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1.3. Konsekvenser av fremmedvann 
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Figur 1: Konsekvenser av fremmedvann i et bærekraftperspektiv, med et 
sosialt, miljømessig og økonomisk perspektiv  
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1.4. Økt fokus på fremmedvann 
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Tabell 1: Antall relevante og publiserte vitenskapelige artikler med fokus 
på fremmedvann de siste 20 årene 
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1.5. Årsaker til store forskjeller i 
fremmedvannsmengder 
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Figur 2: Typisk norsk grøftetversnitt [14] 
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Figur 3: Typisk Europeisk grøftetverrsnitt 
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1.6. Hvordan identifisere fremmedvann? 
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1.7. Tiltak mot fremmedvann 
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Figur 4: Vannkilder, ulike metoder for feilsøk samt mulige tiltak mot 
fremmedvann 
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1.8. Hovedmålsetting og 
forskningsspørsmål 

1���	���������%������	�����������&�����	�����
����	���%����

�����������
��������	�����	�����������������������	����
�����

�������
	�������������O:%�95%�9A%�:EP�����������������������������



95�
�

��
���������������������������������	�������
�������������%����

�����������������������������������&�����
������	
����������2���

������	������������������	�����������	���	������������������

�����������	
�������
�������������	��
�������������	�������������

�	�
��	������������������	���������������!����	�����

	
������	��
����

3���������������������������������
	����	�����������������������

����!���������������
�����"��	�����������������������	
�

�������	������%�����������������������������	�����������������

������������
���	���������
	����	�����	��������������������

��
�����	�������	���
�������������	����������������������
��������

����������������
��������
��������������������������������	�����

��������	���	���������	
������������	������������
	����
	��&����

	
��������	������������

(�
���������������������	����������������
�������������

������	����
�����������������
	����������������	��	��������

���"���������
�����"������	������������������������������������������

�
	�������
�������������
	����������������
������������

��������������������������������������������"����������������
���

������������
�����"����������������	���	�����������������������

�����������	
��������
	�������	�����+	��������	����

��������������%������������	������
	��	�	�	�"�������	�������:�5%����


	�������������������������	
������������#	���������������������



9=�
�

��������	����������������	���������������������������	���%�

������
�����%���
���������	�����������������	
�����	���

�������
	���������
����������������������"�����	�������

���������
��(
���	�������������������	�����
�������������=��

�

Figur 5: Sammenheng mellom de fire studiene som er gjort gjennom PhD 
arbeidet 
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Figur 6: Overordnet arbeidsmetodikk for systematisk arbeid med 
fremmedvann 
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Tabell 2: Opplysninger om studie 1- Infiltration and Inflow (I/I) to 
Wastewater Systems in Norway, Sweden, Denmark and Finland 
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Tabell 3: Opplysninger om studie 2- Identifying factors influencing 
Infiltration and Inflow-water (I/I-water) in wastewater system using 
multivariate data analysis 
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Tabell 4: Opplysninger om studie 3- Analysing consequences of Infiltration 
and Inflow water (I/I-water) using Cost Benefit Analyses 
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Tabell 5: Opplysninger om studie 4- What effect does traditional 
rehabilitation of wastewater pipelines have on the share of Infiltration 
and Inflow water (I/I-water)? 
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Figur 7: Avgrensinger av arbeidet som er gjort 
 

3. Metoder 

3.1. Studieområder 
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Figur 8: Studieområder benyttet i de ulike arbeidene 
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Tabell 6: Anlegg benyttet i statistiske analyser i artikkel nummer 2 
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3.2. Bruk av vannføringsmålinger 
�	�	���	�
	�������������������������������	
���������������������

������
	�������������������������������������������������������

�������������������	
�����������

�	�	���	�����	�������
	�������������������	
������������	���������

����������������4������	�	��	����	���	�������������������	��������

�"��	�������������������%�����	����������������	��������

�����������"������������������������
��������
����������������������

�����������#	�����������������������������%�������������������	�

������
�����������	�������������
�%�
����
�����
�������������������

#����	
����
	���������������8	��;��$��������	
����������������

�����!�����������8	��9EEE��	�����������	�������������"��
!���

���
����������������������������O:=P��0����������������������

������
	������������;��$�%�����
�������������������������%��	��


	����������	�	��������������	���	���������������

�������
	��������������	
������������6�������������������"��

������������������������%������������������������
��������������

��	�����%��	���	������������������
	�����	�����������������������


	�����������������	��������O:=P���

3.3. Beregninger av fremmedvannsmengder 
(artikkel 1 - Status) 
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3.4. Statistiske analyser 
(artikkel 2 - Påvirkningsfaktorer) 

3.4.1. Lineær regresjon 
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3.4.2. Multivariat analyse 
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Figur 9: Ekstrakteringsprosess av PCer i en PCA [17, 37] 
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3.5. Samfunnsøkonomiske analyser  
(artikkel 3 - Konsekvenser) 
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Figur 10: Arbeidsmetodikk for prissetting av fremmedvann [1] 
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Tabell 7: Mulige tiltak for å redusere konsekvenser av fremmedvann 
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3.6. Bærekraftig andel fremmedvann 
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3.7. Effekt av ulike tiltak (artikkel 4 - Tiltak) 
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Figur 11: Metodikk for å undersøke effekt av tiltak på avløpsnettet [35] 
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Tabell 8: Karakteristika for vurderte rehabiliteringsområder 
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Tabell 9: Oppsummering av gjennomførte tiltak på avløpsledninger 
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Tabell 10: Oppsummering av gjennomførte tiltak på avløpskummer 
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4. Resultater 

4.1. Utvikling av fremmedvann  
(artikkel 1 - Status) 
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4.2. Påvirkningsfaktorer på fremmedvann 
(artikkel 2 - Påvirkningsfaktorer) 
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Tabell 11: Resultater fra regresjonsanalyse [17] 
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Figur 12: Resultater fra multivariatanalyse [17] 
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4.3. Fremmedvann og drikkevannslekkasjer 
(artikkel 2 - Påvirkningsfaktorer) 
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Tabell 12: Antall PE tilknyttet ulike undersøkte målesoner 
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Figur 13: Kart som viser avløps- målesoner hvor fremmedvannsnivået er 
undersøkt 
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Figur 14: Fremmedvannmengder i 4 avløpssoner i Asker sommeren 2018 
[17] 
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Figur 15: Fremmedvannsmengder i Asker våren 2020 
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4.4. Kostnadseffektivitetsanalyse  
(artikkel 3 - Konsekvenser) 
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Tabell 13: Beregnet nåverdi for alle vurderte alternativ [1] 

� Alt. 0 Alt. A Alt. B Alt. C 
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Tabell 14: Utslipp av fosfor som følge av fremmedvann vurdert for alle 
alternativer [1] 

Alternativer 2017, kg Tot-P 2059, kg Tot-P 2019-2059,  
kg Tot-P 
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Figur 16: Totale kostnader for ulike alternative renoveringsrater 
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4.5. Prissetting av fremmedvann  
(artikkel 3 - Konsekvenser) 
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4.6. Betalingsvillighet for bedring i 
vannkvalitet (artikkel 3 - Konsekvenser) 

�������������
�����������$�"���&�	�	�"�������������
��������

�����������"���
�������	
����
������������	����%���������������

�����	������)���
	����	��������
�����������������������������	��

�������������������	
�
	���
	�������	��
!���	D�������������%��D�


	���
	���������8D��	��
	����
	�����������
������	���	
������

�����������������������������������
������
���	��������


	����������	��������
����	�������������������������	
�

���	�����
����������)�����	������	�����
	������������������
�������

3	�����9=��3	���������������������������������������	��������

���	�����
����������������������
������
���
����������

Tabell 15: Oppsummering av tall brukt i beregninger av betalingsvillighet 
for å oppnå bedring i vannkvalitet (2018- verdier) [1, 43-48] 
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4.7. Effekt av tiltak mot fremmedvann  
(artikkel 4 - Tiltak) 

