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We have identified a general hazardous health and environmental problem in conjunction 

with emergency discharges of sewage, in sewer systems. Such discharges are not acceptable 

and subject to legislative injunctions, if happens. In order to manage sewer systems to 

prevent and mitigate such discharges from happen, we have developed a powerful model 

that makes it possible to calculate the remaining lifetime of sewer pumps with 95% 

probability, and in the same model integrate a weighted sensitivity level of the recipients 

(body of water). 

The developed and designed model, enable us to create a reliable and accurate preventive 

maintenance plan stating the prioritized order in which the pumps must be overhauled or 

changed to avoid and minimize emergency discharges. 

To test our model in real life we have had the opportunity to work with Nacka municipality, 

which have provided us with valuable necessary information and data to be able to 

accomplish our research and deliver a preventive maintenance plan with highest possible 

quality and reliability.  
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1 Introduction 

This introductory chapter begins the study with a brief background to our research area and 
further presents the study's research question, purpose, method and scope. 

1.1 Background 
 

Nacka municipality is one of the most expansionary communities in the eastern part of 

Stockholm County. The topography of Nacka is characterized by being surrounded by water 

which is resulting in long seashores. This topography of Nacka is subject to different types of 

problems that are not common in communities not bordering to the sea or other large 

bodies of water. 

 

Figure 1: Geographical representation of Nacka municipality 

 

One identified problem area is the process of taking care of sewage that is produced on a 

day to day basis by the citizens, precipitation as well as to mitigate and minimize flooding of 

the sewage into the bodies of water (recipients), which in this case is the seashore and lakes. 

 

By 2013-12-31, the number of citizens registered in Nacka were 94 4231 which are constantly 

exposed to the recipients since real estate and business buildings are located close to the 

shores and emergency discharges of sewage will impact on the environment and 

consequently being a health and environmental hazard for the citizens. 

 

                                                
1
Available at: http://www.nacka.se/web/politik_organisation/Sidor/default.aspx. Collected 2014-04-10 
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Emergency discharges of sewer can occur due to a number of different reasons such as 

hydraulic overload due to heavy rain or snow melting, emergency discharges due to broken 

equipment such as sewage pumps, control equipment, broken pipelines and power shortage 

or for other reasons that are related to technical equipment. Emergency discharges can also 

be related to planned repair or rebuilding of equipment and buildings (Rapport 2009:1, 

2009).   

To handle, take care and purify sewage and storm water is a very sensitive and important 

issue from an environmental point of view, regulated by environmental and other 

legislations.  

All communities in Sweden are obliged to follow these legislations and to conform to the 

different requirements and laws, regulated in Swedish and EU legislations.  

To handle sewage and storm water is particularly sensitive in societies with a continually 

growing population and in metropolitan areas. Nacka municipality is such an area and part of 

the metropolitan area of Stockholm, surrounded by large bodies of water (recipients) that 

are extremely sensitive to sewage and storm water overflow.  
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1.2 Problem Statement 
 

As mentioned above, approximately 94 500 citizens lives in Nacka municipality today.  

This means a substantial production of sewage that needs to be taken care of by the 

municipality and in accordance with current legislation. 

The sewage produced, is taken care of by the sewage transportation system, mainly 

underground, by 57 different sewer pump houses, consisting of 140 pumps that transport 

the sewage mainly to Henriksdal and Käppala purification station, for purification and 

recycling. 

 

Normally the sewage transportation system is working without any problems, but 

occasionally and on an emergency basis, emergency discharges of sewage and rainwater 

happens without any warning or in the best case with short notice(for example through 

weather reports). The reason for this might be caused due to malfunctions and different 

errors in the pump stations or heavy precipitation. These malfunctions happen mainly due to 

broken pumps, large forbidden objects in the system that blocks the pumps and electric 

power shortage. 

When a pump house is out of order the sewage and rainwater needs to be let out of the 

system by emergency outlets. This in turn is instantly impacting on the environment since 

the sewage is let out in a body of water or directly into Saltsjön. As a direct consequence of 

this, the municipality is risking to be questioned from an environment legislation standpoint. 

 

It is of vital importance that all necessary steps of preventive and risk avoiding character are 

implemented, and that necessary steps are taken to avoid, mitigate, reduce and share if 

possible, the risk of being subject to an out of order pump station due to omission of, 

making sure that sufficient maintenance and resources to service and taking care of the 

sewage system, is in place.  

Nacka municipality has in the near past been suffering from a number of pump station 

malfunctions, recently resulting in at least one severe emergency discharge into Saltsjön. 

This emergency discharge resulted in an injunction by the environmental authorities, within 

Nacka municipality.  
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One measure to reduce such risk is to design and implement a preventive maintenance plan 

in order to have an action plan for pump stations that are subject for repair due to heavy 

wear and immediate action.    

1.3 Research Questions 

 

This thesis seeks answers to several questions within the scope of Monte Carlo simulations 

(MCS) and sewer systems.  

1. What are the possibilities regarding using Monte Carlo simulations as input for 

preventative maintenance planning?  

2. Which added values can Monte Carlo simulation in this context contribute to the 

creation of a maintenance plan? 

3. What kind of data is required for sufficient modeling? 

1.4 Objectives 
 

The primary goal of this study is to research the area of risk management applications and to 

produce an example of a well-defined and realistic preventive maintenance program for the 

most critical sewer pump stations. This will be done by statistical calculations (MCS) based 

on “pump failure” data as well as potential impact on the environment an incident will have. 
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1.5 Scope 
 

The scope of this study is limited by the following parameters: 

 

In Scope 

1. The research is including the sewage pumps in the identified critical pump stations. 

2. Classification of the different recipient’s sensitivity level will be discussed.  

3. To design a preventive maintenance plan for the pumps. 

4. To include evaluation of the risk of the said sewer pumps to break down due to age 

and wear. 

Out of Scope 

1. The pipe lines (grid) are not included. 

2. The risk of citizens feeding not allowed objects into the sewer delivery system.  

3. Environmental impact within the pump stations such as corrosion, general condition 

of the pump houses, ventilation and other subject that is not connected the sewer 

pumps. 

4. Impact from sudden and abnormal precipitation.  

5. Organizational issues.  
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2 Research methods 

2.1 Case study as research method 
 

A case study method creates the conditions that allow the analyst to maintain the holistic 

and meaningful features of real-life events (Yin, 1981). The need for a case study can emerge 

when for example an investigator has to analyze a present phenomenon in its real life 

context particularly when the borders between the context and the phenomenon are not 

fully clear. 

 

 

Figure 2: The six steps of a case study (Yin, 2009) 

 

Yin (2009) describes that a case study research is a linear but iterative (see figure 2 above) 

process that can consist of six steps. The first step in the process is the planning phase. This 

phase identifies the research question or other motives for carrying out the study. The 

decisions on case study as the chosen research approach should also be taken in 

consideration. In addition it is also important to understand the choice of the research 

methodology from a strength and limitation perspective. The design and preparation phase’s 

aims to establish case study design, its implementation, prepared in terms of the basis for 

data collection. The next step is covered by the analysis phase; this step can lead back to the 

design phase when new conditions regarding the case study arise. The final stage is the 

share phase when the result is shared with the stakeholders.  

 

Based on  what has been discussed  above by Yin (1981, 2009), concerning what a case study 

allows the analysis to do as well as the steps it involves, we have selected the  case study 
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approach as the most suitable and sustainable choice of research method whit respect to 

the thesis research purpose.   

2.2 Research approach 
 

Any discussion of research methods is dichotomized and presented in either a quantitative 

or a qualitative category because the two different paradigms have been assumed to be 

opposites of each other (Jha, 2008). However, it is argued that qualitative and quantitative 

research strategies are almost always jointly involved to at least some degree in every 

research study. 

 

Qualitative (inductive) research (data) is multi-method in focus, involving an imperative, 

naturalistic approach to its subject matter. In other words, qualitative researchers study 

things in their natural settings involving case study, personal experience, introspective, life 

story, interviews observational, historical, interactions, and visual texts. 

Furthermore Patton (1990) define qualitative data as detailed descriptions of situations, 

events, people, interactions , observed behaviors, direct quotations from people about their 

experiences, attitudes, beliefs, and thoughts and excerpts or entire passages from 

documents, correspondence, records and case histories. Theory’s place in qualitative 

methods is quite different from that in quantitative methods. 

Inductive (qualitative) reasoning and deductive (quantitative) reasoning are both subsumed 

under scientific inquiry, yet they characterize distinction between purely qualitative and 

purely quantitative methods. 

 

Quantitative (deductive) research (data) is frequently referred to as hypothesis-testing 

research (Jha, 2008). Typical of this tradition is the pattern of research operations in 

investigating, for example, the effects of a treatment or an intervention. Studies normally 

begin with statements of theory from which research hypotheses are derived. 

After that an experimental design is established in which the dependent variables are 

measured while observing and controlling for the effect of selected independent variables. 

 

To support repeatability of the findings, experiments are usually conducted and statistical 

techniques are used to find the probability of the same differences occurring over and over 
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again. These procedures are deductive in nature, contributing to the scientific knowledge 

base by theory testing and are the nature of quantitative methodology. 

 

Figure 3: The quail.-quant. philosophy of educational research methodology conceptualized 

(Jha, 2008). 

 

If scientific knowledge is based on verification methods, the contribution of information 

derived from qualitative or quantitative perspective can be assessed and is thus interacting 

with each other and becomes clear how each approach adds to the body of knowledge by 

building on the information derived from the other approach.  

 

It is important to identify qualitative and/or quantitative research data based on the type of 

questions being asked and the type of data being collected. If the data cannot be quantified, 

then the research is qualitative.  Figure 3 above is illustrating and indicating, how research 

result data from qualitative and quantitative assessments are merged and combined to 

deliver a holistic result, increasing security and probability in joint data output, from 

parameter simulations.  

 

The Qual-Quant research approach is the method we have selected for our case study since 

we believe that this method will deliver the most holistic, reliable end result and will 

enhance its validity in a complex environment. 
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2.3 Research methods and strategy  
 

To allow the fulfillment of the thesis intentions several information sources need to be used. 

Firstly, a literature review is going to be conducted, thus making it possible to gain a basic 

understanding of how a sewage systems works and how it possibly can be described by a 

model. Theoretical reviews of maintenance plans, as well as the mathematical calculations 

that are needed for modeling will be covered, furthermore the theory describing Monte 

Carlo simulations.  

 

To obtain sufficient data and increase the ability to gain information about sewer systems, 

both historical data (recorded by Nacka municipality) and interviews (with experts) is 

necessary. Both approaches are imperative when there is an uncertainty about the quality 

and quantity of historically stored documentation. Or as, Kuhnert et al. (2010) highlights, 

when there is a potential lack of empirical data, expertise knowledge is the best and also 

most likely the only source of information. 

 

The interview procedure will be conducted with two experts. The interview will be of the 

open ended type which is dealt with and discussed by Yin (2009) as a recommended 

measurement.  

