 73017 

prod. Loss total 146717 177842 149794 162735 146622 142497 142497 150039 147298 163124 

Cost maint CM 54614 75348 54958 60404 53526 52000 52000 55230 55191 59902 

Cost maint PM 110611 73810 110529 100252 111405 116442 116442 109922 113257 101072 

Cost maint total 165226 149158 165487 160656 164930 168442 168442 165153 168448 160974 
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SX decision parameter set 2 

Scenario no. 1 2 3 4 5 

𝑀𝑇𝑖𝑛𝑡    3 3 3 3 3 

𝑀𝑇𝑒𝑥𝑡 1 0 1 1 1 

𝑆𝑃1 2 2 1 1 3 

𝑆𝑃2  2 2 2 1 2 

Total cost 326307 326965 326590 334348 338068 

# CM 1.23 1.24 1.26 1.46 1.33 

# PM 2.99 2.97 2.94 2.54 2.81 

# total repl. 4.22 4.21 4.2 4 4.14 

av. Per SS 1.79 1.75 1.72 1.42 1.65 

not initiated SS 0.31 0.29 0.28 0.22 0.29 

Ext MT required 0.05 0 0 0 0.03 

MT unavailable 0 0.05 0 0 0.01 

SP1 unavailable 0.02 0.01 0.19 0.17 0 

SP2 unavailable 0.05 0.06 0.06 0.73 0.36 

SP unavailable 
CM 

0.01 0.01 0.04 0.12 0.06 

Prod. Loss CM 71349 72273 75617 90887 80249 

prod. Loss PM 69225 70111 70636 73319 70549 

prod. Loss total 140575 142384 146252 164206 150797 

Cost maint CM 51768 52108 53163 60886 55390 

Cost maint PM 117075 116127 114772 100531 110868 

Cost maint total 168843 168235 167935 161418 166259 
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SY decision parameter set 2 

Scenario no. 1 2 3 4 5 6 7 1 2 3 4 5 6 7 

𝑀𝑇𝑖𝑛𝑡    1 1 1 1 1 1 1 2 2 2 2 2 2 2 

𝑀𝑇𝑒𝑥𝑡 1 0 1 1 1 1 1 1 0 1 1 1 1 1 

𝑆𝑃1 2 2 1 2 1 2 3 2 2 1 2 1 2 3 

𝑆𝑃2  2 2 2 1 1 3 3 2 2 2 1 1 3 3 

Total cost 576000 616831 576435 608491 605851 582273 581413 554246 563126 552555 602576 591456 553647 557610 

# CM 1.89 2.7 1.84 2.12 2.12 1.85 1.83 1.59 1.86 1.56 2.15 2.1 1.59 1.58 

# PM 3.48 1.95 3.55 3.02 3.01 3.54 3.55 4.09 3.5 4.17 3.02 3.03 4.14 4.15 

# total repl. 5.37 4.65 5.39 5.13 5.13 5.39 5.38 5.68 5.36 5.72 5.17 5.12 5.74 5.73 

av. Per SS 1.82 1 1.82 1.59 1.6 1.83 1.83 2.14 1.81 2.15 1.63 1.6 2.18 2.19 

not initiated SS 0.08 0.05 0.05 0.11 0.12 0.06 0.07 0.09 0.06 0.06 0.15 0.11 0.09 0.11 

Ext MT required 1.56 0 1.6 1.12 1.13 1.61 1.62 0.68 0 0.68 0.23 0 0.78 0.77 

MT unavailable 1.45 4.17 1.32 0.82 0.8 1.45 1.48 0.29 1.46 0.13 0.14 0 0.32 0.34 

SP1 unavailable 0.01 0.01 0.24 0 0.11 0.01 0 0.01 0.01 0.1 0.01 0.08 0.03 0 

SP2 unavailable 0.4 0.17 0.36 2.17 2.19 0.02 0.02 0.33 0.43 0.28 2.2 2.22 0.03 0.03 

SP unavailableCM 0.04 0.02 0.04 0.25 0.25 0 0 0.04 0.03 0.06 0.27 0.26 0.01 0.01 

Prod. Loss CM 179096 261611 180451 228463 230814 178556 174268 158169 183466 156555 235079 229392 150545 151771 

prod. Loss PM 149407 151824 151639 147640 146790 150968 150757 148453 151059 151015 144313 147627 148361 147468 

prod. Loss total 328503 413434 332090 376103 377604 329524 325025 306623 334525 307570 379392 377019 298906 299239 

Cost maint CM 75282 108680 73772 83749 83994 73833 73115 63574 74874 62623 84891 82855 63750 63294 

Cost maint PM 137004 78342 138944 121723 121339 139296 139456 159424 137307 161728 122040 122146 161216 161367 

Cost maint total 212286 187022 212716 205472 205333 213128 212571 222998 212181 224351 206932 205001 224966 224661 
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SY decision parameter set 2 

Scenario no. 1 2 3 4 5 6 7 

𝑀𝑇𝑖𝑛𝑡    3 3 3 3 3 3 3 

𝑀𝑇𝑒𝑥𝑡 1 0 1 1 1 1 1 

𝑆𝑃1 2 2 1 2 1 2 3 

𝑆𝑃2  2 2 2 1 1 3 3 

Total cost 538955 546218 547023 596173 594794 539845 547878 

# CM 1.46 1.59 1.6 2.12 2.12 1.5 1.52 

# PM 4.28 4.08 4.14 3.02 3 4.29 4.26 

# total repl. 5.73 5.67 5.73 5.14 5.12 5.79 5.78 

av. Per SS 2.21 2.11 2.14 1.64 1.58 2.29 2.26 

not initiated SS 0.06 0.07 0.07 0.16 0.11 0.12 0.11 

Ext MT required 0.12 0 0 0 0 0.24 0.23 

MT unavailable 0.02 0.27 0 0 0 0.06 0.07 

SP1 unavailable 0.01 0.01 0.09 0.01 0.1 0.01 0 

SP2 unavailable 0.25 0.3 0.28 2.26 2.2 0.05 0.13 
SP unavailable 
CM 0.05 0.04 0.06 0.28 0.28 0.01 0.02 

Prod. Loss CM 145456 156638 159349 232762 232924 143892 147153 

prod. Loss PM 150931 150526 150483 143796 147566 146114 147068 

prod. Loss total 296388 307163 309832 376558 380491 290006 294220 

Cost maint CM 58534 63678 63700 83889 83904 60173 61250 

Cost maint PM 165993 158892 160999 122106 120880 166344 165196 

Cost maint total 224527 222570 224699 205995 204784 226517 226446 
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SZ decision parameter set 2 

Scenario no. 1 2 3 4 5 6 7 1 2 3 4 5 6 7 

𝑀𝑇𝑖𝑛𝑡    1 1 1 1 1 1 1 2 2 2 2 2 2 2 

𝑀𝑇𝑒𝑥𝑡 1 0 1 1 1 1 1 1 0 1 1 1 1 1 

𝑆𝑃1 2 2 1 2 1 2 3 2 2 1 2 1 2 3 

𝑆𝑃2  2 2 2 1 1 3 3 2 2 2 1 1 3 3 

Total cost 520551 551885 518732 526452 533073 524221 495092 495529 501902 501506 520321 520178 498370 505837 

# CM 1.28 1.74 1.31 1.36 1.4 1.3 1.22 1.2 1.26 1.26 1.36 1.38 1.26 1.22 

# PM 2.94 1.95 2.89 2.75 2.73 2.93 3.1 3.08 2.96 3.01 2.81 2.75 3.04 3.07 

# total repl. 4.23 3.68 4.2 4.11 4.13 4.23 4.32 4.29 4.22 4.26 4.16 4.13 4.3 4.3 

av. Per SS 1.64 1 1.61 1.52 1.51 1.64 1.92 1.82 1.65 1.74 1.59 1.51 1.85 1.83 

not initiated SS 0.2 0.05 0.2 0.19 0.19 0.2 0.36 0.29 0.2 0.26 0.23 0.18 0.33 0.3 

Ext MT required 1.14 0 1.09 0.93 0.92 1.13 0.1 0.34 0 0.28 0.19 0 0.38 0.37 

MT unavailable 0.5 3.42 0.48 0.44 0.4 0.52 0.02 0.09 0.49 0.07 0.05 0 0.09 0.09 

SP1 unavailable 0.02 0.01 0.27 0.01 0.22 0.02 0 0.02 0.02 0.24 0.02 0.24 0.02 0 

SP2 unavailable 0.1 0.05 0.08 0.98 0.88 0 0.02 0.09 0.1 0.09 0.94 0.87 0.01 0.01 

SP unavailableCM 0.01 0 0.04 0.08 0.11 0 0 0.01 0.01 0.05 0.1 0.11 0.01 0 

Prod. Loss CM 149937 201786 153739 164861 174866 150230 140703 140821 145066 149865 168817 172118 142663 143702 

prod. Loss PM 168572 182041 168552 169569 169510 167854 153293 159811 168617 162523 166053 170566 155683 158440 

prod. Loss total 318509 383827 322291 334430 344376 318083 293996 300632 313684 312388 334869 342683 298346 302143 