(���������������������������5������������4�������
��������

�
��
����������������������������������������������������������

�������������������	
�����	�������������
	��%��������

������������
���������������	���
����������	���������������	���	�����

�������
	��������������	
��������������������������

�����������������������������	������������������I��!������#	����

������������������� �)�G�����������
���C )G��
��D%����#������
���

�������������������(���������������������
�������������9A���



=A�
�

�

Figur 17: Kart over rehabiliteringsområder og kontrollområder 
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Tabell 16: Sammenligning av resultater for tørrværsperioder for Vakås og 
Dæli mot kontrollområdet JRWs vei [35] 
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Tabell 17: Sammenlikning av resultater for ulike nedbørsperioder for 
områdene Vakås og Dæli mot JRWs vei [35] 
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Tabell 18: Oppsummering av fremmedvannsreduksjon for områdene 
Vakås and Dæli [35] 
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Tabell 19: Sammenlikning av tørrværsperioder for området Vestre vei mot 
Holmen [35] 
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Tabell 20: Sammenlikning av resultater for ulike nedbørsperioder for 
Vestre vei mot Holmen [35] 
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Tabell 21: Oppsummering av fremmedvannsreduksjon for Vestre vei [35] 
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Figur 18: Registrert overløpsdrift før og etter tiltak i Vestre vei [35] 
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5. Usikkerheter 
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Tabell 22: Vurdering av pålitelighet for grunnlagsdata [1, 14, 17, 35] 
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Figur 19: Forhold som styrer innsatsen mot fremmedvann 
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Figur 20: Investeringsnivå balansert mot konsekvenser 
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Figur 21: Arbeidsmetodikk som kan brukes i systematisk arbeid med 
fremmedvann 

7. Videre arbeid 
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Abstract: Infiltration and inflow of non-sewer water to the wastewater network (I/I-water) may have
a number of both financial and environmental consequences. In Norway, there are two commonly
used methods for calculating the volume of I/I-water, The Dilution method (DM) and the Water
Balance Method (WBM). When comparing the methods, the WBM gives a lower value of I/I-water
than the DM. Analysis shows that the volume of I/I-water for some large Norwegian wastewater
plants is decreasing. From 2009 to 2016, the average value has decreased from 70% to 66% of the total
annual flow. For investigated Danish districts the average amount of I/I-water is stable, on about
30%. Calculations performed by the Finnish Water Utilities Association shows a stable percentage
of I/I-water on about 40% in Finland from 2010 to 2016. Calculations on Swedish wastewater
plants show a reduction in I/I-water from 58% to 46% from 2010 to 2016. For the districts Asker,
Bærum, and Drammen in Norway, the amount of I/I-water is increasing with increasing percentage of
combined sewer systems. This is also the case for investigated plants in Norway, Sweden, and Finland.
The exception is Denmark, with a high percentage of combined systems, but a low percentage of
I/I-water. Investigations done for Asker, Bærum, Drammen, and the two Danish districts Randers
and Esbjerg vest, show a correlation between rainfall and I/I-water only for Asker and Esbjerg vest.

Keywords: I-I-water; sewer; wastewater; precipitation

1. Introduction

Infiltration and inflow of non-sewer water to the wastewater network (I/I-water) is, in the
following study, defined as all water entering the sewerage network except sewerage. The level of
I/I-water is an indication on how well the wastewater system works in comparison to the intentions.
Sources of I/I-water are rainfall, groundwater, and leakages from the water supply system. I/I-water
finds its way into the wastewater network through damaged pipes, damaged manholes and fault
connections, but can also enter intentionally, which is the case for rainwater in a combined sewer
system. In a study by Helen Karstensen [1], the economic consequences of I/I-water for the Bekkelaget
drainage area in Oslo were analyzed. Based on the lowest estimates, the study concluded that I/I-water
has an annual cost of about NOK 35 million for the city of Oslo. The highest estimates in her calculations
gave an annual cost of I/I-water for Oslo of NOK 313.2 million [1]. (Oslo have 674,000 inhabitants
in 2018). I/I-water increases the operating costs for a wastewater system, for example pumping
costs and treatment costs. In addition, I/I-water contributes to pollution transport through weirs
and increased emissions from wastewater treatment plants [2,3].