 

In order to best utilize the collected data, based on historical information provided by the 

sponsor regarding the life time and performance of the sewage pumps, we will use Monte 

Carlo simulation to be able to calculate, with a certain probability, the lifetime of the sewage 

pumps in the sewage pump houses. Information about the sensitivity classification levels of 

the recipients will also be investigated. Based on those calculations we will design and 

provide an example of a preventive maintenance program for the selected pumps, as well as 

provide a recommendation how to implement it in operation. 
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2.4 Research validity and reliability 

 

Case studies consist of an in-depth inquiry into a specific and complex phenomenon, 

implemented in its real- world context (Yin, 2013). To end up at a sound understanding of 

the case, a case study should not be limited to a case in isolation, but should evaluate the 

interaction between the cases in its context. Case study evaluations may limit themselves to 

descriptive or even exploratory objectives and when evaluation of case studies fill an 

explanatory role, great challenges will arise. In particular regarding documenting a set of 

outcomes and trying to explain how those outcomes came about.  

One approach is to conduct and document direct observations of events and actions, as they 

actually occur, as a critical part of the case study’s data collection. These types of data 

collection are highly qualitative and may have weaknesses from a reliability point of view.  

 

To improve the precision and thus the reliability of our approach and to strengthen 

confidence in our findings, MCS has been chosen. This approach is found by us to be the 

most reliable method in front of guessing when the sewage pumps will break down, or to 

repair them on an emergency basis, in conjunction with an actual pump brake down.  

Furthermore the MCS method allows us to describe, as well as calculate the failure 

distribution, in the most reliable way with high validity.   

 

Considering what Yin (2013) is discussing above, about direct observations of actions when 

they occur as a way of increasing validity and reliability, we believe that by interviewing 

experts that have experienced real break downs on site, and by having access to historical 

brake down records, we are using the best source of information available. We suspect that 

it is unlikely that we will experience pump break downs on site, due to its random 

occurrence.   

 

Furthermore, referring to Yin (2013), regarding that a case study should not be limited to a 

case in isolation; we have visited and documented 29 pump houses out of 57 in our study to 

satisfy this attribute. 



17 
 

Since sewer systems in most cases are of a general design and used by most of the 

municipalities in Sweden, we are of the opinion that our findings will be generally applicable 

and thus increasing the usefulness, validity and reliability. 

2.5 Strengths and limitations 

 

We are judging that the experts interviewed are a reliable and valid source of information 

due to their solid and long experience. However, as Burgman et al (2012) adds, it is 

important to understand that expert judgment is a function of the expert’s personal 

experiences and beliefs, which could be a limitation. Or as, Booker and McNamara (2004) 

adds; expert knowledge is basically what experts know as a result of his/hers experiences, 

trainings and technical practices. Another limitation might be that previous research in the 

area of this thesis is scarce and limited.  

We are convinced that a major strength of this thesis is the use of Monte Carlo simulation in 

order to simulate a reliable and realistic pump failure scenario. However, any modeling of 

reality requires to be tested in real life in order to evaluate its true validity and reliability. 

The approach chosen in our case study, to apply our theories in a real life case, is further 

strengthening our research result.  

  



18 
 

 

 

3 Theoretical framework 
 
This chapter lays the theoretical foundation on which the thesis rests. History, design and 
construction of water and wastewater systems, maintenance planning, risk management and 
Monte Carlo simulation are examples of subject areas that will be covered. 
 

3.1 Historical development of sewer system in urban area of Stockholm 
 

Historically the initial reason for the expansion of the sewer system in the Stockholm area 

was simply expressed to create opportunities to drain the city and to protect and safeguard 

the buildings from mold infestation due to high moisture echelon (Svenskt Vatten, 2014). 

Historically the rainwater was transported along the city gutters, together with wastewater 

and the smaller amount of sanitary water produced. 

With time, attention was increasingly drawn to the rising environmental problem linked to 

the fact that the sewage from example household bathrooms and laundry rooms were led 

directly into the nearest stream and body of water. The urbanization trends and its result of 

increased population growth in the metropolitan region of Stockholm opened up for disease 

problems, related to inadequate sewage handling. During the mid-1800s and forward, 

several cholera epidemics erupted in Stockholm.  Not having any type of purifying method of 

waste water and variety of alternatives, led eventually to the fact that the water around the 

urban area of Stockholm was exposed to health hazard bacterial growth as well as 

malodorous smell. 

This untenable situation steered the decisions makers towards the choice to ensure the 

construction of wastewater treatment plants to take action to solve the problematic reality. 

The amount of incidents of disease declined very sharply as the general hygiene improved 

and the modern drainage system was built. 

In the first sewer systems the rainwater, wastewater and drainage water was sent directly 

into the nearest available watercourse. To allow bringing the water to a sewage treatment 

plant, severing pipelines started to be built in the early parts of the 1900s. Until the 1950s 

the majority of the grid was based on the combining concept where all kinds of water were 
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delivered in a single pipe line system and in the same direction. After this epoch, the 

expansion and construction of the grids has been with the so-called duplicate (dual) system 

where one manages rainwater and the other handles the sewage. However, even if many of 

the existing combined systems have been converted to duplicate systems, still 20-25 percent 

of the country's urban areas use the combined (single) system. 

 

Figure 4: Illustrative description of a sewer system (Ruskaanen, 2007) 
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3.2 Sewage pump houses and sewage pumps 
 

The sewage pump houses are central in a sewage system since they are the units that are 

feeding the sewage further to the purifying facilities (Flygt, 2014). The houses are classified in 

two categories, the network pump houses, which are of a smaller kind, and the main pump 

houses which receive the sewage from the network pump houses for further transportation 

to the purifying stations. A general and schematic illustration of the position of the pump 

houses in a sewage system is shown in figure 7 below. 

 
Figure 7: A general and schematic illustration of the position of the pump houses in a sewage 

system (Flygt, 2014) 

 

The sewage pumps in the pump houses are generally of two different main designs, 

submersible pumps and independent pumps (Flygt, 2014). The submersible pumps are 

submerged into the sewage sump (collection tank under or in close proximity to the pump 

houses) and below the sewage surface in the sump. The pumps are controlled by different 

sewage level switchers in the sump, in order to start and stop pumping when the sewage 

level is reaching a preset max or min. level.  Figure 8 below is illustrating a common design of 

a pump house that is hosting submersible pumps in the sewage sump.  
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Figure 8: Common design of a pump house (Ruskaanen, 2007) 

 

The other type of pumps is pumps that are independently installed and separated from the 

sewage sump (Flygt, 2014). These pumps are normally installed in larger pump houses i.e. the 

main pump houses, with the purpose of pumping large volumes of sewage, fed by the 

network pump houses. Figure 9 is illustrating two independent pumps connected in parallel 

in order to reduce the risk of the pump house being out of function if one pump breaks 

down.  

 

 
Figure 9: Independent pumps (Flygt, 2014) 
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3.3 Sewage pipelines in Nacka community 

 

Due to its topography it is a complex task to design and build the pipeline grid in Nacka 

(Nacka municipality, 2014). Attributes such as that Nacka is surrounded by water bodies and 

that the ground to a large content consist of rock surface, is requiring a thorough and 

detailed planning when constructing the grid due mainly to expensive construction 

operations. The pipeline grid in Nacka consists of two main stems to which all sub-stems are 

feeding its waste water. These two main stems are separately feeding approximately 50% 

each of the total volume to Henriksdals and Käppala purifying facilities. See figures below for 

location of the pump houses as well as the visited pump houses:  

 

 

Figure 5(a): Geographic location of pumping stations in Nacka Municipality (Nacka 

municipality, 2014) 

 

 
Figure 5(b): Selected visited pump stations located close by recipients with high sensitivity 

level (Nacka municipality, 2014). 
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Figure 6: The pipeline system in Nacka municipality (Nacka municipality, 2014) 
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3.4 Environmental legislation and municipality's responsibilities 
 

Sewage is classified as being environmental hazardous goods that is a threat for human 

beings, health and environmental safety. How to handle sewage is regulated by Swedish law 

in Miljöbalken (MB) chapter 1, paragraph §1:1 and chapter 9, § 1-3 in particular. 

All communities in Sweden have the responsibility to make sure that sewage is taken care of 

and treated as environmental hazardous goods in accordance with MB and the 

corresponding chapters in said law and mentioned above. 

According to MB chapter 9, § 7, all sewage must be collected, transported and purified or 

taken care of by other means so that inconvenience for human beings health and 

environment do not emerge. 

To not conform to the laws and regulations stated in MB, due to technical and human errors 

and malfunctions in machinery or other technical constructions, might result in an 

injunctions according to MB chapter 10, § 11-14.  

If sewage is discharged into a recipient and it is resulting in an environmental hazardous 

damage and the damage is classified as an environmental offence, the consequences can be 

penalty or prison up to two years in accordance to MB chapter 29, § 1:1,4. 

If the environmental offence is classified as felony, the responsible persons can be 

sentenced to prison for six months up to six years. 

At the Technical Administration in Nacka municipality, the VA-department is the function 

that is responsible for the sewer operation, which in turn means that the responsible 

manager and all employees in that function have to make sure that all legislations and 

regulations stated in MB are followed and not violated. 

A municipality sewer system is synonymous with a system that is managed by a local 

government or a municipal-owned company. Sewage in urban areas is primarily attached to 

such systems. The municipality ensures that sewage is purified through a treatment plant 

before it is returned to rivers, lakes or oceans. 

In Sweden the relationship among the principal, municipality and property owners are partly 

regulated in the law for general water services (Lag (2006:412) Om Allmänna 

Vattentjänster).  
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The municipality is the principal for the water-, sewage – and storm water supply in the area. 

The municipality therefore has the responsibility for the maintenance, operation, 

construction and renewal of the system up to the connection point at the borderline 

between the private property owners and the municipality. 
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3.5 Risk and Risk Management 

3.5.1 Definition of risk 
 

Risk in the technical sense can be defined as the probability that a hazard will lead to an 

undesired and unsuspected effect or event (Ne, 2014). However, many times risk is defined 

purely in negative terms, i.e. that it is synonymous with only negative impacts on operations 

(Nzs, 2004). Risk should rather be seen as the organizations exposure to a factor of 

uncertainty and the consequences that may come due to this uncertainty. Taking risk can 

also be a prerequisite to enable successful operations; risk can thus have both a positive and 

negative impact. Either way, it is of great importance to identify, analyze and evaluate the 

active risks to which the organization is exposed. This because when dealing with, for 

example, water and sewer operations it creates the possibility to evaluate the preventive 

measures that might be needed  in order to secure long-term controlled operation of the 

system. Furthermore, this is also a prerequisite to ensure continuity within the organization, 

in the form of for example the creation of a business continuity plan.  

Figure 10 below, is illustrating how one can see an identified uncertainty turning into an 

opportunity by taking certain specific actions or to an obvious risk that can be avoided, 

reduced, mitigated or shared, depending on the specific circumstances in question and 

planned activities decided to be taken.  

 

Figure 10: Risk and opportunity as a part of uncertainty (Antvik & Sjöholm, 2012) 
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3.5.2 Risk management 
 

Risk management is basically about finding the balance between taking advantage of 

opportunities while minimizing the negative potential consequences of one's activities (Nzs, 

2004). It fills a very important role in the success of corporate governance and plays a 

significant role in good management principles. Risk management should be seen as an 

iterative process that enables and provides a basis for continuous improvement, both when 

it comes to performance as well as decision-making. 