Cost maint CM 54765 74304 56247 57929 59319 55514 52122 51759 53983 53801 57414 58792 53883 52426 

Cost maint PM 117243 77460 114692 110287 109669 116651 123360 122685 117909 119487 113105 109992 121200 122346 

Cost maint total 172008 151764 170940 168216 168988 172165 175483 174444 171892 173288 170520 168784 175083 174772 
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SZ decision parameter set 2 

Scenario no. 1 2 3 4 5 6 7 

𝑀𝑇𝑖𝑛𝑡    3 3 3 3 3 3 3 

𝑀𝑇𝑒𝑥𝑡 1 0 1 1 1 1 1 

𝑆𝑃1 2 2 1 2 1 2 3 

𝑆𝑃2  2 2 2 1 1 3 3 

Total cost 489254 493635 499845 512198 520377 492210 496086 

# CM 1.22 1.25 1.29 1.32 1.38 1.23 1.2 

# PM 3.08 3.05 2.98 2.83 2.74 3.08 3.12 

# total repl. 4.3 4.3 4.27 4.15 4.12 4.31 4.32 

av. Per SS 1.86 1.82 1.75 1.58 1.51 1.92 1.91 

not initiated SS 0.33 0.31 0.28 0.21 0.19 0.37 0.34 

Ext MT required 0.07 0 0 0 0 0.08 0.08 

MT unavailable 0.02 0.08 0 0 0 0.02 0.01 

SP1 unavailable 0.03 0.02 0.23 0.02 0.23 0.02 0 

SP2 unavailable 0.09 0.1 0.09 0.88 0.89 0.01 0.01 
SP unavailable 
CM 0.02 0.01 0.05 0.09 0.12 0.01 0 

Prod. Loss CM 141174 144119 153141 162210 173876 142839 139477 

prod. Loss PM 156218 158347 160627 167387 169306 152749 155536 

prod. Loss total 297392 302467 313767 329597 343182 295588 295013 

Cost maint CM 52054 53544 55301 56058 58618 52454 51348 

Cost maint PM 122644 121274 118326 113907 109841 122772 124307 

Cost maint total 174698 174818 173627 169964 168459 175226 175655 
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Appendix N Scenario plots  

The scenarios numbers in the plots below are corresponding to the scenario numbers of Appendix 

M. In this appendix corresponding decision parameters and other output values are provided for 

each of the scenario.  

Scenario plots for decision parameter set 1 

 

Figure 77: Scenario plot SX, 1 small stop per year 

 

Figure 78: Scenario plot SX, 2 small stop per year 

 

Figure 79: Scenario plot SX, 3 small stop per year 

 

Figure 80: Scenario plot SY, 1 small stop per year 

 

Figure 81: Scenario plot SY, 2 small stop per year 

 

Figure 82: Scenario plot SY, 3 small stop per year 
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Figure 83: Scenario plot SZ, 2 small stop per year 

 

Figure 84: Scenario plot SZ, 2 small stop per year 

 

Figure 85: Scenario plot SZ, 3 small stop per year 
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Scenario plots for decision parameters set 2 

 

Figure 86: Scenario plot SX, 1 internal maintenance team 

 

Figure 87: Scenario plot SX, 2 internal maintenance team 

 

Figure 88: Scenario plot SX, 3 internal maintenance team 

 

Figure 89: Scenario plot SY, 1 internal maintenance team 

 

Figure 90: Scenario plot SY, 2 internal maintenance team 

 

Figure 91: Scenario plot SY, 3 internal maintenance team 
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Figure 92: Scenario plot SZ, 1 internal maintenance team 

 

Figure 93: Scenario plot SZ, 2 internal maintenance team 

 

Figure 94: Scenario plot SZ, 3 internal maintenance team 
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Appendix O User manual simulation tool 

The main goal of this manual is that the purpose of simulation becomes clear and that the tool will 

be used by the end-users in the way has been designed for. Besides, explanation will be provided on 

how to fill in input values in the tool and on how to interpret the output results. The tool is only 

designed for stuffing boxes, it does not take into consideration other parts. First a quick explanation 

is provided, for a brief explanation on how to use the tool.  

Quick explanation, summary 

The procedure for running the simulation model is in short summarized.  

1. Open “Simulation tool stuffing boxes” (Excel file).  

2. Fill in the required input parameter values in the input screen (set to default with the button if 

desired) in the input tab. 

3. Push the button for creating an input file 

4. Push the butting to run the simulation model.  

5. Push the button to load the output data into the output tab of the excel file.  

Make sure: 

 All numbers are filled in with dots (“.”) as decimal separator 

 Do not leave empty cells in the input fields and make sure the input parameters are filled in in 

correct units of measurement.  

 Do not move the tool file, R codes, input or output file that is stored on your computer.  

 Do not change the default values unnecessarily.  

Purpose and explanation about simulation 

In short, the model tries to imitate sequences of real life events. A simulation model is a set of steps 

and procedures that aims to describe the structure of a real system. It is a numerical method that 

provides the desired output (in this case cost, number of maintenance activities etc.) for any given 

set op input parameters. The tool is based on the passage of time, till an event occurs. An event is in 

our case, a small stop, a breakdown or the return of a spare part to the warehouse. Based on 

randomly generated numbers (according the distribution given as input parameter) for 

breakdowns, and time till spare parts return from revision, the simulation model calculates which 

event will occur first. After an event some number will be reset and the simulation models searches 

for the next event that will occur in time.   

After an event has occurred, variables change. For example when a breakdown occurs a spare part 

is taken out of the warehouse, the cost for maintenance and production losses are accounted 

according to the random simulated service and repair times. A maintenance team is required. If 

spare parts are not available for example, the maintenance cannot be executed, and immediate 

revision is required. Extra cost for downtime are calculated. Finally, the spare part goes to Stork for 

revision. For a small stop, the number of actions taken is a bit more complicated, but works in the 

same way.  

Sometimes very rare events happen as a consequence of coincidence. For example when 4 or more 

stuffing boxes have exceeded the lifetime threshold at the moment of a small stop. There are not 

enough resources available to replace them all in that particular small stop, in the initial situation. 
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Unavailability of resources is tracked, and are provided as output values. It should be noted that the 

unavailability per simulation run is divided by the simulation length of a run in years. Therefore 

unavailability and also other cost output is provided per year. In real life, the cost can be higher in 

one year than in another. Output of the simulation tool are long-term averages per year e.g. for the 

total cost, the number of maintenance activates, unavailability of spare parts etc.   

General idea of the tool 

*Company name* already has a build in function in an excel spreadsheet to determine which 

stuffing boxes should be replaced in the next small stop. This tool works well for the maintenance 

concept proposed. 

Therefore, the simulation tool is not a tool that assist in determining which stuffing box should be 

replaced when. The main goal of the tool is to study relevant aspects of the maintenance concept as 

it is now, by changing decision (and input) variables. Decision parameters in the tool, are the 

lifetime thresholds, number of small stops per year, or the resource capacities of spare parts and 

maintenance teams. Those are the dials that can be turned, these determine the decisions in a 

maintenance concept. Basically, three functions are distinguished 

i. One could find the optimal set of decision variables. Maintenance decision can be applied that 

are best, based on cost or any other criterion of interest. In practice one could test whether cost 

are higher or larger when 1 or 3 small stops are initiated per year, compared to initiating 2 

small stops etc. 

ii. One could investigate what will happen when input parameters change. For example, before an 

investment is done, or to test whether the maintenance concept should be changed. If 

production margins or cost of revision change there is a chance that decision parameters (the 

lifetime thresholds, number of small stops per year, or resource capacity) could be changed as 

well for the cost or any other criterion of interest to be more advantageous. When investments 

can be done, for example to increase the lifetime of the stuffing boxes, one could determine 

whether the investment cost outweigh the reduction the maintenance cost and production 

losses. Of course, the lifetime thresholds should be reconsidered. Another option is to 

investigate what tzhe consequences are for a preventive compared to a corrective policy.  

iii. One could obtain estimated values from the output screen. The production losses or 

maintenance cost for the replacement in small stops are separately provided from the cost of 

breakdowns. Besides unavailability of resources or the production availability can be obtained. 

These could for example be useful when the production department requests an estimation of 

the expected downtime for maintenance activities corresponding to the maintenance concept 

that will be applied.  
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Excel spreadsheet and R.  

The simulation is executed in R, but to make it user-friendly, a user interface is build 

in excel. To enable R to read the output from excel, the input is copied to an CSV file 

and finally, the output created by R is copied to an CSV files and read by excel. With 

VBA (Visual basics under tab developer in excel) the codes are written. If folder 

locations of the tool are changed, the VBA code should be changed too.  

The procedure for running the simulation model is provided stepwise, explanation 

follows.  

1. Open “Simulation tool stuffing boxes” (Excel file).  

2. Fill in the required input parameter values in the input screen (set to default with 

the button if desired) in the “input” tab of the file. 

