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Abstract 

Wastewater transportation systems are one of the main city lifelines and initial prerequisites 

for urban areas all over the world. Sewer networks represent a high value in water infrastructure 

assets, and it is important to be preserved, developed and operated by sustainable sewer 

infrastructure asset management (IAM). Infiltration and inflow (I/I) of unwanted water from 

different sources—stormwater, groundwater, snowmelt or illicit and faulty connections—in 

urban sewer systems are significant challenges for sewer IAM and have negative impacts on 

environmental, public health and economic aspects of sustainable urban wastewater 

management as well as on chemical and energy resources. In many cities worldwide urban 

sewer networks are prone to a significant amount of unwanted water ingress from unknown 

sources due to aging and deterioration in the structure. Therefore, I/I assessment is a 

prerequisite to evaluate the sewer network performance and restrict unwanted water I/I, which 

should be considered in strategic long-term rehabilitation planning of sewer IAM.  

The overall goal of the presented Ph.D. dissertation is to improve the efficiency and 

performance of urban sewer systems in the context of sewer IAM with a focus on assessment 

and detection of unwanted water I/I. Four objectives were defined along with three planning 

levels of sewer IAM—strategic, tactical and operational—, which are interconnected 

successively. The first objective was in line with the strategic level planning of “increasing 

resilience and performance of the sewer system”. It discussed the evaluation and improvement 

of the sewer system efficiency from I/I aspect by strategic maintenance, rehabilitation, and 

renewal planning in a long-term period. The second objective defined the requirement for 

investigating and classifying available I/I assessment and detection techniques and finding the 

most relevant and practical methods for I/I studies at the medium-term tactical level.  The last 

two objectives were in the category of the operational level with a focus on the unwanted water 

I/I detection and assessment in the short term in order to increase the level of preparedness of 

the sewer system against I/I of unwanted water in the long term.  

The first objective presented the results of a sustainability analysis on the wastewater transport 

system of Trondheim, Norway, for future planning (2014-2040) from a metabolism-based 

performance analysis by Dynamic Metabolism Model (DMM) and compared with ‘status quo’ 

with constant development of the wastewater network. This work aimed to demonstrate a 

methodology for comparing different pathways toward sustainable management of wastewater 

systems. Therefore, four intervention strategies ‘infiltration and inflow reduction’, ‘increasing 

rehabilitation rate’, ‘extension of the system regarding population growth’, ‘energy 

management’ along with different combinations of them were analyzed from environmental, 

functional and economic aspects.  

At the tactical level, intervention priorities, methods, and solutions were defined to reduce the 

infiltration in critical zones by practical methods in the medium-term period. Therefore, the 

available commonly used and advanced methods of I/I detection and assessment were 
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classified to quantitative and qualitative techniques and evaluated based on their advantages 

and limitations by a critical literature review. A combination of these techniques can provide 

the sewer operators the possibility to compare different technologies and select the relevant 

ones based on the selection criteria.  

In addition to the data collection and analysis in the tactical planning level, I/I simulation by 

mathematical modeling is a good measure to assess the status of the infiltration and inflow in 

the sewer network. In the present study, the sewer network of Lykkjbekken catchment in 

Trondheim was modeled and assessed. The simulation of the sewer flow emphasized on the 

presence of high rainfall-induced infiltration and inflow during wet weather conditions, 

whereas the groundwater infiltration during dry weather conditions was insignificant.  

The effective reduction of I/I requires information about the location and source of I/I. The 

third objective of this study focused on I/I detection in the foul sewer network of a catchment 

in Trondheim during a period without snowmelt or groundwater infiltration. Fiber-optic 

distributed temperature sensing (DTS) was used for the first time in Norway to detect I/I in 

tandem with closed-circuit television inspection (CCTV) and smoke testing. The DTS was an 

accurate and feasible method for I/I detection, though it cannot identify exact types of failure 

and sources of I/I. Therefore, other complementary methods were used, e.g., CCTV or smoke 

testing. However, the CCTV was not completely successful in confirming three I/I sources 

detected by the DTS. This part of the study provides practical insights for the rehabilitation and 

repair of sewer networks that suffer from the undesirable I/I of extraneous water.   

The last objective aimed at accurate quantification of unwanted water I/I from individual 

sources into a sewer system to assess the status of the sewer network, prioritize problematic 

parts, and conduct rehabilitation measures. To quantify extraneous water I/I into a sanitary 

sewer network, the DTS method was applied. The feasibility of DTS method was tested in both 

experimental discharges and for the rainfall-derived I/I. The achieved results from the 

monitoring campaign established the promising applicability of the DTS technique in the 

quantification analysis. Furthermore, the application of this method in quantifying real-life, 

rainfall-derived I/I into the sewer system was demonstrated and verified during wet weather 

conditions. This part of the study fills the knowledge gap of availability of reliable and accurate 

I/I assessment data for having more efficient maintenance and rehabilitation plans.  
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1. INTRODUCTION 

1.1 Background 

Water is one of the most important substances to all life, and its absence vanishes the existence. 

Access to clean drinking water is one of the essential human needs, as well as safe 

transportation of wastewater from urban areas. Urban water systems (UWS), i.e. water 

distribution and wastewater transportation systems, are one of the initial prerequisites for cities 

all over the world. Urban sewer systems are considered as one of the main city lifelines, 

transporting sewage and stormwater to wastewater treatment plants (WWTP). Urban water and 

wastewater infrastructure in industrialized cities are representing a high asset value while 

encountering asset deterioration after decades of operation (Kracht and Gujer, 2006; Rehan et 

al., 2014). Moreover, the underground position of the pipelines makes their monitoring and 

preservation challenging.  Functional efficiency and structural quality of sewer systems ensure 

conveying urban and industrial wastewater to WWTP without infiltration and exfiltration (J. 

B. Ellis et al., 2005).  

Infiltration and inflow (I/I) of unwanted water in urban sewer systems are significant challenges 

for urban water management and sewer infrastructure asset management (IAM). I/I have 

negative impacts on environmental, social, and economic aspects of sustainable urban 

wastewater management as well as on chemical and energy resources. Moreover, this unwanted 

water leads to overloading the sewer system—i.e. sewer pipelines, pumping stations and 

WWTPs—, increasing the risk of sanitary sewer overflow in urban areas, and increasing the 

pumping cost and energy consumption for transporting and purification. Therefore, I/I 

assessment is important in evaluating the sewer network performance and should be considered 

in the strategic long-term planning of urban sewer system IAM. 

Climate change has been tangible and perceptible in the recent decades and has already had 

observable effects on global warming, ocean temperature increasing, ice/snow melting, and sea 

level rising (IPCC, 2007; Schneider et al., 2013). Additionally, extreme weather events such 

as heatwaves, heavy rain- and snow storms, flooding, drought, and inundation influence the 

hydrological cycle and functionality of urban infrastructure. The climate models predict 

increase in temperature, and winter precipitation and decrease in summer precipitation for the 

northern hemisphere (IPCC, 2007), including Norway (Sundt-Hansen; et al., 2017). Changing 
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precipitation pattern, rising temperature, and abrupt snow melting may have determined effects 

on infiltration and inflow of stormwater and groundwater into separate sewer networks.   

The concept of sustainability with its triangle bottom line of environment, social and economy 

is expanding to all aspects of human life. UWS are likewise not deprived of sustainability issue 

and are connected to various dimensions of it. Utilities usually have a vigorous effort on the 

quality of water, treatment efficiencies, and cost-effectiveness; nonetheless, in the course of 

recent years more focus has been devoted to broader sustainability features, such as greenhouse 

gas (GHG) emissions and life cycle environmental consequences (Ashley et al., 2008; Slagstad 

and Brattebø, 2014). GHGs are emitted incessantly throughout the pipelines installation, 

operation and maintenance, and rehabilitation phases. However, more than 80% of these 

emissions happen during fabrication of pipelines (Strutt et al., 2008; Venkatesh, Hammervold 

and Brattebø, 2009). Therefore, to reduce the amount of GHG emissions it is wise to keep 

current pipelines in the network by proper maintenance and rehabilitation plans, which is the 

main outcome of efficient sustainable infrastructure management.  

1.2 Infrastructure asset management 

Integrated urban water IAM is the framework of balancing performance, cost and risk of the 

system infrastructure in the long term.  This can be achieved by three main competencies of 

management, engineering and information in utilities, while coordinating system activities at 

different planning and decision levels of strategic, tactical and operational (Alegre and Coelho, 

2012). Figure 1.1 illustrates a holistic view of IAM in different dimensions of analysis, 

competence and planning levels. IAM planning and decision levels are introduced in Figure 

1.2, where the strategic and operational levels are respectively the highest and lowest planning 

levels.   

 

Figure 1.1 Infrastructure asset management approach (Alegre and Coelho, 2012)  
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Figure 1.2 Different planning and decision levels in infrastructure asset management  

The ISO 2451x series 2007 suggests the application of a plan-do-check-act (PDCA) principle 

at each decision levels —described in Figure 1.2—for continuous improvement of the IAM 

process, which is set of activities connected on a consecutive way. Figure 1.3 illustrates the 

proposed PDCA-inspired planning process for each IAM planning level by Alegre and Coelho 

(2012). The process at each planning level —strategic, tactical and operational from top to 

down—, consists of (i) set the objectives, assessment criteria, metrics and goals which come 

from the higher planning level, (ii) perform diagnosis of the system regarding to the selected 

objectives and metrics, (iii) produce plan consists of identification, evaluation, and alternative 

solutions, (iv) implementation of the plan; and (v) monitoring and reviewing the plan (Alegre 

and Coelho, 2012). It should be noted that the documentation and communication are essential 

during each level. The results are used as the input for the lower planning level.   

 

Figure 1.3 Illustration of the planning process at each planning and decision level   

In IAM of urban water systems, planning levels are consecutively connected, while applying 

the PDCA cycle. The strategic level planning starts with defining objectives and targets driven 

by the water utility strategies. At the tactical level, intervention priorities, and solutions are 

defined at the medium-term period, which follows by actions in the short term in the operational 

level. The final goal is to balance the performance, cost, and risk of the system assets in a 

multidisciplinary structure. This is the framework of our research and is further explained in 

chapter 2. 

Strategic level
•Long-term direction and aims of 
the system (10-30 years) for asset 
management of the infrastructure

Tactical level
•Medium-term plan (5-10 years) 
with outlined priorities, 
interventions, and solutions

Operational 
level

•Short-term plan (1-2 years) 
includes implementation and 
actions of the measures from 
the tactical level
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1.3 Sewer networks 

There are different types of sewer systems for conveying wastewater and stormwater in urban 

areas, i.e., combined and separate networks. Most European and industrialized cities rely on 

combined sewer systems (CSS), the common way of draining wastewater and stormwater to 

WWTP. CSS representing a high asset value, while some old components of these systems—

built over 100 years ago—are still in use (Sægrov, 2013). Replacement cost for all CSS in 

Europe was estimated up to total one trillion Euros, which is not cost-effective and affordable 

under the current and forecasted economic capabilities of European cities (Sægrov, 2013). 

Hydraulic overloading of the CSS in extreme rain events can trigger to flooding of urban areas. 

Flooding events have become more frequent in urban areas in the last decades, which can cause 

health, social and environmental problems. In addition, I/I of extraneous water in sewer 

systems can increase operational time of combined sewer overflows (CSO). Specific health 

and environmental problems are associated with CSO, due to the discharge of contaminated 

and untreated wastewater to water recipients. Moreover, transportation, pumping, and 

treatment of stormwater—mixed with wastewater—are not efficient from energy and economic 

point of views.  

Separate sewers have been introduced as a cost-effective solution to convey wastewater and 

stormwater separately, and disconnect impervious areas from combined sewers for reducing 

CSO emissions and hydraulic overloading of sewer systems (Langeveld et al., 2012). The 

major limitation of separate sewer systems is the occurrence of illicit and faulty cross-

connections between stormwater outlets and wastewater systems (Hoes et al., 2009; 

Schilperoort et al., 2013), which results in unwanted water inflow. Unwanted water inflow has 

negative impacts on the sewer systems performance, and its efficient reduction and removal is 

very important. 

Sewer systems in most industrialized cities are deteriorated due to age. Moreover, as a result 

of insufficient maintenance, and inappropriate investment and rehabilitation strategies, many 

sewer systems across Europe are not watertight and suffer from significant infiltration and 

exfiltration. Bad construction quality of the sewer networks—due to the poor quality of pipe 

material, bad laying conditions, omission or underestimation of geotechnical effects and road 

traffic conditions— population growth, climate change, and new standards and requirements 

are some other reasons that sewer networks are not completely satisfactory.  

Significant investment and resources are needed to construct, renew, rehabilitate and upgrade 

urban sewer systems (B. Ellis et al., 2005). Sewer network renovation is costly, difficult, and 

energy demanding due to digging up the soil and installing new pipelines. However, 

rehabilitation of existing pipelines with renewal strategies, such as cured-in-place pipe (CIPP) 

technology, is more practical, cost-effective and environmentally friendly. In small-scale 

rehabilitation plans, point-repair can be a good alternative (Sægrov, 2014). Moreover, the 

majority of GHG emissions happens during fabrication and installation of pipelines, and 

therefore it is necessary to keep these underground assets by sufficient maintenance and 

rehabilitation plans.  
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1.4 Infiltration and inflow in the sewer network 

Infiltration and inflow (I/I) of unwanted water are from extraneous sources and illicit 

connections. Extraneous water is defined as unwanted water I/I in separate sanitary networks 

from stormwater, groundwater, drainage water, or leakages from drinking water networks 

through defective pipes, pipe joints, or manhole walls (Hoes et al., 2009). Faulty and illicit 

connections are intended or unintended sewer cross-connections between stormwater and 

wastewater separate pipelines, which result in discharging contaminated water in storm sewers, 

and unpolluted water in foul sewers (Hoes et al., 2009). Unwanted water can enter the sewer 

networks from defective parts in both private and public properties. Figure 1.4 demonstrates 

one of the I/I sources in separate sewers from a combined manhole for both stormwater and 

wastewater. Faulty cross-connected foundation drains and downspouts, leaky sewer pipes, 

uncapped cleanouts, and root intrusions are examples of I/I sources in private properties, which 

allow unwanted water, stormwater and groundwater enter the sewer networks. In public 

premises, I/I sources can be wrong street drain cross-connections, cracked manholes or pipes, 

leaky manhole covers, leaky pipe connection, and manhole cross-connections. 

 

Figure 1.4 Combined manhole can be a source of unwanted water I/I in separate sewers.  

Climate change, extreme events, and seasonal groundwater fluctuations affect I/I level in the 

sewer network. Groundwater level is a dominant factor affecting the infiltration and exfiltration 

into the sewer system. When the groundwater table is higher than the sewer network level, the 

sewer infrastructure defects, i.e., cracks and root intrusions, behave as infiltration sources. On 

the other hand, in low groundwater tables, sewer defects act as exfiltration points, which allow 

the leakages of the wastewater resulting in the contamination of the surrounding areas as well 

as groundwater. During wet seasons with rain and snowmelt, the soil moisture increases and 

the rain-induced infiltration seeps into the sewer network through defective parts. 

Moreover, significant leakages from drinking water pipes increase the groundwater table and 

subsequently, infiltration in leaky sewers can occur through joints, cracks, and holes. 

Misconnected downspouts and foundation drains in wastewater networks due to poor plumbing 
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have a high contribution in unwanted water inflow into sewer systems. Besides, climate change 

and extreme events increase the risk of flooding, which amplifies the probability of overloading 

separate wastewater networks.  

Detection and efficient removal of I/I in sewer systems have several advantages: 

I. Restrict hydraulic overload in sewer pipelines, which leads to less flooding in 

residential areas or sanitary sewer overflows (SSO). 

II. Reduce CSO operation time and contamination of surface water bodies. 

III. Decrease pollutant discharge from illicit connections in storm sewers and water 

recipients. 

IV. Lessen the risk of public health hazards and environmental contamination issues. 

V. Decrease entry of sediments, which leads to lower maintenance requirements. 

VI. Reduce pumping costs and energy consumption for conveying the unwanted water to 

WWTP. 

VII. Remove unwanted water feeding of WWTP and lessen energy and chemical usage for 

wastewater treatment. 

VIII. Increase the efficiency of the wastewater treatment process and resource recovery due 

to less diluted wastewater.  

IX. Decrease the level of GHG emission due to less energy consumption in both pumping 

station and WWTP. 

Efficient curbing and reduction of I/I in separate sewers require comprehensive and detailed 

understanding about the location and magnitude of any unwanted water ingress and illicit 

connection (Schilperoort et al., 2013). Approximately, in separate sanitary sewers ~50% of the 

wastewater, which is delivered to WWTP, is I/I from extraneous water (Peters et al., 2002; 

Langeveld et al., 2012), which can even exceed the wastewater volume in deteriorated 

networks (Kracht and Gujer, 2006; Ellis and Bertrand-Krajewski, 2010).  

I/I play a critical role in sustainable wastewater management. Achieving enhanced knowledge 

about the location and magnitude of unwanted water in sewer networks during wet and dry 

weather conditions enables the possibility to define the status of the sewer network from I/I 

feature and prioritize problematic parts of the network. Furthermore, the effect of I/I on the 

sewer system efficiency can be improved by strategic maintenance, rehabilitation, and renewal 

planning in the long term.  

The undesirable outcomes of I/I can be tackled by a combination of I/I measurement methods 

along with the sewer network rehabilitation and improvement. Investigating the household 

connections and disconnecting the illicit connections may reduce I/I drastically. Local 

stormwater management affects the I/I level by reducing stormwater inflow to sewer networks 

and treatment facilities. Moreover, the leakage reduction in deteriorated water networks may 

affect I/I level in the sewer network. Smart technologies and solutions for water management 

such as digitalization and internet of things (IOT) will provide better monitoring and faster 

diagnosis of the problems in urban water and wastewater infrastructure systems. For instance, 
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warning systems connecting to ubiquitous sensor network is a fast and effective way to detect 

I/I sources.  

1.5 Infiltration and inflow modeling 

I/I detection and measurement impose high expenses to municipalities. Many sewer pipelines 

are under the state of deterioration and suffer from I/I problems due to insufficient investments 

on I/I projects. Therefore, simulating the infiltration and inflow in the sewer networks can be a 

good measure to give a holistic view about the status of I/I in the network. Mathematical 

modeling can be used for simulating the wastewater performance from I/I point of view. 

Geographic information system (GIS) can be applied in combination with hydrological models 

like stormwater management model (SWMM) to dynamically simulate rainfall-runoff-

subsurface routing and analyze infiltration and inflow in the sewer network. To simulate I/I 

with this method in dry and wet situations, comprehensive and detailed data about 

characteristics of the catchment and sewer network are needed, e.g., morphology, soil profile, 

land use, sewer geometry, groundwater level, air temperature, precipitation, and wastewater 

flow measurement. The simulation results can be used for pinopinting the problematic parts of 

the network in addition to proofing the presence of unwanted water in the sewer system and 

convincing the decision-makers in water utilities to implement some preventive measures for 

I/I management in the sewer networks. 

1.6 Aims, objectives and scope 

This study was conducted in the context of sewer IAM, with a focus on assessment of unwanted 

water I/I in separate sewer networks. The work presented in the thesis have aimed at achieving 

a deeper understanding and improving the efficiency and functionality of the urban sewer 

systems by unwanted water assessment and reduction by strategic rehabilitation planning and 

preventive methods. The following research objectives were defined to clarify the research 

path: 

Objective 1: Establish a procedure to analyze the current situation of sewer pipelines, predict 

future  and decrease unwanted water I/I into the sewer system by long-term strategic 

maintenance and rehabilitation plans in the context of sustainability. This can be conducted by 

methodology of life cycle analysis (LCA) and material flow analysis (MFA).  

Objective 2: Establish a methodology for I/I detection and measurement by different 

techniques. Classify the existing I/I assessment methods to quantitative and qualitative 

techniques and assess their advantages and limitations. 

Objective 3: Detect different sources of unwanted water I/I in separate sewer systems—e.g., 

stormwater inflow, rainfall-induced infiltration, snowmelt infiltration, groundwater infiltration, 

or illicit and faulty connections—and develop reliable and accurate results by applying 

different techniques. 

Objective 4: Quantify precisely the level of unwanted water I/I from individual sources in the 

sanitary sewer system in dry and wet weather conditions. 
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The city of Trondheim was considered as the main case study in this Ph.D. and the research 

was accomplished mainly in collaboration with Trondheim municipality. Field measurements 

were performed in order to assess and detect I/I by different methods and achieve reliable 

results. I/I assessment studies and measurement campaigns were conducted in Lykkjbekken 

catchment in Trondheim city, which is located in a highly strategic position beside the main 

drinking water source of the city.  Data analysis and sewer I/I simulation were performed for 

Lykkjbekken catchment to assess the I/I status of the network from different sources in dry and 

wet weather conditions.  
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2. RESEARCH APPROACH  

The achievement of each objective of the current Ph.D. study relies on applying methods, 

which are relevant for the specific objective. Figure 2.1 demonstrates how different objectives, 

defined in section 1.6, are related to each other. Research objectives defined and organized in 

the typology of IAM planning levels (Figure 2.1). 

Objective 1 discusses the research need for evaluating and improving the sewer system 

efficiency from I/I aspect by strategic maintenance, rehabilitation, and renewal planning in the 

long term. Restriction and management of I/I in urban sewer systems are required in the long 

term to obtain good performance, which are prerequisites for water infrastructural asset 

management and have significant environmental, social and economic impacts on future cities.  

Objective 2 defines the requirement for establishing a methodology for I/I assessment by 

different techniques. It is important to investigate and classify different I/I assessment and 

detection techniques and find the most relevant and practical ones. The effectiveness of the 

available I/I detection methods and their advantages and limitations can be evaluated by critical 

literature review. Moreover, I/I assessment can be done by data analysis and I/I modeling as a 

cost-effective way to analyze the status of the network. 

Objectives 3 and 4 refer to the identified needs to assess unwanted water I/I in sewer systems 

and distinguish between different sources, e.g., stormwater, groundwater, snowmelt or illicit 

and faulty connections. Achieving enhanced knowledge about the location and magnitude of 

unwanted water in sanitary sewers during wet and dry weather conditions enables the 

possibility for defining the status of the I/I in sewer networks, and prioritizes problematic parts 

of the network. Furthermore, it fills the knowledge gap of availability of reliable and accurate 

I/I assessment data to have more efficient maintenance and rehabilitation plans. 
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Figure 2.1 Research objectives defined and organized in the typology of sewer IAM planning 

levels.  

The three planning levels of IAM are interconnected on a successive flow. In this study, the 

strategic level planning started with “increasing resilience and performance of the sewer 

system”. At the tactical level, intervention priorities, methods, and solutions were defined, i.e., 

reduction of infiltration and inflow in critical catchments by practical methods at the medium-

term period.  In the operational level, operation and maintenance solutions were carried out at 

the short-term period in order to increase the level of preparedness of the system against I/I of 

unwanted water in the long term. 

2.1 Strategic planning (Paper I) 

Sustainability assessment of the water and wastewater infrastructure in strategic long-term 

UWS plans leads to economic and environmental accomplishments for society.  Nevertheless, 

this essential topic has not been considered deeply so far, and just a few studies have been 

conducted on social and environmental features of sustainability on UWS (Ludzia, Larsson and 

Aguayo, 2014). Moreover, the wastewater transport system has not been evaluated individualy 

in previous sustainability studies.  

The sustainability analysis of Trondheim wastewater transport system using a dynamic 

metabolism model (DMM) is presented in chapter 5 (Publication I). For this purpose, a 

methodology was introduced for comparing different pathways toward sustainable 

management of wastewater systems. In order to decrease the flaws and deficiencies and 

improve the current system, some possible actions inside the wastewater transport system were 

considered by defining different scenarios and interventions. Each of these scenarios involved 

a broad range of changes in economic and technological factors. The environmental, functional 

and economic aspects of sustainability were analyzed and evaluated. The historical data of 

2000–2013 were used as the database of this study and predictions were made for the period 

2014–2040.  
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2.2 Tactical planning (Paper II) 

 
Identifying the problematic zones of the network and selection of methods and projects for 

correction and improvement of the sewer network are in the context of tactical planning in the 

integrated urban water IAM. I/I of extraneous water in separate sewer systems are serious 

concerns for sustainable urban water management and water infrastructural asset management, 

which have environmental, social and economic impacts on cities and sewer systems. 

Quantification and detection of unwanted water I/I in critical areas of the network should be 

considered for efficient curbing and reduction of I/I. Chapter 6 presents a systematic method 

to assess unwanted water in the sewer systems as well as a general overview and classification 

of the available I/I detection and assessment techniques.  

Also, assessing the status of the sewer network by mathematical modeling and I/I simulation 

is a cost-effective and efficient measure, which can be used in the tactical planning level to 

obtain a general view about the I/I status of the sewer network. Chapter 4 presents historical 

data analysis and I/I modelling for sewer network of Lykkjbekken catchment in Trondheim, 

Norway. This chapter demonstrates the applicability of I/I modeling in the assessment of the 

sewer network performance by a combination of GIS and SWMM models. 