It can, for example, be used as a tool for decision-makers to create rational and informed 

analysis of the risk of failure within a system. It further enables to better establish correct 

prioritization schemes of resources and thus also better allocation of available capitals 

(Johansen et al, 2007). Sewer systems, for example, are most often run on a given financial 

budget in which use of available resources and necessary activities must be carried out and 

not overrun. It is thus of great importance to sub optimize the available resources in the best 

possible way in a given situation, to stay within budget. 

Furthermore, effective risk management is characterized in that it appears as a natural 

method for handling uncertainty within an organization, i.e. it is part of the organizational 

culture and integrated into the business philosophy, litigations and activities (Nzs, 2004). 

This instead of it being seen as only a separate activity demolished in parallel with the 

"traditional" way the business operates. Additionally, risk identification activities is a very 

important part of risk management when non identified risks obviously are not going to be 

judged until they appear in a less convenient context. It is also important that an 

organization works with identification based on a process that is well structured. Risks that 

extend beyond the organization's control should also be included within the scope of risk 

identification, for example weather issue related risks, like heavy precipitation resulting in 

flooding’s. Another important aspect is the decision about which techniques and tools to be 

used in risk identification. This will obviously differ due to what type of activity that is to be 

identified, where this is happening, what is involved and the purpose of identification etc. 

Examples of tools that are useful could be brainstorming sessions and interviews with 

experts.  
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Risk analysis is the next step by assessing the consequences in case the uncertain incident 

occurs (Nzs, 2004). It might involve both positive and negative consequences depending on 

the risk context. The probability of the risk occurring is also a central aspect and subject for 

analysis. Similar risks may be combined and risks that at an early stage can be estimated 

insignificant without deeper analysis can be excluded. The ability to combine probabilities 

with consequences is vital to be able to define and enable a relative risk level assessment. 

Sources to determine probabilities and consequences may be early conducted journaling, 

past experiences, current literature, protocols and assessments of specialist and expert 

opinions. This obvious, becomes dependent on the total availability of information, which 

often falls back on which procedures and routines the organization previously have had. The 

level of detail the different possible risk analysis approaches can take is obvious depending 

on the objective of the analysis, the type of hazard present, but also what type and level of 

information, data and resources that are available. Basically, the current conditions and 

complexity prevailing determines whether the possible analysis can be done in a 

quantitative or qualitative manner or possibly a combination of these procedures.  

 A qualitative analytical risk study uses words to describe probabilities and consequences 

(Nzs, 2004). This type of analytical method works well when, for example, there is a lack of 

available numerical information or there is a lack of adequate resources. Qualitative risk 

analysis can also be good as an early inspection method in which the objective is to identify 

risks that require more extensive analytical claims.  Quantitative analytical risk studies use 

numerical data to illustrate and describe probabilities and consequences. The quality of 

quantitative risk analytical studies thus depends heavily on the quality of the specific 

modeling used and the data available. Probabilities and consequences can be described in 

various ways and may depend on the type of risk and objective of actual analysis.  

Although both quantitative and qualitative risk analytical methods have its own advantages 

and weaknesses it can be very powerful in an event of an amalgamation (Madrigal & 

McClain, 2012). Such a process could conceivably be the use of a qualitative research for 

identification of factors that may affect the area being considered. The information 

identified through a qualitative approach could then be used in a quantitative research 

context to find potential influencing factors.  
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Next step, after the analysis part, follows the need to evaluate the risks that are decided on, 

to further be involved in the process (Nzs, 2004). The approach is conducted by comparing 

the existing levels of risk identified during the risk analysis with the initially established risk 

criteria for the organization. The risk criteria are a factor of, for example, the organization's 

vulnerability and willingness to take risk. The tolerance towards risks must also consider the 

impact the risks will have on external parties outside the specific organization, as well. The 

next important step in the process is to prepare and identify the various opportunities that 

exist to treat the identified risks. One example of such an opportunity is a preventive 

maintenance plan. 
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3.6 Role of maintenance planning 
 

Although the appearance of a preventive maintenance plan is heavily a function on the type 

of business operation environment it is created in, it is essentially a structured approach to 

ensure the continual function of business operations (Wise, 2014). The goal is to minimize 

the possibilities for failure, thus mitigating potential negative effect on the operation. One of 

the most central intentions of maintenance planning is the optimization of the total life-cycle 

costs without compromising with environment and safety issues (Khan et al, 2003).  

Maintenance planning based on a risk analysis reduces both the potential probability for 

failure and its consequence (both from an environmental, economic and security point of 

view). This approach further enables management to make better decisions regarding the 

potential investments that a specific system requires thus allowing better utilization of 

available resources. Risk based approaches to performing preventive maintenance planning 

has been analyzed, and found successful, in for example the oil industry by Dey (1998) and in 

the maintenance of medical equipment by Capuano (1996). 

 

Determination of the optimum frequency of repair is one of the most critical problems in 

preventive maintenance of equipment in order to ensure availability (Duarte et.al. 2006). 

A review of Andrew and Moss(1993), Elsayed (1996), McCormic (1981) and Modarres et al 

(1999) is enough to conclude that  the discipline known as reliability, has been developed to 

deliver methods that are guaranteeing that any equipment or service will work efficiently 

when its user needs it.   

In conjunction with this and from this point of view, reliability theory incorporates methods 

and techniques to determine: 

What can go wrong, what should be done to prevent that something goes wrong, and if 

something goes wrong, what should be done for quick recovery with minimal consequences.  

Reliability of a system is defined as its accessibility based on the probability that a system 

will operate without failure for a certain period of time under specific conditions. 

The main function of planned maintenance is to bring equipment to “as good as new” 

condition by: 

1. Carry out frequent maintenance, substitutions and inspections. 

2. Rules for component replacements. 
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3. Effect of the technological changes on the replacement decisions. 

4. The maintenance organization (size). 

5. The inventory level of spare parts or units.  

 

An illustration of a preventive maintenance plan can be found in figure 11 below: 

 

 

 

Figure 11: Preventive maintenance plan (Duarte et al, 2006). 

 

In Figure 11, the time units between preventive maintenance tasks and actions, is 

represented by             for components 1, 2,…, n respectively. These actions are 

assumed to bring the system to as good as new condition, impacting positively on the 

reliability and availability level of the system.  
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3.7 Methods to assess the condition of the pumps 

3.7.1 Modeling expert opinion 

 

When modeling expert opinions several probability distributions are of interest (Vose, 2014). 

A valuable knowledge when modeling expert opinion is to possess the ability to divide 

between non-parametric and parametric distribution. 

Non-parametric distribution has its range and form determined directly in an intuitive and 

somewhat obvious way, the distribution is consequently a simple mathematical description 

of its shape. Examples of non-parametric distribution are Uniform, triangular, cumulative 

and discrete.  

Parametric distribution is grounded in mathematical function whose range and shape more 

are distribution parameters. These parameters often have a rather small integral relation to 

the current distribution shapes which it describes. Examples of parametric distribution are 

for example lognormal and normal distributions. 

The different types of distributions will be described more extensively in subsequent 

sections. However, as a basic rule, is that the non-parametric distribution is seen as more 

reliable and flexible for describing and modeling expert opinions. 

3.7.2 Monte Carlo simulation and distributions – Principles 
 

MCS is especially useful when the input data is indistinct and the input cannot be surely 

determined (Langhé, 2012). 

MCS is a very potent methodology. For practitioner, simulation opens up the door for solving 

difficult and complex but practical problems with great ease. 

Simplified, Monte Carlo simulation creates artificial futures by generation of an almost 

uncountable number of sample paths of outcomes and analyzes their prevalent 

characteristics. 

MCS is a method that simulates reality, and is a valuable aid in making predictions about the 

future, which is used in simulating real systems by accounting for randomness and future 

uncertainties by investigating hundreds and even thousands of different scenarios. The 

results are compiled and used for decisions. This is what Monte Carlo simulation is all about. 
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In short, Monte Carlo simulation methods are used for risk analysis, risk quantification, 

sensitivity analysis and prediction. 

MCS is a stochastic simulation that finds use in many different areas where quantitative 

estimates are to be performed. 

To be able to utilize the full potential of MCS, it is essential to include some nesting 

techniques in the modeling. The different distributions are all telling a story which needs to 

be told in the correct sequence to make the message clear. 

One of the essentials to use Monte Carlo simulation is that users are familiar with and have 

knowledge about probability functions, understand what the function represent and the 

difference between an algebraic solution and a simulation. 

 

In MCS, the model parameters are treated as stochastic or random variables, rather than in 

fixed values as they normally are in traditional methods (Pharmacokinet, 2001). Monte Carlo 

Simulation is the term applied to stochastic simulation, either discrete, real-time, or some 

combination thereof, that incorporate random variability into the model and is also a type of 

parametric simulation, where specific distributional parameters are required prior to a 

simulation can begin. The alternative approach is a nonparametric simulation where a raw 

historical data is used to tell the story and no distributional parameters are required for the 

simulation to run. 

 

An alternative to simulation is to use highly complex stochastic closed-form mathematical 

models, but the Monte Carlo simulation provides similar answers to the more 

mathematically elegant methods (Johnathan, 2006). 

In real life there are many applications where closed-form models do not exist and the only 

resource is to apply simulation methods. 

In its simplest form, it is a random number generator that is useful for forecasting, 

estimation, and risk analysis repeatedly picking values from a user-predefined probability 

distribution, for the uncertain variables and using those values for the model. 

 

Monte Carlo simulation can also be defined as a method for iteratively evaluating a 

deterministic model using sets of random numbers as input (O’Connor et.al, 2012). 
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Random inputs and random outputs are used in a fairly simple mathematical procedure: 

               . Here the input values are sampled and the input values are recorded 

and analyzed as illustrated in figure 12. 

 

 

 

Figure 12: Simplified Monte Carlo simulation procedure with                , (O’Connor 

et.al, 2012) 

 

In order to run MCS we need to generate random variables that follow an arbitrary statistical 

distribution (O’Connor et.al, 2012).  

The inputs are randomly generated from probability distributions, to simulate the process of 

sampling from an actual population. This means that we choose a distribution for each input 

that best represents our current state of knowledge.  

The data generated from the simulation can be illustrated and analyzed in a histogram fitted 

into a probability distribution function or any other format needed for the analysis. 

Additional statistical distributions that are important to the Monte Carlo Method and 

basically used to generate approximations and basic random number generations are, 

uniform and triangular distributions.  

Uniform distribution holds a special place in the MCS arsenal because sampling any statistical 

distribution, typically employs the uniform distributed random variable. 

This distribution also called the rectangular distribution, has a constant probability on the 

interval a;b and has the probability density function (pdf).  
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The ability to generate a uniformly distributed random variable on the 0;1 interval makes it 

possible to perform a wide range of simulation tasks.  