3. Push the button for creating an input file. 

4. Push the butting to run the simulation model.  

5. Push the button to load the output data into the output tab of the excel file. 

A screenshot of the buttons is provided in Figure 95. After completion of action 3, 4 

and 5 the tool provides a massage, see Figure 97 

 

Figure 97: messages after completion of a task  

When the simulation is running a command screen with codes keeps running.  This screen 

disappears automatically when the simulation is completed.  

Figure 95: buttons in the tool 

Figure 96: command screen while the simulation model is running.  
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Input and output parameters 

Abbreviation used in the tool are listed first.  

SB= stuffing box (stopbus) 

CM= corrective maintenance, when frost or a high gas peak is measured. The stuffing box is not 

replaced in a small stop.  

PM = preventive maintenance, a stuffing box is replaced in a small stop. 

SP= spare part, a backup part of the stuffing boxes. A spare part is normally at Stork for revision or 

in the warehouse.  

Explanation of input parameters 

 

Figure 98: input screen with buttons, in this tab, the input parameters are filled in. 

Decision variables: 

 Number of Small stops per year: how many times per year a small stop will be initiated 

 Threshold level lifetime stage 1 (eerste trap), the lifetime level, at which a stuffing box will be 

replaced. When the SB of stage 1 has exceeded threshold level x, the stuffing box is replaced in 

the next small stop. 

 Threshold level lifetime stage 2 (tweede trap): the lifetime level, at which a stuffing box will be 

replaced. When the SB of stage 2 has exceeded threshold level x, the stuffing box is replaced in 

the next small stop. 
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Simulation parameters: 

To explain the next parameters, a picture is provided, for a queuing system (not our maintenance 

model), because this is easier to understand.  At the start of the simulation the system start at a 

start state. For example when a shop opens, there is no queue at the start, and is increasing. After a 

while a “steady state” behavior is reached. The average numbers in the queue keeps varying. The 

start –up period is not counted for the simulation run. Further, subruns are taken and the average 

over the subruns is calculated. An individual sub run could be deviating from others as a 

consequence of random occurrence of events. 

 

Figure 99: picture to explain terms as the warm-up period, sub-run length and the number of sub-runs. 

 Sub-run length simulation (in years): the sub run length of a simulation is pointed out in the 

figure above. 

 Number of sub runs in simulation, is also pointed out above, n is the total number of sub runs in 

this picture.  

 Warm-up period (in years). Also pointed out in the figure above, the first period, till a steady 

state behavior is reached.  

 Production days (per year): the number of days that are considered in the simulation model. 

This is the total number of days that a system theoretically could produce.  
It should be noted that the number of days that could not be produced is subtracted in the 

simulation model. This is only for the simulation runs to indicate that stuffing boxes deteriorate 

365 days per year for example.  

It should be noted that there is probably no need to change these parameters. The number of sub 

runs could be set lower, for faster, but less confidential (generating) output.  

System and resource parameters 

 Total number of stuffing boxes: fill in the number for the system considered 

 Number of first stage stuffing boxes: fill in the number of first stage stuffing boxes. 

 Number of second stage stuffing boxes: fill in the number of second stage stuffing boxes.  

 Total number of first stage spare parts: fill in the number of spare parts for the first stage. The 

stuffing boxes that are in operation are not counted.  
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 Total number of second stage spare parts: fill in the number of spare parts for the second stage. 

The stuffing boxes that are in operation are not counted. 

 Total number of maintenance teams: a maintenance team consist of 2 ‘experts’ and 2 engineers 

that are ‘assisting’. In total 4 employees are necessary for the execution of one SB replacement. 

The total numbers of teams should be entered as input parameter.  

 Maximum number of external teams in small stop: the maximum number of maintenance teams 

that can be hired externally. This amount of external teams should be possible in term of 

planning etc. Note, if this parameter is set >0, this does not mean that the maintenance team is 

always hired in a small stop. Only when necessary (if the number of stuffing boxes that need 

replacement is larger than the number of internal teams), a team is hired, and cost are 

accounted for this.  

Cost parameters 

1. Maintenance cost (replacement) per SB, stage 1, CM: these are the cost that are registered in 

SAP (exclude the preparation cost, because these cost are accounted per stop, not per stuffing 

box replacement), the cost for hours, serviced and materials together, are counted as 

maintenance cost. Cost also include the cost for revision of the front stuffing box. Cost for PM, 

CM, first and second stage SB replacement can be different, so insert only cost for CM 

replacements, stage 1 in this field. Cost for stage 1 are normally higher, because the plunger is 

always revised. Note, that the cost should be filled in per single stuffing box replacement (in 

SAP sometimes more than one stuffing boxes are assigned to one order).  

2. Maintenance cost (replacement) per SB, stage 2, CM: see previous explanation. Make sure that 

only cost for stage 2 and CM replacements are entered in this field per single stuffing box 

replacement.  

3. Maintenance cost (replacement) per SB, stage 1, PM: Make sure that only cost for stage 1 and 

PM replacements are entered in this field per single stuffing box replacement. See explanation 

parameter 1. 

4. Maintenance cost (replacement) per SB, stage 2, PM: Make sure that only cost for stage 2 and 

PM replacements are entered in this field per single stuffing box replacement. See explanation 

parameter 1. 

5. Preparation cost (planning and preparation), CM: these are the cost for preparation in SAP only 

for breakdowns. These cost are accounted per stop, a breakdown in this case.  

6. Preparation cost (planning and preparation), PM: these are the cost for preparation in SAP only 

in small stops. These cost are accounted per stop. The simulation model counts this cost only 

once in a small stop, independent from the number of stuffing boxes that are replaced in that 

particular stop.  

7. Extra cost for hiring external maintenance teams, per team: cost for transport, staying 

overnight, extra planning cost, and difference between payment of own teams and extra teams 

are counted. Only the extra cost in comparison with replacement by internal teams should be 

counted. The cost are per team, if a part of the team is internal, these cost (hours in SAP) are 

already counted under maintenance cost, and should not be added to these extra cost. Only the 

extra cost for external employees.  

8. Extra cost for immediate revisions, per SB: In case immediate revision (spoed revisie) is 

requested at Stork, overtime hours, and charges for immediate ordering etc. is accounted. Note 

that these cost are extra on top of the normal revision cost (services in SAP).  
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9. Holding cost SP (per part, per year): This are the cost for keeping a spare part in storage. 

Normally, parts are stored at an external firm (Bosman).  

10. Depreciation cost SP (per part, per year): cost of purchasing a new spare part, amortized over 

the life time of a spare part (till revision will not restore the stuffing box to an ‘as good as new’ 

state anymore).  

11. Production quantity (tons/hour): the number of tons a system can produce in one hour. These 

cost are used by the simulation model to calculate the production losses. 

12. Production margins (euro/ton): The margin of profit in euro per ton that the final product will 

yield, after cost are subtracted from the turnover. The margin is used by the simulation model 

to calculate the production losses.  

Time parameters 

For all time parameters, holds that a specific distribution can be applied to generate random 

numbers that are realistic with the reality. Some duration are not fixed for each replacement and 

failure takes also place randomly and can be modeled by a theoretical distribution. Each 

distribution has distribution parameters that should be filled in. In general the parameters say 

something about the location and the shape of the reliability curve. The flow of the reliability 

function could be observed in the plots, next to the cell values (Figure 101). The reliability plot 

provides the fraction of stuffing boxes that have not failed at each particular point in time. The 

distribution parameters can be fit in the R script for distribution fitting for the Weibull and 

Lognormal distribution (explanation is provides in a 

separate paragraph). Also other distribution can be 

selected in the tool, the options are provided in Figure 

100. The uniform distribution is the simplest one. When 

a time is set fixed, parameter value 1= parameter value 

2, with the value that is desired. For more detailed 

information on theoretical distribution it is 

recommended to search on the internet. Note, the 

duration parameters should be filled in in hours.   

 

The time parameters are explained in short individually. 

1. Lifetime first stage: the time to failure distribution for generating random failures of first stage 

SB.  

Figure 101: Flow of the reliability curve becomes visible on the right side when parameter values are filled in. 

Figure 100: Distribution options, from drop down menu.  
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2. Lifetime second stage: the time to failure distribution for generating random failure of the 

second stage SB.  

3. Setup CM: the total duration of unloading and increasing pressure. Basically, this is the time 

duration of period from the moment the system has been shut down, till the system is released 

for replacement plus the time duration from the moment the replacement has been completed 

till the moment the prime product (full quality of end product) can be produced again.  

4. Setup PM: see explanation parameter 3, but then for a small stop. These times can be chosen 

shorter than they will take in reality, because more than Stuffing boxes only will be replaced in 

a small stop. When desired to allocate cost, these duration can be set lower.  

5. Service time CM: the duration that the actual replacement will take the replacement of one 

failed stuffing box (not in a small stop).  