2.3 Operational planning (Paper III and IV) 

Corresponding measures and operations to effectively restrict the amount of unwanted water 

I/I in the sewer network is in the context of operational planning. To reach this aim, 

comprehensive and accurate information about the location and magnitude of any excess water 

ingress and the illicit connections are needed. In this study, I/I detection and assessment were 

carried out in the separate wastewater network of a catchment in Trondheim. A combination 

of various I/I detection techniques was applied in tandem to decrease uncertainties and gain 

more reliable results, i.e., fiber-optic distributed temperature sensing (DTS), closed-circuit 

television inspection (CCTV), and smoke testing. Chapter 7 presents the details and results 

out of this study, which is in line with the fourth objective.  This part provides practical insights 

for the rehabilitation and repair of sewer networks that suffer from the undesirable I/I of 

extraneous water. 

After detection of I/I sources, the severity of them should be quantified to assess the sewer 

network status, prioritize the problematic sections, and implement rehabilitation measures. In 

this study, the DTS method was applied for the first time in Norway to monitor the sewer 

network from I/I aspect. The feasibility of DTS method was tested in both experimental and 

real-life rainfall-derived I/I to assess unwanted water I/I into the sewer network. Detailed 

description and results of this research are presented in paper IV in chapter 8. This part of the 

study fills the knowledge gap of availability of reliable and accurate I/I assessment data for 

having more efficient maintenance and rehabilitation plans.  
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3. MATERIALS AND METHODS  

3.1 Infiltration and inflow assessment methodology 
 

Unwanted water I/I in separate foul sewers affect the functionality of the sewer system 

negatively. Therefore, rehabilitation is required in the presence of I/I sources and illicit 

connections in the sewer systems. Achieving enhanced knowledge about extraneous water I/I 

sources in separate sewer systems enables detecting the problematic parts of the sewer 

networks and taking decisions for rehabilitation and renewal planning in the long term. The 

systematic process for the assessment of unwanted water in catchments with different 

properties is proposed in Fig 3.1.  

 

Figure 3.1 Systematic method for detecting unwanted water in the sewer system (Beheshti, 

Sægrov and Ugarelli, 2015).  

As it is demonstrated in Fig 3.1 the process of I/I assessment in the sewer network is primarily 

dependent on the analysis of historical hydrological variables, operational information, pipe 

inspection, and network map. Afterward, it is very important to invest properly on the 

catchment inspection and hydrological variables measurement—i.e., flow data, precipitation, 

and groundwater—by right instrumentation and sufficient timing and resource. The next step, 
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after proofing the presence of unwanted water in the sewer system is to assess and detect I/I 

sources by a combination of available techniques and finally gain accurate and reliable results 

by comparing the results from different methods.  

3.2 Case study 

Trondheim city with a population of 193 500 residents in 2018 is the third largest town in 

Norway by population (Statistics Norway, 2018). The main water source of Trondheim is Lake 

Jonsvatnet, which is a large lake in the eastern part of Trondheim city (Fig 3.2). Vikelvdalen 

(VIVA) is the water treatment plant of Trondheim and the surface water from Jonsvatnet is 

treated in this treatment plant, and then the drinking water is distributed to households and 

consumers with almost 100% coverage of the town. The urban water cycle path in Trondheim 

city is completed downstream by transporting the stormwater and wastewater from consumers 

such as households and industries through the wastewater transport system to two wastewater 

treatment plants of Høvringen (HØRA) and Ladehammeren (LARA) in the northern parts of 

Trondheim. In Trondheim, 50% of wastewater production is from households, which correlates 

to water consumption, and the rest is from industry (Slagstad and Brattebø, 2014).  

 

Figure 3.2 The case study area location (Beheshti and Sægrov, 2018c). 

The sewer network of Trondheim with the average age of 30 years is about 1200 km in public 

and municipal sections, consists of combined and separate sewer pipelines for transporting 

wastewater and stormwater. In Trondheim 52% of the total length of the wastewater network 

is separate, and the rest is combined. The length of the separate stormwater network in 

Trondheim at the end of the year 2013 was 40% of the whole wastewater transport network. 

Moreover, there are currently 54 pumping stations in the wastewater transport system of 

Trondheim, of which three are for stormwater, 24 for foul sewer, and 27 for the combined 

system (Trondheim Municipality, 2013). WWTPs of Trondheim are encountering a high 

volume of unwanted water I/I in dry weather condition. The water balance of Trondheim sewer 

system in years 2009-2011 is illustrated in Figure 3.3. It should be mentioned that the reason 

for presenting data of 2013 is using them as the database of this study. 
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Figure 3.3 Trondheim water balance 2009–2011 (million m3/year) (Trondheim Municipality, 

2013).  

According to Trondheim water balance 2009-2011, I/I of unwanted water in Trondheim sewer 

system was about 46% of the water, which was delivered to WWTPs for purification before 

releasing to Trondheim Fjord, and it is a priority in Trondheim municipality to manage this 

high amount of extraneous water.  

3.3 Infiltration and inflow methods 

There are several conventional and innovative methods available for I/I assessment and 

detection in the sewer systems, e.g., flow-rate measurement, tracer methods, DTS technology. 

New measurement methods have been developed to assess I/I into sewer systems more accurate 

and with little environmental risk, e.g., DTS and electro scan.  

I/I methods can be divided into two groups of quantitative and qualitative. Quantitative 

methods are for assessment of magnitude, volume, and discharge of I/I, and qualitative methods 

detect the I/I sources. Each of these methods is based on some assumptions and has its 

limitations and advantages. A combination of these methods based on the selection criterias 

enables the sewer operators to compare different techniques and obtain reliable and accurate 

I/I data, which are essential for rehabilitation plans. A description of available I/I assessment 

methods is presented in Tables 3.1 and 3.2. These tables are updated version of Table 1 in 

chapter 6 with more techniques such as water level measurement and water temperature 

measurement in quantitative methods and electro-scan for both quantitative and qualitative 

methods.  

Table 3.1 presents the quantitative methods and their advantages and limitations for I/I 

assessment and measurement in sewer networks, while Table 3.2 describes the qualitative 

methods for detection of problematic sections and I/I sources. Some of these methods, such as 

DTS and electro scan are classified in both qualitative and quantitative methods, and they can 

be applied for both detection and measurement of I/I sources. 
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Table 3.1 Quantitative methods in assessing I/I in sewer systems and their advantages and limitations. 

Quantitative methods 

Method Method Description Advantages  Limitations / Restrictions 

F
lo

w
 r

a
te

 m
ea

su
re

m
en

t 

A conventional infiltration assessment 

method in sewer systems, based on 

analyzing the water balance and diurnal 

flow rate in the dry weather conditions. 

In this method, the minimum night-time 

flow is addressing as I/I related flow, 

with the simple assumption of constant 

infiltration of groundwater in daily dry 

weather flows (DWF) without 

precipitation and snowmelt (Kracht et al. 

2007; Zhang et al. 2018).  

 

-Simple method. 

-Widely used method. 

-Give a rough overview of 

the sewer network form I/I 

aspect. 

-Based on simplified assumptions 

such as having no flow during 

nighttime, omission of sewer 

network exfiltration from sewer 

networks. 

-An accurate flowmeter is needed. 

-Rather inaccurate results due to the 

sewer overflow in overloaded 

systems (Zhang et al., 2018). 

-Unreliable method in shallow 

wastewater flows due to flowmeter 

instrumental errors. 

 

S
ta

b
le

 i
so

to
p

es
 m

et
h

o
d

 

Stable isotopes 18O and 2H of water 

act as a direct natural tracer and provide 

a reliable tool to quantify the infiltration 

of unwanted water in sewer systems 

(Kracht, Gresch and Gujer, 2007). This 

method is based on different isotopic 

signatures of main water from a distant 

hydrological source and infiltrating 

water from groundwater and local 

precipitation, and the infiltration fraction 

calculation is based on the concentration 

of different isotopes as tracers (Ellis and 

Bertrand-Krajewski, 2010). 

- Not adding radioactive or 

chemical contaminants into 

the environment (Koeniger 

et al., 2009). 

-Cause less disturbance and 

environmental impact than 

tritium, salts or dye tracers 

(Koeniger et al., 2009). 

-Professional and expensive water 

isotope analyzer instrument is 

needed. 

-Drinking water and groundwater 

should have homogenous but 

distinct isotopic signatures (Ellis 

and Bertrand-Krajewski, 2010). 

-Components of drinking water and 

groundwater sources should interact 

(Ellis and Bertrand-Krajewski, 

2010). 

-Inhomogeneity of the local 

groundwater or other origins of 

parasitic waters is crucial (Ellis and 

Bertrand-Krajewski, 2010). 

-Comprehensive hydrologic and 

hydrogeological investigation (Ellis 

and Bertrand-Krajewski, 2010). 

-Definable, accessible for sampling, 

and precise statistically describable 

‘infiltration main source’ (Ellis and 

Bertrand-Krajewski, 2010). 

 

P
o
ll

u
ta

n
t 

ti
m

e 
se

ri
es

 m
et

h
o
d

 

This method quantifies infiltration 

fraction by analyzing time-series of 

pollutant concentrations and wastewater 

flows. Automatically operating in-line 

devices are applied in this method to 

obtain time-series of pollutant 

concentrations with a high temporal 

resolution. Based on the time-series of 

the wastewater flows, a modeled time-

series of pollutant concentration is 

calculated, and by fitting this model 

series to the measured data, a set of 

parameters, which define infiltration 

discharge can be estimated (Ellis and 

Bertrand-Krajewski, 2010). 

-Flexible infiltration 

measurements (Ellis and 

Bertrand-Krajewski, 2010). 

-Wide practical 

applicability with 

considering natural storage 

and interflow phenomena 

(Ellis and Bertrand-

Krajewski, 2010). 

-Simplifying measurements 

in rainy seasons, when 

infiltration increases due to 

elevated groundwater (Ellis 

and Bertrand-Krajewski, 

2010). 

-Preparation of the experimental 

team (Ellis and Bertrand-Krajewski, 

2010). 

-Local boundary conditions at the 

investigation site (flow condition, 

accessibility) (Ellis and Bertrand-

Krajewski, 2010). 

- Automatically-operating in-line 

devices for obtaining pollutant 

concentration (Ellis and Bertrand-

Krajewski, 2010). 

- In the case of using submersible 

UV-VIS spectrometer, bias-, and 

drift-free operation is required (Ellis 

and Bertrand-Krajewski, 2010). 

- Time-consuming and expert-

oriented measurement. 
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D
T

S
 m

et
h

o
d

 

Distributed temperature sensing (DTS) 

is a high-tech technique for detection 

and measurement of unwanted water I/I 

in sewer networks. The principle of this 

method is based on temperature 

measurement along a fiber-optic cable 

installed in the sewer network, which 

sends the data to a DTS monitoring unit 

at the end of the cable for data collection 

and process. Unwanted water I/I can be 

detected and assessed by analyzing the 

thermal behavior of the wastewater, so 

long as I/I water differs in temperature 

(Schilperoort, 2011; de Jong et al. 2015). 

I/I ratio can be driven by the help of laws 

of conservation of mass and energy and 

with knowing the temperature of 

unwanted water I/I and wastewater 

before and after mixing with it 

(Schilperoort, 2011).  

 

-Unwanted water ratio can 

be measured exactly from 

individual sources 

(Beheshti and Sægrov, 

2018b). 

- Takes place in the public 

part of the system and 

without the residents of the 

area involved (Schilperoort 

and Clemens, 2009). 

- Accurate I/I measurement 

results compared to more 

traditional research. 

- Large areas –up to several 

kilometers- can be 

examined and monitored 

simultaneously. 

-Use of single instrument in 

an easy and safe location. 

 

-High initial cost of instrumentation 

and installation. 

- High probability of sewer blockage 

in low flows and therefore 

maintenance is needed (frequent 

flushing of the sewer in low flows). 

- Almost new technique with low 

experience in sewer systems. 

- Results are by nature not-easily-

reproducible (Vosse et al., 2013). 

- Precipitation and air temperature 

measurement is needed. 

- Expert-oriented method. 

- Time-consuming method. 

 

 

 

E
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ct
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 s
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n
 

Electro scan is a new technique in 

pipeline monitoring based on measuring 

the electrical resistance of the non-

conductive pipe wall. In this method, an 

electro scan probe travels in a pipeline 

and scan the pipe wall by sending a low 

voltage high-frequency electric current. 

The principle behind this method is that 

a defect in the pipe that leaks water will 

also leak electrical current, and 

electricity flows through pipe defects, 

and the electrical resistance pinpoints 

water leakages (Harris & Dobson 2006; 

Tuccillo et al. 2011).    

In addition to identifying leak locations, 

Electro Scan indicates the size as well. 

The bigger the electrical flow, the bigger 

the defect, the bigger the leak potential.  

Therefore, this method is in both I/I 

classifications of quantification and 

qualification. Moreover, type of 

defect—joint, tap, or crack—is shown 

by the pattern of the electric current with 

different marks. This method is a 

straightforward technique, and the 

results can be used directly in a minute 

without expert interpretation. This 

method is applicable in non-conductive 

pipes and is not applicable in metallic 

pipelines.  

 

- Accurate leak location and 

size. 

- Repeatable data results. 

- Defining the type of 

defect. 

- Reporting in Minutes, not 

days. 

- No data interpretation. 

- Rather expensive method. 

- Cannot find leaks in metallic 

pipelines. 

- Cannot find I/I from all sources, 

e.g. misconnected roofs. 
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Water level measurement is the method 

of monitoring the water level in different 

manholes in a catchment to detect the 

most problematic manholes and sewer 

pipes from I/I aspect. After finding the 

most problematic manhole, further 

inspections can be conducted for finding 

the I/I sources in the manhole or 

upstream sewer with relevant methods. 

This method consists of electrode 

sensors on different levels (e.g., 25% and 

50%) above the normal water surface. 

Electrode sensors record the numbers 

that water rises and touches them. The 

normal water level (consumption water) 

is the water level after 2 days with dry 

weather or in cold periods. 

A combination of the data from water 

level sensor with precipitation data can 

give the possibility to find most 

problematic places in wastewater 

networks. After finding the most 

frequent water rise manholes, measures 

that are more detailed can be 

implemented for finding the problematic 

sources upstream. 

 

- Low operation cost in 
installation and data 
generation. 
- Provide general overview 

of each manhole from I/I 
aspect. 
- Occurs in public parts of 
the system without any 
need to entrance to private 
premises. 

- Costly method in large catchments 

with many manholes. 

- Disable in defining the failure 

source and type. 

- Do not provide information about 

presence of small infiltration and 

inflows. 

- Results are by nature not-easily-

reproducible. 

- The method is dependent on the 

presence of rainfall and high 

groundwater table. 

- Another measures are needed for 

monitoring the network. 

- Time-consuming method.   

W
a
te

r 
te

m
p

er
a
tu

re
 m

ea
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re
m

en
t 

This method was introduced by HOFER 

et al., 2014 for monitoring CSO 

chambers. However, this method is 

applicable in sewer networks for 

monitoring water level fluctuations in 

manholes. The principle of this method 

is close to water level measurement, but 

in this method, thermometers monitor 

the water level fluctuations in each 

manhole. By putting thermometers in 

different levels in and above the normal 

wastewater level and monitoring thermal 

changes, the most problematic parts of 

the network from I/I point of view can be 

detected. 

 

- Easy and practical method 

in detecting defective sewer 

parts. 

- Cost-effective I/I 

detection method.   

- Low operation cost in 

installation and data 

generation. 

- Provide the general 

overview of each manhole 

from I/I aspect. 

- Occurs in public parts of 

the system without any 

need to entrance to private 

premises. 

- Precipitation measurement is 

needed simultaneously.  

- Disable in defining the failure 

source and type. 

- Another measures are needed for 

monitoring the network.  

- The method is dependent on the 

presence of rainfall and high 

groundwater table. 

- Results are by nature not-easily-

reproducible. 

- Time-consuming method.   
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Table 3.2 Qualitative I/I detection methods in sewer systems and their advantages and 

limitations.  

Qualitative methods 

Method Method Description Advantages  Limitations / Restrictions 

S
m

o
k

e 
T

es
ti

n
g
 

 

A practical engineering method to detect, 

identify and classify potential sources of 

I/I in a wastewater network, especially in 

detecting misconnected stormwater 

drains, downspouts and foundation 

outlets in separate foul sewers (Hoes et al. 

2009). In this method, vegetable-based 

smoke, produced by a smoke generator, is 

injected into isolated parts of the sewer 

network, where I/I is suspected. The 

smoke, which tends to escape through 

openings and vents, pinpoints I/I sources 

in the separate sewer network (Hoes et al., 

2009). 

- Inexpensive method. 

- Relatively easy method. 

- Environment-friendly 

method. 

- No need to restricted 

space entry. 

- Not a very accurate method 

(Schwindamann, 2008). 

- Don’t find all the infiltration points 

(Schwindamann, 2008). 

- Coordination with the local fire 

station and the connected households 

is needed. 

- A television camera is needed for 

monitoring the network 

(Schwindamann, 2008). 

- Smoke testing cannot pass through 

water seal traps. 

D
y
e 

T
es

ti
n

g
 

A tracing method for detecting the path of 

the flow with tracking dye and 

determining illicit connections existing in 

sewer systems. In this method, a non-

toxic fluorescent dye is added to a water 

or wastewater source, which is suspected 

as an I/I source into the separate sewer 

system. For example, the dye is placed 

and flushed in plumbing fixtures, and an 

illicit connection will be detected in the 

case of finding the dye in a location other 

than a sewer system. In another way, a 

period of heavy rainfall is simulated by 

flooding the stormwater system with 

pumped water from a large tank. Dyes of 

different colors are applied to different 

places. The sewer system is monitored 

simultaneously by a television camera 

(CCTV), and infiltration of stormwater is 

confirmed by finding dye in the sewer 

system. 

 

- Inexpensive method. 

- Relatively easy method. 

- Points to a specific 

source. 

 

- Difficult to see dye in high-flow or 

turbid conditions. 

- Time-consuming in low flows. 

- Entering a facility is necessary.  

- Rather labor-intensive. 

- Require entrance onto private 

premises. 

C
C

T
V

 m
et

h
o
d

 

CCTV is a common method in sewer 

maintenance to inspect and assess the 

status of the wastewater network. In this 

method, a remote control, closed-circuit 

video camera is inserted into the sewer 

network through a manhole and moves 

inside the sewer network by a small robot, 

allowing the operator to inspect the 

network and detect problematic parts via 

real-time visual inspection.  

 

- Provides live footage of 

the sewer network.  

- Effective method in 

inspection of active taps. 

- Ineffective if inactive taps convey 

illicit discharges (Tuomari and 

Thompson, 2003). 

- Time-consuming to interpret 

results (Tuomari and Thompson, 

2003). 

- Possibility of over- or under-

estimating the status of the network 

due to operator errors and invisible 

defects in the pipeline. 

- Depending on the presence of 

rainfall or high groundwater table in 

I/I detection in foul sewers. 
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Distributed temperature sensing (DTS) is 

a high-tech monitoring technique for 

detecting I/I sources from illicit 

connections and extraneous water in 

sewer networks (Pazhepurackel 2009; 

Schilperoort & Clemens 2009). This 

method is based on continuous 

temperature measurement along the 

fiber-optic cable in the wastewater 

network, up to several kilometers. 

Potential I/I sources can be located 

precisely by monitoring and analyzing 

the thermal behavior of sewage, so long 

as I/I water differs in temperature 

(Schilperoort, 2011; de Jong et al. 2015). 

- Source of unwanted 

water localized exactly 

(Schilperoort and 

Clemens, 2009; Langeveld 

et al., 2012). 

- Takes place in the public 

part of the system and 

without the residents of 

the area involved 

(Schilperoort and 

Clemens, 2009). 

- Safer results compared to 

more traditional research 

(Schilperoort and 

Clemens, 2009; Langeveld 

et al., 2012). 

- Large areas –up to 

several kilometers- can be 

examined and monitored 

simultaneously. 

- Use of single instrument 

in an easy and safe 

location. 

 

- High initial cost of instrumentation 

and installation. 

- Expert-oriented method in non-

automated process (Vosse et al., 

2013). 

- High probability of sewer blockage 

in low flows and therefore 

maintenance is needed (frequent 

flushing of the sewer in low flows). 

- Results are by nature not-easily-

reproducible (Vosse et al., 2013). 

- Almost new technique with low 

experience in sewer systems. 

- Time-consuming method. 

- Rather expensive method. 

 

 

 

E
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ct
ro

 s
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A new technique in sewer monitoring 

based on measuring the electrical 

resistance of the pipe wall. In this method 

an electro scan probe travels in a pipeline 

and scan the pipe wall by sending a low 

voltage high-frequency electric current. 

The principle behind this method is that a 

defect in the pipe that leaks water will 

also leak electrical current, and electricity 

flows through the defects and the 

electrical resistance indicates water 

leakages (Harris & Dobson 2006; 

Tuccillo et al. 2011). 

In addition to identifying leak locations, 

Electro Scan indicates the size, too. The 

bigger the electrical flow, the bigger the 

defect, the bigger the leak potential.  

Moreover, type of defect – joint, tap, or 

crack– is shown by the pattern of the 

electric current by different marks. 

 

- Accurate leak location 

and size. 

- Repeatable data results. 

- Defining the type of 

defect. 

- Reporting in Minutes, 

not days. 

- No data interpretation. 

- Cannot find leaks in metallic 

pipelines. 

3.4. Measurement campaign  

Lykkjbekken catchment is located on the western part of Jonsvatnet lake, the main water source 

of Trondheim city, and therefore is an important strategic location (Figure 3.4).  The catchment 

is a rural region, and the studied sewer section covers an area of around 10 km2 with around 

200 inhabitants. The wastewater from households conveys through separate sanitary sewers to 

the Lykkjbekken pumping station and then to the LARA wastewater treatment plant. The 
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pumping station faces the water level rise in wet weather conditions, which increases the risk 

of overloading the sewer network and pumping station, and sanitary sewer overflow near the 

drinking water source.  

The wastewater system of the catchment consists of a pumping station and small PVC pipelines 

(160 mm internal diameter), which was installed in 1996. However, even after less than two 

decades of operation, the wastewater network of this catchment was prone to high amount of 

extraneous water I/I from unknown sources, which were not detected in CCTV inspection. 

A rain gauge and a flow meter were installed in the catchment to monitor and evaluate the 

status of the Lykkjbekken sewer network on the wet and dry weather conditions (Figure 3.5).  

A tipping bucket rain gauge with the standard resolution of 0.2 mm was installed in the 

catchment to record the precipitation during the monitoring campaign, together with an 

ultrasonic Doppler flowmeter in the sewer network.  

Lykkjbekken pumping station provided another database for wastewater flow measurement of 

the whole catchment (Fig 3.6). Groundwater table was monitored simultaneously in the closest 

available groundwater well located in the southern part of the lake Jonsvatnet. The location of 

the groundwater well was outside of the Lykkjbekken catchment but because of having the 

same catchment characteristics—i.e., land use, soil type, bedrock, and morphology—the data 

was used to monitor the behavior of the wastewater flow from groundwater infiltration in 

Lykkjbekken catchment. Moreover, the lake Jonsvantnet surface level was applied as a 

dominant variable in verification of the groundwater data fluctuations in Lykkjbekken 

catchment and investigation of its impacts on the wastewater flow.  

  

Figure 3.4 Aerial photo (left) (Wikipedia, 2018), and a closer capture (right) of Jonsvatnet 

lake.  
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Figure 3.5 Flow meter (left) and rain gauge (right) in Lykkjbekken catchment.  

  

Figure 3.6 Groundwater well (left) and pumping station (right) in Lykkjbekken catchment.  

3.5 Infiltration and inflow assessment in Lykkjbekken  
In separate foul sewer network of Lykkjbekken catchment, a combination of DTS, smoke 

testing and CCTV was applied to qualify and quantify I/I of unwanted water.  

3.5.1 Distributed Temperature Sensing (DTS)  

The DTS is a new technology in monitoring sewer networks and detecting I/I sources over the 

past decade. The principle of this method is based on monitoring the wastewater temperature 

along the fiber-optic cable installed in the sewer pipeline. The DTS monitoring device—

contains a computer, an optoelectronic device and a laser instrument— which is located at the 

end of the fiber-optic cable sends laser pulses, receives and collects them. Afterwards, the 

collected information can be interpreted into readable temperature data. By analyzing the 

thermal behavior of the sewer network, the locations of I/I sources can be detected, as long as 

I/I water differs in temperature (Schilperoort, 2011; de Jong et al. 2015). Moreover, this method 

is applicable in measuring the ratio of unwanted water entering to the sewer network and 

assessing the severity of I/I sources.  
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This method in this study was applied for the first time in Norway to detect and assess unwanted 

water I/I in the sewer network. Besides the advantageous and limitations of this method, the 

DTS installation is quite expert demanding. Figure 3.7 shows the installation of the DTS 

monitoring campaign in Lykkjbekken catchment in August 2015. More details about the DTS 

method in addition to results out of its monitoring campaign are presented in chapters 7 and 8. 