 

When discussing the uniform distribution, in the context of describing expert opinions, the 

use of this distribution is seen as a relatively poor way to describe expert opinion (Vose, 

2014). This since all values within the range consequently receives equal probability density 

and where the density drops sharply to zero, in an unnatural way, around its min. and max. 

Most often it is less likely that an expert does not have an idea of the value that is the 

reasonably most likely and instead only have an idea about the maximum, respectively the 

minimum.  

 

 

Figure 13: The uniform distribution (O’Connor et.al, 2012) 

 

Triangular distribution is often used where a random variable is defined by the minimum, 

most likely and maximum values (O’Connor et.al, 2012). This is also referred as the three-

point estimator. Values around the most likely value have higher probability of occurrence.  

 

The triangular distribution, in the context of describing expert opinions, is seen as the most 

commonly used distribution (Vose, 2014). 
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Figure 14: The triangular distribution (O’Connor et.al, 2012) 

The generic (asymmetric) triangular distribution has the pdf of  

 

 

 

and an example of its geometric form is illustrated above in figure 14. 

 

The MCS requires the capability to sample from arbitrary distributions. When a uniformly 

distributed variable on the interval of 0;1 is generated, it is possible to extend this capability 

to any general form of distribution (O’Connor et.al, 2012). Because the cdf (cumulative 

distribution function) of a statistical distribution F(x) belongs to the same interval 0;1, for 

most distributions solved closed-form analytical solution for x, can be identified in terms of 

the given uniform random number (Inverse transforms sampling method (see Norm, 2014)). 

This method is used for generating sample numbers at random, from any probability 

distribution given its cdf. 
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Normal distribution 

 

Normal distribution also called the Gaussian distribution is the most common distribution 

function for independent randomly generated variables (Brittanica, 2014).  Its familiar bell-

shaped curve is fundamental and widely spread and used in statistical reports from survey 

analysis and quality control to resource allocation. 

 

The graph of a normal distribution is characterized by a mean, which is the maximum value 

of the graph and a standard deviation which determines the amount of dispersion away 

from the mean (Niles, 1995). 

A small std.dev. produces a steep graph while a large std.dev. produces a flat graph. See 

Figure 15. 

 

The normal density function of a normal distribution is (Norm, 2014): 

 

 

The parameter μ in this definition is the mean or expectation of the distribution (and also its 

median and mode). The parameter σ is its standard deviation; its variance is therefore     . 

If μ = 0 and σ = 1, the distribution is called the standard normal distribution or the unit 

normal distribution, and a random variable with that distribution is a standard normal 

deviate. 

 

Figure 15: The normal distribution. Norm, (2014) 

http://en.wikipedia.org/wiki/Mean
http://en.wikipedia.org/wiki/Expected_value
http://en.wikipedia.org/wiki/Median
http://en.wikipedia.org/wiki/Mode_(statistics)
http://en.wikipedia.org/wiki/Standard_deviation
http://en.wikipedia.org/wiki/Variance
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When comparing the shape of the normal distribution curve in relation to the size of the 

standard deviation and the mean value, the normal distribution curve will be flatter the 

larger the standard deviation is, see figure 15.  

 

3.7.3 Basic steps for performing a Monte Carlo Simulation 
 

Depending on the complexity and scope of a problem some basic steps in running a MCS 

usually consist of (O’Connor et.al, 2012): 

 

1. Define the problem and the overall objective of the study. Valuate the data and 

expected result. 

2. Define the system and create a parametric model, y=f(x1, x2 …..xq ) 

3. Design the simulation. The probability distributions for each of the inputs needs to be 

collected and define how many simulation runs should be used (m). 

4. Generate a set of random inputs, xi1 xi2 ……..xiq. 

5. Run the deterministic system model using the set of random inputs. Evaluate the 

model and store the result as yi. 

6. Repeat step 4 and 5 for i =1 to m 

7. Evaluate and analyze the results, statistics, confidence interval, histograms, best fit 

distribution or any other statistical measure. 

The different steps 1 to 7 are summarized and depicted in figure 16. 

 

Figure 16: Seven different steps (O’Connor et.al, 2012) 
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3.7.4 Data for calculation 
 

One of the most difficult parts of stochastic simulation is to find data/parameters for the 

model and distribution (Langhé, 2012). Often subjective data needs to be used in MCS 

(Subjective implies an element of opinion or personal feeling entering into the testing 

method or result analysis) which might be of different quality. But with a proper analysis of 

variances, the data can often be used with a very good result. 

In  theoretical mathematical statistics there are very precise and elaborate methods of 

analysis of variance, but these are complex and takes a great deal of understanding  and still 

the result can be questioned. With the MCS technique a few short cuts can be taken in order 

to make it easier to get a reliable result.  

By selecting a suitable distribution to the data and observations, the MCS can be performed 

achieving a result that is more reliable than expected since the variances are reduced using 

MCS with several input distributions and based on the central limit theorem (CLT). 

 

The central limit theorem states that the sampling distribution of any statistics will be 

normal or nearly normal, if the sample size is large enough (Stat. Trek, 2014). Generally, a 

sample size is considered "large enough" if any of the following conditions apply: 

 

 The population distribution is normal. 

 The sample distribution is roughly symmetric, unimodal, without outliers, and sample 

size is between 20 and 40. 

 The sample size is greater than 40, without outliers. 

  

http://stattrek.com/Help/Glossary.aspx?Target=Sampling_distribution
http://stattrek.com/Help/Glossary.aspx?Target=Normal_distribution


40 
 

3.7.5 Theoretical Monte Carlo simulation model for Sewage pump houses 

 

As mentioned above non parametric distribution is seen as more reliable and flexible for 

describing and modeling expert opinion. Thus, one way of describing expert opinions can be 

as below in which B1 stands for the minimum value, C1 for most likely and D1 the maximum 

value provided by experts. 

 

 A B C D 

1 Triangular (B1,C1,D1) + Output    

Table 1: triangular distribution calculation 

 

The pump houses generally consist of two (2) pumps or more (Nacka municipality, 2014). 

These pumps are parallel mounted in the sewage system in order to secure that one is 

working when the other is out of order; this means that the second pump is working while 

the first pump is subject for repair or to be replaced, see figure 17 below. 

It is not possible by guessing to find the probability for failure when a pump is breaking 

down or when they are worn-out.  

 

 
Figure 17: Illustration of parallel pumps 

 

The probability for failure can however be calculated by running MCS based on quantitative 

data when over time, the pumps have failed infrequently to work due to breakage or wear 

(Langhé 2012). 
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As step number one, a probability for failure needs to be estimated in which the frequency 

of failures over time is the input data.  

A distribution that takes care of this is the Poisson distribution, that estimates the probability 

of a certain number events (failures) knowing the frequency over time. 

Poisson (λ, t) in which is the relative frequency per time unit and t is the time considered.  

If = 0,3 per year and t= 1 year, the frequency for a year will be 0,3. (0,3 x 1 ). If an event is 

occurring one time in two years and the distribution will be calculated per year, then *t = 

(1/2)*1 = 0,5. 

The mean value and the variance in the Poisson distribution is the same and is (*t)  

 

In combination with Poisson a suitable distribution needs to be used. Lambda (λ) can be 

found by using; 

 Taking the average of lambda observed (see above). 

 Pert (Min+4ML+Max)/6 

 Triangular (Min, ML, Max) 

 Normal (μ;σ) 

 

To run the MCS it is sometimes necessary to nest the chosen distribution (parameters) in the 

Poisson simulation. Here the Normal distribution is used when nesting it in the Poisson 

simulation (Langhé 2012). 

Where μ is the population mean and   √   is the standard deviation derived from the 

variance    and which is defined as: 

A measurement of the spread between numbers in a data set. The variance measures how 

far each number in the set is from the mean. Variance is calculated by taking the differences 

between each number in the set and the mean, squaring the differences (to make them 

positive) and dividing the sum of the squares by the number of values in the set.  

 

X= each number in a set 

μ =mean value  

N=number of values in the set 

σ =standard deviation. 
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Table 2 is describing the programming code that needs to be done when programming in the 

MCS program @Risk, which is done in a Microsoft Excel spreadsheet. 

 A B C 

1 Normal (;)   

2 Poisson (A1) + output.   

 

Table 2: Illustration of Normal and Poission calculation 

 

In addition the sewage pumps in the pump houses is to be looked upon as an engineering 

system that consists of two units mounted in parallel and is thus a redundant system. See 

figure 16. When knowing the probability for failure for the different components separately 

in this system, it is possible to calculate the probability for the entire system (pump house) 

using the Weibull analysis. 

 

The probability for failure p, for the two parallel mounted units will be:                  

 

For the entire system to calculate that it is not working the          calculation will be: 

                      .  
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3.7.6 Risk matrix 
 

Risk matrices are commonly used during the risk assessment process when using a 

qualitative risk analysis approach; other name used for the risk matrix is probability and 

Impact matrices (Chittoor, 2013). The use of risk matrices is a very successful and effective 

method to increase the visibility and awareness of the potential risks that are present and 

thereby also securing, to some extent, that the best possible decision is taken. The specific 

risk will be ranked based on their impact in case of it occurring as well as its probability of 

occurring. The ranking is then made visible on a scale to illustrate where each specific risk 

place itself in the matrices. Which risks that is then decided upon to  further be involved in 

the proceeding treatment process can be factors of a number of parameters, for example, 

how risk tolerant or risk taking  the risk carrier  perceive itself to be. As mentioned previously 

by Nzs (2004), the ability to combine probabilities with consequences is vital to be able to 

define and enable a relative risk level assessment. Sources to determine probabilities and 

consequences may be earlier conducted journaling, past experiences, current literature, one 

to one interviews, protocols and assessments of specialist and expert opinions. Probabilities 

and consequences can be described in various ways and may depend on the type of risk and 

objective of actual analysis. An illustrative picture of a risk matrix is found below: 

 

Figure 18: Risk matrix (cox, 2014)  
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3.7.7 Usage of statistical risk management methods in the area of water 

and sewage services today 
 

Decision-making based on risk assessment (the process involving risk identification, risk 

analysis and risk evaluation) activities are common in many technical disciplines but seems 

to be somewhat neglected in urban drainage industry (Johansen et al, 2007). Basically it has 

been difficult finding its place in the sewage sector despite the fact that these methods 

should be well useful in this kind of area. Praxis in this field has often been that decision-

making are only done based on tradition in the moment commonsense judgments grounded 

solely on key individuals with expertise in the subject area. However, even if this many time 

is enough, it is very important that decisions are made in a systematic and documented 

manner in which different related factors are given the opportunity to be weighed against 

each other.  
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4 Risk and impact analysis 
In this chapter the pump houses and the different potential hazardous risks the pumps in the pump 

houses can encounter are described, as well as classification of the recipients and the impact on the 

environment an emergency discharge might cause. 

4.1 Pump houses and the pumps 

 

A central part in a sewage system is the pump houses and the pumps. It is compulsory that 

they are in duty constantly and may never be out of order. If they for different reasons are, a 

hazardous discharge of sewage will instantly occur in one or another way since the 

constantly fed sewage will build up in the sewage sump of the pump house causing an 

emergency discharge.  