Water 2018, 10, 1696; doi:10.3390/w10111696 www.mdpi.com/journal/water
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In Table 1 the consequences of I/I-water are listed.

Table 1. Potential unwanted consequences of infiltration and inflow of non-sewer water to the
wastewater network (I/I-water) in wastewater systems.

Component Consequences

Pumping station Increased expenses related to maintenance
Increased expenses related to energy use

Sewer network included weirs
Payments related to basement floodings
Wastewater transported to the recipients

Wastewater treatment plants included weirs
Increased expenses related to maintenance
Increased expenses related to energy use
Wastewater transported to the recipients

The proportion of I/I-water in wastewater pipes normally in Norway is calculated by using two
different methods:

The Dilution method (DM) uses input data of total phosphorus concentration to wastewater
treatment plants to calculate the amount of I/I-water. In order to use this method, one must make
assumptions on total phosphorus production per person per day (TOT-P/person day) and on the total
water consumption per person per day (liter/person day) [4].

The Water Balance Method (WBM) uses measured amounts of water led to a given measuring
point to calculate the quantity of I/I-water. In order to use this method, one must make assumptions
of the total number of persons and industry connected to the pipes upstream the measuring point
and on the water consumption per person and day (liter/person day) [5].

A study by Lindholm and Bjerkholt [4], using data for 2008, concluded that the amount of
I/I-water to some large wastewater treatment plants in Norway on average was between 60% and 70%
of the total inflow during the whole year. In this study, the DM was used to calculate the percentage of
I/I-water. Figures on inlet concentrations of total phosphorus where supplied from the Norwegian
Environmental Agency. The water consumption was on an average set to be 160 L/person per day
and the phosphorus production was assumed to be 1.8 g/person per day [4].

The study from 2011 was followed up by an investigation of the situation on I/I-water in the
Nordic countries [5]. In this study, I/I-water in Norway, Denmark, Finland, and Sweden was
investigated. Based on the 2009 data, the DM was used to calculate the amount of I/I-water for
some large wastewater treatment plants in Norway (68%), Finland (29%), and Sweden (58%) [5].
Due to lack of information on phosphorus production per person and day for Denmark, it was not
possible to use the DM to calculate the amount of I/I-water. The WBM was used instead. For Denmark,
the amount of I/I-water was 33%.

To know exactly how high the consumption of water is, it is a necessity to have full coverage
of water meters. If a district is not fully covered or have no meters at all, the consumption of water
will be based wholly or partly on estimates. Vråle [3] concluded that estimated quantities of water
consumed in many Norwegian municipalities often were set to be too high. This is supported by
studies conducted in the Drammen region, where residential areas with 100% water meter coverage
showed consumption between 109 and 135 L/pe [6]. In order to make calculations of the fraction
of I/I-water, it is necessary to have a proper knowledge of water consumption [3]. Norsk Vann
(The Norwegian Water) recommends that the specific water consumption, when dimensioning plants,
should be about 140 L/s [7].

In 2014, a project was conducted on behalf of the municipality of Oslo (the department of water
and wastewater works, VAV). The purpose of the project was to look into how the consumption
of water could be reduced most efficiently. As a consequence of this project, information on
water consumption was collected from Norway, Finland, Denmark, and Sweden. For Norway,
the consumption varied between 240 L/p day (for those with less than 80% water meter coverage)
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and 137 L/p day (for Drammen municipality with approximately 82% water meter coverage) [8].
For Sweden, it was reported that household consumption for the Stockholm area was about 200 L/p
day, and for the Gothenburg area 156 L/p day. Household consumption in Denmark was reported
to be 107 L/p in 2013, as an average for the whole country. For Finland, it was stated that the net
consumption was assumed to be at about 140 L/p [8].