6. Service time PM: the duration that the actual replacement takes to replace one stuffing box in a 

small stop. It is possible to execute two replacements in the same time in a small stop. The 

simulation model, counts the maximum duration of the parallel replacements.  These times can 

be chosen shorter than they will take in reality, because more than Stuffing boxes only will be 

replaced in a small stop. When desired to allocate cost, these duration can be set lower.  

7. Revision duration: the time (in hours) that it will take till the stuffing box SP is revised, and is 

back in the warehouse again.  

8. Immediate revision: the time it will take, till the spare part is returned from the moment 

immediate revision is requested. The model assumes this is only done when a breakdown 

occurs and a spare part is not available.  

Explanation of output parameters 

It should be noted that all output parameter values are averages per year. Only the number of 

replacements per small stop is given per small stop.  

Average numbers 

 Number of corrective replacements (CM): the number of corrective replacements per year 

 Number of corrective replacements (PM):: the number of replacements per year in a small stop. 

Figure 102: Output screen of the simulation tool. All output values are provided in this screen. 
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 Total number of replacements: the total number of replacements per year.  

 Average number of replacement per small stop: the average number of stuffing boxes that will 

be replaced in one stop. 

 Average number of Small stops not initiated per year: the number of times that 0 stuffing boxes 

have exceeded their treshold level at a particular small stop. No downtime cost are calculated, 

and a stop is not initiated, basically. 

 Average number of external teams required: the average number an external maintenance 

team is hired per year 

 Maintenance teams unavailable in small stop: the number of times a stuffing box had exceeded 

its lifetime threshold level, but cannot be replaced because no internal or external maintenance 

is available anymore (only when more stuffing boxes are replaced that the maintenance 

capacity).  

 Spare part stage 1 unavailable: the number of times per year a stuffing boxes of stage 1 has 

exceeded its thresholds level in a small stop, but cannot be replaced, because no spare part of a 

stage 1 stuffing box is available.   

 Spare part stage 2 unavailable: the number of times per year a stuffing boxes of stage 2 has 

exceeded its thresholds level in a small stop, but cannot be replaced, because no spare part of a 

stage 2 stuffing box is available.   

 Av. Number of times SP not available at breakdown: the number of times per year a spare part 

is not available of the particular stage at a breakdown. Immediate revision is required.  

Cost output 

 Production losses CM: the profit that is lost as a consequence of executing a corrective 

replacement. No final product can be produced, during the entire maintenance period (also 

during the set-up).  

 Production losses PM: the profit that is lost as a consequence of executing a small stop No final 

product can be produced, during the entire maintenance period (also during the set-up). 

 Total production losses: CM and PM production losses together. 

 Maintenance cost CM: the cost for hours, serviced and materials together for all CM 

replacements. 

 Maintenance cost PM: the cost for hours, serviced and materials together for all PM 

replacements. 

 Total maintenance cost: CM and PM maintenance cost together 

 Total cost per year: include all costs; production losses, maintenance cost, cost for immediate 

revision, hiring external maintenance team, depreciation and holding cost.  

Noticing with respect to using the tool  

Make sure that all numbers are filled in with dots (“.”) as decimal separator 

Do not leave empty cells in the input fields and make sure the input parameters are filled in using 

correct units of measurement. Time parameters and lifetime threshold are in hours, simulation 

parameters in years, and cost parameters in euros.  

It is recommended not to change the default setting of the input parameters, unless the parameter 

values are not estimated correctly. For testing individual runs, do not change the default values, but 

edit only the white colored fields under the header “values”.  
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Do not move the original tool, R codes, input or output file that is stored on your computer. Only 

when the folder paths are also changed in an appropriate way, the tool will work. If the file paths 

are not changed, the tool will not run and an error will occur.   

Adaptability of code in R 

The tool can be adapted easily and can also be used for other purposes. For example, this simulation 

model can be used for each component or each group of component, with the need for replacement 

during a stop. Small adaptions will probably be necessary. Spare parts are in this case available for 

4 or 6 stuffing boxes together. For replacements of different component, probably each component 

will have a separate number of spare parts. The same holds for the lifetime thresholds, these are set 

separately for each stuffing box stage.  

The code is build up out of different subscripts. Each subscript has a special purpose. This makes it 

easier to understand. Also explanation in between the lines code is provide after the “#” sign. This 

should clarify the explanation of the code.  

In the chapter simulation modeling of this report, a visual overview is provided about what the 

codes basically do. It is also recommended to read into the topic of discrete event time simulations, 

for a detailed understanding of how the simulation model is build. 
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Appendix P Simulation codes  

Variables, initial values and explanations 

#decision parameters 
number_SS_per_year=         #this is best to fill in, in excel sheet probably.  
lifetime_treshold_a1=          # decision parameter, tresholdlevel for a SB in the first stage, a stuffing box will be replaced at a small stop when the 
lifetime_treshold is exceeded. 
lifetime_treshold_a2=          # decision parameter, tresholdlevel for a SB in the second stage, a stuffing box will be replaced at a small stop when 
the lifetime_treshold is exceeded. 
 
#parameters to determine the startup period 
start_up_period= 20*24*365 
 
#subruns and subrun length 
subrun_length=5*24*365 
number_of_subruns= 
total_run_length=subrun_length*number_of_subruns #run length of origional simulation (excluding start-up) 
 
#Start-up period, start subrun 
infinite= (start_up_period+total_run_length)*10 ## this number represents infinite, to make sure the time to return will never be lower than the 
end of the simulation run.  
startup_subrun=start_up_period # the first subrun is started at this moment. it is the first matrix check element. If CM or SS also at that 
moment, first paramters are reset for start subrun  
save_subrun_number= 0 #variable to keep track of the number of runs, the first is the start_up period (not necessarily same lenght as a run) 
count_imm_revision = 0 # counts the number of immediate revisions.  
 
yearly_production_hours=24*365 #hours of production per year.  
 
#system setting parameters and resource levels, fill in in excel spreadsheet 
I=   # total number of stuffing boxes 
a1=  #number of first stage stuffing boxes 
a2=  #number of second stage stuffing boxes 
SP_1_total=  #total number of spareparts for stuffing boxes of stage 1 
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SP_2_total=  # total numbers of spareparts for stuffing boxes of stage 2 
MT_total=  # total number of maintenance teams available in small stop (assumed also available during CM, change that CM replacements at t=t 
are >2 is neglected) 
max_ext_MT=  # maximum to hire external MT for SS replacements of a stuffing box. in total MT+max_ext_MT= total number of MT in a small 
stop available.  
 
#Cost parameters 
R_a1_CM           # replacementcost stage one, CM per stuffing box 
R_a2_CM=            # replacementcost stage two, CM per stuffing box 
R_a1_PM=           # replacementcost stage one, PM 
R_a2_PM=           #  replacementcost stage two, PM 
P_CM=            # Preparation cost CM 
P_PM=             # Preparation cost PM 
cost_ext_MT=            # workforce extension for maintenance in a small stop per extra maintenance team 
cost_immediate_revision=       # cost for fast revision when SPnot available at breakdown. 
cost_holding= 
cost_depreciation= 
 
# to calculate proction losses 
Q=   # production quantity in tons 
M=    #production margin euro/ton 
 
## time parameters default for system 16.  
 
#random generate lifetimes, for all stuffing boxes, are also initial values.(eventual, a failure distribution can also be applied for ) 
life_par_1_a1=        #2.761 #distribution parameter1 2.761 
life_par_2_a1=       #31587 #distribution parameter2 
life_distr_a1= rlnorm #rlnorm # function for creating random numbers for stage1   
 
life_par_1_a2=          #distribution parameter1 
life_par_2_a2=          #distribution parameter2 
life_distr_a2=rweibull # function for creating random numbers for stage 2 
 
#random generate start and shutdown times (set-up), for CM and PM seperately 
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setup_par_1_CM=  
setup_par_2_CM=  
setup_distr_CM = rlnorm 
 
setup_par_1_PM= 
setup_par_2_PM= 
setup_distr_PM = runif 
 
#random generate service (replacement) time, for CM and PM seperately 
service_par_1_CM= 
service_par_2_CM= 
service_distr_CM=runif 
 
service_par_1_PM= 
service_par_2_PM= 
service_distr_PM=runif 
 
#random generate revision time for stage one and stage two, PM and CM equal.  
revision_par_1= 
revision_par_2= 
revision_distr=runif 
 
#immediate_revision= 24 #durationan 1 for fast revision, when spareparts are not available when a breakdown has occurred. Production loss is 
accounted for this downtime 
immediate_revision_par_1= 
immediate_revision_par_2= 
immediate_revision_dist=runif 
 