The pump houses are in most of the cases hosting more than one pump and in Nacka the 

pump houses host 2 pumps or more. The reason for this design is to safeguard that if one 

pump for different reasons do not work properly, the second pump will temporarily take on 

the full duty of both pumps. 

In the pump houses it is the pumps that are carrying out the work, while the pump houses 

are hosting besides the pumps, all supporting equipment such as power supply, inlet and 

outlet pipes, steering and monitoring equipment and functioning as a shelter with a 

controlled environment, for this equipment. 

All these components and equipment can fail independently causing a disruption in the 

production of pumping sewage water in the system, with environmental hazardous 

consequences as a result. 

In the sewage system different types of risks are connected to the pump houses of which 

some can be avoided, mitigated or accepted. Some of these potential hazardous risks are;  

 

Power failure. 

All pumps are operated by electric motors in the size of 3,5 kW to 135 kW depending on the 

size of the pump station. A shortage of electric power will instantly cause all pumps in a 

pump house subject to the power failure, to be out of operation causing an emergency 

discharge into a close by recipient. 
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Broken or worn out pump section of the pump. 

Sewage pumps that has been in operation for a longer period of time without proper  

maintenance or overhaul of the wear parts such as bearings, impellers or other parts  that 

are subject to wear, is substantially increasing the risk of a pump break down. 

 

Broken electric motor.  

The power unit of the sewage pump is an electric motor, designed and dimensioned to fit the 

application in a certain pump house. 

Under normal conditions the motor will perform in accordance with those specifications. 

If for some reason the pump unit is requiring a higher amount of power due to that the 

bearings in the bump unit is close to seize up or a locked pump impeller, extra stress will be 

applied on the electric motor with heat being generated due to overload which might lead to 

a motor breakdown on short term. 

 

Objects in the sewer pipe system. 

The sewage system with its pipelines and sewage pumps are all dimensioned to take care of 

and handle sewage, containing objects to a certain maximum size and of allowed materials. 

All objects that are fed into the sewage system by the citizens and the storm water and that 

are of a size, form and material that is not intended for, or is forbidden in the sewage 

system, is a potential threat against its function and can damage both the pipelines and the 

pumps causing an emergency hazardous discharge of sewage. 

 

Precipitation. 

All precipitation in form of rain or melting snow, is if heavy for some reason, instantly 

creating a stress and overload on the sewage system. If the run off of a heavy storm or heavy 

snow melting and it is larger than the capacity of specific pump houses, a discharge into a 

nearby recipient will occur since the sewage system thus cannot handle the “overflow”. 

 

Lack of maintenance. 
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All moving part in the sewage system including electrical components will be worked out 

over time. If those components are not maintained and repaired preferably in accordance 

with a preventive maintenance plan, they will sooner or later break down. The time it takes 

for a component to breakdown is dependent on the environment, the load and the 

characteristics of the components (Dimension and design). 

 

Lack of supply from sub-supplier. 

The components in the sewage system are supplied by different sub suppliers. 

When designing and dimensioning the sewage system it is important that stable established 

manufacturer and suppliers of components are selected. This to secure the supply of the 

components spare parts and replacements over a long period of time since the pump houses 

and the pumps will be in duty for several decades. Failure to deliver replacements or spare 

parts in time will increase the risk for emergency discharges. 

 

Growing population. 

The Nacka municipality is a popular district of Stockholm. The population is growing with 

approx. 2% year, which means around 2000 citizens annually and the increased sewage 

production due to this increase in population, has to be taken care of by the existing sewage 

system. A failure to rebuild and to dimension the sewage system that conforms to the 

growing population will increase the risk of entering into severe and hazardous sewage 

handling problems.  
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4.2 Different types of flooding 
 

In the instructions for control of sewage discharge from purifying facilities (SNFS, 1990:14) 

the definition of sewage discharge is; 

 

Sewage that occasionally is diverted (flooded) in order to relieve magazines, pools or 

pipelines. 

 

Flooding that occur only in conjunction with a mechanical breakdown or maintenance work 

caused by power shortage, broken main pipeline or flushing of pipelines is defined as 

emergency discharges (Naturvårdsverkets Allmänna råd (93:6)). 

Flooding of sewage can occur due to a number of different reasons such as: 

 Overflow – discharge of sewer water due to hydraulic overload. 

 Emergency Discharge – discharge of sewer water due to mechanical breakdown or 

maintenance work or other unexpected disorders in the sewer system. 

 Rebuilding - rebuilding that means changes (not ordinary maintenance)  

 

Overflow is caused by hydraulic overload which means that the water volume is larger than 

what the pipeline grid or the purifying facilities are dimensioned for and can handle (Rapport 

2009:1).  

 

Overflow can depend on two different reasons; 

 Increased flow that needs to be discharged. 

 Decreased capacity to transport the sewage. 

 

High flows can occur due to heavy precipitation or snow melting. It can also be caused by 

water leaking into the pipeline system through unsealed and broken connections and 

fittings. 

 

Emergency discharge can occur due to different disruptions such as broken pumps, power 

shortage etc. resulting in too much sewage in the system since the pumps cannot pump the 
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sewage further in the system. This will result in a discharge into a recipient which normally is 

a body of water. 

Discharge caused by planned maintenance is also classified as an emergency discharge. 

Rebuilding of pipelines and pump stations might also cause that the sewage needs to be 

discharged since parts of the system or the pump stations, for different reasons, needs to be 

temporarily closed down.  

 

4.3 Defining impact level - Definition and classification of recipients 

4.3.1 Definition of impact 
 

A recipient is a body of water that is receiving storm, ground or sewage water from the near 

surrounding or the sewage system, in cases of flooding. The major categories of recipients in 

Nacka municipality are:  

- Coastal water- Lakes- Ground water- Ground and infiltration.  

All lakes and bodies of water are impacted by its geographical location, normally the lowest 

level in the landscape, and are impacted differently by the density of population and nearby 

industries. The recipients are also impacted by the different water soluble chemicals that are 

transported in the water. Oil, heavy metals, organic compounds and fertilizers are other 

impurities that the recipients are receiving and which have to be taken into consideration 

when establishing the risk level and classifying the recipients. 

4.3.2 Classification 
 

The recipients are divided into three different classes based on the existing environmental 

status and level of sensitivity for impact of impurities and changes in the water circulation. 

The three different classification levels are (Classification, 2000):  

- Very sensitive 

- Sensitive 

- Less sensitive 
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In the process of assessing the sensitivity of the recipients the current status of each 

individual recipient is taken into account and is thus the base for the classification. In 

general, smaller lakes are more sensitive than coastal shores, since the coastal shores consist 

of larger bodies of water, with a larger amount of water circulating and thus diluting an 

unwanted emergency discharge of sewage and flooding of ground- and storm water.  

Delimited smaller bodies of water in Mälaren and Saltsjön and the watercourses are also 

included in the most sensitive water areas and must thus be given highest risk priority.  The 

level of sensitivity is judged through estimation of organic impurities, heavy metals, 

nutrients and the level of water circulation. In water bodies where the water turnover is high 

the ability to receive impurities are higher than in “closed” waters. The classification is a 

rough estimation and very complex and can thus never describe the status in full, unless a 

specific analysis of the recipient has been done. When classifying the recipients from a 

sensitivity point of view, factors such as location to ecologically particular sensitive 

catchment areas, recreation value, organic impurities, nutrients, heavy metals and 

hydrology, are taken into consideration and weighted on a scale 1 to 3, where 1 is very 

sensitive or subject to very high risk 

In Nacka the classification model established by Stockholms Vatten, has been used when 

classifying the different recipients and described above (Nacka K., 2008). 

 

Figure 19: Examples of a sensitive recipient area 
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5 Data and calculations - Results 
 

In this chapter we apply the theoretical framework and risk and impact analysis to our 

specific case study object. Calculations will be conducted to create the basis for a preventive 

maintenance plan. The approach and the results will be described and illustrated with figures 

and tables. 

 

5.1 Data and calculation - introduction 
 

Although several risks surrounding the pump stations has been identified in chapter 4, the 

risk of pump failure is the risk that will be focused on to create a risk and consequence 

considering maintenance plan in the subsequent parts of this thesis. Of course, in a more 

comprehensive work on the implementation of a risk management system, all important 

risks that are present should be analyzed and evaluated. This, however, falls outside the 

scope of this thesis. 

5.2 Discoveries - availability of information concerning the pumps 
 

In interviews and the on-site visits that have been carried out by visiting several pump 

stations in Nacka, it has emerged that the documented information concerning the pump 

stations can be considered scattered and lacking sufficient documentation of reality over 

time. Thus, enough real quantitative data are not available. As discussed previously by Nzs 

(2004) the level that the risk analysis can adopt is heavily depending on the data available. 

Basically, the current conditions and complexity prevailing, determine the type of analysis 

which can be conducted.  

 

Thus, in this specific case, it has been decided that an interview with experts in Nacka 

municipality will be carried out where they will be asked to conduct an estimation of the 

remaining life of the pumps in a selection of pump stations. The form used, with specific 

questions for expert opinion, is available in the appendix. To further illustrate the 

importance to increase the documenting processes of data on pumps, a fictitious data 

quantity have been compounded. The fictive data is describing a lifelike pump failure over a 

period of time. However, the maintenance plan will be built on the model that is only 

considering the actual data that was provided by the expert opinion.  
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5.3 Visualization of the theoretical calculation model for establishing 

preventive renewal/maintenance planning 
 

 
Figure 20: Visualization of theoretical calculation model 

 

The calculation of the risk input, as the above figure illustrates, are both based on a 

qualitative approach, quantitative approach or a combination of both of these 

methodologies, which will deliver results of high quality.  
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5.4 Data and information from expert opinion questionnaire - Running 

Monte Carlo simulation on expert opinion estimations and combining 

it with the impact 

Two experts have been allowed to estimate their view of the remaining lifetime of the 

pumps; these experts are working, or have worked, on a daily basis for up to 20 years with 

the maintenance and operations of the pumps, covered in this study (Nacka municipality, 

2014) 

 This expert opinion data has then been allowed to be described as a triangular distribution 

including the min, max respective most likely estimated values. The use of a triangular 

distribution in this context is considered normal referring to Vose (2014), which highlights 

that the triangular distribution, when describing expert opinions, is seen as the most 

commonly used distribution.  

 

 
Table 3: Expert opinion estimates  
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A Monte Carlo simulation has also been carried out in order to take into account the 

uncertainty about not really knowing whether the pumps will keep working for example 6 

year or even 10 years.  

For further calculation, the value obtained by a Monte Carlo simulation with 5000 iterations 

that is representing a 95 percent certainty that no pump replacement will be needed to be 

implemented, is selected. 

 

 
Figure 21: Monte Carlo Simulation of Expert opinion estimates 

 

At this stage, several choices are present regarding which value that is considered to be most 

advantageous to use. It falls natural that the choice upon which value to pick is based upon 

the specific risk profile that the organization has decided on. For example a more risk 

adverse approach will go with a higher security in terms of percentage and a risk taker would 

go with a lower security. 

 

The value that has been chosen to describe the remaining duration of the individual 

estimated pump life, is then multiplied with the estimated sensitivity level of the recipients 

they are geographically located around. This, to get the possibility for a risk ranking that 
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takes into account both the risk of failure as well as the impact it will have in case of 

occurring.  