In Norway, it is common to use 1.8 g TOT-P per person per day when calculating Phosphorus
production and dimensioning wastewater treatment plants (WWTP) [4,9]. The WWTP receives
wastewater with various concentrations of phosphorus depending on connected industry. Vråle [10]
points out that there are big variations in use/production of phosphorus and that it are difficult to
make a general recommendation on what values to use in calculations. It is also possible that the
infiltration of water to the wastewater system may be of importance, and may lead to an increased
content of phosphorus [11].

Due to climate change, an increase in precipitation for the Nordic countries is expected. The annual
average precipitation for mainland Norway has increased by almost 20% since 1900 [12]. In Denmark,
the annual average precipitation has increased about 15% from 1874 to 2013 [13]. The correlation
between increased precipitation and increased amounts of water in drainage pipes can be investigated,
for instance, by using hydraulic and hydrologic models. This was done in a study from Oslo,
where various factors that could affect the I/I-% were examined [14]. The factors considered were the
fraction of combined to separate systems, the average age of the sewer pipes, the area of sealed surfaces
compared to permeable surface, precipitation, number of crossings between sewer pipes and piped
streams/open water courses. As a tool, a simplified and calibrated hydrological model, similar to
Mouse RDII developed by DHI, was used [14]. The study concluded that I/I-water is a highly variable
component which is difficult to predict from characteristics within different drainage fields [14].

I/I-water has been paid some attention in recent studies, most of which have emphasized
identifying sources of I/I-water, quantifying shares in the I/I-water and to give an understanding
on what the situation regarding I/I-water is of today [15–18]. The main goal of the study presented
in this article was investigating the status of I/I-water in the Nordic countries as of today and to
look into the development over the past 8–10 years. The level of I/I-water of 2015/2016/2017 was
calculated and compared to the 2008/2009 figures which will give an indication whether or not the
measures that have been taken to reduce I/I-water since 2008/2009 have had any effect. Some of the
same treatment plants that was analysed by Lindholm et al. [4,5] have been re-examined, with data
from 2015/2016/2017. This study also includes some simple investigations on how the I/I-water,
calculated in the first part, is correlated to rainfall. When trying to reduce I/I-water, it is assumed that
large economical investments have to be made. Looking at the development of I/I-water over the past
ten years may give some indications on whether or not the investments with the aim to reduce the
amounts have had any effect.

Despite the uncertainty related to calculating the amount of I/I-water in both the dilution method
and the water balance method, both these methods are used in this study.

2. Materials and Methods

2.1. Study Area

This study makes a follow up of the wastewater treatment plants that were studied by
Lindholm and Bjerkholt and Lindholm et al. [4,5]. Wastewater treatment plants in Norway,
Sweden, Denmark and Finland have been investigated. In addition, three municipalities in Norway
have been more closely examined, Asker (ca 60,000 inhabitants), Bærum (ca 126,000 inhabitants),
and Drammen (ca 69,000 inhabitants) [19]. Asker, Bærum, and Drammen are three of the most
populated municipalities in Norway.

The study area is shown in Figure 1. In Table 2 the investigated plants are listed.



Water 2018, 10, 1696 4 of 17

 
Figure 1. Map of the Nordic countries and a zoom-in of Asker, Bærum, and Drammen
municipalities [10].

Table 2. Norwegian, Danish, and Swedish plants included in the I/I-water analysis performed on the
years 2009 and 2015/2016/2017.