 

Figure 3.7 Schematic outline of the DTS method in a sewer network (Beheshti & Sægrov 

2018a), with pictures of different stages of DTS installation in Lykkjbekken catchment in 

August 2015.  

3.5.2 Smoke testing 

Smoke testing is an engineering surveying method for I/I detection in sewer networks. This 

method is a practical method for finding the illicit connections in foul sewers, especially 

misconnections from stormwater outlets, e.g., downspouts and gutters. In this method, a 

vegetable-based smoke, produced by a smoke generator, is injected into isolated parts of the 

sewer network, where I/I is suspected. The smoke, which tends to escape through openings and 

vents, pinpoints I/I sources in the separate sewer network (Hoes et al., 2009). However, this 

method is not working in the presence of water seal traps in the misconnected drainpipes. These 

traps are curved pipes (bends) designed to let the wastewater flow and block the passages of 

sewer gasses by the retained water to go back into the building. Figure 3.8 demonstrates the 

application of this method in finding misconnected roof downspouts in the separate sewer 

network of Lykkjbekken catchments. These spots were detected by DTS monitoring, and 

smoke testing was used to detect, identify and classify the potential I/I sources.  
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Figure 3.8 Smoke testing process for finding potential sources of infiltration and inflow into 

a foul sewer system (Beheshti et al. 2015); with photographs of smoke testing in Lykkjbekken 

catchment in November 2015. 

3.5.3 CCTV 

Closed-circuit television inspection (CCTV) is one of the most common ways of inspecting 

sewer pipelines. The operator evaluates the status of the sewer network by looking into a live 

footage while the CCTV camera moves into the pipeline on a remote-control tractor. In 

Lykkjbekken catchment, CCTV was used for inspecting the sewer network before and during 

DTS project. Figure 3.9 demonstrates some CCTV inspection pictures in the Lykkjbekken 

separate foul sewer before DTS installation. In this case the CCTV operators did not report any 

major problem in the network before fiber-optic DTS installation. However, as it is shown in 

the left picture in the Figure 3.9, high amount of clean-water inflows from a house connection, 

which can be corresponded to I/I from stormwater or groundwater. The CCTV inspection was 

conducted on 13 April 2015, which was a rainy day. Therefore, this water could be a rainfall-

derived inflow from a misconnected storm drain, which was confirmed later by DTS 

monitoring and smoke testing in the location x=3964 m (see chapter 7). By the time of the 

inspection, the operator underestimated the sewer failure in this location with considering it as 

an inflow from the house connection. 
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Figure 3.9 CCTV inspection photos in PVC sewer network of Lykkjbekken catchment in 

April (left) and May (right) 2015 

In CCTV inspection, the status of the sewer network can be defined by grading each pipeline failure 

from 1 to 4. After evaluating the failure score for each section of the network between two manholes, 

the condition of the network can be classified in a 5-level scale, which S1 is very good and S5 is the 

useless condition. The condition classes of 1 and 2 do not require any improvements, while 3 needs 

more assessments for improvement, and pipelines in condition levels of 4 and 5 should be prioritized 

for rapid improvement measures. The CCTV inspections of Lykkjbekken network classified that the 

network was in condition class 1 and 2. Figure 3.9 demonstrates CCTV inspection pictures of two 

different pipe section in Lykkjbekken network with condition class 2. 
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4. DATA ANALYSIS AND I/I 

MODELING 

4.1 Historical data analysis 
 

Analyzing the available historical data, e.g. hydrological, geological, hydrogeological, and 

flow, in the sewer network is the preliminary step to evaluate the I/I in sewer networks and 

obtaining information about the presence of any extraneous water ingress in the sewer system.  

By analyzing the geology and morphology of the catchment soil in GIS, i.e. type, depth, and 

size of the soil material, the probability of infiltration from groundwater can be estimated. The 

coarser the soil material is, the higher is the permeability, and the easier is the groundwater 

movement and infiltration. In Lykkjbekken catchment, there are large portions of areas with 

thick oceanic deposits, glacial drifts, peat and marsh, and smaller areas with glacial stream 

deposits and weather corrosion materials. As it is demonstrated in Figure 4.1, soil classification 

analysis in Arc GIS software around the Lake Jonsvatnet and Lykkjbekken catchment 

demonstrates the variety of groundwater infiltration capacity in different parts of the sewer 

network.  

To further investigate the sewer system I/I of the Lykkjbekken catchment, the available 

historical data of hydrological and hydrogeological cycle was analyzed. Therefore, recorded 

wastewater flow, groundwater table, lake water level, and precipitation were evaluated 

simultaneously. Figure 4.2 illustrates the sewer network in Lykkjbekken catchment in addition 

to the location of the flowmeter, pumping station, and rain gauge. The location of the nearest 

groundwater well to the Lykkjbekken catchment is indicated in Figure 4.1, which is in the 

southeast of the study area. Due to similar geology and soil classification in major parts of both 

catchments, it was assumed that the fluctuations of groundwater level and seasonal variations 

could follow the same pattern in both catchments. Figures 4.3 and 4.4 demonstrate the 

relationship between wastewater flow and other hydrological and hydrogeological variables in 

Lykkjbekken catchment in wet and dry weather conditions respectively. 
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Figure 4.1 Soil classification analysis in Arc GIS around the Lake Jonsvatnet (left), and 

Lykkjbekken catchment (right) (data from Geological Survey of Norway). 

 

Figure 4.2 Wastewater network in Lykkjbekken catchment with location of rain gauge, 

flowmeter, and pumping station (Trondheim Municipality, 2013).  
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As it is demonstrated in Figure 4.3, Lykkjbekken wastewater flow (from both flowmeter and 

pumping station) follows the same trend with recorded precipitation and lake water level 

especially in wet weather conditions. Groundwater data with one day delay demonstrated better 

correlation with the precipitation and flow data. This can be due to the dominant type of the 

soil in southeast parts of the catchment with high impermeability and low infiltration capacity. 

However, lake water level fluctuations in wet conditions can be an indicator of groundwater 

fluctuations in the areas with coarse soil and high permeability. 

 
 

Figure 4.3 Wastewater flow relationship with precipitation and groundwater table in wet 

weather condition in Lykkjbekken catchment.  

Figure 4.4 illustrates the relationship between the lake water level, groundwater and pumped 

wastewater flow in a dry weather condition without precipitation and snowmelt. The data 

analysis emphasizes the presence of I/I from unknown stormwater and groundwater sources to 

the sewer network in Lykkjbekken catchment and validates the results out of the soil 

classification results in Figure 4.1. The analysis of historical data in Lykkjbekken catchment 

highlights the need for detection and reduction of unwanted water by relevant and effective I/I 

detection and rehabilitation methods. 
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Figure 4.4 Wastewater flow relationship with the groundwater table in dry weather condition 

in Lykkjbekken catchment.  

The groundwater data was applied from Sagelva, which is a neighbor catchment to 

Lykkjbekken. The size of the wetlands and areas with coarse soil material in Lykkjbekken is 

larger than the corresponding wetlands in Sagelva. Therefore, the response time of the 

groundwater in Lykkjbekken is faster than Sagelva.  The correlation between the flow and 

groundwater data with a one-day delay can be used to see the groundwater impacts on the flow 

in the Lykkjbekken pumping station. Figures 4.5, 4.6 and 4.7 illustrate respectively the cross-

correlation analysis between flow at Lykkjbekken pumping station with precipitation, and 

groundwater level in wet and dry weather conditions. 
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Figure 4.5 Cross-correlation analysis between flow at the pumping station and precipitation in 

Lykkjbekken catchment. 

 

Figure 4.6 Cross-correlation analysis between flow at the pumping station and groundwater level 

in wet weather conditions in Lykkjbekken catchment. 

 

Figure 4.7 Cross-correlation analysis between flow at the pumping station and groundwater level 

in dry weather conditions in Lykkjbekken catchment. 

R² = 0.5314

-5

0

5

10

15

20

25

30

35

0 0.5 1 1.5

P
re

ci
p

it
at

io
n

 (
m

m
/d

ay
)

Flow at pumping station (l/s)

R² = 0.3023

-4.4

-4.3

-4.2

-4.1

-4

-3.9

-3.8

-3.7

0 0.5 1 1.5

G
ro

u
n

d
w

at
er

 le
ve

l (
m

et
er

)

Flow at pumping station (l/s)

R² = 0.2831

-4.5

-4.4

-4.3

-4.2

-4.1

-4

-3.9

-3.8

-3.7

-3.6

0 0.2 0.4 0.6 0.8 1

G
ro

u
n

d
w

at
er

 le
ve

l (
m

)

Flow at pumping station (l/s)



32 
 

The cross-correlation between precipitation and wastewater flow in Figure 4.5 shows the 

presence of extraneous water inflow in the sewer network in some wet periods as it is 

demonstrated in Figure 4.3. However, as it is demonstrated in Figures 4.6 and 4.7, the poor R2 

between groundwater level and wastewater flow in the pumping station in both dry and wet 

periods can be due to the soil type and high impermeability of the catchment. Therefore, the 

separate sewer network in Lykkjbekken is not significantly affected by infiltration from 

groundwater.  

4.2  I/I modeling  

After analyzing the historical data, sewer I/I can be simulated in Lykkjbekken catchment. 

Therefore, the GIS software can be applied in combination with the SWMM software to 

analyze I/I in the sewer network. The SWMM is a software developed by the US Environmental 

Protection Agency (EPA), which dynamically simulates rainfall-runoff-subsurface routing and 

analyzes various hydrological processes. This software is applicable for analysis, planning, and 

design applications of different hydrological processes such as rainfall-runoff, flooding, sewer 

overflow, and pollution control. In the current study, the SWMM modeling was applied in 

assessing I/I in the separate sanitary sewer of Lykkjbekken catchment during various weather 

conditions. 

Trondheim municipality provided the data of Lykkjbekken catchment, the sewer network (e.g., 

conduits, manholes, and their attribute data), and pumping station from Gemini VA database 

(a database for water and wastewater system in Norway). To build the model in SWMM, the 

data should be analyzed and processed in the GIS tool of the ArcMap software. Therefore, the 

digital elevation model (DEM) was downloaded from ”Geonorge.no”, and groundwater and 

geological data were obtained from the Geological Survey of Norway (NGU.no). The 

precipitation was measured in Lykkjbekken catchment, and temperature data was gained from 

the Norwegian meteorological institute. The I/I were modeled during dry and wet weather 

conditions and Lykkjbekken pumping data was used for model calibration and validation, see 

Figure 4.8. 

In a study together with Birgitte Taugbøl Kragset (2018), the sewer infiltration simulation of 

Lykkjbekken catchment was conducted for three weather conditions; dry with low and high 

groundwater table, and wet weather condition. The model was calibrated against the measured 

flow at Lykkjbekken pumping station.  

Calibration is the process of matching the bahaviour of the model with the observed data by 

changing the model parameters, which is essential for the performance of the model (Gupta, 

Sorooshian and Yapo, 1999). The I/I calibration was carried out for two periods of dry weather 

condition with infiltration unrelated to precipitation and wet weather condition with infiltration 

related to precipitation. For the dry weather condition, the model was calibrated by considering 

the estimated baseflow from the households. In simulation of rainfall derived I/I (RDII), 

precipitation time-series was considered as model input. In SWMM modelling, the RDII can 

be estimated by unit hydrographs with short-term, medium-term and long-term responses 
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(Rossman, 2015). Each unit hydrograph is defined by RTK parameters (Figure 4.9), where R 

is the ratio of precipitation volume that enters the sewer network, T is the time from the start 

of the rainfall to the peak of the hydrograph, and K is the ratio of recession time from the 

hydrograph peack to the end (Kragset, 2018). 

Figure 4.8 Sewer modeling of Lykkjbekken catchment in EPA-SWMM software (Kragset, 

2018). 

 
Figure 4.9 RTK parameters in unit-hydrographs (Muleta and Boulos, 2008). 
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To exclude the affect of direct I/I, the period between December 2014 and February 2015 with 

low snowmelting and groundwater table was chosen. Moreover, the days with rainfall and 

holidays were extracted from the time series to give a better and more reliable dry weather 

simulation. For simulation of dry weather with high groundwater table, the period between 27 

April to 21 May 2015 was chosen. For simulating the RDII in wet weather condition, a period 

with low groundwater table and intense rainfall in summer was chosen. Therefore, the period 

of 27-28 August 2015 with low groundwater table and 46 mm precipitation during 14 hours 

was considered. Table 4.1 presents the calibration results for the three various weather 

conditions.  

Table 4.1 Statistical analysis of the simulated flow and observed flow in Lykkjbekken pumping station. 

 Dry weather with low 

groundwater table 

Dry weather with high 

groundwater table 

Wet weather 

condition 

Correlation (R
2
) 0.69 0.67 0.65 

Nash-Sutcliffe efficiency (NSE)* 0.64 0.59 0.55 

Relative error in flow volume
**

  7.36% 7.78% 28.5% 
 

*NSE = 1 - ( sum( (Qobservation - Qsimulation)^2 ) / sum( (Qobs - mean(Qobs))^2 ) 

** Relative error in volume of flow = (Vsimulation-Vobservation)*100 / Vobservation 

The results from simulation of the wastewater in dry weather condition with both low and high 

groundwater table demonstrated insignificant extraneous water I/I in the sewer network. The 

correspondance R2 between the measured flow and simulated dry weather conditions with low 

and high groundwater tables were respectively 0.69 and 0.67, while NSE were 0.64 and 0.59. 

Moreover, the relative volume error of the total simulated flow from the measured flow is 

insignificant (~ 7%), see Table 4.1. Simulation of the wastewater in wet weather condition was 

more complicated and done by defining the best set of RTK parameters for unit hydrographs. 

The model simulated the flow with 0.65 R2 and NSE of 0.55 (Figure 4.10). The results 

demonstrated that rainfall-derived I/I was around 68% of the total wastewater volume in the 

storm event on 27-28 August 2015 with 46 mm precipitation. The simulated graph is smoother 

than the flow due to the fluctuations of the measured flow in the pumping station. 

 

Figure 4.10 Simulated and measured flow during wet weather conditions (Kragset, 2018). 

The results from the sewer and I/I modeling in SWMM software indicated the presence of 

rainfall-derived I/I in the sewer network, however, no significant groundwater infiltration was 
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detected in both low and high ground water table. The reason for the same trend in pumping 

station flow and groundwater table in dry weather condition in Figure 4.4, can be due to 

previous rainfalls that gradually affected sewer flow by rainfall-induced infiltration. The low 

infiltration capacity of the large area in the Lykkjbekken catchment can be a good explanation 

for this behaviour of the system. The modeling of I/I in the sewer network of Lykkjbekken 

highlighted the need for restriction of rainfall-induced sources of extraneous water I/I in the 

sewer network by rehabilitation planning.  

The model validation results follow the same trend as the flow data but were less satisfactory 

than the calibration. This can be due to fluctuations in the recorded pumping data, that was 

used as the observation data for calibration and validation, and cannot be modeled as the 

catchment continues flow. The accuracy of defining proper unit hydrograph parametrs is 

another source of uncertainty, which can cause failure in model validation. Moreover, 

uncertainties in accuracy of the model physical parameters, such as depth and height of the 

manhole nodes can be another source of error in validation.  
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5. STRATEGIC PLANNING 

(PUBLICATION I) 

The following publication Sustainability assessment in strategic management of wastewater 

transport system: a case study in Trondheim, Norway, written by Maryam Beheshti and 

Sveinung Sægrov, was published in 2018 in Urban Water Journal, Volume 15, Issue 1, pages 

1–8, DOI: https://doi.org/10.1080/1573062X.2017.1363253  
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Norway 

Maryam Beheshti and Sveinung Sægrov 
 

Department of Civil and Environmental Engineering, Norwegian University of Science and 

Technology (NTNU), Trondheim, Norway 

 

Abstract: Sewer networks represent high value in water infrastructure assets and it is important to 

develop and operate them by specified sustainable management. This paper presents the results of a 

sustainability analysis on the wastewater transport system of Trondheim, Norway, for future planning 
(2014–2040) from a metabolism-based performance analysis by the Dynamic Metabolism Model 

(DMM). The aim of this work is to demonstrate a methodology for comparing different pathways 

toward a sustainable management of wastewater systems. For this purpose, four intervention strategies 

‘infiltration and inflow reduction’, ‘increasing rehabilitation rate’, ‘extension of system regarding 
population growth’, ‘energy management’ along with different combinations of them have been 

analysed. The results of this study may give some support to decision-makers in wastewater 

departments. In practice, to achieve strategic level planning of sustainable sewer asset management, it 

is vital to assess different aspects of sustainability and manage them in a comprehensive system. 

Keywords: Sustainability, Urban Water Systems (UWS), sewer infrastructure asset management, Dynamic 

Metabolism Model (DMM)  

 

Introduction 

Urban water systems (UWS) are related to different aspects of sustainability such as social, 

economic, and environmental dimensions, which are ‘triple bottom line’ of the sustainability 

concept. Utilities usually have robust concepts of water quality, treatment efficiencies and cost-

effectiveness; nevertheless, in recent years more attention has been given to broader 

sustainability aspects such as greenhouse gas emissions and life cycle environmental 

effects (Ashley et al., 2008; Slagstad and Brattebø, 2014). Moreover, with regard to asset 

investments, the ‘triple bottom line’ approach of sustainability should be considered (Ashley 

et al., 2008). The aim of this work is to demonstrate a methodology for comparing different 

pathways toward sustainable management of wastewater transport systems, which represent a 

high value in water infrastructure assets.  

Urban water and wastewater infrastructure assets are undergoing aging and deterioration (Ana 

and Bauwens, 2010), due to lack of sufficient municipal investments in maintenance and 

rehabilitation (Rehan et al., 2014). Functional efficiency and structural quality of sewer 

systems are the principal factors that ensure urban and industrial wastewater transport to 

treatment plants without infiltration and exfiltration (J. B. Ellis et al., 2005). Management of 

infiltration and exfiltration in the urban sewer system is crucial in the long term to achieve good 

performance, which is a prerequisite for water infrastructural asset management and has 

https://www.tandfonline.com/author/Beheshti%2C+Maryam
https://www.tandfonline.com/author/S%C3%A6grov%2C+Sveinung
https://www.tandfonline.com/keyword/Sustainability
https://www.tandfonline.com/keyword/Urban+Water+Systems+%5C%28UWS%5C%29
https://www.tandfonline.com/keyword/Sewer+Infrastructure+Asset+Management
https://www.tandfonline.com/keyword/Dynamic+Metabolism+Model+%5C%28DMM%5C%29
https://www.tandfonline.com/keyword/Dynamic+Metabolism+Model+%5C%28DMM%5C%29
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significant environmental, social and economic impacts on cities (Beheshti, Sægrov and 

Ugarelli, 2015).  Moreover, the sustainable management of the water infrastructure should be 

considered in strategic long-term planning of UWS, which leads to economic and 

environmental achievements for society. These infrastructures present a high asset value and 

future generations will inherit the consequences of today’s investments decisions (Marlow et 

al., 2013).  Unfortunately, this important issue in general has not been considered seriously 

until now and there are only few studies which have been carried out on social and 

environmental aspects of sustainability on UWS (Ludzia, Larsson and Aguayo, 2014).  

Greenhouse gases (GHG) are released continuously during the installation phase, operation 

and maintenance phase and rehabilitation phase. However, more than 80% of these emissions 

happen during fabrication of pipelines (Strutt et al., 2008; Venkatesh, Hammervold and 

Brattebø, 2009). Therefore, to reduce the amount of GHG emissions it is wise to keep current 

pipelines in the network by proper maintenance and rehabilitation plans, which is the main 

outcome of an efficient sustainable infrastructure management. There are different 

methodologies available for estimating the environmental impacts of water and wastewater 

systems, such as Strategic Environmental Assessments (SEA), Cost-Benefit Analysis (CBA), 

Material Flow Analysis (MFA), Life Cycle Assessment (LCA), Environmental or Ecological 

Risk Assessment (ERA) (Finnveden et al., 2009; Chen, Ngo and Guo, 2012).  

SEA is a tool for integrated assessment of environmental aspects at a strategic level (Lee and 

Walsh, 1992; Salhofer, Wassermann and Binner, 2007). This method is defined as the 

structured and holistic procedure of assessing the environmental consequences in the initial 

phase of policies, plans and programs to assure they are properly addressed and are in line with 

economic and social concerns of decision-making (Nilsson et al., 2005; Salhofer, Wassermann 

and Binner, 2007; Garfì et al., 2011). The CBA method evaluates an urban system 

quantitatively from integrated economic and environmental aspects (Salhofer, Wassermann 

and Binner, 2007; Villarroel Walker et al., 2014), with consideration of internal costs and 

external environmental and social impacts (Chen, Ngo and Guo, 2012). In this method, the flux 

of material, resource and energy into the system can be estimated as monetary revenue and 

expenditure changes (Villarroel Walker et al., 2014). MFA is based on understanding and 

quantitative analysis of the flows, transformation and stocks of materials, energy and resources 

in a system specified in scope and time (Brunner and Helmut, 2004; Garcia-Montiel et al., 

2014). In UWS, MFA deals with the inflow of materials and energy to the water and wastewater 

networks, i.e. due to addition of pipelines and the rehabilitation rate. MFA is an effective initial 

monitoring method in UWS and its outcomes are a leading consideration for evaluating a 

system (Brunner and Helmut, 2004; Chen, Ngo and Guo, 2012).  LCA is applied for evaluating 

the life cycle environmental impacts of the flows into a system, and has proven to be feasible 

in sustainability assessment of UWS in the last 20 years (Loubet et al., 2014). Furthermore, 

ERA is a method for assessing the adverse impacts of environmental pollutions arising from 

human activities with a known uncertainty level (Oost, Beyer and Vermeulen, 2003). This 

method mainly evaluates site-specific chemical hazards in UWS (Chen, Ngo and Guo, 2012).  
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UWS can be analysed from a sustainability point of view by metabolism-based models. The 

approach is to assess and analyse the flow, conversion and process of resources in the concept 

of material, money and energy into the UWS to accomplish the mandatory requirements of the 

system in terms of water supply and sanitary transport at the required quantity and quality 

stages (Venkatesh, Sægrov and Brattebø, 2014). WaterMet2 (WM2) developed at Exeter in the 

UK (Behzadian et al., 2014), and the Dynamic Metabolism Model (DMM) developed at the 

Norwegian University of Science and Technology (Venkatesh, Sægrov and Brattebø, 2014) are 

two metabolism-based models for sustainability modelling and analysis of UWS, which are 

developed on the basis of MFA and LCA (Venkatesh et al., 2017). These two mass-balanced-

based models have been tested for analysis of energy consumption, emissions, costs and 

environmental impact of UWS in Oslo as a case study (Venkatesh et al., 2017).  UWS 

metabolism like other urban metabolic systems, is in interaction with other domains such as 

social, economic and environmental criteria (Behzadian and Kapelan, 2015), and these 

metabolism-based models give the opportunity to quantitatively investigate and document 

metabolism of UWS as a basis for sustainability analysis under different strategic scenarios 

and interventions for long-term planning.  

In the current study, a sustainability analysis by DMM has been conducted on the wastewater 

transport system of Trondheim. The system consists of combined and separate sewer pipelines 

for transporting foul sewer and stormwater in addition to pumping stations. Other components 

of the wastewater system such as wastewater treatment plants (WWTP) are excluded from this 

study. This will require detailed analysis of the wastewater system hydraulic performance and 

respective detailed information of components in WWTP. They are therefore the subject of 

separate studies.   

Methodology 

The wastewater transport system has not been considered alone in previous sustainability 

studies. In this study, the metabolism of the wastewater transport system of the city of 

Trondheim in Norway has been investigated and assessed by the DMM. For this purpose, 

different scenarios and interventions have been defined as possible action requirements for 

improving the current system. Each of these scenarios involves a broad range of changes in 

economic and technological factors, and the environmental, functional and economic aspects 

of sustainability have been analysed and evaluated. The historical data of 2000–2013 have been 

used as the database of this study and predictions have been made for the period 2014–2040.  

DMM 

DMM is a mass-balance model, which was developed by Venkatesh et al. (2014) for UWS, 

within the European research project TRUST (TRansitions to the Urban Water Services 

of Tomorrow). The keyword ‘metabolism’ refers to inflow of materials and outflow of them in 

the concept of emissions and by-products from a system (Venkatesh, Sægrov and Brattebø, 

2014). The aim of the development was to implement a complete systematic approach to the 

study of metabolism and environmental effects of resource flows in UWS, i.e. water flows, 

material and energy consumption, resource recovery, waste and emission flow (Appendix 8). 
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This model offers an instrument for the investigation of possible future services, strategies and 

interventions in UWS (Venkatesh, Sægrov and Brattebø, 2014). Moreover, by using the DMM 

the UWS can be quantitatively analysed with regard to energy consumption, emissions, 

environmental impacts, economic and physical properties by annually-based performance 

indicators for the whole of the system and its subsystems (such as water distribution and 

wastewater transport) under different interventions toward future improvements (Venkatesh et 

al., 2017).  