 

In previous sections (3.6.3) the background for the determination and classification of 

recipient’s level of sensitivity was discussed. Such an investigation has been carried out 

within Nacka's geographic range in Nacka municipality’s storm water strategy. Below is a 

table that is showing this classification in connection to the different pumping stations 

emergency outlet. 

 

 
Table 4: Risk impact - Sensitivity classification level 

 

The sensitivity classification of the different recipients is determined based on a scale of 1-4. 
The numbering scale indicates: 

1 = Very Sensitive 

2 = Sensitive 

3 - 4 = Less sensitive 

 



56 
 

To establish an order of priority and thus determine which of the pumps will be needed to 

be put in focus in the subsequent work with a maintenance plan, the risks described by a 

Monte Carlo simulated triangular distribution, are combined with its specific recipient 

sensitivity classification level(weight). 

 
Table 5: Combining Risk and Impact 
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To illustrate the approach and the mathematical procedure, a risk matrix has been 

constructed that are including the two input parameters, estimated remaining lifetime and 

impact. A separation between the numerical values that are representing the distinction 

between high, medium or low risk ranks has also been established. Values under 10 have 

been allowed to describe high risk (red in the matrix) in the risk ranking, 10-20 have been 

allowed to represent medium risk (yellow in the matrix) and finally low risk (green in the 

matrix) has been allowed to be represented by the numerical range of 20-60. 

 

Figure 22: Risk matrix 

Through this procedure, the above table 5 were converted to the appearance illustrated in 

table VI below, where the different pump stations have been classified based on their 

numerical value and further been given its representing visual color. 
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Table 6: Pump risk rank  

This table forms the basis for our subsequent work with a maintenance plan. The pumps 

importance in the renewal is be based on the risk rank classification. In other words, the 

pumps that are identified to fall within the red zone will consequently have the highest 

priority in a renewal program. A central part in this process is that this approach is not only 

considering the risk of the pump to fail, but also takes into account the real impact if it 

breaks down. The procedure of combining probability and consequence, as highlighted 

previously by Nzs (2012), is a vital aspect in order to ensure a possibility base for relative risk 

analysis. 
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5.5 Hypothetical quantitative data and the possibility to combine expert 

opinion and objective quantitative data concerning the pumps 
 

As previously mentioned, a fictional series of values representing a possible record of the 

year in which a pump exchange has been completed. This is illustrated only for one pump 

station as an example below for illustration. 

 

 
Table 7: Hypothetical quantitative data 

 
For further calculation, the received value obtained by a Monte Carlo simulation (5000 

iterations) and with 95 percent certainty, is showing the estimated number of years between 

pump changes.  

 
Figure 23: Monte Carlo simulation of hypothetical data  
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The calculated value is then, by the same procedure as above (See table 5), multiplied by the 

estimated value regarding the impact on recipients. Several possibilities exist regarding how 

the actual weight between expert opinion and quantitative data should be described. In this 

illustrative case an average was calculated and multiplied with the specific impact 

(((RiskTriang+RiskPossion)/ (2))*Impact). However, it is also be possible that a risk discrete 

distribution can be useful where the user defines the values and the weight it believes to be 

descriptive between those values. 

 

 
Table 8: Combining risk (Expert opinion and quant. data) and Impact 

 
This procedure of extracting and obtaining a risk ranking value that are representing both 

the subjective expert opinion and the objective quantitative data set, is open for discussion. 

The discussion involves whether a merger and combination of qualitative and quantitative 

data is beneficial or not. However, to reference back to what has previously been mentioned 

by Jha (2008), that a combination of qualitative and quantitative assessments can increase 

security in a joint data output, some confident is provided that this is the case. This also finds 

support from Madrigal & McClain (2012) that highlights that although both quantitative and 

qualitative analytical methods has its own advantages and weaknesses they can be very 

effective in an amalgamation. The continuing procedure of risk ranking and grading will be 

the same as described above in section 5.4. 

 

As mentioned in the theoretical framework section it is important to remember the fact that 

the pump houses generally consist of two pumps or more. This affects the probability of 

failure of pump system as a whole.  
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5.6 The maintenance plan extracted from risk management process 
 

Through the analytical processing of the quantitative and qualitative data a maintenance 

plan is derived, which in turn, is a function of risk and impact combined. This means, in 

theory, that a pump that has a higher risk than other from the initially starting point, can 

obtain a lower risk ranking status when taking impact (recipient sensitivity) into account. A 

realistic presentation of a preventive maintenance plan must of course be made in relation 

to the capacity of the organization in terms of budget etc. However this falls outside of the 

scope of this study. See table 9 below for the preventive maintenance plan based on the 

conducted risk ranking (See table 6): 

 

 

Table 9: Preventive maintenance plan based on risk ranking on our case study - Nacka municipality 

  



62 
 

6 Analysis of calculations and expert opinion 

6.1 Collection of data 
 

As already addresses in section 5.2, the availability of data in order to accomplish a data 

based quantitative MCS (deductive) was found to be very deficient. We experienced the 

same general findings, that such data is normally not available due to in many cases an 

underdeveloped system for this type of data collection and in some cases not being user 

friendly and causing too much administration. 

 

This is also discussed in Nzs (2004) in the context that lack of data makes it hard to estimate 

the risk level of a specific uncertainty and thus makes it hard to conduct a relevant 

probability and risk classification. Jha (2008) is dealing with the same issue which is 

conforming to the discussion in Nzs (2004) but is particularly stressing the importance of 

involving key personnel with system knowledge in the subject areas. In other words a 

qualitative (inductive) probability and risk assessment.  

 

We found almost no organized historical data in our case study, regarding replacement or 

repair of the sewage pumps. Langhé (2012) is stressing the importance of having access to 

historical data since we have very little knowledge about future events and thus often add in 

qualified guesswork which makes the MCS hard to or even impossible to carry out. 

In our case study, this in turn highlighted the importance of getting access to experts with a 

solid knowledge about the sewage system in Nacka municipality to be able to retrieve 

necessary information for our research and to conduct a MCS based on qualitative data. 
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6.2 Simulation 

6.2.1 Qualitative - Expert opinion using Triangular 
 

In order to get access to relevant data for our qualitative simulation we compiled a 

questionnaire covering the pump houses selected for our case study (See appendix 1). This 

questionnaire was presented for two experts that have been working in the subject area for 

over 20 years asking them to plot in the max. min. values for each pump house. We have not 

questioned or evaluated the information provided taking it as it was conveyed to us, without 

any changes. 

We found that the experts were very knowledgeable regarding the status of the pumps in 

the pump houses. However, it is to suspect that in lack of proper repair and replacement 

quantitative data records, the information gathered might in some cased be based on guess 

work or simple estimations, but the professionalism and knowledge the two interviewed 

experts were showing makes us feel confident that the data provided is relevant and useful. 

However, as mentioned by Burgman et al (2012) it is important to understand that expert 

judgment is a function of the expert’s personal experiences and beliefs. This attribute is 

discussed in Langhé (2012) and Johansen et al (2007) and thus confirm our own findings.  
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6.2.2 Quantitative - MCS using Poisson distribution 
 

In order to use our model described in section 5.3 and in lack of quantitative data we were 

forced to design a fictive break down pattern of the pumps over a number of years. This was 

done for one pump house only, as a general example, but in real life these patterns, if 

available, are retrieved from the records in all pump house. When compiling the information 

for this single pump house, we based the breakdown pattern on information retrieved from 

the experts and the age of the pumps. The breakdown pattern is thus realistically designed 

with a high level of confidence and as it could look like in reality. 

 

6.2.3 Amalgamation of Qualitative and quantitative MCS 
 

In this specific case, with both the qualitative and quantitative calculations in place we 

entered those different results into our model merging it into one end result. This end result 

is quite interesting and showing how the different components in the model differ from each 

other. In this pump house ASP 120, the pump house for our simulation, the pumps needs to 

be replaced after 1,3 years based on the qualitative simulation and after 5 years according to 

our fictive break down record and the quantitative simulation. Adding the two values to 

each other and dividing them with 2 times the sensitivity factor of the recipient the pumps 

needs to be replaced after 6.3 years. Here (((1,3+5)/2))*2=6,3. This equation is illustrated in 

section 4.5. The calculations and values received, are estimated with a probability factor p= 

95%.  

 

The theory regarding amalgamation of the quantitative and qualitative results is discussed 

by Jha (2008) and summarized in chapter 2. With the discussion and theoretical model 

described in said section we claim that the calculated end result, in this case 6,3 years, is 

realistic with a high level of reliability and accuracy. 
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6.3 Risk Ranking and the preventive maintenance plan 
 

The need for maintenance and overhaul of the different pump houses, all in all 57, is large 

mainly due to old worn out equipment, reaching its maximum technical life time and which 

has been neglected and constrained due to economical capacity i.e. availability of funds to 

financing the overhaul and repair of the pump houses.  

 

Repair and service of the sewage systems are annually financed by the communities in the 

budget process in which funds is earmarked for this purpose. However the need for fund is 

subject for a fierce competition with all other activities in the municipality resulting in that 

the financial framework and availability of funds is normally smaller than the identified need. 

 

In order to mitigate and in the best possible way reduce the risk for emergency discharge in 

sensitive recipients, it is of vital importance to create a model in which the available funds is 

utilized in the most efficient way. 

 

A classification of each recipient’s environmental sensitivity is done by Nacka municipality in 

Nacka K. (2008) as discussed in chapter 4 and is further the base for our classification. 

 

When prioritizing in which order the pump houses should be overhauled and repaired we 

decided to build a model in which the sensitivity of the recipients and the immediate need 

for repair was combined. First we listed the recipients that were connected to the 29 pump 

houses, out of the 57 available, and which were selected to be included in the pump house 

population, being the most critical pump houses, according to our estimation. 

 

Next step was to calculate the lifetime of the pumps as described in chapter 4 by running a 

MCS based on the qualitative data received, resulting in an expected lifetime with 95% 

probability. 

With this result on hand we multiplied it with the risk impact, as identified in table 5. Now 

with this data on hand we were able to identify the level of emergency for repair by 

identifying each pump house in the risk matrix described in figure 22, receiving a risk rank as 

shown in table 6 in the same section. 
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6.4 Result from simulations 
 

With the calculated end result discussed above, we were able to identify the level of 

emergency for repair by comparing each pump house with the value in the risk matrix 

described in figure 22, resulting in a pump risk rank list shown in table 6 in section 5.4.  

As the last step in this process we decided to suggest repair of three pump houses annually, 

resulting in a preventive maintenance and repair plan as shown in table 9. 

Red color is identifying the highest risk factor and green the lowest which then makes it a 

simple issue to prioritize how the scarce funds should be utilized in a prioritized manner. 

 

The preventive maintenance plan designed as shown in table 9 is also indicating well in 

advance, the need for financial funds that has to be calculated to follow plan, and which 

needs to be planned for, by the client, in the annual budget processes. 
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7 Discussion 

7.1 The problem 

 

The heart in a sewer system is the sewage pumps playing one of the most important vital 

roles since they are pumping the sewage all the way from the households and the industries, 

to the purifying facilities. If one pump house, only, in this system, is out of order i.e. all 

pumps in the pump house are down, an emergency discharge is instant.  