#initial values, start up 
ss_interval=365*24*(1/number_SS_per_year) #duration of a small stop interval 
ss_interval_event= ss_interval # is the first coming small stop (event), when starting at 0 
i=c(1:I) #stuffing box number in vector format 
a= c(rep(c(1), times=a1),(rep(c(2),times=a2))) # stuffing box stage, in a vector format 
t_current=0 # time in the simulation model, updated each time period (with +1) or with steps in time if a maintenance activity is busy. 
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t1=0 #records the moment a stop has started (also when waiting for MT or SP in case a breakdown has occured) 
t2=0 #records the moment a stop has been completed, system can produce again. 
t1_previous=0 #records the moment the previous stop (stop n-1) has started  
t2_previous=0 #records the moment the previous stop has ended 
lifetime=rep(c(0), times=I) #lifetime vector is updated each single time period, or after the replacement is finished (for time jumps) 
replace=rep(c(0), times=I) # binary vector indicating which stuffing box will be replaced in that particular stop (CM or PM) 
replaced_at=rep(c(0), times=I) # vector that keeps track of the moment of replacement of a stuffing box 
failure=round(c(life_distr_a1(a1,life_par_1_a1,life_par_2_a1),life_distr_a2(a2,life_par_1_a2,life_par_2_a2)), digits=0)  # Generate 
failuretimes/lifetimes with a random number generator, is used to check whether the lifetime >= failure --> replace 
 
dummy_PMCM=0 # if PM and CM has taken place at exactly same moment in time. 
dummy2CMPM=0 # if CM takes place during small stop 
#small_stop=seq(from = 0, to = (start_up_period), by=SS_interval) #generates a vector with times at which a small stop can be initiated (multiple 
of SS_interval), at 0 a small stop not possible, cause loop starts at t+1 
 
rank_li_tr=rep(c(0),times=I) #vector of lifetime minus lifetime treshold. As a basis for ranking.  
SP_1=SP_1_total #available number of spareparts stage1. at time =0, the level is equal to the capacity of spareparts. 
SP_2=SP_2_total #available number of spareparts stage2 
SP_1_return=rep(c(infinite),times=SP_1_total) # Vector of times till return of a sparepart of stuffing box stage 1 in revision, is updated by time 
SP_2_return=rep(c(infinite),times=SP_2_total) # Vector of times till return of a sparepart of stuffing box stage 2 in revision, is updated by time 
SP_1_in_warehouse=rep(c(1),times=SP_1_total) # binary vector, keeps track of sparepart in warehouse yes (=1) or no (=0) 
SP_2_in_warehouse=rep(c(1),times=SP_2_total) # binary vector, keeps track of sparepart in warehouse yes (=1) or no (=0) 
 
assign_time_till_SP_in_stock=0 #variable used to  
MT=MT_total # Maintenance teams available, at time=0 the parameter is equal to the total capacity 
maintenance_CM=0 #binary variable to indicate whether a CM stop will be initiated, based on the check lifetime >= failure, then 1 else 0 
maintenance_PM=0 #binary variable to indicate whether a CM stop will be initiated, based on small stop arrival, if lifetimes > treshold of at least 
one stuffing box and cap. enough, then 1 else 0 
decrease_ttr_SP=0 # to count the time during a maintenance acitivity for the spareparts which have not returned to the warehouse before the 
small stop.  
 
# total times, number etc to keep track of total for calculating cost. 
CM=rep(c(0),times=I) #total number of CM replacements per stuffing box 
PM=rep(c(0),times=I) #total number of PM replacement per stuffing box 
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not_PM=0 #number of times a small stop is not initiated at mutiple of SS_interval. reason: no spareparts available or no stuffing boxes exceeded 
lifetime_treshold 
CM_no=0 # total number of CM stops 
PM_no=0 # total number of PM stops 
 
wait=0 #count the total hours over the runlength that a sparepart is not available or a maintenance team, production loss occurs during wait. 
setup_total=0 # keep track of the total setup duration over the runlength 
service_total=0 # keep track of the total servicetime duration if f.e. two replaced in parallel, double service times are counted (not for total 
downtime) 
revision_total=0 # total revision time, if in parallel, individual revision times are summed up  
total_downtime_duration_PM=0 # keeps track of the total downtime over the runlength if replacement in parallel max(servicetime) is 
accounted for. 
total_downtime_duration_CM=0 # keeps track of the total downtime over the runlength if replacement in series sum(servicetime) is accounted 
immediate_revision_cost_total=0 
count_imm_revision =0 
maintenance_cost_CM=0 
maintenance_cost_PM=0 
 
#these variable are only for SS, since extension of MT is not possible in a CM and when SP not available a CM action needs to wait till available 
SP. 
SP_1_SSn_unavailable=0 # variable used in a loop over the stuffing box postitions and its ranking, increases when SP unavailable at small stop n. 
SP_2_SSn_unavailable=0 # variable used in a loop over the stuffing box postitions and its ranking, increases when SP unavailable at small stop n. 
SP_1_unavailable_SS= NULL # vector of times, n stuffing box spareparts of stage 1 are not available while having exceeded lifetime L. 
SP_2_unavailable_SS= NULL # vector of times, n stuffing box spareparts of stage 2 are not available while having exceeded lifetime L 
 
SP_1_unavailable=0 #save output per subrun, for the total number of times a sparepart of stage 1 is not available 
SP_2_unavailable=0 # save output per subrun, for the total number of times a sparepart of stage 2 is not available 
MT_unavailable_total=0 # save output per subrun, for the total number of maintenance teams not available 
 
ext_MT_available=max_ext_MT # number of extentional maintenance teams available at time=t. 
MT_SSn_unavailable=0 #variable used in a loop over the stuffing box postitions and its ranking, increases when MT unavailable at small stop n. 
MT_unavailable = NULL # vector of times, n maintenance teams are not available while having exceeded lifetime L 
MT_SSn_extensions=0 # variable used in a loop over the stuffing box postitions and its ranking, increases when maintenance extension can be 
initiated. 
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ext_MT_necessary =NULL #vector of numbers of extensions if an extension of MT cap is necessary. 
 
maintenance_cost_CM=0 #total maintenance cost for CM over runlength 
maintenance_cost_PM=0 #total maintenance cost for PM over runlength 
maintenance_cost=0 # total maintenance cost over runlength, PM+CM 
production_losses_PM=0 #production losses Pm over runlength 
production_losses_CM =0 # production losses CM over runlength 
production_losses=0 # total production losses (CM+PM) 
depreciation_holding=0 
#total_cost_runlength=0 # total cost (maintenance+production losses) 
total_cost=0 # total cost per year (maintenance+production losses) 
AV_N_SS=0 #average number of stuffing box replacements per small stop. 
extension_maintenance_cost=0 #cost for extension of maintenance teams in small stops 
total_no=0 # total number of replacements 
TOTAL_AVERAGE=NULL 
 
# the final matrix to save al information (per subrun) 
variables_to_save=c(CM_no, sum(PM), total_no, not_PM, total_cost, production_losses, production_losses_PM, production_losses_CM, 
maintenance_cost, maintenance_cost_PM, maintenance_cost_CM, sum(ext_MT_necessary), count_imm_revision, SP_1_unavailable, 
SP_2_unavailable, MT_unavailable_total, depreciation_holding, AV_N_SS) 
output=matrix(0, nrow=number_of_subruns+1, ncol=length(variables_to_save)) #output matrix, watch out! first run will be start-up info!! 
number of dataelement to save is not set fixed. 
 

Mainscript 

start=print(proc.time()) # to keep track of the start time of running the model 
 
setwd("D:/Dropbox/Thesis/Real project/RCode/ModelSystem2") # Change path on other laptop!! 
source('VariablesAndInitialValues_input.R') 
 
t_current=0  
 
while(t_current <= (start_up_period+total_run_length)) 
{ # the next lines determine which event will occurs first. in vector event_time the next number of elements(1,2,2,1,6), sumstart=(1,2,4,6,7) 
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  event_time=c(startup_subrun, SP_1_return, SP_2_return, ss_interval_event, failure) #note that failure and SP_a_return are vetors already 
  return_event=which(event_time==(min(event_time))) #returns a number of the vector position of the event 
   
  t_current=event_time[return_event[1]] # t_current is the absolute timing of an event. here equal to the first event. 
  print(list(t_current=t_current, return_event=return_event)) # print output in between 
   
  # next lines are to check if CM and PM takes place at exactly the same moment in time. 
  if(((length(startup_subrun)+length(SP_1_return)+length(SP_2_return)+length(ss_interval_event)) %in% 
return_event)&(sum(ifelse(return_event>(length(startup_subrun)+length(SP_1_return)+length(SP_2_return)+length(ss_interval_event)),1,0)>=1
))) # so if failure and small stop occurs at exactly the same moment in time, we only excecute the small stop.  
  { return_event=return_event[return_event<=(length(startup_subrun)+length(SP_1_return)+length(SP_2_return)+length(ss_interval_event))] 
    dummy_PMCM=1 
  }   
   
# start_up or sub-run over,  event_nr=1 
   
  for (x in return_event) 
  { if (x == length(startup_subrun)) #Start-up or subrun has finished, vectorposition event_time=1  
    { #print(t_current) 
      source('Reset_after_runorstart.R') 
      #print(output) 
         
# Sparepart of stage 1 returns to warehouse, event_nr=2, 3 
# note, SP_1, SP_1_return updated during maintenance (in script Small_stop.R and CM_stop.R), when one comes in or out during maintenance.  
         