The detailed concept of DMM has been presented by Venkatesh et al. (2014) for UWS. 

However, some important characteristics of this model are flexibility, simplicity and 

modifiability; nevertheless, it has its own shortcomings. The model has some simplicities that 

make it notable, such as a user-friendly interface in an MS-Excel-based model. Simplicity of 

this model can be both an advantage and a limitation. However, the main limitation of the 

DMM model is that it is a concentrated and lumped model in this version, which is based on 

general data of the system. The focus of this model is on investigating the impacts of long-term 

intervention strategies on the comprehensive view of the UWS for supporting decision-making 

(Venkatesh et al., 2017). Therefore, DMM is a suitable tool for the initial analysis phase of 

strategic planning with requiring fewer data, while distributed models like WM2 can be used 

for more in-depth analysis requiring more detailed data (Venkatesh et al., 2017). Moreover, 

this method has some limitations regarding uncertainty. There is always uncertainty when 

making assumptions for material flow rate and introducing new products and materials in the 

system, and it is very common that inflow, outflow and variations in materials and resources 

do not match (Brunner and Helmut, 2004).  

 In Trondheim, it is planned to add specified kilometer pipelines to the system every year and 

rehabilitate existing pipelines by a cured-in-place-pipe (CIPP) approach at a specific rate per 

year (Appendix 3 & 4). In this study, the flow of material and resources for the wastewater 

transport network has been considered and applied as inputs to the DMM model (Appendix 1 

& 2). For calculation of pipeline material flow, some of the assumptions for transforming the 

pipeline length data to weights of the material are borrowed from the study that Venkatesh et 

al.  (2009) has been carried out on MFA-LCA analysis of wastewater pipeline networks in 

Oslo, Norway. Furthermore, installation, rehabilitation, and maintenance and operation of 

wastewater pipelines are energy demanding and this aspect has been considered in this study.  

Case system description 

The city of Trondheim is the third largest in Norway with a population of 179,385 inhabitants 

in 2013 (Appendix 5). Prognosis from the Statistics Center Norway shows that Trondheim city 

will grow by around 30,000 new residents until 2025, and by 2040 there will be around a 30% 

increase in population compared with the year 2013 (Statistics Norway, 2015).  In Trondheim, 

50% of wastewater production is from households, which correlates to water consumption, and 

the remainder is from industry (Slagstad and Brattebø, 2014).  

The wastewater transport system of Trondheim with average age of 30 years consists of about 

1200 km in public and municipal sections. However, the oldest pipelines, which are still in use, 
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are more than 100 years old. The wastewater network consists of pumping stations, combined 

and separate sewer pipelines for transporting foul sewage and stormwater for treatment to one 

of the WWTPs of Høvringen (HØRA) and Ladehammeren (LARA) before being released in 

Trondheim fjord (Figure 1(a)); 51.7% of the total length of the foul sewer network in 

Trondheim is separate, and the rest is combined. The length of the separate stormwater network 

in Trondheim at the end of year 2013 is 40% of the whole wastewater transport network. 

Moreover, there are 54 pumping stations in the wastewater transport system of Trondheim, of 

which three are for stormwater, 24 for foul sewer, and 27 for the combined system (Trondheim 

Municipality 2013). The water balance of wastewater and stormwater systems in Trondheim is 

shown in Figure 1(b), which illustrates the years 2009–2011.  

 

 

Figure 1. (a) The case study area. (b) Trondheim water balance 2009–2011 (million 

m3/year) (Trondheim Municipality 2013).  

This figure shows that the amount of infiltration and inflow (I/I) of extraneous water into the 

sewer system in dry weather conditions is about 46% of the water, which is delivered to the 

WWTP. It is a priority in the municipality to reduce this extraneous water, and the possible 

actions to handle this problem are:  

https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0001
https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0001
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 Increasing treatment capacity.  

 Increasing the capacity of the wastewater transport system by separation of sewage 

and stormwater, installing detention basins and applying local stormwater solutions.  

 Decreasing the amount of inflow and infiltration to wastewater transport system by 

spot repair and complete rehabilitation of sewer network.  

In this study, some possible actions inside the wastewater transport system are considered by 

defining different scenarios and interventions in order to decrease the flaws and deficiencies 

and improving the current system.  

Scenarios and interventions 

One scenario is the combination of the actions of risk factors which influence the system in a 

specific way (Venkatesh, Sægrov and Brattebø, 2014). A risk factor is a specification, feature 

or aspect, which raises the likelihood of something undesirable happening. By identifying and 

understanding various risk factors, the related interventions and actions can be undertaken for 

preventing the unwanted consequences in the system.  

According to the policies of the wastewater section of Trondheim municipality, the current 

plan is to improve the performance of the wastewater transport system and improve the 

stormwater management, in addition to having an energy management process. By analysing 

various risk factors, the need for new interventions arises. The risk factors that are considered 

in this study are population growth, asset deterioration, energy consumption (fossil fuels), and 

climate change. A scenario can be a combination of two or more risk factors, which affect the 

sewer system functionality.  

The ‘status quo’ presents the current condition of the network without considering any risk 

factors and the same population growth as in the prognosis (Appendix 5). Furthermore, a 

constant development of the wastewater network, as average network development and 

pipeline installation of 2005–2013, is assumed for period 2014–2040. In addition, the 

rehabilitation rate is the same as the master plan for Trondheim. Besides, a 10% reduction in 

water demand per capita until 2040 is assumed due to increasing inhabitants’ awareness of 

water usage and use of more water-saving facilities. Consequently, less water consumption will 

lead to less wastewater generation.  

Table 1 demonstrates a general overview of risk factors and corresponding interventions, 

which are considered in this study for the wastewater transport system, according to discussions 

with experts in water and the wastewater section of Trondheim municipality. The black cells 

present the risk factors which are involved in each intervention.  
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Table 1. Risk factors and interventions of wastewater transport system.  

Interventions Risk factors  

Population 

growth 

Sewer asset 

deterioration 

Energy 

consumption 
(Fossil fuels) 

Climate 

change 

a: Reduction of Infiltration and 

inflow 
    

b: Increase of rehabilitation rate      

c: Extension of WW 
transportation network 

    

d: Energy management     

a+b     

a+c     

a+d     

b+c     

b+d     

c+d     

a+b+c     

a+b+d     

a+c+d     

b+c+d     

a+b+c+d     

Interventions 

Various interventions can be implemented for the wastewater transport system. Some possible 

interventions which can be considered in this study arising from discussions with the 

Trondheim municipality, are listed below:  

i. Intervention ‘a’: Reduction of infiltration and inflow (I/I)  

Reduction in I/I of the non-sewer water to the system gradually, at a rate of 20% by the year 

2040. Removing this water may add economic, environmental, and social benefits to the entire 

UWS. Spot repair is a solution for reduction of I/I to the wastewater network. The realistic 

number of repairs in this study is assumed to be 100 repairs per year. Spot repair can be 

supported by some high-tech tools such as fiber-optic Distributed Temperature Sensing (DTS) 

cables for localizing the exact I/I location in the sewer pipelines. The cost assumption for this 

purpose is about 1660 Euros per repair. This value adds to the operational expenses for each 

year.  

ii. Intervention ‘b’: Increase of wastewater transport system rehabilitation rate 

According to the master plan of Trondheim municipality, the rehabilitation rate, which is a 

combination of renovation and separation, for wastewater transport system in ‘status quo’ is 

around 5 km, which is 0.41% of the total wastewater network. It will increase gradually to 8 km 
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(0.67%) by the year 2040 (Appendix 3). In this intervention, the rate of 1.6%, which is the 

reference rehabilitation rate in the Oslo municipality, is assumed for the sewer system for the 

whole study period. This rate is quite ambitious and is selected to visualize clearly the impact 

of extensive rehabilitation on the environment. It is assumed that this increase in rehabilitation 

rate will decrease the I/I to the wastewater network by a rough estimation of 15% until the year 

2040. Having detailed information regarding the size and length of pipelines, the corresponding 

ratio for the year 2013 is used for the whole of the study period. The cost assumption for 

rehabilitation of each kilometer of pipeline is about 440 Euros/m for renovation and 880 

Euros/m for separation and replacement. This value has been considered in this study, for the 

additional rate of rehabilitation, which has not been considered in the current rehabilitation 

plan of Trondheim.  

iii. Intervention ‘c’: Extension of wastewater transport network 

In this study, it is assumed that a constant development average of 2005–2013 for the entire 

study period is the ‘status quo’. However, population growth may require a different extension 

of the sewer and stormwater networks. In this intervention, extension of the wastewater 

network has been considered proportional to the population growth rate. The expansion of the 

system as ‘status quo’ is higher than when considered based on population growth (Figure 2).  

 

 

Figure 2. Extension of the sewer network based on population growth in intervention ‘c’ 

versus constant development as average 2005–2013 in ‘status quo’.  

The existing system is generally overdesigned and possesses extra capacity for wastewater 

transport, especially in the combined sewers, which cope well in extreme events. This capacity 

can be utilized in city expansion, since the focus is on reduction of I/I into the sewer system 

and separation of combined networks. Also, this can be supported by blue-green solutions for 

stormwater management.  

iv. Intervention ‘d’: Energy management 

From an energy point of view, it is considered desirable to reduce energy consumption by a 

reasonable estimate of 20% by 2040 due to using more electricity instead of diesel and fossil 

https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0002
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fuels, automation/optimization of pumping stations, using more no-dig technology in 

rehabilitation of the network, and using more electric vehicles and instruments. To fulfil this 

purpose, an investment of 0.11 million Euros per year is assumed.  

The combination of a+b, a+c, a+d, b+c, b+d, c+d, a+b+c, a+b+d, a+c+d, b+c+d, and a+b+c+d 

are also considered in this study and the most powerful combinations are presented in the 

results.  

Results and Discussion 

The per capita indicators, which are investigated in this study, are listed as below:  

 GHG emissions per capita 

 Total energy consumption per capita 

 Length of pipeline per capita 

 Wastewater treated per capita 

 Operation and maintenance expenses per capita 

 Capital expenditure per capita 

Table 2 demonstrates the percentages of changes of selected indicators in 2040 for the 

wastewater transport system of Trondheim, which are modelled in DMM, compared with 

‘status quo’ in the same year. In all the changes, a negative value is desirable.  

Table 2. Changes of selected indicators in 2040 (in percent) for Trondheim wastewater 

transport system in comparison with ‘status quo’.  

Indicators Environmental Physical & Functional Economic 

GHG 

emissions 

per capita 

(kg CO2-

eq per 

cap/y) 

Total energy 

consumption 

per capita 

(kWh per 

cap/y) 

Length 

of 

pipelines 

per 

capita 

(km per 
cap) 

Wastewater 

treated per 

cap per year  

(m3 per cap) 

O&M 

expenses  

per 

capita 

(Euros 

per 
cap/y) 

Capital 

expenditure 

per capita 

(Euros per 

cap/y) 

Increase desirable? 

(Y/N) 

N N Y-N N N Y-N 

|I
n

te
r
v

e
n

ti
o

n
s 

in
 2

0
4
0
 

a -0.3 -0.55 0.0 -9.4 1.01 0.0 

b 29.9 24.9 12.1 -6.7 3.11 254.3 

c -40.1 -37.6 -13.8 0.0 -4.6 -44.2 

d -4.3 -5.0 0.0 0.0 0.08 0.0 

a+b 29.5 24.4 12.1 -16.1 4.11 254.3 

a+c -40.4 -38.2 -13.8 -9.4 -3.6 -44.2 

a+d -4.6 -5.6 0.00 -9.4 1.09 0.00 

b+c -10.2 -12.6 -1.6 -6.7 -1.5 238.6 

b+d 25.6 19.9 12.1 -6.7 3.2 254.3 

c+d -44.4 -42.6 -13.8 0.00 -4.56 -44.2 

a+b+c -10.5 -13.2 -1.63 -16.1 -0.52 238.6 

a+c+d -44.7 -43.2 -13.8 -9.35 -3.55 -44.2 

a+b+d 25.3 19.4 12.1 -16.1 4.19 254.3 

b+c+d -14.5 -17.6 -1.6 -6.7 -1.45 238.6 

a+b+c+d -14.8 -18.2 -1.6 -16.1 -0.44 238.6 
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It is clear from Table 2 that interventions ‘c’, ‘a+c’, ‘c+d’, ‘a+c+d’ present better results in all 

indicators especially in decreasing GHG emission and energy consumption per capita. 

Interventions ‘b+c’, ‘a+b+c’, ‘b+c+d’ and ‘a+b+c+d’ present rather good results compared 

with ‘status quo’ in 2040. The overweighting intervention here is intervention ‘c’, which is an 

extension of the system by population growth rate. This intervention represents a lower degree 

of network extension and construction work than ‘status quo’, which causes less resource usage 

and therefore more environmental and economic benefits.   

Interventions ‘b’, ‘a+b’, ‘b+d’ and ‘a+b+d’ do not demonstrate good results in the wastewater 

transport system, regardless of decreasing the amount of wastewater, which is delivered to the 

treatment plant. The overweighting intervention here is ‘b’. In intervention ‘b’, increasing the 

rehabilitation rate and separation of the system adds more construction work to the network 

and therefore, the environmental and economic results are not desirable in the analysis of only 

a wastewater transport system. While it adds significant benefits to the environment by 

reduction of CSO and decreasing pollution in recipient. Moreover, decreasing the amount of 

I/I, which is delivered to WWTP, increases environmental advantages by less chemical- and 

energy-usage. However, these results are not considered here.  

Interventions ‘a’, ‘d’ and ‘a+d’ demonstrate low falls in results compared with ‘status quo’. 

However, intervention ‘a’ adds outstanding advantages to CSO and WWTP by a reduction of 

I/I.  

 

Figure 3. (a) Changes in GHG emissions per capita (‘status quo’, ‘a’, ‘b’, ‘c’, ‘d’). (b) Changes 

in length of pipeline per capita (‘status quo’, ‘a’, ‘b’, ‘c’, ‘d’, ‘b+c’). (c) Changes in wastewater 

treatment volumes per capita (‘status quo’, ‘a’, ‘b’, ‘c’, ‘d’, ‘a+b’).  
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Figure 3(a) demonstrates the changes in GHG emissions for different single interventions 

during the modelling period until 2040. In addition, total energy consumption per capita 

follows the same pattern as changes in GHG emission in different interventions.  

From a physical point of view, as illustrated in Figure 3(b), the lengths of network per capita 

in interventions ‘a’ and ‘d’ are not changed compared with the ‘status quo’. In interventions 

‘a’ and ‘d’ a constant rate as ‘status quo’ is assumed for the network growth until 2040. The 

network in intervention ‘b’ and its combinations with interventions ‘a’ and ‘d’, which are ‘a+b’, 

‘b+d’ and ‘a+b+d’, has greater length because of increasing the rehabilitation length and 

increasing the length of the separate wastewater network. However, the length of the network 

in intervention ‘c’ and its combinations with interventions ‘a’ and ‘d’ is the shortest between 

all interventions. In intervention ‘c’ the focus is on developing the system by population growth 

rate. The combination of ‘b’ and ‘c’ and their combinations with interventions ‘a’ and ‘d’ 

illustrate an increase until year 2032 and then gradually decreases compared with the ‘status 

quo’.  

Treated wastewater volume per capita decreases in the interventions, which are combinations 

of ‘a’, ‘b’ or both of them due to decreasing the I/I to wastewater pipelines. Intervention ‘a+b’, 

and its combination with other interventions illustrate the largest decrease in the treated 

wastewater per capita. The interventions ‘a’ and ‘b’ have the next most significant falls, 

respectively. The treated wastewater in interventions ‘c’, ‘d’, and ‘c+d’ remain the same as 

‘status quo’, as well as decreasing significantly compared with year 2013 in all interventions 

because of the basic assumption of reduction of I/I to the sewer system by 2040 in ‘status quo’ 

(Figure 3(c)).  

With regard to economic analysis, it is important to clarify the capital expenditure and 

operational and maintenance (O&M) expenses per capita. Capital expenditure refers to 

depreciation and interest payments, while the inputs of O&M expenses are energy, chemicals, 

maintenance and salaries. In this study, in interventions ‘b’ and ‘c’ the focus is on capital 

expenditure, due to depreciation cost of new pipelines in the system. However, in ‘a’ and ‘d’ 

the O&M expenses are considered with regard to extra maintenance and energy expenses. 

Furthermore, O&M expenses are also affected in ‘b’ and ‘c’ because of energy demand for 

installing and removing pipelines in the system. Capital expenditure per capita is not affected 

in ‘a’, ‘d’ and ‘a+d’. However, it decreases in intervention ‘c’, and intervention ‘b’ illustrates 

the largest increase; then, as presented in Figure 4(a), intervention ‘b+c’ shows an increase, 

which is less than the increase in intervention ‘b’. It is worth mentioning here that Figure 4(a) 

is not a smooth graph due to data on the economy from Trondheim municipality, which is used 

as the database of this study and is presented in ‘status quo’ (Appendix 7). O&M expenses per 

capita fall the most in intervention ‘c’ because of installing fewer pipelines than ‘status quo’. 

Other single interventions show increase in O&M expenses in comparison with ‘status quo’, 

while intervention ‘b’, ‘a’ and ‘d’ show the highest to lowest increases respectively. The 

highest O&M expenses in intervention ‘b’ is because of increasing rehabilitation rate which 

imposes high energy, salary and maintenance expenses (Figure 4(b)).  

https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0003
https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0003
https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0003
https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0004
https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0004
https://www.tandfonline.com/doi/full/10.1080/1573062X.2017.1363253#F0004
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Figure 4. Changes in (a) capital expenditure, and (b) operation and maintenance expenses per 

capita.  

The results of this study are based on the analysis of different interventions in the wastewater 

transport system of Trondheim, and the CSO and WWTP are not considered in this study. 

Furthermore, future interventions and assumptions of influx of material, energy and resources 

into the system are always followed by uncertainty, which is not considered in this study.  

Conclusion  

In the present study, the wastewater transport system of the city of Trondheim is analysed from 

a sustainability point of view by the dynamic metabolism model (DMM). The focus of this 

research is on environmental, energy, physical, and economic aspects of sustainable 

wastewater infrastructure management in the strategic planning period 2014–2040, based on 

the historical database 2000–2013. The main approach of this study is to analyse the impacts 

of different risk factors on the wastewater transport system and compare them with ‘status quo’ 

with a constant development of the wastewater network. With this aim, four interventions: ‘a’ 

(infiltration and inflow reduction), ‘b’ (increasing rehabilitation rate), ‘c’ (extension of system 

regarding population growth) and ‘d’ (energy management) along with different combinations 

of these interventions have been analysed. Based on the obtained results, the overall 

conclusions are as follows:  

Interventions of reduction of I/I (a), and energy management (d), and combinations of them 

(a+d) demonstrate low falls in results compared with ‘status quo’. These interventions also do 

not affect other interventions significantly in their combinations. However, by reduction of I/I 

in intervention ‘a’, outstanding advantages will accrue to CSO and WWTP by reducing 

wastewater volume. Nevertheless, the results of this study do not demonstrate the 

comprehensive effects on the whole wastewater system.  

Intervention ‘b’ presents the need for increasing the performance of the system by increasing 

the rehabilitation rate and separation of the network. This intervention does not demonstrate 

good results in the wastewater transport system for the selected level of rehabilitation (1.6%), 

regardless of reducing the amount of wastewater delivered to the treatment plant. It has also 

significant benefits on CSO and WWTP, which is outside the scope of this study.  

Intervention ‘c’ is extension of the network by population growth rate, which is actually lower 

than the extensions of recent years (‘status quo'). In the existing system extra space is supplied 
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for wastewater and stormwater transport. Additionally, for stormwater systems, blue-green 

solutions can reduce the need of extra flow capacity, and this is recognized in intervention ‘c’. 

This intervention and its combinations with ‘a’, ‘b’ and ‘d’ present good results in all indicators 

especially in decreasing GHG emissions and energy consumption.  

The energy management intervention (d) does not show any remarkable changes in results 

compared with ‘status quo’. This intervention represents automation/optimization of pumping 

stations, using more trenchless and no-dig technology in rehabilitation of the network and using 

more electric vehicles and instruments. By such measures, cities can achieve better energy 

management and significant reduction in diesel energy consumption. This will have major 

impact on the sustainable management of the wastewater system.  

The results of this study provide some evidence to decision-makers in the wastewater 

departments of Trondheim and other cities. For future developments, which are based on 

various climatic, socioeconomic and anthropogenic scenarios, the fulfilment of assumptions is 

strongly associated with future conditions and, therefore, uncertainty plays a relevant role, and 

reliability of the outcomes can be affected significantly (Freni, Mannina and Viviani, 2012).  

Therefore, it is worth taking into account uncertainty analysis in decision-making. Moreover, 

it is important to consider the whole system for final analysis and decision-making. This can 

lead to long-term sustainable plans and management in a wastewater transport system by 

having more focus on the environmental feature of sustainable sewer asset management besides 

the economic, physical, functional and social aspects.  

Supplementary data 

The supplemental material for this paper is available online 

at https://doi.org/10.1080/1573062X.2017.1363253. 
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DMM was applied to investigate and assess sustainability from environmental, physical, 

functional and economic aspects on the wastewater transport system of Trondheim in the period 

2014-2040, based on historical database 2000-2013. The flow of material and resources to 

wastewater transport network was exploited as DMM model inputs (Appendix 1 & 2). 

Rehabilitation of the sewer pipelines in Trondheim consists of renovation of the existing 

pipelines by a cured-in-place-pipe (CIPP) technique and separation of them by adding new 

pipeline to the network. The inflow of material into the sewer network according to 

rehabilitation plan of Trondheim was considered in this study (Appendix 3 & 4). Moreover, 

the historic energy consumption data in wastewater transport system was used as model input. 

Population prognosis of Trondheim until 2040 was considered according to statistic center of 

Norway. Population of Trondheim is rising and according to prognosis from statistic center of 

Norway, Trondheim municipality will grow by around 60 000 new residents until 2040, which 

is 33% increase in population in comparison with year 2013 (Appendix 5). Furthermore, the 

energy consumption of pipeline rehabilitation, maintenance and operation was considered 

(Appendix 6).  The economy input data of this study has been extracted from the annual 

investment plan of wastewater transport system of Trondheim municipality for the period 

2013-2040 (Appendix 7). 

Appendix 1: Pipeline data 

It is necessary to acquire detailed information on characteristics of the pipeline network in 

Trondheim for modelling sustainability in DMM. In classifying the pipelines, diameters less 

than 249 mm are considered as small, between 250 mm and 499 mm are considered as medium-

size and bigger than 500 mm are large pipelines. Based on available pipeline data the average 

percentage of pipelines with different sizes have been calculated for each year. Afterwards, 

according to the total length of installed pipelines in the system in each year, detailed average 

length of each size was calculated. In this study the average wastewater pipeline installation 

values from 2005-2013 were assumed as input values for the whole of prediction period 2014-

2040 in status quo.  

Table S1. Average length and percentage of installed and registered pipelines (2005-2013).  

size small medium large 

Average percentage (%) (2005-2013)  52,0 % 33,3 % 14,7 % 
Average length (m) (2005-2013) 7886,4 5048,9 2236,2 
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Appendix 2:  Pipe material 

 The materials of Trondheim wastewater network by the end of the year 2013 is presented in 

figure below.  As it is illustrated in this figure, the main part of the system is concrete pipeline 

with 81% of the total pipelines. PVC and PP pipelines are in the second score by 10% ratio. In 

addition, Table below presents average material distribution of installed pipelines in 

Trondheim based on their functionality in 2005-2013.  

 

 Figure S1. Wastewater pipeline material of Trondheim municipality at the end of 2013.  

Table S2. Average distribution material of installed pipelines (2005-2013).   
 wastewater stormwater Combined sewer  

Average  Concrete PVC PE PP Concrete PVC PE PP Concrete PVC PE PP 

2005-2013  36.8 % 52.5 

% 

9.4 

% 

1.3 

% 

59.4 % 36.0 

% 

3.7 

% 

0.9 

% 

62.4 % 16.6 

% 

17.4 

% 

3.6 

% 

 

Figure S2. Average distribution material of installed pipelines (2005-2013).  

Concrete
81%

PVC/PP
10%

PE
3%

Glassfiber
1%

Others
5%

Trondheim wastewater network material

Concrete PVC/PP PE Glassfiber Others

Wastewater
31%

stormwater
21%

combined 
sewer
48%

Material distribution in sewer 
network

Wastewater stormwater combined sewer



54 
 

Appendix 3: Renovation and replacement 

Rehabilitation is a combination of renovation and replacement. The general rehabilitation 

objectives for Trondheim municipality are:  

 minimum 5 km sewer pipelines per year in period 2013-2014 

 minimum 6 km sewer pipelines per year in period 2015-2019 

 minimum 7 km sewer pipelines per year in period 2020-2024 

 Around 8 km sewer pipelines per year in 20-30 years 

The percentage of rehabilitation length in 2013-2014, according to this plan is about 

0.41% of total wastewater transport network. For rehabilitation purposes, a polyester liner is 

utilized as CIPP. This rehabilitation technique focuses on tightening and strengthening the 

existing pipelines on site with trenchless and no dig solutions. In Trondheim, renovation 

proportion by CIPP is currently about 1/3 of all sewer network rehabilitation and the other 2/3 

is replacement of combined pipelines with separated ones.  