Focusing on trying to reduce and minimize these discharges we have identified the 

importance of having a well-defined, structured and realistic maintenance plan for the 

pumps in the pump houses, in order to safeguard that they are replaced prior to they reach 

their maximum technical life and is thus replaced before they break down. See the role of 

maintenance planning - section 3.6. 

Such a maintenance plan is calculated compiled and ready for use in section 5.6 table 9.  

Emergency discharges can take place due to other reasons, such as foreign object in the 

sewer system locking the pumps, or heavy precipitation which cannot be related to the 

functionality of the sewage pumps or for other reasons. Emergency charges caused due to 

those reasons are not included in the scope of this thesis and not analyzed here. 

 

7.2 Current status 

 

The principal for the sewer system, Nacka municipality, is organizing and serving the sewer 

system through its field operating unit (FOU), consisting of seven (7) field mechanics and one 

supervisor. In addition to this, sub suppliers are engaged in different projects when needed.   

 

The FOU is inspecting and maintaining the operation, by visiting the pump houses on a 

regular basis recording the status of the pump at the time for inspection. When we were 

visiting the selected pump houses in order to collect information we found handwritten 

journals in all pump houses showing when the inspection was carried out by FOU and the 

current status of the pump house i.e. generally the pump status. In most of the pump house 

journals, records started to be noted during 2010, with very limited information. We were 

hoping to find information about when in time a specific pump was repaired due to technical 
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reasons and to find records covering a long time span, which unfortunately was not 

available. 

This type of information is central in order to be able to run quantitative MCS with the goal 

to simulate the technical life time for the pumps and being the base information for a 

preventive maintenance plan. The maintenance plan and how it has been calculated is 

described in chapter 5.6. 

 

To be able to run a MCS we decided to create a fictive pump replacement record, (See 

section 5.5) in order to be able test our model described in section 5.3 and to leave with 

Nacka municipality, the possibility to use the model once they start to record the pump 

failures over time, thus being able to retire the information needed for a reliable 

quantitative MCS.  

 

In addition to this and part of our model described in section 5.3, we conducted a qualitative 

MCS by retrieving information based on expert opinion, with good result.  

The information retrieved consisted of a qualified estimation about the lifetime of the 

pumps in the selected pump houses, conveyed by two experienced experts that has been 

working in FOU for over 20 years.  We asked them to plot, for each pump house, a time span 

( max.-min,) in years, when the pumps in the pump houses needs to be replaced or repaired. 

(See appendix 1 showing the questions and information to be plotted) 

 

Based on this information we were able to run a qualitative MCS, with reliable satisfying 

result. As a simulation and to show how our model is working, we combined the fictive 

quantitative MCS with the real life (expert opinion), qualitative MCS in order to merge the 

two types of results into one single end result. See the theoretical discussion in chapter 2. 

 

The calculated end result is then used to create the preventive maintenance plan to be used 

in order to avoid, mitigate and reduce the risk for an unplanned emergency discharge of 

sewage which we found to be reliable and based on established theories. 
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Regardless of the lack of information in order to run a quantitative MCS we are convinced 

that the qualitative MCS in combination with our model is delivering a better than expected 

results and adds new research values to the subject of this thesis. 

In addition we strongly claim that the model is delivering a powerful reliable piece of 

information that with high credibility and reliability can be used in order to develop a 

comprehensive preventive maintenance plan for the sewage pumps in Nacka municipality. 

7.3 Risk and risk management 

 

As earlier discussed the sewage pumps in the sewer system is a component that is playing a 

vital role in the sewer system. These pumps are working in an environment with a high risk 

level regarding failure or operational shortcomings due to external and internal environment 

The sewer pipe line system is more static and reliable and part of the entire system with a 

low level of uncertainty or risk. The most obvious risk factors regarding the pipes is according 

to our opinion if they are undersized in some areas due to the growing population or that 

age is impacting on the performance and reliability of the pipe system. 

 

In order to mitigate the risk factor regarding the pumps there are a number of activities and 

measurements the client can implement.  We believe that one important measurement is to 

make sure that there is an operational organization (service organization) large enough to 

secure a sufficient and satisfactory operational back up, with field operators and other 

means such as electronically transmitted real-time monitoring of the pumps for emergency 

situations.  

 

The most complex risk to manage in conjunction with the pumps and apart from “large 

objects” in the pipeline system is to estimate the lifetime of the pump units as earlier 

discussed. When discussing this problem and how to take measurements to mitigate the risk 

of facing pump breakdowns, we came to the conclusion that a preventive maintenance plan 

for the sewage pumps based on historical breakdown statistics and information from experts 

in the organization, was the most reliable measurement to take in order to increase the 

operational reliability of the pumps. 
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Furthermore, to be able to classify the different pump houses in respect of importance and 

impact level on the environment in case of a breakdown, we used the sensitivity 

classification of the recipients, discussed in chapter 4, to get a weight integrated in the 

calculation and classification. 

 

Since sewer systems are subject to a strict and demanding environmental legislation as 

discussed in section 3.4, the requirement for a comprehensive and strict sewer system 

management is crucial and of vital importance. Failing to conform to the legislation in MB 

might in the worst case result in severe environmental damage and human injuries with 

legislative consequences for single staff members in an organization. This condition alone, is 

calling for a serious and comprehensive sewer system management.  

 

7.4 Evaluation of analysis of the calculated probabilities for failure 
 

It should of course be noted that the respondents in expert opinion interviews can be 

colored by the interviewed persons personal views or potential incentives to reply answers 

that are to the employer's advantage. The limitations of the questionnaire will also have 

influence on the outcome. Anyway, as our study demonstrates, this type of approach to 

collecting information can be used and also produce a realistic useful maintenance output 

and being the best information available. 

 

We claim that by aggregating both qualitative and quantitative data or simply run the 

analysis on only quantitative data will enable a more objective description of the conditions 

that exist. 
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7.5 Prioritized maintenance plan for the pump houses studied in the case 

study 
 

Allowing both the estimated remaining life of the pumps and the potential impact of a 

failure combined, creates yet another dimension to make such maintenance plan, reliable 

and of highest quality. 

When there are limited resources, it can also be argued that it is even more important that 

the best possible way of describing reality are used to secure the best possible resource 

allocation. 

 

7.6 Implementation of the maintenance plan 
 

When creating a preventive overhaul and maintenance plan, it is important that all critical 

factors are included in the creation of such a plan. We claim that the general model created 

and used in this case study, is delivering a result that with 95% accuracy indicates when in 

time it is necessary to change the sewage pumps in the pump houses. Not only have we 

calculated the remaining lifetime of the pumps but we have also in the model integrated a 

weight based on the environmental sensitivity of the recipients, forming a straightforward 

dense and realistic plan. 

Everything else equal ”Ceteris paribus”, it would be possible to repair all the pumps one 

single year, but as mentioned above, availability of financial funds is limited and needs to be 

spread over time. In our case we have suggested that three pump houses should be repaired 

annually in order to shorten the maintenance cycle for all pump houses over time. 

 

Clients might find that there is room for more than three houses to be repaired annually 

which implies that the plan will be followed slower or faster than suggested in this case. 

Regardless of this, the plan is still stating the need for repair and in which order the pump 

houses should be repaired by its color code and prioritization.  
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The physical implementation of the plan should follow a comprehensive and well motivating 

education and training session involving all personnel and other peripheral interested 

parties, why and how the plan should be implemented and followed. 

It is important that responsibility and authority is delegated to the personnel working in the 

operational department in order to achieve least possible administration when deciding on 

actions to take measures in situations of emergency discharges. 
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8 Conclusion 
 

The specific conditions that reality provides in this context the availability of historical stored 

data concerning the pumps, lays the foundation for what is possible and not possible when it 

comes to analysis of complex systems. Usually the possible level of sophistication of the 

analytical method used is correlated to the comprehensiveness of the available required 

data set. As mentioned earlier, the amount of available documented information often falls 

back to which procedures and practices that the specific organization has. 

We claim that there are good prospects for working with this type of methods when dealing 

with preventing maintenance planning for sewer systems. Some commitment however, 

when it comes to the procedures and practices of collecting data, is needed to be taken. 

 

We further state that the possibility to build a maintenance plan that takes into account the 

combined estimated remaining lifetime of the pumps and its impact on the geographical 

environment adds value in a preventive risk avoidance way of working and thus answer our 

research question number two.  

 

When compiling data in our case study in order to be able to test our model described in 

section 5.3 figure 20, we found as suspected and as mentioned by Langhé (2012) and 

Johansen et al (2007), that quantitative data is scarce and often difficult to compile, if 

available even. We thought however that some repair and overhaul statistics regarding the 

sewage pumps would be available but learned that this was not the case. 

Experiencing this fact, we realize that since there has been no historically expressed request 

for recording these events over time, and none have had a use for such statistical recording 

it has not been carried out, which would be a normal and expected behavior in such a 

situation. 

 

Regarding compiling qualitative data for our case study, we had the opportunity to interview 

two of the most experienced experts in the field of sewage operation, employed by Nacka 

municipality. These two experts provided valuable “top-notch” qualitative information about 

the conditions of the pumps in the, for our case study, selected pump houses and which 

enabled us to be able to test our model described above with good result. 
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With the information about the recipient’s sensitivity level out from an environmental point 

of view and the MCS, based on qualitative pump house data on hand, we were able to 

compile this information and apply it in our model in order to calculate and receive the 

requested result: “The preventive overhaul and maintenance plan for sewage pump 

houses.”, as shown in table 9 section 5.6. This is providing answers to our research questions 

number one and number three. 

 

Since the calculations are based on real case study data and information from external 

interested parties such as, Svenskt Vatten and literature studies, we claim that the achieved 

preventive maintenance plan is realistic, reliable and very useful in order to mitigate risk for 

emergency discharges of sewage which supports and answers research question number 

one. 

 

Furthermore, we are convinced that the end result our model is delivering can be developed 

by using a “real life” quantitative data base, for a quantitative MCS and by plugging it into 

our model in combination with the qualitative data already on hand which answers research 

question number three.  

 

In order to do be able to do this, it is mandatory for the client to keep on file overhaul and 

repair records in a structured way, in order to make it easy to compile and retrieve this data 

for further MCS and to be used in the said model. 

 

Without  any doubt and with the severe impact emergency sewage discharges  will cause on 

the environment , we claim that the research findings in this thesis is strongly contributing 

and adding value to the effort to continuously improve the environmental status for mankind 

and nature.  
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9 Recommendation 

9.1 General recommendation 
 

Based on our research and findings, we have created a model that with a high level of 

reliability and  accuracy, are delivering a preventive maintenance plan that not only takes 

the remaining lifetime of the sewage pumps into consideration, but also the level of 

sensitivity of the recipients. 

In order to be able to take full advantage of the calculations in our model, it is imperative 

that the frequency of failure of the sewage pumps, are properly recorded over time. This 

way it will be possible to add the quantitative data to the model and thus receive the best 

and reliable result possible. 