    } else  
    { if ((X > length(startup_subrun))&(x <= (length(startup_subrun)+length(SP_1_return)))) #2e haakje 
      { for (sp in 1:SP_1_total) 
        { if (t_current == SP_1_return[sp]) 
          { SP_1_return[sp] = infinite 
            SP_1_in_warehouse[sp]=1 
            SP_1=SP_1+1 
          } 
        }   



223 
 

             
  # sparepart of stage 2 returns to warehouse, event_nr==4, 5 
  # note, SP_2, SP_2_return updated during maintenance, when one comes in or out during maintenance.  
               
      } else # 3e haakje 
      { if ((x > (length(startup_subrun)+length(SP_1_return)))&(x<=(length(startup_subrun)+length(SP_1_return)+length(SP_2_return)))) 
        { for (sp in 1:SP_2_total) 
          { if (t_current==SP_2_return[sp]) 
            { SP_2_return[sp]=infinite 
              SP_2_in_warehouse[sp]=1 
              SP_2=SP_2+1 
            } 
          }            
         
# Small stop, event nr=6 
       
        } else  #4e haakje  
        { if(x == (length(startup_subrun)+length(SP_1_return)+length(SP_2_return)+length(ss_interval_event))) #  Small stop , vectorposition 
event_time=2 
          { lifetime=t_current-replaced_at 
            source('loop_ranking.R')#function to to rank the lifetimes, code given in file functions checks also for L, MT, SP,  
            if((maintenance_PM == 1)&(sum(replace) >= 1)) #so SS is really necessary and initiated, cap available for at least one replacement 
            { t1=t_current #saves the start of a stop 
              print(list(START_t_current=t_current, failure=failure, t_current_chek=(replaced_at+lifetime), lifetime=lifetime, t1=t1, 
maintenance_PM=maintenance_PM, replace=replace)) #all output which should be saved before repair here 
              #print(list(maintenance_PM=maintenance_PM, replace=replace, SP_2=SP_2, SP_2_in_warehouse=SP_2_in_warehouse, 
SP_2_return=SP_2_return)) 
              source('Small_stop.R 
') 
             SP_warehouse=c(SP_1_in_warehouse, SP_2_in_warehouse))) 
            } else 
              { ss_interval_event=ss_interval_event+ss_interval  
              }  
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# breakdown, CM initiated event nr=7:16        
       
          } else # 5the bracket 
          { if ((x > (length(startup_subrun)+length(SP_1_return)+length(SP_2_return)+length(ss_interval_event))) & 
(x<=(length(startup_subrun)+length(SP_1_return)+length(SP_2_return)+length(ss_interval_event)+length(failure)))) # if one of the numbers in 
the failure vector is the minimum in variable event_time 
            { lifetime=t_current-replaced_at         
              t1=t_current # saves the start of a stop, before the check script, since waiting for SP is also part of the stop. for CM a stop is always 
initiated (not always at SS interval) 
              source('CM_checks1.R') 
              #print(list(START_t_current=t_current, failure=failure, t_current_check=(replaced_at+lifetime), t1=t1, 
maintenance_CM=maintenance_CM, replace=replace)) #all output which should be saved before repair here 
              #print(list(maintenance_CM=maintenance_CM, replace=replace, SP_2=SP_2, SP_2_in_warehouse=SP_2_in_warehouse, 
SP_2_return=SP_2_return)) 
              source('CM_stop.R') 
              #print(list(END_t_current=t_current, t2_previous=t2_previous, total_downtime_duration_CM=total_downtime_duration_CM, 
service_times_replace_CM=service_times_replace_CM, setup_random_CM=setup_random_CM )) 
              #print(list(t2_previous=t2_previous, SP_return=c(SP_1_return, SP_2_return), SP_1=SP_1, SP_2=SP_2, 
SP_warehouse=c(SP_1_in_warehouse, SP_2_in_warehouse))) 
            }  
          }     
        } 
      } 
    } 
  } 
 
  ###.................... to check whether event have occured during stop, SP returning is already saved................### 
 
  # check whether end subrun has occured during CM or PM stop.  
  if ((startup_subrun > t1_previous) & (startup_subrun <= t2_previous)) 
  { source('Reset_after_runorstart.R') 
  } 
 
  # check whether CM has occured during CM or PM stop  
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  if(sum(ifelse(((failure > t1_previous) & (failure <= t2_previous)),1,0)) >= 1) 
  { t1=t_current # saves the start of a stop, before the check script, since waiting for SP is also part of the stop. for CM a stop is always initiated 
(not always at SS interval) 
    source('CM_checks1.R') 
    source('CM_stop.R') 
  } 
 
  # check whether PM has occured during CM stop 
  if((ss_interval_event > t1_previous) & (ss_interval_event <= t2_previous)) 
  { source('loop_ranking.R') #function to to rank the lifetimes, code given in file functions checks also for L, MT, SP,  
    if((maintenance_PM == 1) & (sum(replace) >=1 )) #so SS is really necessary and initiated, cap available for at least one replacement 
    { t1=t_current #saves the start of a stop 
      source('Small_stop.R') 
    } 
  } 
  t_current=t_current+1 
  #print(t_current) 
 
###..........................................end checks, repeat while loop till end run is reached...................................### 
 
}  
 
source('output.R') # subscript to generate output 
 
end=(proc.time()) # to keep track of the end time of the simulation run 
       
require(tcltk) 
ReturnVal <- tkmessageBox(title = "Greetings from R TclTk", 
    message = "The simulation is completed", icon = "info", type = "ok") # a message is created when the simulation run is completed. 
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Subscripts 

ResetAfterRunorStart 

save_subrun_number=save_subrun_number+1 # keeps track of the number of start_up and run numbers which have passed. is to fill in an 
empty row in the matrix "output" 
 
## producing final output per run 
for(x in 1:I) 
{ if (a[x]==1) 
  { maintenance_cost_CM= maintenance_cost_CM + (CM[x]*(R_a1_CM+P_CM)) # calculates the maintenance cost per individual stuffing box 
replacemen 
    maintenance_cost_PM= maintenance_cost_PM + (PM[x]*(R_a1_PM+P_PM)) 
  } else # so if a[x]=2 
  { maintenance_cost_CM= maintenance_cost_CM + (CM[x]*(R_a2_CM+P_CM)) # calculates the maintenance cost per individual stuffing box 
replacemen 
    maintenance_cost_PM= maintenance_cost_PM + (PM[x]*(R_a2_PM+P_PM)) 
  } 
} 
 
production_losses_PM=total_downtime_duration_PM*Q*M 
production_losses_CM=total_downtime_duration_CM*Q*M 
 
maintenance_cost= maintenance_cost_PM+maintenance_cost_CM 
production_losses=production_losses_PM+production_losses_CM 
 
ext_maint_cost=sum(ext_MT_necessary)*cost_ext_MT 
imm_revision_cost= count_imm_revision*cost_immediate_revision 
total_holding= (subrun_length/(24*365))*cost_holding* (SP_1_total+SP_2_total) 
total_depreciation= (subrun_length/(24*365))*cost_depreciation * (SP_1_total+SP_2_total) 
depreciation_holding=total_holding+total_depreciation 
   
total_cost=maintenance_cost+production_losses+ext_maint_cost+imm_revision_cost+total_holding+total_depreciation # total cost per 
runlength 
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AV_N_SS=sum(PM)/PM_no #calculates the average number of replacements per small_stop # watch out, not per subrun 
 
SP_1_unavailable=sum(SP_1_unavailable_SS) 
SP_2_unavailable=sum(SP_2_unavailable_SS) 
MT_unavailable_total=sum(MT_unavailable) 
 
total_no=sum(PM)+CM_no 
 
# save output in matrix 
variables_to_save=c(CM_no, sum(PM), total_no, not_PM, total_cost, production_losses, production_losses_PM, production_losses_CM, 
maintenance_cost, maintenance_cost_PM, maintenance_cost_CM, sum(ext_MT_necessary), count_imm_revision, SP_1_unavailable, 
SP_2_unavailable, MT_unavailable_total, depreciation_holding, AV_N_SS) 
output[save_subrun_number,]=variables_to_save  
 
#reset some parameters to generate new information per subrun. 
CM=rep(c(0),times=I) #total number of CM replacements per stuffing box 
PM=rep(c(0),times=I) #total number of PM replacement per stuffing box 
not_PM=0 #number of times a small stop is not initiated at mutiple of SS_interval. reason: no spareparts available or no stuffing boxes exceeded 
lifetime_treshold 
CM_no=0 # total number of CM stops 
PM_no=0 # total number of PM stops 
 
#reset na subrun: 
count_imm_revision =0 
maintenance_cost_CM=0 
maintenance_cost_PM=0 
dummy_PMCM=0 # if PM and CM has taken place at exactly same moment in time. 
 
wait=0 #count the total hours over the runlength that a sparepart is not available or a maintenance team, production loss occurs during wait. 
setup_total=0 # keep track of the total setup duration over the runlength 
service_total=0 # keep track of the total servicetime duration if f.e. two replaced in parallel, double service times are counted (not for total 
downtime) 
revision_total=0 # total revision time, if in parallel, individual revision times are summed up  
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total_downtime_duration_CM=0 # keeps track of the total downtime over the runlength if replacement in parallel max(servicetime) is 
accounted for. 
total_downtime_duration_PM=0 
 
#immediate_revision_cost_total=0 --> deze niet nodig toch? 
 