According to Trondheim municipality in 2013, renovation is applied when:  

 Combined system should be retained.  

 Combined system assumed to lie minimum 20-30 years ahead.  

 The renovated combined pipeline can serve as wastewater pipe in a future separate 

system.   

However, in the case of replacement of combined pipelines by digging methods, it is 

important to change it to separate pipelines. In separation, the current pipeline remains as 

wastewater pipeline and a new stormwater pipeline is introduced to the system.  

Based on the average ratios of pipeline size and length between 2005-2013 and 

objectives for pipeline rehabilitation lengths in future, detailed estimations for rehabilitation 

length for different sizes of pipelines in the study period has been made. Moreover, in order to 

find the influx of polyester to sewer pipelines by renovation methods, it is assumed a nominal 

diameter for each group of small, medium and large pipelines (small: 150, medium; 300, and 

large: 550 mm).  

Appendix 4: Polyester for CIPP rehabilitation 

Chosen Thickness of Polyester coating in a CIPP – 7.6 millimetres with a specific density of 

1380 kilograms per cubic meter.  

Appendix 5: Population change 

Net migration to Trondheim is rising and is expected to continue. Prognosis from Statistics 

Center Norway shows that Trondheim municipality will grow with around 30000 new residents 

until 2025 compared with population of 2013. By 2040, there will be around 30% increase in 

population in comparison with year 2013 (Statistics Norway 2013).  
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Table S3. Annual percentage increases in population growth prognosis of Trondheim 

considered for the modelling (Statistics Norway 2013). 
Year Rate of increase 

compare to 

previous year 

Year Rate of increase 

compare to 

previous year 

Year Rate of increase 

compare to 

previous year 

Year Rate of increase 

compare to 

previous year 

2014 1.39% 2021 1.19% 2028 0.91% 2035 0.74% 

2015 1.56% 2022 1.14% 2029 0.91% 2036 0.65% 

2016 1.48% 2023 1.13% 2030 0.90% 2037 0.64% 

2017 1.46% 2024 1.11% 2031 0.77% 2038 0.64% 

2018 1.44% 2025 1.26% 2032 0.76% 2039 0.64% 

2019 1.42% 2026 0.93% 2033 0.76% 2040 0.63% 

2020 1.4% 2027 0.92% 2034 0.75% 
  

 

 

Figure S3. Annual percentage increases in population growth prognosis of Trondheim 

considered for the modelling (Statistics Norway 2013).  

Appendix 6:  Energy consumption 

Diesel is consumed in installation, operation and maintenance (O&M), rehabilitation and 

retirement process of pipelines in water and wastewater networks. The DMM model has some 

assumptions for specific energy consumption for all of these activities on pipelines in the 

network based on different size categories. Furthermore, the historic energy consumption data 

in wastewater transport system was extracted from Trondheim municipality database.  

Table S4. Diesel Consumption (sourced from the Appendix in Venkatesh (2011)).  

Small-size pipelines  1 litre per metre 

Medium-size pipelines  1.5 litre per metre 

Large-size pipelines  2 litres per metre 

 

Appendix 7: Economy 

The economy input data of this study has been extracted from the annual investment plan of 

wastewater transport system of Trondheim municipality for the period 2013-2040. The 

exchange rate of Norwegian Kroners (Nok) to Euro has been considered 0.11 in this study 

(Source: www.xe.com, March 2015).  
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Figure S4. Cost allocation of wastewater transport system Trondheim for 2013-2040 

(Trondheim Municipality; 2013). 

Appendix 8: Dynamic methabolism model (DMM) 

DMM is a metabolism-based model, derived from methods of material flow analysis (MFA) 

and life cycle assessment (LCA). This model is based on analysis of material inflow to the 

UWS and outflow of them in the concept of energy , GHG emissions and byproducts from the 

system in the life cycle of the material (Venkatesh, Sægrov and Brattebø, 2014; Venkatesh, 

2011). This model implements a complete systematic approach to the study of metabolism and 

environmental effects of resource flows in UWS, i.e. water flows, material and energy 

consumption, resource recovery, waste and emission flow (Figure S5). Figure S5 demonstrates 

the schematic outline of the stocks and flows in different subsystems of UWS (water supply, 

water demand, wastewater, cyclic water recovery and resource recovery in addition to the 

source and recipient) as a base of DMM model (Venkatesh et al., 2017). In addition, DMM 

offers an instrument for the investigation of possible future services, strategies and 

interventions in UWS (Venkatesh, Sægrov and Brattebø, 2014; Beheshti and Sægrov, 2018c). 

Moreover, by this model the UWS can be quantitatively analysed from different aspects, such 

as energy consumption, emissions, environmental impacts, economic and physical properties 

by annually-based performance indicators for whole of the system and its subsystems (such as 

water distribution and wastewater transport) under different interventions toward future 

improvements (Venkatesh et al., 2017; Beheshti and Sægrov, 2018c). Figure S6 illustrates a 

holistic view of the structure of this model.  
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Figure S5. Metabolic flow of urban water system  (Venkatesh et al., 2017). 

     

Figure S6. Dynamic metabolic model flow  (Venkatesh, Sægrov and Brattebø, 2014). 

 

 

  

 

Qij=Water flow from subsystem i to subsystem j 
Qi=Water stock (reservoir) in subsystem i 
dQi/dt=Water stock change per unit of time 
Ai=Physical assets in subsystem i 
RC=Resources consumed 
RR=Resources recovered 
RAE= Resources avoided elsewhere 

W&E= Wastes & emissions 
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6. TACTICAL PLANNING 

(PUBLICATION II) 

The following publication Infiltration/Inflow Assessment and Detection in Urban Sewer 

System, written by Maryam Beheshti*, Sveinung Sægrov and Rita Ugarelli was 

published in 2015 in Vann Journal, Issue 1, pages 24-34. 
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Infiltration / Inflow Assessment and Detection in Urban 

Sewer System 
Maryam Beheshti*, Sveinung Sægrov, Rita Ugarelli 
 

Department of Civil and Environmental Engineering, Norwegian University of Science and 

Technology (NTNU), Trondheim, Norway 
*Email: maryam.beheshti@ntnu.no  

 

Sammendrag: Infiltrasjon og innlekking (I/I) av fremmedvann til avløpsnettet er ofte betydelig. Dette 

medfører økte kostnader for transport og rensing av avløpsvann. Fremmedvannet tar opp 

transportkapasitet og øker sannsynligheten for forurensningstap via overløp og oversvømmelser på 

terreng og i kjellere.  Lokalisering og fjerning av fremmedvann er derfor prioritert i kommuners planer 

for oppgradering av avløpsnett.  

Denne studien presenterer metoder for å lokalisere og kvantifisere I/I i avløpsanlegg, og diskuterer 

muligheter og begrensninger ved hver metode. Den konkluderer med at en kombinasjon av teknikkene 

er nødvendig for å oppnå tilstrekkelig kunnskap om årsaker og omfang av innlekking.  

 

Abstract: Infiltration and inflow (I/I) of non-sewer water into the urban sewer system is a critical 

problem in the long term for sustainable urban water management and water infrastructural asset 

management, with serious environmental, social and economic impacts on cities and sewer systems. I/I 

of unwanted stormwater, groundwater and other extraneous sources in sewer systems decrease 

availability and increase the risk of hydraulic overloading of the wastewater network, which may lead 

to local flooding or sanitary sewer overflows. Furthermore, it has negative impacts on performance and 

efficiency of wastewater treatment plants and increases pumping costs, energy consumption and 

maintenance requirement. 

There is no standard and specific operational procedure for investigating and detecting illicit 

connections and I/I in sewer systems. This study discusses commonly used and advanced methods of 

localizing and quantifying I/I level in sewer systems, and identifies advantages and limitations of each 

method. A combination of these techniques can provide sewer operators possibilities to compare 

different technologies and reducing assumptions and uncertainties in assessing and localizing I/I in the 

sewer system in a standardized way and support the decision-making in maintenance and rehabilitation 

plans with more accurate and reliable data about location and magnitude of I/I in the sewer system.  

Key words: Infiltration and inflow (I/I), urban water management, Sewer system, maintenance, rehabilitation 

 

Introduction 

Urban sewer systems are one of the most significant and important water infrastructures in 

European cities and even all over the world. Water and wastewater networks are assumed as 

the lifelines of urban areas as they transport drinking water with high quality and safety to 

households and industries and collect polluted water for recycling and safe releasing into the 

environment (Rehan et al., 2014). Functional efficiency and structural quality of sewer systems 

https://www.tandfonline.com/author/Beheshti%2C+Maryam
https://www.tandfonline.com/author/S%C3%A6grov%2C+Sveinung
mailto:maryam.beheshti@ntnu.no
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are the principal factors that ensure urban and industrial wastewater transportation to treatment 

plants without infiltration and exfiltration (Ellis & Bertrand-Krajewski 2010). Urban water and 

wastewater infrastructure assets are in the state of deterioration based on lack of sufficient 

municipal investments on their maintenance and rehabilitation (Rehan et al., 2014). 

There are different types of sewer systems for transporting foul wastewater and stormwater. 

Most European cities rely on combined sewer systems (CSS), the most common way of 

draining wastewater and stormwater. Combined sewer overflows (CSO) may lead to 

environmental problems due to the discharge of untreated and polluted wastewater to receiving 

waters or other final recipients and trigger urban areas flooding in extreme rain events. On the 

other hand, stormwater separate systems have been introduced as one of the cost-effective 

solutions in many regions to disconnect impervious areas from CSS for reducing CSO 

emissions and hydraulic overloading of sewer systems (Langeveld et al., 2012). A major defect 

of separate sewer systems is the occurrence of faulty connections: unplanned sewer cross-

connections that connect foul water outlets from residential or industrial sites to the stormwater 

system and/or stormwater outlets to the foul sewer system (Schilperoort et al., 2013). The 

volume of unwanted stormwater in foul sewer systems can be significant, resulting in a number 

of undesirable consequences on the performance of the wastewater system. Therefore, 

rehabilitation is required in the case of infiltration and illicit connection detection in the sewer 

systems. 

Unwanted water in separate foul sewer systems is a well-known problem. Approximately 50% 

of the stormwater is discharged into the separate foul sewers and transported to the wastewater 

treatment plant (Peters et al., 2002; Langeveld et al., 2012). Moreover, under unfavorable 

conditions, the amount of groundwater infiltration into the deteriorated pipes can even exceed 

50% of the total wastewater volume (Kracht and Gujer, 2006). Infiltration and inflow (I/I) of 

unwanted stormwater, groundwater and other extraneous sources in the sewer system, are 

significantly unfavorable for the efficiency of the wastewater treatment plants and may 

overload the hydraulic load of the treatment plants up to 100 % by infiltrated water (Ellis and 

Bertrand-Krajewski, 2010). In addition, there is increasing evidence that in many cities, 

groundwater levels are controlled by the significant drainage effect of permeable sewer systems 

(Kracht and Gujer, 2006). Generally, infiltration decreases the availability and increases the 

risk of pressurization of the wastewater network (Sægrov, 2014). Practitioners often address 

this issue by calculating the “parasitic discharge” based on the assumption of minimum 

nighttime flow in the diurnal wastewater hydrograph is equal to the extraneous flows (Kracht 

and Gujer, 2006). 

I/I of non-sewer water into the urban sewer system is a critical issue in the long term for 

sustainable urban water management and water infrastructural asset management, which has 

serious environmental, social and economic impacts on cities and sewer systems. From the 

environmental point of view, the efficient curbing and removal of I/I of unwanted water into 

the sewer systems can reduce the hydraulic overload of sewer pipelines, which decreases the 

probability of local flooding and deterioration of urban infrastructures (Karpf and Krebs, 2011), 

and its impacts on inhabitants’ life. It also reduces the probability of dissemination of sanitary 
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sewer overflows in streets, urban areas and environment. Furthermore, from the economic point 

of view, it leads to lower maintenance requirements due to decreasing entry of sediments and 

decreases the cost and energy consumption in pumping stations and treatment plants because 

of removing unwanted feeding of foreign water (Langeveld, 2004; Schilperoort et al., 2013). 

Therefore, for having the sustainable management of urban sewer systems, I/I of unwanted 

water into the urban sewer systems should be considered carefully and maintenance and 

rehabilitation plans should be implemented on these water infrastructural assets.  

Efficient assessment and detection of I/I in urban sewer systems are important issues on the 

long-term water infrastructure asset management, which have not been considered adequately 

and seriously in urban areas so far. The purpose of this study is to introduce and discuss 

commonly used and advanced methods of detection, localization, and quantification of I/I into 

the sewer systems, and identify advantages and limitations of each method. Some of these 

methods are going to be used in the Trondheim city in Norway for assessing the level of I/I 

into the foul sewer systems. This gives sewer operators the possibility to compare different 

technologies in assessing and localizing I/I in the sewer system in a standardized way and can 

support the decision-making on when and where to rehabilitate, depending on the selection 

criteria (hydraulic, social, environmental, economic, etc.).  

Infiltration Detection and Measurement Methods 

Infiltration is the entry of groundwater into the sewer system and service connections through 

defective pipes, pipe joints, connections, manhole walls, and so forth. In separate sewer 

systems, it is also very important to detect illicit and faulty connections, which result in 

infiltration and inflow of unwanted water into the pipeline network from different sources. 

Efficient removal of I/I into the sewer systems requires knowledge about the locations of I/I 

sources and illicit connections. There are several methods available for assessing and localizing 

the infiltration and inflow of unwanted stormwater, groundwater, and other extraneous sources 

into the sewer system. Typically, the assessment of I/I in sewer systems is based on the 

conventional and rather inaccurate method of flow rate measurement, analysis of diurnal flow 

and load variation and balancing of water inputs and outputs (De Bénédittis and Bertrand-

Krajewski, 2004; Rutsch, Rieckermann and Krebs, 2005; Ellis and Bertrand-Krajewski, 2010). 

Moreover, new measurement methods have been developed to assess I/I into sewer systems 

based on limited analytical effort and with little environmental risk. 

These methods can be divided into two groups: quantitative methods for assessing the 

magnitude, volume and discharge of I/I, and qualitative methods for detecting the location of 

I/I sources. Each of these methods is based on some assumptions and has its own limitations 

and advantages. There is no unique and standard way of evaluation and localization of I/I in 

the sewer systems and a combination of these methods can be valuable for reducing 

assumptions and uncertainties and obtaining more independent, accurate and reliable data 

about location and magnitude of I/I in the sewer system. Finally, maintenance and rehabilitation 

can contribute to the improvement of the performance of sewer systems in the long term for 

sustainable urban water management. The systematic process for detection of unwanted water 

in specified catchments with different properties in Trondheim city is proposed in Figure 1. 
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Figure 1. Systematic method for detecting unwanted water in sewer system. 

Quantitative methods 

Flow rate method 

The flow rate measurement method is one of the conventional methods of infiltration 

assessment in sewer systems. This method is based on the simple assumption of constant 

infiltration of groundwater in daily Dry Weather Flows (DWF). DWF is the mean daily sewage 

flow in a foul sewer system during a day and the day before of dry weather or less than 0.3 

mm/day rainfall intensity because of avoiding contribution of stormwater inflow to flow 

measurement (excluding public or local holidays) (Karpf and Krebs, 2011). Moreover, for 

excluding the contribution of snow-melt flow in DWF measurement, the day of DWF and three 

days before the air temperature should not be in the range of -2 to +2 ºC (Karpf and Krebs, 

2011). Equation 1 is the basic method for calculating the I/I in the sewer system (SEPA, 2014). 

DWF=P*G+I+E                                                                                                              (Eq. 1) 

Where:  

P= Population served 

G = daily average water consumption per capita ( 
𝐿𝑖𝑡𝑒𝑟𝑠

𝑃𝑒𝑟𝑠𝑜𝑛∗𝑑𝑎𝑦
 ) (typically 150-160 liters in 

Norway) 

I = daily average I/I (
𝐿𝑖𝑡𝑒𝑟𝑠

𝑑𝑎𝑦
) 

E = daily average industrial effluent flow (
𝐿𝑖𝑡𝑒𝑟𝑠

𝑑𝑎𝑦
)  

 

Krapf and Krebs (2011) made some refinements in this basic method and developed a new 

approach for quantifying the components of I/I – infiltration from groundwater and Inflow from 

surface water– separately. The quantification of infiltration in this approach needs groundwater 

level and the level of wastewater in the pipes, whereas the inflow quantification refers to the 

permanent and temporary surface water flow, e.g. surface watercourses and flood events (Karpf 

and Krebs, 2011). 

Figure 2 illustrates the constant or base infiltration (BI) at the minimum nighttime flow, 

theoretical dry weather flow (DWF) and wastewater flow of a DWF week in the separate sewer 

network of Risvollan catchment in Trondheim. Risvollan is one of the study catchments in 

Trondheim, Norway with a good database and a measuring station to investigate hydrological 

parameters through the year. The amount of base infiltration in week 7, 2007 with 0 mm rainfall 
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is 35.5% of total wastewater flow in the separate foul sewer of Risvollan catchment, which is 

a high volume in the dry weather conditions and is increased significantly in the wet weather 

conditions. 

 

 

Figure 2. Wastewater flow, theoretical dry weather flow and base infiltration in the separate 

sewer of Risvollan catchment, Trondheim. 

Tracer methods  

Tracer techniques have proven to be one of the most powerful tools to characterize water 

residence time, flow and pollutant transport in hydrological systems (Koeniger et al., 2009). 

The ideal tracer should have the following features (Pitt et al., 1993): 

- A significant difference in concentration between possible pollutant sources 

- Small variations in concentrations within each likely pollutant source category 

- A conservative behavior (no significant concentration changes due to physical, chemical or 

biological processes) 

- Ease of measurement with adequate detection limits, good sensitivity, and repeatability.  

Stable isotopes method 

The stable isotopes method is a tracer method and relies on different isotopic signatures of 

main water from a distant hydrological source and infiltrating water from groundwater and 

local precipitation, as a direct natural tracer (Ellis and Bertrand-Krajewski, 2010). Stable 

isotopes (18O and 2H of water) provide a reliable tool to quantify the infiltration of foreign 

water in sewer system (Kracht, Gresch and Gujer, 2007). Figure 3 illustrates daily wastewater 

isotopic characterization graph and hydrograph of wastewater flow contributors: ‘foul sewage’ 

and ‘infiltration’. 

In this method, the infiltration fraction is calculated by equation 2, which is based on the 

concentration of different isotopes as tracers (Ellis and Bertrand-Krajewski, 2010). 

Xinfiltration(𝑡) =
Cfoul sewage(𝑡)− CSpillwater(𝑡)

Cfoul sewage(𝑡)− Cinfiltration(𝑡)
                                                                     (Eq. 2) 

The stable isotopes composition of the foul sewage and local groundwater are assumed as 

tracers for foul sewage and infiltration respectively. Then infiltration flow can be calculated by 

equation 3 (Ellis and Bertrand-Krajewski, 2010). 
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𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑡) =  𝑋𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑡) ∗ 𝑄𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟(𝑡)                                                       (Eq. 3) 

 

Figure 3. Isotopic characterization and disintegration of a daily wastewater hydrograph into 

“foul sewage” and “infiltration” (Kracht and Gujer, 2006; Ellis and Bertrand-Krajewski, 

2010). 

Pollutant time series method 

The pollutants time series method quantifies infiltration fraction by analyzing time-series of 

pollutant concentrations and wastewater flows. Automatically operating in-line devices are 

applied in this method to obtain time-series of pollutant concentrations with a high temporal 

resolution. Based on the time-series of the wastewater flows, a modelled time-series of 

pollutant concentration is calculated, and by fitting this model series to the measured data, a 

set of parameters, which define Qinfiltration, can be estimated (Ellis and Bertrand-Krajewski, 

2010). 

The method may be applied at the outlet of any sub-catchment where a continuous discharge 

of wastewater can be assured. However, a minimum amount of wastewater flow is required for 

the operation of the measuring devices, which may be critical during minimum nighttime flow. 

It is assumed that infiltrated water contains negligible concentrations of contaminants. 

Furthermore, the main types of industrial effluents should be excluded, as this may hinder a 

regular data analysis. 

Qualitative methods 

Smoke Testing 

Smoke testing is an engineering surveying method to locate, identify and classify the potential 

sources of infiltration and inflow from stormwater outlets into separate foul sewers. This 

method involves pumping large volumes of a vegetable-based, non-toxic, odorless smoke into 

sewer network through a manhole (Figure 4). The smoke is generated by a smoke generator 

engine and travels through the sewer network. Smoke tends to escape through places like 

openings and vents of the sewer system in the testing area and they may point out to the 

infiltration/inflow sources in the system (Hoes et al., 2009; City of Toledo, 2011). This method 

has the ability to find some of the infiltration/inflow places, and for having more accurate 

results the network should be monitored with a CCTV television camera (Schwindamann, 

2008).  
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Dye Testing   

Dye testing is a tracing method for detecting the path of the flow with tracking dye and 

determining illicit connections existing in sewer systems. In this method, a fluorescent non-

toxic dye is added to a water source, which is suspected as a source of infiltration and inflow 

into the sewer system. In another way, a period of heavy rainfall is simulated by flooding the 

stormwater system with pumped water from a large tank. Dyes of different colors are applied 

to different places. The sewer system is monitored simultaneously by a television camera 

(CCTV) and infiltration of stormwater is confirmed by finding dye in the sewer system. 

The alternative way is to have field staff detecting plumbing fixtures and placing the dye into 

them. The dye is flushed through the system with running water. When the first dye is observed 

at the downstream of the tested facility, alternative dye colors are added in the upstream to test 

multiple fixtures simultaneously. The dye test is repeated until it is confirmed in the sewer or 

in a storm sewer, or surface water. An illicit connection will be detected in the case of finding 

the dye in a location other than a sewer system. 

 

Figure 4. Smoke Testing process for finding potential sources of infiltration and inflow into a 

foul sewer system. 

DTS method 

Fibre-optic Distributed Temperature Sensing (DTS) is a widely-used technique measuring 

temperature with a high resolution and high frequency along cables with lengths up to many 

kilometers (Vosse et al., 2013). The method is based on proven technology, which for decades 

has been used in the industries of oil drilling, fracture control in pipeline systems, industrial 

process control and leakage detection in dams and hydrology (Johansson, 1997; Schilperoort 

et al., 2013). This technique has also proven to be a powerful tool to detect and locate 

infiltration and illicit connections in stormwater sewers (Haan de et al., 2011; Langeveld et al., 

2012). The application of fibre-optic DTS in sewer systems has been developed since 2010 

(Vosse et al., 2013). DTS enables the monitoring of the performance of house connections and 

detection of foul sewage inflows to storm sewers and vice versa (Schilperoort et al., 2013). 

Stormwater inflow can only be detected as long as the temperature of this inflow differs from 

the in-sewer temperatures. In addition, the in-sewer propagation of storm and wastewater can 

be monitored, enabling a detailed view on advection (Schilperoort et al., 2013). The installation 

of a fibre-optic cable in a combined sewer system has also proven feasible (Langeveld et al., 

2012).  



68 
 

Figure 5 gives an overview of the DTS monitoring results in a foul sewer on 28 April 2011 in 

the Netherlands. The horizontal axis indicates the length along the fibre optic cable in the sewer 

system and the vertical axis indicates the time of monitoring. The figure illustrates the 

measured temperature values of each point along the cable per minute in a time-span of 2 hours. 

The temperature variation after 04:30 is due to a storm event. The flow direction in this figure 

is from right to left and the exact places of stormwater inflows into the sewer system are 

demonstrated in this figure (Schilperoort et al., 2013). 

DTS method can also be in the classification of quantified methods. This method can quantify 

I/I in the sewer system by assuming that I/I has a different temperature and volume (T2, V2) 

from the in-sewer water in the sewer system (T1, V1) (Figure 6). The mixture has a new 

temperature and volume (T3, V3). By the help of the laws of conservation of energy (V1T1 + 

V2T2 = V3T3), conservation of mass (V1 + V2 = V3), and in-sewer temperature changes (ΔT = T3 

- T1), the volumetric ratio of I/I (V2) and in-sewer water before infiltration (V1) will be derived 

(Schilperoort, 2011).  

𝑉2

𝑉1
=

∆𝑇

(𝑇2−𝑇1)−∆𝑇
                                                                                                                 (Eq. 4) 

 

Figure 5. DTS monitoring results in a foul sewer (Schilperoort, 2011).  