In conjunction with this, we would recommend any municipality or authority that is involved 

in the service and maintenance of sewer systems, the following measurements: 

 

1. Implement a training program, communicate and document the necessity to keep a 

firm and thoroughly recorded frequency of failure and replacement of the sewage 

pumps in the sewer system 

2. Explain for the involved personnel the reason why the frequency of failure must be 

properly recorded and what the recorded data, will be used for. 

3. Secure so that the procedure to record data, is user friendly. This can preferably be 

carried out by keeping the pump machine cards available on internet and with a 

laptop or an iPad thus making them easily accessible. 

4. Ask the top management to delegate responsibility and authority as far as possible 

down in the organization to secure involvement and engagement. 

5. Frequently ( every 3-5 years) re- evaluate the recipients level of sensibility since their 

status change over time depending on environmental changes such as, growing or 

decreasing population and change in precipitation and other environmental issues.   

6. Perform the calculation of preventive maintenance plans, every second year in order 

to as early as possible detect changes in the pump house priority.  
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9.2 Recommendation for Nacka municipality 
 

Nacka municipality has been the case in our case study in order to build and test our model. 

Despite the lack of desired quantitative data as described in this thesis, we were able to form 

a preventive maintenance plan, based on qualitative data retrieved from experts in the 

organization. 

The end result is attained by performing mathematical calculations and simulations, being 

very reliable and accurate as a foundation for a preventive maintenance plan.  

With addition of deductive quantitative data in the model, it will deliver an end result with 

highest possible precision and accuracy in the simulation. 

With this statement as a solid ground, we highly recommend that the department of 

operation for the sewer systems within Nacka municipality implement the suggested 

measurements, 1 to 6 listed in section 9.1, in order to be able to fully utilize the model 

including both qualitative and quantitative data and as soon as data is available. 
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10 Suggestions for further studies – Next step 
 

 

 One interesting area for further studies is to investigate the possibility to take the 

serial connection of the pump houses in the total sewage system into account when 

conducting the risk ranking.  This way it is possible to further increase the security 

and decrease the risk for emergency discharges.  

 

 Investigate the possibility to use MCS to calculate the frequency of foreign objects in 

the pipeline system that locks the sewage pumps.  



78 
 

Bibliography 
 

Articles/Books 
 

Andrews JD, Moss TR. (1993) Reliability and risk assessment. Essex: Longman Scientific & 
Technical 
 
Antvik, S & Sjöholm, H. (2012). Project management and methods, Lund, Student literature 
 
Booker J.M, McNamara L.A.(2004). Solving black box computation problems using expert 
knowledge theory and methods. Reliab Eng Syst Safe 85:331–340 
 
Capuano, M., & Koritko, S. (1996). Risk oriented maintenance. Biomedical Instrumentation 

and Technology, January/February, 25–37. 

 
Dey, P. M. (2001). A risk-based model for inspection and maintenance of cross-country 

petroleum pipeline. Journal of Quality in Maintenance Engineering, 7(1), 25–41. 

 

Elsayed E.A. (1996). Reliability engineering. Massachusetts: Addison-Wesley/-Longman. 

 

Faisal I. Khan, Mahmoud M. Haddara. (2003). Risk-based maintenance (RBM): a quantitative 

approach for maintenance/inspection scheduling and planning. Journal of Loss Prevention in 

the Process Industries 16. 561–573 

 
Johansen, N.B, Sørensen S.,  Jacobsen C,. Adeler O.F.,Breinholt, A. (2007). Risk assessment of 
Sewer Systems - Analyse des risques dans les réseaux d’assainissemen. Københavns Energi, 
Copenhagen: s. 925-237 

Yin, Robert K. (2013). Validity and generalization in future case study evaluations. Evaluation 
2013 19: 321. Sage. 

Yin, Robert K. (2009). Case study research. 4th Edition. Thousand Oaks, California: Sage Inc.  

Yin, Robert K. (1981). The Case Study as a Serious Research Strategy. Science communication 
1981 3: 97. Sage. 

Johnathan, M. (2006). Modeling Risk: Applying Monte Carlo Simulation, Real Options 
Analysis, Forecasting, and Optimization Techniques. Wiley Finance. 
 
Jose´ A. Caldeira Duarte, João C. Taborda A. Craveiro, Tomãs Pedro Trigo. (2006) 

Optimization of the preventive maintenance plan of a series components system.  

International Journal of Pressure Vessels and Piping 83. 244–248 

 



79 
 

Jha. N.K. (2008). Research Methodology, Chandigarh : Abhishek Publications, 2008. 
 
Kuhnert P.M, Martin T. G, (2010). A guide to eliciting and using expert knowledge in 
Bayesian ecological models. Ecol Lett 7:900–914. 
 
Langhé, R. (2012).Compendium in risk analysis including Monte Carlo modeling -For study 
course Practical Statistics. Kungliga Tekniska Högskolan (KTH). 
Miljöbalken Issued on June 11, 1998. (MB) 
 
Marissa F. McBride and Mark A. Burgman. (2012) What Is Expert Knowledge, How Is Such 
Knowledge Gathered, and How Do We Use It to Address Questions in Landscape Ecology?. 
University of Melbourne, Australia. 
 
McCormick N.J. (1981) Reliability and risk analysis. San Diego, CA: Academic Press. 
 
Modarres M, Kaminskiy Mark, Krivtsov Vasily. (1999) Reliability and risk analysis. New York: 
Marcel Dekker 
 
Nacka K. (2008). Dagvatten strategi för Nacka kommun 2008. Nacka Kommun. 
 
Nzs. (2004). Risk Management. AS/NZS 4360:2004. Standards Australia. 
 
Pattom, M. (1990). Qualitative valuation and research methods. (pp. 169-186) Beverly Hills, 
CA, Sage. 
 
Patrick D. T. O’Connor and Andre Kleyner (2012). Practical Reliability Engineering, Fifth 
Edition. John Wiley & Sons, Ltd. 

Pharmacokinet, C. (2001). A brief introduction to Monte Carlo simulation. Bonate PL. 
Jan;40(1):15-22. 

Rapport 2009:1. (2009). Bräddning av avloppsvatten i Gävleborgs län. Rapport 2009:1. 
Länsstyrelsen Gävleborg  
 
Ruskannen, A. (2007) Opmtimization of energy consumption in wasterwater pumping. 
Department of energy and environmental technology. Laappeenranta university of 
technology, Helsinki 
 
SNFS, 1990:14, Statens naturvårdsverks författningssamling. Dec, 1990 
Classification. (2000). Klassificering av dagvatten och recipienter samt riktlinjer för 
reningskrav Del 1 – Recipientklassificering. Stockholm Vatten 

Watters, J.  (2001). Disaster recovery, crisis response & business continuity, Apress 
 
 
 
 
 



80 
 

Electronic source 
Britannica.  (2014,) Normal distribution. Accessible at: 
http://www.britannica.com/EBchecked/topic/418227/normal-distribution. Collected: 2014-
04-29 

Chittor. (2013). What is a Risk Matrix. Accessible at: www. 
network.projectmanagers.net/profiles/blogs/what-is-a-risk-matrix. Collected: 2014-05-01 

Cox, 2009 . Cox’s risk matrix theorem and its implications for project risk management 
Accessible at: http://eight2late.wordpress.com/2009/07/01/cox%E2%80%99s-risk-matrix-
theorem-and-its-implications-for-project-risk-management/. Collected: 2014-04-24 
 
Flygt, (2014). Accessible at: http://www.xylemwatersolutions.com/scs/sweden/sv-
se/produkter/avloppsvattenpumpar/Sidor/default.aspx. Collected: 2014-05-01 
 
Madrigal, McClain. (2014). Strengths and Weaknesses of Quantitative and Qualitative 
Research. Accessible at: www.uxmatters.com/mt/archives/2012/09/strengths-and-
weaknesses-of-quantitative-and-qualitative-research.php. Collected: 2014-04-15 
 
Naturvårdsverkets Allmänna råd (93:6)), Accessible at: 
https://www.naturvardsverket.se/Documents/allmrad/ar_93_6.pdf . Collected 2014-05-01 
 
Ne. (2014). Definition of Risk. Accessible at: www.ne.se/lang/risk. Collected: 2014-04-05 
 
Niles. R. (1995). Standard deviation. Accessible at: 
http://www.robertniles.com/stats/stdev.shtml. Collected: 2014-04-16 
 
Norm. (2014). Normal distribution. Accessible at: 
http://en.wikipedia.org/wiki/Normal_distribution . Collected: 2014-05-06 

Stat Trek. (2014). Central Limit Theorem. Accessible at: 
www.stattrek.com/statistics/dictionary.aspx?definition=central_limit_theorem. Collected: 
2014-05-02 

Svenskt Vatten, (2005). Accessible at: http://www.svensktvatten.se/FAQ/Fakta-om-vatten/. 
Collected 2014-04-10 

van Audenhove.  (2013). Expert Interviews and InterviewTechniques for Policy 
Analysis.  Accessible at: http://www.ies.be/files/060313%20Interviews_VanAudenhove.pdf. 
Collected: 2014-05-01 

Vose.  (2014). Distributions used in modeling expert opinion. Accessible at: 
http://www.vosesoftware.com/ModelRiskHelp/index.htm#Modeling_expert_opinion/Distrib
utions_used_in_modeling_expert_opinion.htm. Collected: 2014-04-22 
 

http://www.stattrek.com/statistics/dictionary.aspx?definition=central_limit_theorem


81 
 

Wise. (2014). What Is a Preventive Maintenance Plan? Accessible at: 

http://www.wisegeek.com/what-is-a-preventive-maintenance-plan.htm Collected 2014-06-

08 

  

http://www.wisegeek.com/what-is-a-preventive-maintenance-plan.htm


82 
 

Contacts and Interviews 
 
Nacka municipality, (2014) 
 
Dag Björklund, Technical Manager 
Anders Lindh, Section Manager-VA 
Markku Tianien, Manager VA-operation 
Gösta Ohlson, retired VA operations 
 
Continuous contacts throughout the writing of the thesis 
 



83 
 

Appendix 1 
 

Below please find the questionnaire that was past to the experts under the conducted 

interviewing session. Note that this was done for all the visited pump houses. 

 

Status assessment pumps  

 

Please Circle your estimate 

 

ASP 120 Långsjövägen 

 
 

1=Uttjänt    2=Nästan uttjänt      3=Slitet        4=Bra skick       5=Nyskick 
 
Uppskattat behov av byte i tid:   1-3 år          3-6år          6-10år           10år< 
 

ASP 122 Sickla alle 

 
1=Uttjänt 2=Nästan uttjänt   3=Slitet     4=Bra skick     5=Nyskick 
 

Uppskattat behov av byte i tid: 1-3 år          3-6år          6-10år  10år< 
 
 
ASP XXX XXXX. 

 

 

 

 

 

 

 

1=Uttjänt 2=Nästan uttjänt   3=Slitet     4=Bra skick     5=Nyskick 
 

Uppskattat behov av byte i tid: 1-3 år          3-6år          6-10år  10år< 
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