#these variable are only for SS, since extension of MT is not possible in a CM and when SP not available a CM action needs to wait till available 
SP. 
SP_1_unavailable_SS= NULL # vector of times, n stuffing box spareparts of stage 1 are not available while having exceeded lifetime L. 
SP_2_unavailable_SS= NULL # vector of times, n stuffing box spareparts of stage 2 are not available while having exceeded lifetime L 
 
MT_unavailable = NULL # vector of times, n maintenance teams are not available while having exceeded lifetime L 
ext_MT_necessary =NULL #vector of numbers of extensions if an extension of MT cap is necessary. 
 
# update time event_check vector 
startup_subrun=startup_subrun + subrun_length 
 
SmallStop 

## source('Small_stop.R') 
if (dummy2CMPM==1) 
{ setup_random_PM==0 # no setup is counted for if CM is busy will SS occurs 
  print(dummy2CMPM) 
  dummy2CMPM=0 # set to 0 immediately after 
} else 
{ setup_random_PM=round(setup_distr_PM(1,setup_par_1_PM,setup_par_2_PM),digits=0)# setup is generated 
}  
setup_total=setup_total+setup_random_PM # total set-up time is tracked 
service_times_replace_PM=round(service_distr_PM(sum(replace),service_par_1_PM,service_par_2_PM), digits=0) #generating servicetimes for 
the replaced SB. 
service_total=service_total+max(service_times_replace_PM) #service is excecuted in parallel 
t_current=t_current+setup_random_PM+max(service_times_replace_PM) # time_current is updated. 
t2=t_current #time at end of maintenance  
total_downtime_duration_PM=total_downtime_duration_PM+(t2-t1) 
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decrease_ttr_SP = t2-t1 # if a sparepart has not returned before a stop (not available), the time till return should decrease with the number 
decrease_ttr_SP  
#print(decrease_ttr_SP) 
 
source('decrease_SP_ttr_not_returned_SP_1.R') #script that decreases the ttr (time till return) of a SP, stage1, that is not replaced. 
source('decrease_SP_ttr_not_returned_SP_2.R') #script that decreases the ttr of a SP, stage2, that is not replaced 
source('assign_time_till_SP_in_stock.R') # script for setting time till return of the spareparts in the wharehouse     
     
      # reset parameters after replacement has taken place 
source('reset_after_PM.R') #script for resetting paramters after a PM is executed 
ss_interval_event=ss_interval_event+ss_interval # updates te event checking variable 
 
CM_Stop 

## source('CM_stop')  
setup_random_CM=round(setup_distr_CM(1,setup_par_1_CM,setup_par_2_CM),digits=0) 
setup_total=setup_total+setup_random_CM 
service_times_replace_CM=round(service_distr_CM(sum(replace),service_par_1_CM,service_par_2_CM), digits=0) 
service_total=service_total+sum(service_times_replace_CM) 
t_current=t_current+setup_random_CM+sum(service_times_replace_CM) # time_current is updated.  
t2=t_current #time at end of maintenance  
total_downtime_duration_CM=total_downtime_duration_CM+(t2-t1) 
decrease_ttr_SP = t2-t1 # if a sparepart has not returned before a stop (not available), the time till return should decrease with the number 
decrease_ttr_SP  
#print(decrease_ttr_SP) 
 
source('decrease_SP_ttr_not_returned_SP_1.R') #script that decreases the ttr (time till return) of a SP, stage1, that is not replaced. 
source('decrease_SP_ttr_not_returned_SP_2.R') #script that decreases the ttr of a SP, stage2, that is not replaced 
source('assign_time_till_SP_in_stock.R') # script for setting time till return of the spareparts in the wharehouse 
 
# reset parameters after replacement has taken place 
source('reset_after_CM.R') # script for resetting paramters after a CM is executed 
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LoopRanking 

# loop-ranking function for determining which stuffing boxes should be replaced in one small stop 
 # first a ranking is determined. Stuffingboxes who have exceeded L at most get rank 1 etc.  
 
if (dummy_PMCM==1) # only if PM and CM occurs at exactly the samen moment in time! really small probability 
  { dummy_failed=which (failure==t_current) 
    lifetime[dummy_failed]=infinite # set lifetime infinite, to make sure the first rank is assigned to the stuffing box.  
    dummy_PMCM=0 # reset immediately 
  }    
 
rank_li_tr[1:a1]=lifetime[1:a1]-lifetime_treshold_a1 
rank_li_tr[(a1+1):(a1+a2)]=lifetime[(a1+1):(a1+a2)]-lifetime_treshold_a2 
 
ranking=rank(-rank_li_tr, ties.method="random") #ranking is applied. in this order, the checks for MT and SP availability is excecuted, en 
determined whether or not to replace. 
 
for (status_rank in 1:I) #loops over the position of a vector, status_rank is a dummy variable. 
{ for(p in 1:I)   
  { if(status_rank == ranking[p]) 
    { if(a[p] == 1) 
      { if((SP_1 > 0) & (MT+ext_MT_available > 0) & (lifetime[p] >= lifetime_treshold_a1)) 
        { replace[p]=1 
          SP_1=SP_1-1 #position of spareparts decrease 
          if (MT>0) #position of Maintenance teams decrease 
          { MT=MT-1 
          } else  
          { MT_SSn_extensions=MT_SSn_extensions+1 
            ext_MT_available=ext_MT_available-1 
          }  
        } else  
        { replace[p]=0 
          if((SP_1==0)&(lifetime[p] >= lifetime_treshold_a1)) 
          { SP_1_SSn_unavailable=SP_1_SSn_unavailable+1 
          } 



231 
 

          if((MT+ext_MT_available==0)&(lifetime[p] >= lifetime_treshold_a1)) 
          { MT_SSn_unavailable=MT_SSn_unavailable+1 
          } 
        } 
      } else #so if stage of the stuffing box=2, the spareparts should match the stage of the system.  
      { if((SP_2 > 0)&(MT+ext_MT_available>0)&(lifetime[p] >= lifetime_treshold_a2)) 
        { replace[p]=1 
          SP_2=SP_2-1 
          if (MT>0) 
          { MT=MT-1 
          } else  
          { MT_SSn_extensions=MT_SSn_extensions+1 
            ext_MT_available=ext_MT_available-1 
          } 
        } else  
        { replace[p]=0 
          if((SP_2==0)&(lifetime[p] >= lifetime_treshold_a2)) 
          { SP_2_SSn_unavailable=SP_2_SSn_unavailable+1 
          } 
          if((MT+ext_MT_available==0)&(lifetime[p] >= lifetime_treshold_a2)) 
          { MT_SSn_unavailable=MT_SSn_unavailable+1  
          } 
        } 
      }       
    } 
  } 
} 
if (sum(replace)>0) 
  { maintenance_PM=1 
    PM_no=PM_no+1 
    PM=PM+replace 
  } else 
  { maintenance_PM=0 
    not_PM=not_PM+1 
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  } 
   
#next formula's to save the number of unavailable SP or MT in a small stop.  
SP_1_unavailable_SS=c(SP_1_unavailable_SS,SP_1_SSn_unavailable) 
SP_2_unavailable_SS=c(SP_2_unavailable_SS,SP_2_SSn_unavailable) 
MT_unavailable= c(MT_unavailable, MT_SSn_unavailable) 
ext_MT_necessary=c(ext_MT_necessary,MT_SSn_extensions) 
 
##PMlist=list(PM=PM,maintenance_PM=maintenance_PM, replace=replace, lifetime=lifetime, failure=failure) 
##print(PMlist) 
 