 

 

Figure 6. Different temperature and volume of in-sewer water before and after (T1, V1; T3, V3) 

mixing with I/I (T2, V2) (Schilperoort, 2011). 
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CCTV for Inspection of sewer network  

Pipe inspection is crucial for the choice of the rehabilitation method, for instance, full 

replacement or a no-dig solution (Sægrov, 2014). Pipe inspection by Closed Circuit Television 

(CCTV) is a traditional and useful tool to detect and localize pipe defects and their types, 

misconnections and illicit connections, and I/I sources in the sewer systems (Tuomari and 

Thompson, 2003). However, the probability of finding the faulty connections from households 

to storm sewers by this method is low because of not having continues discharges from these 

misconnections (Hoes et al., 2009). Nevertheless, this method can give important information 

about the severity and position of I/I sources and together with other tools provide a good basis 

for rehabilitation.  

Comparison & Discussion 

Various methods can be used currently for localization and quantification of I/I into the sewer 

system. The advantages and limitations of the presented infiltration/inflow assessment methods 

are summarized in Table 1. A combination of using these techniques can provide the possibility 

to compare different technologies and reduce assumptions and uncertainties in assessing and 

localizing I/I in the sewer system in a standardized way and support the decision-makers in 

maintenance and rehabilitation plans with more independent, accurate and reliable data.  

In Trondheim city, a combination of these methods is planned to apply for quantification and 

qualification of I/I in separate sewer systems. Analyzing the gained results from different 

methods will help in reducing the uncertainties and assumptions and obtaining more accurate 

and reliable data and knowledge about the sewer system. This approach can be outlined in 

different steps for I/I control in Trondheim: 

1. Flow measurement in sub-catchment (overview of situation) 

2. Tracer methods in several locations for determining local sites of infiltration 

3. DTS method to detect I/I sources 

4. CCTV inspection and smoke testing to identify problems in detail. 
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Table 1. Advantages and limitations of different methods in assessing infiltration and inflow 

in sewer systems. 

Classification Method Advantages  Limitation  

Quantitative 

methods 

Flow rate 

measurement 

Simple method Based on simplified assumptions 

Widely-used method Inaccurate results 

Stable 

isotopes 

method 

Do not introduce radioactive or chemical 

contaminants into the environment (Koeniger et 

al., 2009) 

Drinking water and groundwater should have 

homogenous but distinct isotopic signatures 

(Ellis and Bertrand-Krajewski, 2010) 

Cause less disturbance and environmental 

impact than tritium, salts or dye tracers 

(Koeniger et al., 2009) 

Components of drinking water and groundwater 

sources should interact (Ellis and Bertrand-

Krajewski, 2010) 

Inhomogeneity of the local groundwater or other 

origins of parasitic waters is crucial (Ellis and 

Bertrand-Krajewski, 2010) 

Comprehensive hydrologic and hydrogeological 

investigation (Ellis and Bertrand-Krajewski, 

2010) 

Definable, accessible for sampling, and precise 

statistically describable ‘infiltration main 

source’ (Ellis and Bertrand-Krajewski, 2010) 

Pollutant 

time series 

method 

Flexible infiltration measurements (Ellis and 

Bertrand-Krajewski, 2010) 

Preparation of the experimental team (Ellis and 

Bertrand-Krajewski, 2010) 

Automatically-operating in-line devices for 

obtaining pollutant concentration (Ellis and 

Bertrand-Krajewski, 2010) 

Local boundary conditions at the investigation 

site (flow condition, accessibility) (Ellis and 

Bertrand-Krajewski, 2010) 

Wide practical applicability with considering 

natural storage and interflow phenomena (Ellis 

and Bertrand-Krajewski, 2010) 

In the case of using submersible UV-VIS 

spectrometer, bias-, and drift-free operation is 

required (Ellis and Bertrand-Krajewski, 2010) 

Simplifying measurements in rainy seasons, 

when infiltration increases due to elevated 

groundwater (Ellis and Bertrand-Krajewski, 

2010) 

Time-consuming and expert-oriented 

measurement 

Qualitative 

methods 

Smoke 

Testing 

 

Inexpensive method Not a very accurate method (Schwindamann, 

2008). 

relatively easy method Don’t find all the infiltration points 

(Schwindamann, 2008) 

Environment-friendly method A television camera is needed for monitoring the 

network (Schwindamann, 2008). No need to restricted space entry 

Dye Testing Inexpensive method Difficult to see dye in high-flow or turbid 

conditions 

Relatively easy method Time-consuming in low flows 

Points to a specific source Entering a facility is necessary  

No need to restricted space entry Rather labour-intensive 

Require entrance onto private premises 

DTS Method Source of unwanted water localized exactly 

(Schilperoort and Clemens, 2009; Langeveld et 

al., 2012) 

High initial cost of the DTS device 

Takes place in the public part of the system and 

without the residents of the area involved 

(Schilperoort and Clemens, 2009) 

Expert-oriented method in non-automated 

process (Vosse et al., 2013) 

Safer results compared to more traditional 

research (Schilperoort and Clemens, 2009; 

Langeveld et al., 2012) 

Almost new technique with low experience in 

sewer systems 

Large areas –up to several hundred- can be 

examined and monitored simultaneously 

Results are by nature not-easily-reproducible 

(Vosse et al., 2013) 

Use of single instrument in an easy and safe 

location 

Performance of stormwater separating manifolds 

varies over time & making them unreliable 

(Langeveld et al., 2012) 

set-up is easy in use and nearly free of 

maintenance 

Time-consuming method  

CCTV 

method 

Effective technique Expensive 

Inspection of active taps Ineffective if inactive taps convey illicit 

discharges (Tuomari and Thompson, 2003) 

Provide observations record time-consuming to interpret results (Tuomari and 

Thompson, 2003) 

Only way for pipe inspection between manholes Conducted in water-filled or obstructed sewers 
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Conclusions 

I/I of stormwater and groundwater into the sewer system is a serious concern in the long term. 

The purpose of this paper is to present and discuss different qualitative and quantitative 

methods in assessing and detecting I/I into the sewer system in the long term by rehabilitation 

plans. Each of these methods is based on some assumptions and has its own limitations and 

advantages. There is no unique and standard way of evaluation and localization of I/I in the 

sewer systems and a combination of these methods can be valuable for reducing assumptions 

and uncertainties and obtaining more independent, accurate and reliable data about location 

and magnitude of I/I in the sewer system. A combination of quantitative and qualitative 

methods will be utilized in localizing and assessing of I/I in the foul sewer systems of 

Trondheim, Norway. This gives sewer operators the possibility to compare different 

technologies in assessing infiltration/inflow in the sewer system in a standardized, qualified 

and quantified way. Use of these I/I assessment methods can support the decision-makers on 

when and where to rehabilitate, depending on the selection criteria. The application of different 

methods for evaluating infiltration in sewer systems depends on available data and resources. 

It should also be considered that an uncertainty assessment should be carried out when various 

methods are used. Comprehensive and detailed understanding of the locations of any excess 

water inflow or the illicit connections is necessary for the efficient restriction and removal of 

infiltration/inflow in the sewer systems. Some infiltration/inflow assessment methods, e.g. 

tracer method, can be quite labor-intensive and may require entrance onto private premises, 

while inflows are often only detected by chance. DTS method, smoke testing, and CCTV 

inspection are the qualitative methods, which are planned to apply in separate foul sewer 

network of Trondheim. Detecting infiltration/inflow into sewer system by fibre-optic DTS 

method is a rather new technique in sewer systems. DTS technique is a strong technique for 

detecting illicit connections to storm sewers, and detecting stormwater entering foul sewers 

based on previous experiments and researches. Furthermore, the continuous monitoring in time 

and space makes the DTS a powerful method for investigating flows with different 

temperatures. Pipe inspection by CCTV is also a useful tool in the case of detecting defects, 

their features and locations by video camera inspection. 
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7. OPERATIONAL PLANNING 

(PUBLICATION III) 

The following publication Detection of extraneous water ingress into the sewer system 

using tandem methods- A case study in Trondheim City, written by Maryam Beheshti 

and Sveinung Sægrov, was published in 15 January 2019 in the Jornal of water science 

and technology, Volume 79, Issue 2. DOI:  https://doi.org/10.2166/wst.2019.057. 
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Abstract: Infiltration and inflow (I/I) of extraneous water in separate sewer systems are serious 

concerns in urban water management for their environmental, social and economic consequences. 
Effective reduction of I/I requires knowing where excess water ingress and illicit connections are 

located. The present study focuses on I/I detection in the foul sewer network of a catchment in 

Trondheim, Norway, during a period without snowmelt or groundwater infiltration. Fiber-optic 
distributed temperature sensing (DTS) was used for the first time in Norway to detect I/I sources in 

tandem with closed-circuit television inspection (CCTV) and smoke testing. DTS was an accurate and 

feasible method for I/I detection, though it cannot identify exact types of failure and sources of I/I. 

Therefore, other complementary methods must be used, e.g., CCTV or smoke testing. CCTV was not 
completely useful, however, in confirming the DTS results. This study provides practical insights for 

the rehabilitation and repair of sewer networks that suffer from the undesirable I/I of extraneous water. 

Keywords: Distributed temperature sensing (DTS); CCTV; infiltration and inflow (I/I); separate sewer system; 

smoke testing, sewer infrastructure asset management 

 

Introduction 

Separate sewer networks efficiently and reliably convey foul sewage to wastewater treatment 

plants. However, large volumes of unwanted water infiltration and inflow (I/I) can pose serious 

management challenges. I/I from extraneous water and illicit connections can overload the 

sewer system, cause sanitary sewers to overflow, threaten public health, and increase energy 

and chemical consumption during treatment while decreasing overall treatment efficiency 

(Beheshti & Sægrov 2018a). This specific concern threatens sustainable asset management of 

sewer infrastructure in the long term and reduces environmental, social and economic 

sustainability (Beheshti et al. 2015; Beheshti & Sægrov 2018a). 

The efficient reduction and removal of unwanted water from sewer systems require 

comprehensive and detailed understanding of I/I from illicit connections and extraneous water 

sources (Beheshti et al. 2015). Illicit connections, including unintended sewer cross-

connections, are a major problem in separate sewers because sewage contaminates the storm 

sewers and stormwater can overload the foul sewers (Hoes et al. 2009; Beheshti & Sægrov 

2018a). Extraneous water also contributes to I/I and includes stormwater, groundwater, and 

drainage water (Hoes et al. 2009). 

https://www.tandfonline.com/author/Beheshti%2C+Maryam
https://www.tandfonline.com/author/S%C3%A6grov%2C+Sveinung
mailto:maryam.beheshti@ntnu.no
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In Trondheim, Norway (~200,000 residents), the sewer network includes both combined and 

separate sewers; about 52% of the total network is currently a separate system (Beheshti & 

Sægrov 2018b). A water balance of Trondheim’s wastewater system from 2009 to 2011 

indicated that extraneous water via I/I was about 46% of total water delivered to the wastewater 

treatment plant during dry weather conditions (Beheshti & Sægrov 2018b). This significant 

amount of unwanted water can increase even more during wet weather, so Trondheim 

municipality has made solving this problem a high priority. 

There are no defined standards for detecting or locating I/I sources in sewer systems, though 

both conventional and high-tech techniques are being used, such as smoke testing, dye testing, 

closed-circuit television camera (CCTV), electro-scan and distributed temperature sensing 

(DTS) (Tuomari & Thompson 2003; Schilperoort et al. 2013; Beheshti et al. 2015). There are 

limitations to the common methods of I/I detection (e.g., dye testing), such as being labour 

intensive, requiring entrance into private premises and introducing environmental risks, in 

addition to high uncertainty to identify I/I sources (Hoes et al. 2009; Schilperoort et al. 2013; 

Beheshti et al. 2015). Smoke testing is another practical and reliable method for finding 

misconnections from stormwater outlets in separate foul sewers. Smoke is injected into the foul 

sewer system, and in the case of any defect or misconnection in the sewer network, the smoke 

leaks out, signaling the location of I/I sources (Hoes et al. 2009; Beheshti et al. 2015). CCTV 

is also commonly used for finding illicit connections, cracks, and problematic part of the 

network. In this method, the sewer network is inspected by a sewer operator, who receives live 

footage inside the pipeline via a moving robot with attached CCTV camera. However, because 

of intermittent discharges from households, the chance of finding illicit connections with 

CCTV in storm sewers is low, making the results imprecise and inaccurate (Hoes et al. 2009).  

Modern and high-tech I/I detection methods, such as DTS and electro-scan, have high accuracy 

and low environmental risks, in addition to requiring less analytical effort (Beheshti & Sægrov 

2018a). Electro-scan is a new technique in sewer monitoring based on measuring the electrical 

resistance of the pipe wall. The principle behind this method is that the electricity flows through 

pipe defects and the electrical resistance indicates where there is water leakage (Harris & 

Dobson 2006; Tuccillo et al. 2011). Fiber-optic DTS was developed in the 1980s for 

telecommunication (Dakin et al. 1985; Tyler et al. 2009; Vosse et al. 2013). The method 

became widely applicable in different fields, such as for leakage control in the oil, gas and dam 

industries (Johansson 1997; Vosse et al. 2013) as well as for hydrologic applications (Selker 

et al. 2006; Westhoff et al. 2011), soil moisture studies (Jansen et al. 2011; Ciocca et al. 2012), 

power transmission (Yilmaz & Karlik 2006; Shen et al. 2016), air temperature measurement 

(Petrides et al. 2011; de Jong et al. 2015) and vegetation coverage in forests (Krause et al. 

2013). DTS has been applied in urban sewer systems for pipeline monitoring and I/I detection 

since 2009 (Pazhepurackel 2009; Schilperoort & Clemens 2009). The principle of I/I detection 

in DTS is based on analysis of thermal behavior of sewage along a fiber-optic cable installed 

in the sewer network (Beheshti & Sægrov 2018a). 

This study aimed to locate I/I sources from illicit connections and extraneous water into a foul 

sewer network by various techniques in tandem. Combining different detection methods 
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reduces uncertainties and inaccuracies. DTS was used for the first time in Norway and was 

complemented by CCTV and smoke testing to detect I/I in the separate foul sewer network of 

the Lykkjbekken catchment (Trondheim). This study demonstrated that DTS in combination 

with supplemental methods is effective at locating individual I/I sources in sewer pipelines. By 

precisely identifying these sources, the municipality can prioritize rehabilitation and spot 

repairs, efficiently decreasing unwanted water ingress into the sewer system.  

Material and Methods 

DTS technology 

Distributed temperature sensing (DTS) is a high-tech monitoring technique for detecting I/I 

sources from illicit connections and extraneous water in sewer networks (Pazhepurackel 2009; 

Schilperoort & Clemens 2009). This method is based on continuous temperature measurement 

along the fiber-optic cable in the wastewater network, up to several kilometers (Beheshti & 

Sægrov 2018a). Potential I/I sources can be located precisely by monitoring and analyzing the 

thermal behavior of sewage, so long as I/I water differs in temperature (Schilperoort, 2011; de 

Jong et al. 2015; Beheshti & Sægrov 2018a). However, this technology has some limitations, 

such as high initial costs of the instrumentation and installation, and requiring a high-skilled 

operation.  

The temporal resolution of DTS measurement is normally in the range of 18–60 s and the 

spatial resolution is 0.5 to 2 m, with thermal accuracy of ±0.1 to 0.2°C (Hoes et al. 2009). DTS 

can be used in public parts of the sewer network without requiring entry to private premises. 

DTS uses mounted fiber-optic cables in the sewer pipeline and a control unit that consists of a 

laser instrument, an optoelectronic sensor and a computer (Beheshti & Sægrov 2018a). Figure 

1 demonstrates the standard layout of the method.  

 

Figure 1. Schematic outline of the DTS method in a sewer pipe and the control unit stored 

outside the sewer system in pumping station (Beheshti & Sægrov 2018a).  

Smoke testing 

Smoke testing is a practical method to detect, identify and classify potential sources of I/I in a 

wastewater collection system, especially in detecting misconnected stormwater drains and 

outlets in separate foul sewers (Hoes et al. 2009; Beheshti et al. 2015). In this method, 

vegetable-based smoke, produced by a smoke generator, is injected into isolated parts of the 
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sewer network, where I/I is suspected. The smoke, which tends to escape through openings and 

vents, pinpoints I/I sources in the separate sewer network (Figure 2). 

 

Figure 2. Schematic outline of the smoke testing process to find potential sources of I/I in a 

foul sewer system (Beheshti et al. 2015).  

Smoke testing is a practical method for finding the misconnected storm drains connected to 

separate sanitary sewers. This method is not feasible in finding all types of I/I sources in sewer 

networks, however, it can be effective in combination with other I/I detection techniques. 

CCTV method 

CCTV is a common method in sewer maintenance to inspect and assess the status of the 

wastewater network. In this method, a remote-control, closed-circuit video camera is inserted 

into the sewer network through a manhole and moves inside the sewer network by a small 

robot, allowing the operator to inspect the network and detect problematic parts via real-time 

visual inspection. However, it is difficult to detect all illicit connections from foul sewage 

outlets into the storm sewers when there is no continuous flow from households. (Hoes et al. 

2009). Additionally, the method is based on visual inspection, and there is the possibility of 

over- or under-estimating the status of the network due to operator errors and invisible defects 

in the pipeline. Another drawback of CCTV in detecting I/I sources is its dependence on the 

presence of rainfall or a high groundwater table.  

Case study  

The study area for the present study was Lykkjbekken catchment in Trondheim, which is 

located near the main water source of the city, Lake Jonsvatnet (63°22'46"N 10°32'35"E - 

63°21'47"N 10°29'16"E; see Figure 3a). Lykkjbekken catchment is a rural area, and the studied 

sewer section covers an area of around 10 km2 with ̴ 200 inhabitants. The catchment has a 

separate foul sewer system consisting of a pumping station and small PVC pipelines (160 mm 

internal diameter). The wastewater network was prone to high volumes of extraneous water I/I 

from unknown sources particularly during rainfalls, due to the increased water level in the 

pumping station that was likely to be from infiltration. However, the sewer network inspection 

by CCTV during the spring 2015 with high groundwater table did not detect any pipe defect or 

groundwater infiltration in the under study sewer network. The I/I of unwanted water increased 
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the probability of overloading the system, especially in wet seasons, and magnified the risk of 

contaminating the drinking water source due to sewer overflow from the pumping station. 

Therefore, DTS was applied to monitor the sewer network and detect I/I sources, especially the 

rainfall-derived infiltration and inflow sources.  

 

Figure 3. a) The location of Lykkjbekken catchment in Trondheim, Norway, b) DTS cable 

installation in Lykkjbekken catchment.  

The fiber-optic DTS cables were installed in the separate foul sewer of Lykkjbekken catchment 

over a length of 4.8 km (see Figure 3b). The monitoring campaign was from August 23 to 

November 20, 2015, while an in-sewer temperature measurement with a resolution of 0.01℃ 

was recorded every 18 s for each 50 cm interval of the cable. The DTS computer and laser 

reader was a Yokogawa DTSX3000 unit, stored outside the sewer network in the pumping 

station, and was connected to one end of the cable downstream of the sewer network. For 

monitoring several sewer sections simultaneously with a continuous monitoring system, the 

cable was looped into and then out of pipeline branches at four locations (Figure 3b). As a 

consequence of these loops, the temperature was recorded twice, effectively providing replicate 

temperature measurements at the four pipeline branches.  
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Precipitation and temperature measurement 

Precipitation measurement is a key parameter for assessing rainfall-derived I/I in separate 

sewer networks (Beheshti & Sægrov 2018a). To assess the impacts of rain and stormwater into 

the sewer network, a tipping bucket rain gauge with the standard resolution of 0.2 mm was 

installed in the catchment to record precipitation during the monitoring campaign.  

Air temperature and the presence of snow in the catchment affects the thermal behavior of the 

sewer network. Several hydrological studies in runoff and stream water temperature have found 

that the air-water temperature relationship can be modeled with an S-shaped, non-linear 

regression, which is linear for air temperatures of 0 to 20℃ (Stefan & Preud’homme 1993; 

Mohseni & Stefan 1999; Webb et al. 2008; Ficklin et al. 2012). Rainfall-derived I/I has a 

similar temperature to ambient air temperature and can therefore be modeled using the linear 

regression (Beheshti & Sægrov 2018a). However, in the presence of snow, the temperature of 

the extraneous water from the snowmelt runoff can be set to 0.1℃ (i.e., just above the freezing 

point of water), regardless of the ambient air temperature (Ficklin et al. 2012; Beheshti & 

Sægrov 2018a).  

Results and Discussion 

The performance of the foul sewer system of Lykkjbekken catchment in Trondheim was 

assessed for detection of rainfall-derived I/I sources and illicit connections by various methods. 

An initial CCTV inspection was conducted in the network, and no defects in the pipeline were 

detected. Afterward, the sewer network was monitored by DTS while there was no snowmelt 

or groundwater inflow. DTS technique was used during both wet and dry weather conditions 

to investigate the effects of extraneous water and illicit connections on the thermal behavior in 

the sewer system and locate I/I sources. The case study was located in a catchment with low 

wastewater flow and high probability of sedimentation of debris and toilet papers on the fiber-

optic cables. Therefore, maintenance of the installed cables was important to avoid any 

blockage by carrying out regular sewer flushing during the monitoring campaign (Beheshti & 

Sægrov 2018a).  

Figures 4 and 5 display the DTS monitoring data during storm events on August 27–28 and 

November 11, 2015, respectively. In these heat-maps, the vertical axis presents the time and 

the horizontal axis demonstrates the length of ‘x’ along the fiber-optic cable from x=32 m, 

where the cable enters the sewer system, to the end of the cable at x= 4850 m. The fiber-optic 

cable acts as a linear temperature sensor and measures the temperature during the monitoring 

campaign with spatial and temporal resolutions of 0.5 m and 18 s, respectively. Each pixel in 

these graphs represents a recorded temperature for a single spot and time along the cable. The 

recorded temperatures (℃) are colored according to the color gradient on the right side of the 

DTS monitoring graph. Precipitation and air temperature were measured simultaneously to 

control for their effects on I/I. The flow direction is generally from right to left, except in the 

replicated sides of loops at the four pipeline branches.  
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By analyzing the sewage thermal behavior during wet conditions after the start of rainfall in 

Figures 4 and 5, the I/I locations experienced unexpected temperature changes. The abrupt 

thermal changes at locations x=3964 m, 128 m and 245 m on the cable can be associated with 

stormwater inflow. However, x=128 m and 245 m were located at loops 1 and 2, where the 

cable did not continue upstream; the I/I could therefore be caused by stormwater inflow where 

there was no cable present.  

The inflows into the sewer network with different temperatures than the in-sewer wastewater 

can be detected in DTS monitoring graphs as sudden thermal changes. The heat spread is quite 

visible along the wastewater flow and illustrated by some arrows in Figures 4 and 5. The 

gradient of the arrows changes due to the velocity, volume, and temperature of the in-sewer 

wastewater and external inflows. Additionally, the larger the time horizon is, the steeper is the 

arrow (Figure 4a), and in the higher time resolutions, the thermal diffusion of the inflows are 

indicated by lower gradients (Figure 4b). 

 

The DTS results in Figure 4 demonstrated an increase in the downstream temperatures of 

potential I/I locations (x=3964 m, 245 m and 128 m), relative to their upstream temperature 

after a heavy rainfall began on August 27, 2015. However, in the rainfall on November 11 

(Figure 5), the potential I/I locations experienced a decrease in sewage temperature. This can 

be justified by comparing the temperatures of air and wastewater. Figure 6 presents the time 

transect of x=3964 m during the rainfall on November 11, 2015. Temperature variations in 

upstream and downstream of that point illustrate the impacts of rainfall-derived I/I and air 

temperature on thermal behaviors of the sewer network in a linear graph.  
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Figure 4. a) DTS monitoring results in foul sewer network of Lykkjbekken catchment (left), 

with 5 min precipitation and hourly temperature data (right) 27–28 August, 2015, and b) a 

closer view of rainfall-derived I/I at x=128 m and 245 m (left) and x=3964 m (middle), with 

5 min precipitation and hourly temperature data (right). Color-gradient scales indicate 

temperature (°C).  
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Figure 5. DTS monitoring data in foul sewer network of Lykkjbekken catchment (left), with 

5 min rainfall depth and hourly temperature data (right) for November 11, 2015. Color-

gradient scales indicate temperature (°C).  

 

Figure 6. Time transect of wastewater temperature variations in upstream and downstream of 

a rainfall-derived I/I source in x=3964 m in addition to rainfall intensity, and air temperature 

on November 11, 2015.  
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The corresponding rainfall-derived I/I on August 27, 2015 (Figure 4) occurred during a night 

with the air temperature of 12–19℃, which was warmer than the sewage temperature (~8℃). 

Because rainfall-derived I/I has a similar temperature to air temperature when there is no snow 

in the catchment, the I/I increased water temperatures in the sewer. In contrast, rainfall-derived 

I/I on November 11, 2015 (Figure 5) coincided with a cold night (~3℃), and the corresponding 

I/I was colder than the wastewater (8℃). Thus, temperature of rainfall-derived I/I water can be 

either lower or higher than the wastewater, depending on ambient air temperature.  

DTS locates the problematic parts of the network but is not practical to identify potential I/I 

sources. Therefore, supplemental methods are needed to inspect locations with I/I. In this study, 

a CCTV inspection was conducted to inspect and verify the results from DTS. However, this 

inspection was not helpful in verifying the sources of I/I. Therefore, smoke testing was used to 

inspect potential problems detected by DTS. In this case, the smoke identified misconnected 

downspouts (yard and roof drain) at x=3965 m and 128 m as sources of I/I. Location x=245 m 

was placed on loop 2, and the inflow could be caused by stormwater upstream of that point, 

where no fiber-optic cable was installed. CCTV was not effective in detecting the misconnected 

storm drain outlets, as they were connected to foul sewers as house connections and could not 

be identified via camera inspection.  

After finding and identifying the I/I sources, it is important to prioritize them for rehabilitation 

by assessing their severity. In misconnected storm drains to sanitary sewers, this can be 

estimated roughly by comparing the size of the impervious areas connecting to storm drains. 

However, this method is not so precise and is not applicable in all types of I/I sources, and 

therefore a more accurate method is needed. To accurately quantify the unwanted water I/I 

from individual sources, the thermal behavior of wastewater and unwanted water I/I should be 

analyzed by the help of conservation of mass and energy, which was described in detail in an 

article by Beheshti & Sægrov 2018a.  

In general, DTS technology is an accurate and applicable method for sewer monitoring and I/I 

detection. Continuous sewage temperature measurement over long periods gives the possibility 

to monitor thermal behavior in the sewer network under different conditions and locate potential I/I 

sources from groundwater, rainfall, snowmelt, and illicit connections. Furthermore, the frequency of 

sporadic I/I failures in pipelines can be detected with long-term temperature monitoring, which 

is an important factor in evaluating pipeline needs and determining I/I rehabilitation measures 

(e.g., spot repair, renovation or replacement). Though DTS is feasible and has advantages over 

alternative methods for detecting I/I, there is a high initial cost for instrumentation and installation. 

Furthermore, expert technicians are required for installation, operation and data analysis. Therefore, 

further development is necessary to make DTS a practical and widely available method for 

sewer monitoring.  

Conclusions 

In this study, the DTS technique was applied for the first time in Norway in tandem with CCTV 

and smoke testing to detect I/I sources in a separate sewer network. The application of DTS in 

the Lykkjbekken catchment in Trondheim was demonstrated to be a strong and feasible method 
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for I/I detection. DTS detected three more I/I sources than CCTV. Smoke testing confirmed 

the DTS results by identifying illicit stormwater connections from downspouts in two of the I/I 

sources.  

Rainfall-derived I/I affects the thermal behavior of sewage to a great extent. Rainfall inflows 

coinciding with warm days (relative to in-sewer water) can be detected as warm spills into the 

sewer networks, while cold I/I correspond to rain events on cold days. Therefore, assessing the 

surrounding air temperature is essential in similar studies.  

After detecting the I/I sources, their status and severity can be assessed to prioritize them in 

sewer rehabilitation plans. In misconnected storm drains, this can be roughly evaluated by 

comparing the size of the impervious areas connecting to misconnected storm drains. However, 

analyzing the thermal variations of the wastewater in I/I locations is an accurate way to quantify 

all types of I/I in the sewer network and assess the status of individual I/I sources (Beheshti & 

Sægrov 2018a). 

This case study provides sewer operators a framework for identifying problematic parts of a 

pipeline and make smart decisions (i.e., spot repairing, renovation or full replacement of the 

sewer pipeline). Identifying and remedying I/I sources decreases extraneous water in the sewer 

system, which is essential for sustainable sewer asset management. However, DTS is a semi-

commercial technique with the high initial cost and requirements to expert installation and 

operation, so improvements are necessary before the method becomes more practical and 

widely accessible for I/I assessment.  
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Abstract: Infiltration and inflow (I/I) of unwanted water in separate urban sewer networks are critical 

issues for sustainable urban water management. Accurate quantification of unwanted water I/I from 

individual sources into a sewer system is an essential task for assessing the status of the sewer network 

and conducting rehabilitation measures. The study aim was to quantify extraneous water I/I into a 

sanitary sewer network by a temperature-based method, i.e., fiber-optic distributed temperature 

sensing (DTS), which was applied for the first time in a separate sewer network of a catchment in 

Trondheim, Norway. The DTS technology is a relatively new technology for sewer monitoring, 

developed over the past decade. It is based on continual temperature measurement along a fiber-optic 

cable installed in the sewer network. The feasibility of this method has been tested in both 

experimental discharges and for the rainfall-derived I/I. The results achieved from the monitoring 

campaign established the promising applicability of the DTS technique in the quantification analysis. 

Furthermore, the application of this method in quantifying real-life, rainfall-derived I/I into the sewer 

system was demonstrated and verified during wet weather conditions. 

Keywords: distributed temperature sensing (DTS); extraneous water Infiltration and Inflow (I/I); rainfall-derived 

Infiltration and Inflow; sewer system; stormwater management; sustainable urban water management 

 

Introduction 

Urban sewer systems are one of the most important city lifelines, conveying wastewater and 

stormwater to treatment plants. Representing a high asset value (Beheshti and Sægrov, 2018c), 

urban sewer systems in most cities all over the world are undergoing deterioration due to aging 

(Rehan et al., 2014). Thus, accurate monitoring, maintenance and rehabilitation are necessary 

for their preservation. However, their underground location makes it difficult to monitor and 

understand their status. Infiltration and inflow (I/I) of unwanted water into separate sewer 

networks are significant challenges in urban sewer systems. Answering questions about 

location and magnitude of unwanted water intrusion is essential for understanding the sewer 

network performance for sustainable urban water management.  

I/I of unwanted water into separate sewer networks have negative outcomes on social, 

environmental and economic aspects of sustainable urban wastewater management, as well as 

on chemical and energy resources. These undesirable phenomena trigger overloading of sewer 

https://www.tandfonline.com/author/Beheshti%2C+Maryam
https://www.tandfonline.com/author/S%C3%A6grov%2C+Sveinung
mailto:maryam.beheshti@ntnu.no
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networks and wastewater treatment plants. Moreover, I/I increase the risk of local flooding and 

sanitary sewer overflow in urban areas, while escalating pumping operation time. All of these 

consequences are followed by diminished performance of sewer systems and amplified costs, 

energy consumption, maintenance and operation, and negative urban and environmental issues 

(Ellis and Bertrand-Krajewski, 2010; Schilperoort et al., 2013; Beheshti, Sægrov and Ugarelli, 

2015; Zhang et al., 2018)  

In general, I/I from extraneous and illicit water are equal to ~50% of the wastewater volume 

(Langeveld et al., 2012; Beheshti, Sægrov and Ugarelli, 2015). Extraneous water refers to I/I 

from rain-induced infiltration, direct stormwater inflow, groundwater infiltration, drain water, 

leakages from the drinking water network and other extraneous sources in separate sewer 

systems(Hoes et al., 2009; Staufer, Scheidegger and Rieckermann, 2012; Zhang et al., 2018) , 

which may include illicit and faulty cross-connections between stormwater outlets and the 

wastewater system (Hoes et al., 2009; Schilperoort et al., 2013) . In some cities, extraneous 

water can even exceed the wastewater volume (Ellis and Bertrand-Krajewski, 2010). 

Therefore, it is important to perform rehabilitation measures to manage and control this issue.  

There are various conventional and innovative techniques available for I/I measurement in 

sewer systems, such as the flow-rate measurement and tracer methods (Ellis and Bertrand-

Krajewski, 2010; Beheshti, Sægrov and Ugarelli, 2015) . The flow-rate measurement is a 

method based on analyzing the water balance and diurnal flow rate in dry weather conditions 

and assigning the minimum nighttime flow as the I/I-related flow (Kracht, Gresch and Gujer, 

2007; Beheshti, Sægrov and Ugarelli, 2015; Zhang et al., 2018)  However, this method can be 

inaccurate due to sewer overflow in overloaded systems (Zhang et al., 2018) . Furthermore, the 

assumption of having no flow during nighttime, the omission of sewer network exfiltration, 

and instrumental errors during flow measurement—especially in shallow wastewater flows—

makes the flow-rate measurement method unreliable. Tracer methods, e.g., pollutant indices, 

the stable isotopes method, and chemical tracers, are other I/I measurement methods in sewer 

systems. The pollutant indices methods are based on analyzing the in-sewer pollutant time 

series, such as chemical oxygen demand, total nitrogen and total phosphorus, for evaluating 

the I/I volume (Kracht and Gujer, 2005; Zhang et al., 2018)Alternatively, stable isotopes of 

water molecules (18O and 2H) can be used as natural tracers for assessing the I/I into the 

sewer networks (Kracht, Gresch and Gujer, 2007; Beheshti, Sægrov and Ugarelli, 2015)These 

tracer-based methods can provide accurate I/I assessments but require intensive field 

measurement and laboratory analysis, especially in large catchments (Zhang et al., 2018) .  

In contrast to the conventional methods, adaptive and innovative I/I detection and measurement 

techniques like distributed temperature sensing (DTS) may have higher accuracy with fewer 

environmental risks. The DTS technology is a monitoring technique developed in the 1980s in 

the UK for testing telecommunication cables (Dakin et al., 1985; Tyler et al., 2009). The 

technique is based on analyzing system behavior by measuring the temperature along spans of 

fiber-optic cables over time (de Jong, Slingerland and van de Giesen, 2015). The DTS method 

has become a broadly applicable technique in different fields, i.e., leakage control in dams and 

the oil industry, fire control, and pipeline monitoring (Johansson, 1997; Vosse et al., 2013) . 



 
 

91 
 

Furthermore, DTS has various applications in the field of water, such as stream hydrology 

(Selker et al., 2006; Westhoff, M. C.; Savenije, H. H. G.; Luxemburg, W. M. J .; S., Stelling 

G.; van de Giesen, N. C.; Selker, J. S.; Pfister, L.; Uhlenbrook, 2007; Westhoff, M. C.; Gooseff, 

M. N.; Bogaard, T. A.; Savenije, 2011), limnology (Vercauteren, N.; Huwald, H.; Bou-Zeid, 

E.; Selker, J. S.; Lemmin, U.; Parlange, M. B.; Lunati, 2011), groundwater science (Lowry et 

al., 2007; Henderson, Day-Lewis and Harvey, 2009; Mamer and Lowry, 2013), and urban 

sewer systems research (Hoes et al., 2009; Schilperoort and Clemens, 2009; Langeveld et al., 

2012) . The application of DTS in full-scale sewer systems has been developed since 2009, 

when Pazhepurackel (2009) and Schilperoort and Clemens (2009) tested this technology in 

combined sewers (Pazhepurackel, 2009; Schilperoort and Clemens, 2009) . Moreover, this 

method was applied successfully in separate storm sewers for detecting illicit connections from 

sanitary sewers (Hoes et al., 2009; Haan de et al., 2011; Langeveld et al., 2012). Schilperoort 

(2011) has reported the successful application of fiber-optic DTS cables in separate sanitary 

sewer systems for localizing the extraneous water I/I from stormwater inflow, groundwater 

infiltration and illicit connections (Schilperoort, 2011). Among different I/I detection methods 

that has been previously studied by Beheshti et al. (2015) (Beheshti, Sægrov and Ugarelli, 

2015), the DTS technology was chosen to be the main focus in the present study.  

Over the last decade, the detection of I/I in sewer systems has attracted a lot of attention, while 

there are few studies on the I/I quantification issue. I/I quantification is a valuable tool for 

assessing the condition of the sewer network. The aim of this study was to scrutinize and 

quantify the extraneous water I/I entering the separate sewer systems from individual I/I 

sources by analyzing the thermal behavior of the wastewater. Therefore, the feasibility of the 

DTS for I/I quantification was investigated for the first time in a full-scale separate sewer 

system in Trondheim, Norway. For this reason, experimental artificial inflows with different 

temperatures and discharges were applied to the measurement campaign. Moreover, to 

demonstrate the feasibility of this method in the full-scale system, rainfall-derived I/I 

quantification was applied during wet weather conditions. The results can be used for 

evaluating the severity of individual I/I sources in each pipe section and decreasing I/I into the 

sewer system with rehabilitation.  

Methodology 

Distributed Temperature Sensing (DTS) Technology 

Fiber-optic distributed temperature sensing (DTS) is a technology for sewer monitoring, i.e., 

detecting illicit connections and extraneous water I/I in sewer systems, that has been used over 

the past decade. The principle of this method is monitoring the thermal changes in the sewer 

system by temperature measurement up to several kilometers in continuous time along a fiber-

optic cable. This method is a combination of installed fiber-optic cables in the sewer network 

and a control unit that consists of a laser instrument, an optoelectronic sensor and a computer. 

Figure 1 illustrates the standard layout of the DTS monitoring technique in a sewer network. 

The laser instrument emits laser pulses continuously into the fiber-optic cable, the 

optoelectronic sensor reads the backscattered light, and the computer is responsible for 
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interpreting the receiving values to readable data (Hoes et al., 2009; Schilperoort and Clemens, 

2009; Tyler et al., 2009). Imperfections along the glass fibers reflect the laser light. The 

reflection spot of the laser light can be localized as (Hoes et al., 2009; Zhou et al., 2016):  

L=cΔT/2n (1) 

where 

L: the laser light reflection location; 

ΔT: laser light reflection duration from the initial time that laser pulses into the cable; 

c: the laser light speed in the fiber (~2/3 of the light speed in vacuum); 

n: the reflective index of optical fiber. 

It should be noted that the laser light reflects back from the location L to the detector and, 

therefore, the total length of its travel would be 2L. Furthermore, the spatial accuracy of the 

reflection spot is cΔT.  

 

 

Figure 1. Standard layout of the distributed temperature sensing (DTS) technique in a sewer 

network and the control unit stored outside the sewer system in a pumping station. 

By passing the laser light through the fiber, several mechanisms, such as physical features of 

the surrounding cable, affect the specifications of the light transmission, and different 

scatterings with various wavelength and intensity form. This can be interpreted by computer 

software into physical parameters like temperature for each location along the cable. The most 

important scatterings are “Raman” and “Rayleigh”, which can be used to plot temperature 

against distance. Raman light consists of two broadband components, Stokes and anti-Stokes, 

respectively, at longer and shorter wavelengths than the main source laser light (Hoes et al., 

2009). The temperature of each single reflection location is derived from the ratio of thermal-

dependent anti-Stokes and thermal-independent Stokes intensities(Lopez-Higuera, 2002; Hoes 

et al., 2009). The Rayleigh backscatters have the same wavelength as the laser source and 

provide information about the reflection location by known light speed and measured travel 

time(Lopez-Higuera, 2002; Schilperoort and Clemens, 2009). The corresponding location of L 

on the measurement campaign can be defined by using hot water or freeze spray on different 

locations.  
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Typically, the DTS system can measure the temperature with time and spatial resolution of 18–

60 sec and 0.5–2 m, respectively, along the fiber-optic cable functioning as a linear sensor. It 

is applicable to have cables anywhere in the network to gain information about the thermal 

behavior of the sewer system and detect the problematic parts of it. Any changes in the 

temperature of in-sewer water are recorded, and the exact place of the I/I source can be 

determined. This method can be used in I/I detection in sewer systems, as long as the infiltrated 

water has a different temperature than in-sewer water(Hoes et al., 2009; Schilperoort et al., 

2013).  

The DTS system can be calibrated by putting the fiber-optic cable in a medium with known 

temperature, e.g., an ice-bath, before installation. For calibration of the cable after installation, 

the same procedure can be done by reference measurement of more than two calibration 

sections with a length of at least 10 times the length of the spatial sampling interval coiled 

cable, which are far from each other (Selker et al., 2006; Tyler et al., 2009). In this method, 

the accuracy of calibration of a DTS system by standard thermometer measurement can yield 

up to ± 0.1 °C(Hoes et al., 2009; Schilperoort, 2011). Since the signal attenuation process in 

the fiber-optic cables is in theory completely log-linear, two temperature-offset measurement 

may be adequate for the calibration process in normal conditions (Schilperoort, 2011). It is also 

necessary to do  temperature-offset measurements by standard individual thermometers in more 

than two separated locations along the cable when there are splices and connectors in the cable 

for calibrating raw DTS data with slope and offset parameters (Schilperoort, 2011). The long-

term installation of fiber-optic cables in the sewer network, however, can trigger a drift in 

measured temperature, which is typically below 1 °C and can increase up to several degrees 

centigrade(Tyler et al., 2009). In this case, dynamic calibration during the entire installation 

period with the aforementioned methods is needed to correct the offset and control the drift 

(Tyler et al., 2009). All these calibration methods were considered in the present study to secure 

the precision and accuracy of the results.  

Infiltration and Inflow Quantification 

DTS technology can be used to characterize I/I entering the sewer system; i.e., quantifying the 

extraneous water volume entering the sewer system. Schilperoort (2011) proposed a theoretical 

approach for quantifying discharges(Schilperoort, 2011). This approach is based on the 

assumption of temperature and volume differences between extraneous water I/I (T2, V2) and 

the in-sewer water (T1, V1), which results in a new temperature and volume (T3, V3) in the mixed 

flow, assuming instantaneous mixing (Figure 2). The inflow share, which is the ratio of the 

volume of I/I (V2) and the upstream in-sewer water (V1), is calculated by Equation (2) 

(Schilperoort, 2011). This equation is derived from the conservation laws for energy (V1T1 + 

V2T2 = V3T3) and mass (V1 + V2 = V3), as well as the in-sewer wastewater temperature change 

(ΔT = T3 − T1).  
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Figure 2. Extraneous water I/I with volume V2 and temperature T2 into the separate sewer 

network with volume V1 and temperature T1 resulting in a mixed flow with a new volume V3 

and temperature T3  
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The volume (V) in Equation (2) can be replaced with discharge ( ), when ‘t’ is the duration of 

the I/I mixing process, which is equal for both in-sewer and extraneous flows (t = t1 = t2). 

Therefore  and Equation (2) can be rewritten as: 
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The inflow share, or relative contribution of I/I to the sewer network (), can be estimated based 

on the temperatures of I/I (T2) and in-sewer water (T1 and T3). Moreover, for estimating the 

absolute contribution, it is necessary to measure the upstream or downstream flow. The 

accuracy of ΔT is dependent on the thermal precision of the DTS instrument, the defined 

measurement resolution, and the distance between the measurement site and the 

instrument(Tyler et al., 2009; Schilperoort, 2011).  

Characterizing unwanted water I/I is a challenging task when I/I flow is low relative to the 

wastewater flow. This may result in the fiber optic cable being submerged completely under 

water. In this situation, instantaneous mixing cannot happen between the extraneous discharges 

and the in-sewer water layer above the cable, making it difficult to accurately measure the 

temperature changes and the location of I/I sources(Schilperoort, 2011). To avoid this problem 

in the present study, the analysis was carried out in a separate sanitary sewer, which was not 

submerged.  

Case System Description 

The DTS measurement campaign was conducted in the separate sanitary sewer system of 

Lykkjbekken catchment in Trondheim, Norway. The catchment was a rural area and located 

near Jonsvatnet Lake, the main water source of the city (63°22'46" N 10°32'35" E–63°21'47" 

N 10°29'16" E). The sewer network of this catchment consisted of small PVC pipes with 160 

mm internal diameter, which were rehabilitated and inspected by closed-circuit television 

(CCTV) camera. The fiber-optic DTS cable was installed in the Lykkjbekken sewer network 
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over a length of around 4.8 km in a three-month monitoring campaign (23 August 2015–20 

November 2015). The DTS instrument was a Yokogawa’s DTS ×3000 unit, which was stored 

outside the sewer network in the pumping station and connected to one end of the cable on the 

downstream side of the sewer pipeline. The temperature with the resolution of 0.01 °C was 

recorded with time and spatial resolution of 18 seconds for each 50 cm of the cable. Figure 3a 

illustrates a schematic overview of the DTS monitoring campaign inside the sewer network of 

Lykkjbekken catchment.  

 

Figure 3. Schematic overview of the (a) DTS cable installation in the separate sewer network 

of Lykkjbekken catchment; and (b) experimental setup of the artificial inflow into the sewer 

network. 

Experimental Setup 

To test the feasibility of DTS technology in quantifying the volume of extraneous water I/I into 

the sewer system, a number of experimental artificial discharges with different temperatures, 

flows, and velocities were spilled into the sewer network of Lykkjbekken catchment (Table 1). 

The test locations were x = 1727 m and x = 1827 m on the fiber-optic cable (Figure 3a).  
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Table 1. Artificial discharge characteristics in the sewer network of Lykkjbekken, Trondheim. 

Date 
Test 

Number 

Test 

Location 

(m) 

Time (hh:mm) 

Temperature (°C) Discharge (L/s) 
Inflow 

Share (%) Start End 

28 Aug. 2015 1 1727 09:42 09:47 34 0.079 5.8% 

28 Aug.2015 2 1727 09:53 09:59 33 0.13 9.8% 

28 Aug.2015 3 1827 10:24 10:28 31 0.188 26% 

28 Aug.2015 4 1827 10:35 10:40 32 0.356 51.8% 

28 Aug.2015 5 1827 11:49 11:54 20 0.060 4.7% 

28 Aug.2015 6 1827 11:58 12:02 20 0.338 61.3% 

28 Aug.2015 7 1827 12:05 12:08 20 1.69 389% 

28 Aug.2015 8 1827 12:13 12:17 20 0.18 12.6% 

28 Aug.2015 9 1727 12:30 12:32 20 0.46 7.18% 

28 Aug.2015 10 1727 12:34 12:39 20 0.208 12.13% 

28 Aug.2015 11 1727 12:42 12:45 20 0.41 90.2% 

28 Aug.2015 12 1727 12:47 12:53 20 0.05 4.47% 

28 Aug.2015 13 1727 12:53 12:58 20 0.09 5.67% 

23 Oct.2015 14 1727 08:35 11:55 13 0.07 9.27% 

23 Oct.2015 15 1727 12:25 13:05 11 0.067 5.76% 

23 Oct.2015 16 1727 13:05 13:25 11 0.056 18.5% 

23 Oct.2015 17 1727 13:25 15:38 11 0.059 12.6% 

23 Oct.2015 18 1827 13:42 13:48 11 0.0016 0.47% 

6 Nov.2015 19 1727 08:47 12:10 1 0.056 8.18% 

6 Nov.2015 20 1727 12:15 14:30 9.5 0.056 103% 

The experimental setup for artificial discharges was quite simple and consisted of a water tank 

with a valve, water containers with different water temperatures, water hose, thermometer, 

stopwatch, ruler and a bucket (Figure 3b). The tank was connected to the water container by a 

water hose. A thermometer controlled the temperature of the water and the ruler controlled the 

water level inside the tank to be able to maintain a steady water level, while there was an inflow 

into the tank from the container and an outflow from the tank to the manhole. The discharge 

and velocity of the artificial inflow were calculated by the time needed to fill the bucket with a 

defined volume, and by adjusting the tank valve, different discharges were provided.  

Precipitation and Flow Measurement 

Precipitation and flow measurements are key parameters in I/I studies. Precipitation is an 

important variable in hydrological rainfall-runoff studies and has a direct impact on the surface 

runoff and the groundwater discharge. From the I/I point of view, this variable is a dominant 

element on the quality and quantity of in-sewer water parameters (Schilperoort, 2011). 

However, the wastewater flow measurement is a challenging task, and the current flowmeters 

in the market do not respond well, especially to low flows, therefore their results in shallow 

flows can be inaccurate. In addition, the presence of debris in wastewater and sedimentation 

problems on the flowmeter sensors are additional challenges in flow measurement in 

wastewater networks with shallow flows.  

In this study, rainfall and wastewater flow were monitored by installing a rain gauge and a 

flowmeter in Lykkjbekken catchment, see Figure 3a. For the precipitation measurement, a 

tipping bucket rain gauge with a standard resolution of 0.2 mm was applied. Moreover, an 
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ultrasonic Doppler flowmeter was installed downstream of the artificial discharge point to 

measure the in-sewer flow in order to check the accuracy of the DTS method in quantifying 

the extraneous water.  

The artificial discharges were added at two and three manholes upstream of the flowmeter at x 

= 1535 m. There were no household connections between these points to have an accurate flow 

measurement and avoid the contribution of any wastewater spills. Furthermore, the results from 

CCTV inspection and DTS monitoring did not show any I/I contribution from groundwater or 

other sources in that part of the network.  

Infiltration and Inflow (I/I) Temperature 

To use the DTS method for quantification of rainfall-derived inflows, it is important to have 

the temperature of runoff. The heat balance has a great impact on the temperature of runoff and 

stream water and is connected to the meteorological circumstances, such as air temperature 

(Stefan and Preud’homme, 1993). Several studies have successfully modeled the stream 

temperature based on a linear and non-linear relationship with air temperature(Stefan and 

Preud’homme, 1993; Mohseni and Stefan, 1999; Webb et al., 2008; Ficklin et al., 2012). The 

stream-air temperature relationship uses an S-shaped logistic function, with temperature 

between 0–20 °C following a linear regression and temperatures outside of this range following 

a non-linear relationship. The non-linear behavior is due to the influence of snowmelt and 

groundwater at low temperatures and evaporative cooling and enhanced back radiation at high 

temperatures (Mohseni and Stefan, 1999). The temperature of surface runoff and lateral soil 

flow from rain has a linear regression with air temperature, which is close to the ambient air 

temperature and can be approximated to the average daily temperature (Ficklin et al., 2012). 