CM checks1 

#checks before CM is initiated for spareparts availability, parameters change, if not available wait till sparepart is revised 
# source('CM_stop.R') 
 
for(x in 1:I) 
{ if(failure[x] <= t_current) 
  { replace[x]=1 
    MT=MT-1 
    if (a[x]==1) 
    { if(SP_1>0) 
      { SP_1 = SP_1 - 1 
      } else # if sparepart is unavailable, than wait till available (revision is excecuted faster than normally) 
      { immediate_revision= round(immediate_revision_dist(1,immediate_revision_par_1,immediate_revision_par_2), digits=0) 
        count_imm_revision=count_imm_revision+1 
        # binary_imm_revision=1 
        position_return_SP=which(SP_1_return == min (SP_1_return)) # returns the index for the stuffing box with the smallest time till revision 
completed 
        wait=wait+min(immediate_revision,min(SP_1_return)) #downtime is calculated for wait, the system is shut down, but SP not available, so 
replacement is postponed till SP available. 
        t_current=t_current+min(immediate_revision, min(SP_1_return)) 
        SP_1_return[position_return_SP]=infinite # the stuffing box has returned after revision, time till return is set to 0. 
        SP_1_in_warehouse[position_return_SP]=1 
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        # note, SP_1 does not increase or decrease, since it is taken out of the warehouse immediately at same moment of returning 
      } 
    } else # so if a[x]=2, the stage of the stuffing box is 2, and so is the sparepart corresponding to stage 2 
    { if(SP_2>0) 
      { SP_2 = SP_2 - 1 
      } else 
      { immediate_revision= round(immediate_revision_dist(1,immediate_revision_par_1,immediate_revision_par_2), digits=0) 
        count_imm_revision=count_imm_revision+1 
        #binary_imm_revision=1 
position_return_SP_2=which(SP_2_return == min (SP_2_return)) # returns the index for the stuffing box with the smallest time till revision 
completed 
        wait=wait+min(immediate_revision, min(SP_2_return)) #downtime is calculated for wait, the system is shut down, but SP not available, so 
replacement is postponed till SP available. 
        t_current=t_current+ min(immediate_revision, min(SP_2_return)) 
        SP_2_return[position_return_SP_2]=infinite # the stuffing box has returned after revision, time till return is set to 0. 
        SP_2_in_warehouse[position_return_SP_2]=1 
        #print(list(SP_2_return=SP_2_return, SP_2_in_warehouse=SP_2_in_warehouse, SP_2=SP_2)) 
      } 
    } 
  } 
} 
 
if (sum (replace) >= 1)  
{ CM=CM+replace 
    CM_no=CM_no+1 
    maintenance_CM=1 
}  
 
Output 

##source('Final_output.R') 
# still check whether this works, especially with removing the first row. 
 
output= output[-1,] # delete data of the startup period.  
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# to calculate neumann 
#source('q_neumann.R') 
 
average_output=cbind((output[,(1:17)]/(subrun_length/yearly_production_hours)),output[,18]) 
print(average_output) 
TOTAL_AVERAGE=colMeans(average_output, na.rm=TRUE) # average over the subruns,  
TOTAL_AVERAGE=round(TOTAL_AVERAGE,2) 
 
# print output to csv file 
output_table=matrix("NA", nrow=2, ncol=(length(variables_to_save))) 
output_table[1,]=c("CM_no","sum(PM)", "total_no", "not_PM", "total_cost", "production_losses", "production_losses_PM", 
"production_losses_CM", "maintenance_cost", "maintenance_cost_PM", "maintenance_cost_CM", "sum(ext_MT_necessary)", 
"count_imm_revision", "_1_unavailable", "SP_2_unavailable", "MT_unavailable_total", "depreciation_holding", "AV_N_SS") 
output_table[2,]=c(TOTAL_AVERAGE) 
 
write.table(output_table, file='D:/Dropbox/Thesis/Real project/RCode/ModelSystem2/Interface/output.csv', na="") 
 
 
# spare parts stage 1 still at Stork for revision (not in warehouse) before CM or PM is performed. Revision time should decrease over the 
duration of a stop (because of jump in time) 
 
Reset after PM 

# reset parameters after replacement has taken place for PM 
## reset_after_PM 
 
for (k in 1:I) 
{ if (replace[k]==1) # if stuffing box nr k has been replaced a new failure time is gererated for the corresponding stage 
  { if (a[k]==1) #if stage is 1 
    { failure[k]=t_current+round(life_distr_a1(1,life_par_1_a1,life_par_2_a1), digits=0) # generate new random failure time 
      replaced_at[k]= t_current # reset lifetime to t_current, basically to lifetime=0 
    } else # so if stage is 2 
    { failure[k]=t_current+round(life_distr_a2(1,life_par_1_a2,life_par_2_a2), digits=0) # generate new random failure time 
      replaced_at[k]= t_current # reset lifetime  
    } 
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  }  
} 
 
replace=rep(c(0), times=I) 
maintenance_PM=0 
MT=MT_total 
decrease_ttr_SP=0 
t1_previous=t1 #variable saved to check whether a SS moment has passed during a stop, because of the jumps in time. 
t2_previous=t2  
t1=0  
t2=0 
SP_1_SSn_unavailable=0 
SP_2_SSn_unavailable=0  
ext_MT_available=max_ext_MT  
MT_SSn_unavailable=0  
MT_SSn_extensions=0  
 
# for (k in 1:I) 
Decrease_SP_ttr_not_Returned_SP_1 

#source('decrease_SP_ttr_not_returned_SP_1')  
 
for(n in 1:SP_1_total) 
{ if(SP_1_in_warehouse[n] == 0) 
  { SP_1_return[n]=SP_1_return[n]-decrease_ttr_SP 
  } 
  if(SP_1_return[n] <= 0) 
  { SP_1=SP_1+1 
    SP_1_in_warehouse[n] = 1 
    SP_1_return[n]=infinite 
  } 
} 
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Decrease_SP_ttr_not_Returned_SP_2 

# spare parts stage 2 still at Stork for revision (not in warehouse) before CM or PM is performed. Revision time should decrease over the 
duration of a stop (because of jump in time) 
## decrease_SP_ttr_not_returned_SP_2 
 
for(n in 1:SP_2_total) 
{ if(SP_2_in_warehouse[n] == 0) 
  { SP_2_return[n]=SP_2_return[n]-decrease_ttr_SP 
  } 
  if(SP_2_return[n] <= 0) 
  { SP_2=SP_2+1 
    SP_2_in_warehouse[n] = 1 
    SP_2_return[n]=infinite 
  } 
} 
 
Assign time till SP in stock 

# code for determining the time till sparepart is returning to the warehouse/till Stork has completed the revision 
##assign_time_till_SP_in_stock 
# comment: in the previous sources, the spareparts are already returned to warehouse, while they were not in the beginning. 
# since this script "brings the spareparts to stork" only for the ones being replaced (so available at the beginning of a stop) this works.  
 
for (k in 1:I) 
{ if((replace[k] == 1) & (a[k] == 1)) #als sparepart van eerste trap is en de desbetreffende stopbus wordt vervangen, voorraad omlaag tot time is 
SP_nr_times_till_return 
  { for (SPnr in 1:SP_1_total) 
    { if(SP_1_in_warehouse[SPnr] == 1) # means that sparepart is available.  
      { revision_duration = round(revision_distr(1,revision_par_1,revision_par_2), digits=0) 
        SP_1_return[SPnr] = t_current + revision_duration #taken out of warehouse, old one goes to stork for revision 
        revision_total=revision_total + revision_duration 
        SP_1_in_warehouse[SPnr]=0 # reset to not available 
        break # break the loop, because if one of the 0's is replaced by the random number, for the stuffing box replace[k] the stuffing box is send 
for revision. element 2 in SP_1_return should ony be checked of the first one is not 0 (already in revision). 
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      } 
    } 
  } else 
  { if((replace[k] == 1) & (a[k] == 2)) #als sparepart van tweede trap is en desbetreffende stopbus wordt vervangen. 
    { for (SPnr in 1:SP_2_total) 
      { if (SP_2_in_warehouse[SPnr] == 1) # means that sparepart is available.  
        { revision_duration = round(revision_distr(1,revision_par_1,revision_par_2), digits=0) 
          SP_2_return[SPnr]= t_current + revision_duration #taken out of warehouse, old one goes to stork for revision 
          revision_total=revision_total + revision_duration 
          SP_2_in_warehouse[SPnr]=0 
          break  
        } 
      } 
    } 
  } 
} 
#list(SP_1_return=print(SP_1_return), SP_2_return=SP_2_return) 
 
Reset after CM 

 

# reset parameters after replacement has taken place for CM, split between CM and PM because parameters differ. 

for (k in 1:I) 

{ if (replace[k]==1) # if stuffing box nr k has been replaced a new failure time is gererated for the corresponding stage 
  { if (a[k]==1) #if stage is 1 
    { failure[k]=t_current+round(life_distr_a1(1,life_par_1_a1,life_par_2_a1), digits=0) # generate new random failure time 
      replaced_at[k]=t_current # reset lifetime 
    } else # so if stage is 2 
    { failure[k]=t_current+round(life_distr_a2(1,life_par_1_a2,life_par_2_a2), digits=0) # generate new random failure time 
      replaced_at[k]=t_current # reset lifetime  
    }  
  }  
} 
 
replace=rep(c(0), times=I) 
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maintenance_CM=0 
MT=MT_total 
decrease_ttr_SP=0 
t1_previous=t1 #variable saved to check whether a SS moment has passed during a stop, because of the jumps in time. 
t2_previous=t2  
t1=0 
t2=0 
 
Final Output 

##source('Final_output.R') 
# still check whether this works, especially with removing the first row. 
 
output= output[-1,] # delete data of the startup period.  
 
average_output=output/(subrun_length/yearly_production_hours) 
TOTAL_AVERAGE=colMeans(average_output, na.rm=TRUE) 