However, the runoff from snowmelt has a temperature just above the freezing point and can be 

set to 0.1 °C (Kobayashi, 1984; Ficklin et al., 2012). On the other hand, surfaces heated in 

excess of the ambient air due to solar radiation (de Jong, Slingerland and van de Giesen, 2015) 

may initially transfer some heat to the runoff at the start of rain events. Therefore, nighttime 

inflows can be considered to eliminate the influence of short-wave solar radiation and improve 

quantification accuracy.  

Groundwater temperature varies seasonally. To accurately quantify groundwater infiltration, 

groundwater temperatures should be measured using a well in the catchment. Annually, 

however, groundwater temperatures are assumed to be 1–2 °C higher than the average air 

temperature(Todd, 1980). To quantify I/I from unwanted sources with unknown temperature, 

e.g., from illicit connections or groundwater, an accurate temperature can be measured using a 

sensor or looping the fiber-optic cable. The temperature sensor should be installed at the 

location of an I/I source after its detection, and I/I quantification can then be performed 

accurately. However, installation of these sensors in the sewer is not easy. Moreover, 

differentiating the temperature of wastewater from I/I in submerged sewers is difficult and may 

make I/I temperature measurements inaccurate. Alternatively, it is possible to measure the 

temperature of I/I from illicit and faulty connections, by looping the DTS cable in the I/I 
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location before entering to the sewer, and then continuing the cable to the next part of the 

network (Schilperoort and Clemens, 2009).  

Results and Discussion 

Artificial Discharge I/I Assessment 

In this study, the applicability of the DTS technology was examined for quantification of the 

extraneous water I/I into the sewer system. Therefore, different artificial discharges were 

applied to analyze the wastewater thermal behavior from the I/I aspect. The DTS cable recorded 

water temperature upstream and downstream of the artificial discharges with known 

temperature, volume, and flow. As a result, the inflow share, which is the volumetric proportion 

of I/I to the sewer network in comparison with the upstream flow, was estimated by the 

equations of conservation of mass and energy (Equations (2) and (3)). Table 1 in the 

experimental setup presents the characteristics and results of the artificial discharge tests 

conducted in the Lykkjbekken catchment.  

For I/I quantification, it is important to calibrate the fiber-optic cable accurately to achieve 

precise results. In the present study, due to the presence of some fusion splices, the cable was 

calibrated with reference measurements at six calibration sections along the cable using 

standard thermometer sensors. Figure 4 demonstrates the calibration of the DTS measurement 

in the Lykkjbekken catchment. The temperature-offsets verify the log-linearity of the signal 

attenuation process. The sedimentation of debris and wet wipes on fiber-optic cables, however, 

may reduce the sensitivity and accuracy of temperature measurements during low flow and 

long-term installation and can also increase the risk of sewer blockage. To avoid this problem 

in the present study, the maintenance of the sewer network was conducted by pipeline flushing 

during the DTS monitoring campaign.  

 

Figure 4. DTS calibration by six standard thermometers along the installed fiber-optic cable.  

Figures 5–7 demonstrate the results of some artificial discharge tests with different 

temperatures and flows. In these figures, the upstream and downstream temperatures of 
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infiltration point and the calculated infiltration share by Equation (3) are presented. According 

to the pumping data, water consumption curve, and flowmeter data, the average daily flow in 

the network was 0.5 L/s. Furthermore, considering the physical characteristics of the network, 

i.e., material, slope, and diameter by using Manning’s equation, the corresponding velocity for 

the average daily flow in both test locations was around 0.65 m/s. The travel distance for the 

flow from the I/I experimental location was around 12 m per 18 sec (the time span of DTS 

measurement). Therefore, to analyze the DTS data in x = 1727 m and x = 1827 m, the upstream 

of x = 1733 m and 1833 m, and the downstream of x = 1721 m and 1821 m were considered, 

respectively, to compare the temperature of downstream with the upstream of the previous 

time-step.  

As can be concluded from the graphs in Figure 5, the temperature differences between upstream 

and downstream have a significant role in calculations of the inflow share. The artificial flows 

can have the same temperature and discharge while the inflow shares and calculated in-sewer 

flows can vary based on wastewater temperature fluctuations caused by upstream spills from 

households. In Figure 5, the 2 min inflow of 0.46 L/s and 20 °C had an average share of 7.18% 

(test number 9), while the average share for 3 min inflow of 0.41 L/s and 20 °C was 90.2% 

(test number 11), which was due to the different upstream temperatures and flows.  

 

Figure 5. (a) Upstream and downstream temperatures on 28 August 2015 around warm 

artificial discharge in location x = 1727 m; (b) percentage of inflow share in comparison with 

the upstream flow. 
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The thermal behavior of the sewer system against cold water I/I was examined in this study as 

well. Figure 6 shows the thermal analysis of the system in cold I/I tests at x = 1727 m by 

demonstrating the detailed temperatures of upstream and downstream of the injection point and 

the calculated inflow shares in comparison with the upstream flows. The average inflow share 

during 3 hours and 23 minutes of 0.05 L/s inflow and 1 °C was around 8.18% of the flow, while 

it varied between 3–15% during this time span. The reason can be explained by the wastewater 

flow and temperature fluctuations due to the upstream domestic spills.  

 

Figure 6. (a) Upstream and downstream temperatures on 6 November 2015 around cold 

artificial discharge in location x = 1727 m; (b) percentage of inflow share in comparison with 

the upstream flow. 

In the next experiments, the thermal behavior of the wastewater was studied under the artificial 

inflows with the temperature close to the wastewater temperature. As demonstrated in Figure 

7, it is hard to find out the correct amount of I/I when the temperature of the inflow is close to 

the temperature of the wastewater, due to the fact that the numerator and denominator of 

Equations (2) and (3) become close to zero.  
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Figure 7. (a) Upstream and downstream temperatures on 6 November 2015 around artificial 

discharge with close temperature of in-sewer water in x = 1727 m; (b) percentage of inflow 

share in comparison with the upstream flow. 

For verifying the application of the thermal method in I/I quantification, the flow data 

downstream of the artificial inflow point (measured by an ultrasonic Doppler flowmeter) was 

exploited. Figure 8 demonstrates the measured flow by the flowmeter and the calculated flow 

by the DTS method (Equation (3)) versus time.  

 

Figure 8. Measured flow by the flowmeter and calculated flow by DTS method versus time 

on 6 November 2015 at x = 1727 m. 
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By comparing the calculated wastewater flow with the measured flow by the flowmeter in 

Figure 8, both datasets demonstrated the same tendency and good correlation (72%) with each 

other. The relative error of ultrasonic flow data from the calculated flow by the thermal method 

was 11.96%, which can be due to the instrumental measurement errors of the flowmeter. In 

practice, the uncertainty and relative error in wastewater flow measurement by Doppler 

ultrasonic flowmeters can vary and even exceed 6–12%, which arises from different 

parameters, such as beam width, beam angle, and inherent instrumental errors(Larrarte et al., 

2008). Moreover, application of flowmeters in low and shallow flows can have high uncertainty 

and inaccuracy, which is also the case in the present study. Therefore, the deviation of 

flowmeter data from the calculated flow in Figure 8 is in the acceptable range, verifying the 

accuracy of the results for the thermal-based flow measurement. Nevertheless, a specific 

laboratory calibration is needed to assess the accuracy of these types of flowmeters, which was 

out of the scope of this study.  

Low Infiltration Artificial Discharge 

The capability of the DTS in finding out the low I/I was analyzed by an artificial injection with 

a low discharge of 0.0016 L/s and a temperature of 11 °C into the sewer network of 

Lykkjbekken (Figure 9).  

 

Figure 9. (a) Upstream and downstream temperatures on 23 October 2015 around artificial 

low discharge in x = 1827 m; (b) percentage of inflow share in comparison with the upstream 

flow. 
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In Figure 9, the quantification analysis of the low-flow injection was investigated by analyzing 

the temperature data upstream and downstream of the injection point. The calculations 

demonstrated that the average inflow share was around 0.47% of the upstream flow, and the 

calculated wastewater flow by Equation (3) was around 0.36 L/s. These calculated numbers 

were reasonable for the wastewater network of the Lykkjbekken catchment. Considering the 

error of flow measurement by ultrasonic flowmeters (6–12%), the calculated results were in 

good agreement with the downstream flow data from the water consumption curve and the 

flowmeter (0.41 L/s). However, in low-flow injections, the temperature changes are not 

significantly larger than the measurement noises, and therefore makes it difficult to identify 

these types of flows in DTS monitoring graphs.  

Rainfall-Derived I/I Assessment 

To demonstrate the application of the DTS method in the quantification of rainfall-derived I/I, 

the location x = 3964 m was considered, which confronted notable I/I of extraneous water in 

rain events. The real-life I/I calculation in the present study was based on the assumption of 

having the same temperature for nighttime surface runoff as the surrounding temperature, and 

there was not any snow in the catchment. Moreover, the household spills reduced drastically 

during nighttime, resulting in more accurate rainfall-derived I/I assessment during wet weather 

conditions. Therefore, to assess the real-life I/I, the upstream and downstream temperatures of 

the location x = 3964 m were analyzed during the storm events at midnight of 11 November 

2015 (Figure 10) and 28 August 2015 (Figure 11).  

Figures 10a and 11a demonstrate the DTS monitoring results in the heat-map format and 

illustrate the continuous thermal behavior of the sewer system along the fiber-optic cable 

installed in the sewer pipeline section. In the DTS monitoring heat-map, the horizontal axis 

shows the location of the cable along the sewer network and the vertical axis presents the time, 

while each pixel on the figure represents an in-sewer temperature for a specific time and 

location. The exact location of extraneous water I/I can be detected by analyzing temperature 

changes caused by different spills from various sources into the sewer network.  

As can be seen in Figure 10a, the DTS results indicate a decrease in downstream temperatures 

of x = 3964 m in comparison with the upstream location, after starting the rain event at 05:15 

on 11 November 2015 with an intensity of 6 mm/hour. The I/I was related to inflow of relatively 

cold stormwater at that location in a cold night (3 °C) from the misconnected roof and yard 

drains. With using upstream and downstream temperatures recorded by the DTS (Figure 10b), 

and assuming the stormwater temperature to be equal to the air temperature, the relative 

contribution of inflow with respect to upstream volume was derived according to Equation (2) 

(Figure 10c). The dominated temperature of wastewater before inflow was around 8.2 °C and 

stormwater inflow with a temperature equal to the surrounding temperature (around 3.1–

3.7 °C) decreased the temperature of the wastewater significantly. In this case, the calculated 

inflow share was between 14–42% with a mean value of 20.7% during this rainfall.  
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Figure 10. (a) DTS monitoring results around the rainfall-derived I/I point of x = 3964 m in 

storm event of 11 November 2015; (b) the upstream and downstream temperatures around 

real stormwater infiltration at x = 3694 m; (c) percentage of I/I share in comparison with the 

upstream flow. 
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Figure 11. (a) DTS monitoring results around the rainfall-derived I/I point of x = 3964 m in 

storm event of 28 August, 2015; (b) the upstream and downstream temperatures around real 

stormwater infiltration at x = 3694 m; (c) percentage of I/I share in comparison with the 

upstream flow. 
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Figure 11 shows a warm stormwater inflow into the sewer network in the midnight of 28 

August 2015 with air temperature of 11–13 °C, which was warmer than the wastewater 

temperature (8–9 °C). Using the same assumptions, which were described above for the rainfall 

of 11 October 2015, the inflow share in this case was between 4–42% with an average of 18.3% 

(Figure 11c). The rainfall-derived I/I calculations in different rainfalls in location x = 3694 m 

showed the severity of the I/I source and pointed to the immediate need for rehabilitation or 

spot-repair of that location. Moreover, the temperature differences between rainfall-derived I/I 

in both warm and cold nights highlighted the direct influence of the surrounding temperature 

on the temperature of the rainfall-derived I/I and the importance of the air temperature 

measurement in rainfall-derived I/I assessments.  

Conclusions 

In the present study, the application of the DTS technique for accurate quantification of 

extraneous water ingress and infiltration from individual I/I sources in the separate sewer 

networks was considered and analyzed in a catchment in Trondheim, Norway. I/I 

measurements were carried out by analyzing the thermal behavior of in-sewer water and 

utilizing an equation based on the conservation of energy and mass (Equation (2)). For this 

purpose, both experimental artificial discharges and real-life rainfall-derived I/I during wet 

conditions were assessed.  

In experimental flows, artificial discharges with different temperatures and flows were applied 

to check the feasibility of the DTS method in quantifying I/I contributions in the sewer network. 

These results verified the applicability of the method in quantification goals, except when I/I 

water temperature was the same as in-sewer water. Moreover, in low-flow I/I, the difference 

between the temperature changes and measurement noises were not significant, making I/I 

detection difficult with DTS monitoring. In addition, this method demonstrated robustness and 

practicability in I/I measurement during wet conditions. Analyzing the thermal behavior of the 

in-sewer water during storm events revealed that the temperature of the rainfall-derived I/I in 

sewer networks was dependent on ambient air temperature. Therefore, monitoring the air 

temperature in this type of study was very important and should always be considered.  

The results of this study identified the condition of the sewer network by determining the 

severity of individual I/I sources in the sewer network. I/I assessment is a demanding task in 

sewer rehabilitation and can support the urban water decision-makers and sewer operators in 

prioritizing and spot-repairing problematic parts of the network. These types of measures are 

valuable for sewer-infrastructure asset management as well as sustainable urban water 

management.  
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9. CONCLUSIONS AND FUTURE 

WORK 

9.1 Conclusions 

In the current Ph.D. research, the application of IAM in improving the sewer system efficiency 

and performance was demonstrated in the context of restriction of unwanted water I/I. The 

study path was defined through the IAM planning levels. The strategic level planning starts 

with “increasing resilience and performance of the sewer system” (publication I). The tactical 

level focused on defining a systematic method to assess unwanted water in the sewer systems 

in addition to the selection of practical methods and projects at the medium-term period 

(publication II). Moreover, to demonstrate the performance of the sewer network from I/I point 

of view in a cost-effective way, mathematical modeling was applied in tactical level (chapter 

4 and publication V). At the operational level, corresponding operations, measures, and 

projects to detect and assess unwanted water I/I in the sewer network were carried out at the 

short-term period (publication III and IV).  

At the strategic planning level, the wastewater transport system of the city of Trondheim was 

analyzed for period 2014–2040 from the sustainability point of view by the dynamic 

metabolism model (DMM) and compared with ‘status quo’ (publication I). The ‘status quo’ 

presents the current condition of the network without managing any risk factors and 

considering the same population growth as in the prognosis for period 2014–2040. In addition, 

constant development of the wastewater network as the average value for the years 2005 to 

2013 with the same rehabilitation rate in the Trondheim master plan, as well as 10% reduction 

in water demand per capita until 2040 were assumed. It can be concluded from the results of 

this study, which were based on some realistic assumptions for wastewater transport system of 

Trondheim, that interventions of reduction of I/I (a), and energy management (d), and the 

combination of them demonstrated  less GHG emission and energy consumption in comparison 

with ‘status quo’, which is important from the environmental aspect of the sustainability 

analysis. However, low changes and improvements in other variables, e.g. economy and assets, 
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in comparison with ‘status quo’ can be seen. It should be mentioned that by reduction of I/I, 

outstanding benefits will be added to WWTP and CSO due to wastewater volume reduction. 

Intervention ‘d’ resulting in better energy management and a significant reduction in diesel 

energy consumption, which will have a major impact on the sustainable management of the 

wastewater system. The intervention of extension of wastewater network regarding population 

growth (c) presented good and desirable results from environmental, functional and economic 

aspects, especially in decreasing GHG emissions and energy consumption. The reason is that 

the extension of the network by population growth rate is lower than the extension rate of the 

recent years (status quo). Moreover, in the existing system, extra space is supplied for 

wastewater and stormwater transport, and intervention ‘c’ displayed the benefits of using the 

available capacity of existing infrastructure. Therefore, densification of existing areas or 

establishment of new areas should be considered in city development plans. It clearly shows 

that the benefits of densification overrun other interventions. Additionally, for stormwater 

systems, blue-green solutions can reduce the need for extra flow capacity, which was 

considered in intervention ‘c’. On the other hand, the environmental and economic results 

related to the intervention of increasing the rehabilitation rate and separation of the network (b) 

were not desirable in comparison with ‘status quo’ in the analysis of the wastewater transport 

system, due to adding more construction work to the network. This has significant benefits for 

WWTP by reduction of CSO and I/I volume, which results in consumption of less energy and 

chemicals. However these results were out of the scope of this study and were not considered 

here because of lack of data.  

In the tactical level, a systematic method to assess unwanted water in the sewer systems by 

rehabilitation plans was defined as well as evaluating the available I/I assessment and detection 

methods in the sewer system (publication II). There is no unique and standard way of 

evaluation and localization of I/I in the sewer systems, while each I/I assessment method is 

based on some assumptions and has its limitations and advantages. Therefore, a combination 

of these methods can be valuable for reducing assumptions and uncertainties and obtaining 

more independent, accurate and reliable data about the location and magnitude of I/I in the 

sewer system. Some infiltration/inflow assessment methods, e.g., tracer method, can be quite 

labor-intensive and may require entrance onto private premises, while inflows are often only 

detected by chance. The results of this study give the sewer operators the possibility to compare 

different technologies in assessing infiltration/inflow in the sewer system in a standardized, 

qualified and quantified way depending on the selection criteria.  

Moreover, gathering and analyzing the historical data for assessing the I/I status in sewer 

systems should be done in tactical planning level to detect the presence of unwanted water in 

the sewer system and convince the municipalities to invest on I/I detection, assessment, and 

restriction projects. To investigate the status of the sewer network from I/I aspect in a cost-

effective way mathematical modeling and simulation can be applied, which are valuable in 

demonstrating the presence of unwanted water I/I in the sewer system, and convincing utilities 

to consider I/I management projects in their plans. A combination of hydrological and 

hydraulic modeling of the sewer system, together with hydrogeological modeling of the 

groundwater should be carried out. Analyzing the historical data, i.e., hydrological, 
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hydrogeological and sewer flow data, and sewer infiltration modelling in Lykkjbekken 

catchment demonstrated and proofed the presense of unwanted water in that sewer network 

specially in wet weather conditions due to rainfall-induced I/I. The validation of these 

simulations can be done by analyzing historical data and direct monitoring of the sewer 

network by I/I techniques.  

In the operational level, I/I detection and measurement projects were implemented in a case 

study in Trondheim. The DTS was applied for the first time in Norway in tandem with CCTV 

and smoke testing to detect I/I sources in a separate sewer network (publication III). The 

application of DTS was demonstrated to be a strong and feasible method for I/I detection. DTS 

detected more I/I sources than CCTV. Smoke testing confirmed the DTS results and identified 

illicit stormwater connections from downspouts in the I/I sources. Rainfall-derived I/I affects 

the thermal behavior of sewage to a great extent. Rainfall inflows coinciding with warm days 

(relative to in-sewer water) can be detected as warm spills into the sewer networks, while cold 

I/I discharges correspond to rain events on cold days. Therefore, monitoring the surrounding 

air temperature in this type of studies is essential. It is important to assess individual I/I sources 

by I/I quantification methods to evaluate the severity of detected I/I sources. It is hard to know 

if all I/I sources were detected by DTS. However, after repairing detected sources less illicit 

water is entering the system. There can still be some I/I sources in parts of the sewer network, 

which were not covered in this study. This study emphasized that DTS was an important tool 

to solve the infiltration problems in Lykkjbekken catchment. 

I/I quantification was carried out by analyzing the thermal behavior of wastewater by DTS 

technique and utilizing an equation based on the conservation of energy and mass (publication 

IV). For this purpose, both experimental artificial discharges and real-life rainfall-derived I/I 

during wet conditions were assessed. In experimental flows, artificial discharges with different 

temperatures and flows were applied to check the feasibility of the DTS method in quantifying 

I/I contributions in the sewer network. The results verified the applicability of the thermal 

method in quantification goals, except when I/I water temperature was the same as in-sewer 

water. Moreover, in low-flow I/I and I/I with close temperature to in-sewer water, the 

difference between the temperature changes and measurement instrumental noises were not 

significant, making I/I detection difficult with DTS monitoring. Furthermore, this method 

demonstrated robustness and practicability in I/I measurement during wet conditions. I/I 

quantification has some limitations as well. The accuracy of the flowmeter is the major one. 

Wastewater flow measurement is a challenging issue, especially in shallow flows, which was 

discussed in the chapter 8. The temperature measurements of I/I is another challenge. It is 

important to use the same sensor for all measurements otherwise; the measurements from 

different sensors can result in high uncertainty in quantification issue. For example if we 

measure the air temperature with another sensor, it should be calibrated together with the DTS 

cables. Moreover, the measurement of I/I temperature is needed with adjustment of the cable 

in I/I location, which needs extensive resources. 

The results of these studies identified the condition of the sewer network by I/I detection and 

determining the severity of individual I/I sources in the sewer network. I/I assessment is a 
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demanding task in sewer rehabilitation and can support the urban water decision-makers and 

sewer operators in prioritizing the problematic parts of the network and make smart decisions 

(i.e., spot repairing, renovation or full replacement of the sewer pipeline). Identifying and 

remedying I/I sources decreases extraneous water in the sewer system, which is essential for 

sustainable sewer asset management. 

9.2 Recommendations for future studies 

 
The following research topics were identified as the subjects for further researches since they 

could not be included in the scope of this study. 

A. Strategic planning of the whole wastewater system: The results of the presented 

strategic planning in the publication I did not demonstrate the comprehensive effects 

on the whole wastewater system. To obtain a sustainable IAM of sewer network and 

making decisions, it is indispensable to consider different aspects of sustainability 

accurately and manage them in a comprehensive system with wastewater transport 

system, CSO, and wastewater treatment plant. This can lead to long-term sustainable 

planning and management in a wastewater transport system by having more focus on 

the environmental features of sustainable sewer asset management besides the 

economic, physical, functional and social aspects. 

B. Uncertainty analysis in strategic planning: In the long-term strategic planning, for 

future developments, which are based on various climatic, socioeconomic and 

anthropogenic scenarios, the fulfillment of assumptions is strongly associated with 

future conditions and, therefore, uncertainty plays a relevant role, and reliability of the 

outcomes can be affected significantly (Freni, Mannina and Viviani, 2012). Therefore, 

uncertainty analysis is recommended in decision-making. 

C. Uncertainty and SWOT analysis in tactical planning: Uncertainty assessment is 

useful and valuable in applying various I/I techniques and can be considered in future 

studies. Moreover, analyzing internal strengths, weaknesses together with external 

opportunities and threats (SWOT analysis) are valuable and recommended before 

approving I/I projects. Cost and availability of materials, transportation, carbon 

footprints, and construction labor as well as considering environmental impacts are 

important factors in the assessment of the suitability of I/I techniques.  

D. I/I assessment by other methods in operational planning: Future studies can focus 

on the application of other I/I assessment methods such as, e.g., tracer methods, electro 

scan, water level measurement, stable isotopes method and pollutant time series 

method. Each of these methods is based on some assumptions and can be a subject for 

future I/I assessment studies.  Moreover, a combination of them is a valuable tool to 

obtain reliable I/I detection and assessment data.  

E. I/I assessment by cost-effective methods: The DTS technique has high initial cost and 

is an expert oriented method in installation, operation, and data analysis, so 

improvements are necessary before the method becomes practical and widely 

accessible for I/I assessment. It is important to develop and find more cost-effective 

methods for I/I detection. Temperature measurement monitoring, which was described 
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in Table 3.1 in chapter 3, is an inexpensive method in I/I detection, which can be used 

for detecting the problematic parts of the network. In addition, using cable temperature 

sensors can be used as a cost-effective alternative method instead of DTS fiber-optic 

cables for I/I detection and assessment in problematic parts of the network with the 

same principle as DTS method. However, more investigation is needed to prove their 

applicability and accuracy in I/I projects, which can be a subject for future studies.  

F. Smart I/I detection: Smart technologies and solutions for water management such as 

digitalization and internet of things (IOT) can provide better monitoring and faster 

diagnosis of the problems in urban water and wastewater infrastructure systems. More 

research is needed on I/I detection for example through warning systems connecting to 

the ubiquitous sensor network in a fast and effective way. 

G. Accurate flow measurement: The wastewater flow measurement is a challenging task, 

and the current flowmeters in the market do not respond well, especially to low flows. 

Therefore, flow measurement in shallow flows can be inaccurate. Also, the presence of 

debris in wastewater and sedimentation problems on the flowmeter sensors are 

additional challenges in flow measurement in wastewater networks with shallow flows. 

More research is needed on developing flowmeters without these problems.  
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