Norwegian Plants 2009–2017 Danish Plants 2009–2016 Swedish Plants 2009–2015

VEAS Esbjerg Vest/Spildevand AS Henriksdal, Stockholm
Bekkelaget Oslo Frederikshavn Spildevand AS Ryaverket, Göteborgsregionen
Solumstrand Drammen Herning Band AS Käppala, NO Stockholm
Saulekilen Areandal Horsens and AS Sjölundverket, Malmö
Lillehammer Randers Spildevand AS Bromma, Stockholm
Moss-Kambo Ringsted Spildevand AS Nykvarnsverket, Lindköping
Sandefjord Vandcenter Syd AS Slottshagen, Norrköping
Tønsberg Vestforsyning Spildevand AS Kungsängsverket, Uppsala
Nordre Follo Aalborg Vest/Kloak AS Kungsängens ARV, Västerås
Knappen Bergen Aarhus Vand AS Duvbackens ARV, Gävle
Ytre Sandviken Bergen Källbyverket, Lund
Sentralrenseanlegget NJ Ekeby ARV, Eskilstuna
HIAS
Alvim Sarpsborg
Knarrdalstrand Porsgrunn

For Finland, the calculations have been done by the Finnish Water Utilities Association (FIWA)
for Finnish districts from 2010 until 2016. These results are an average of 68 plants that report to FIWA.

2.2. Calculation Methods and the Amount of I/I-Water

The dilution method is based on the assumption that every person produces a certain amount of
TOT-P per day and a certain amount of wastewater per day [4]. The higher the average concentration
of TOT-P into the treatment plant, the smaller the amount of I/I-water into the same plant.

With the dilution method, the amount of I/I-water for each treatment plant is calculated according
to the formula (1).

Amount of I/I−water (%) =
(

1− (ci)/
(

Ppd/Qap

))
× 100 (1)

where:

I/I = I/I-water in the plant, %
Ppd = produced phosphorus (TOT-P) per person and day, mg/pe day
ci = concentration of Tot-P into the plant, mg/L
Qap = amount of wastewater produced per person per day, L/pe day
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The water balance method is based on the assumption that every person produces a certain
amount of wastewater per day.

With the water balance method, the amount of I/I-water is calculated according to the formula (2).

Amount of I/I−water (%) =
(

Qtot–pe×Qap

)
/Qtot)× 100 (2)

where:

I/I = I/I-water in the wastewater system (%)
Qtot = total amount of water being transported to the measuring point, L/day
pe = the number of persons situated within the catchment area
Qap = the amount of wastewater each person produces a day, L/pe day

2.3. Norwegian Wastewater Districts

The contents of I/I-water in the Norwegian plants have been calculated based on the
concentrations of registered TOT-P. The dilution method has been used in these calculations.
The numbers on TOT-P have been provided by the Environmental Agency in Norway [20].

For Norway in general, 18% of the sewers are combined systems. For the systems included in this
work, 26% were combined systems [21].

2.3.1. Asker and Bærum Municipalities

In both Asker and Bærum municipalities, almost all houses are connected to the public wastewater
system. The wastewater is transported to the wastewater treatment plant VEAS (Vestfjorden
Avløpsselskap AS) via a large tunnel. The wastewater system is divided into different zones, and each
zone has a measuring point that registers the volume of wastewater transported into the plant.
To calculate the amount of I/I–water, figures of measured discharge and number of inhabitants [22,23]
were used when applying the water balance method. No corrections have been carried out when
it comes to households not connected to the public sewer system. No corrections have been done
regarding industry or commuting of people in and out of the districts, as they are both regarded as
negligible. The wastewater system in Asker is 100% a separate system, and in Bærum the percentage
of combined system/separate system is 35/65 [24].

2.3.2. Drammen Municipality

The wastewater system in Drammen is divided into two districts with separate treatment
plants, which of only one, the Solumstrand district, is included in this study. The municipality of
Drammen annually produces a report to meet the demands of the County Governor [25]. The annual
report presents, among other things, the volume of wastewater delivered to the treatment plant,
treated amounts of water in the plant, overflow emissions, and figures on person equivalents
(pe) [26,27]. In the calculations done in this study, reported figures for Solumstrand treatment plants
have been used. For Solumstrand, commuting is not considered, but industries are included. In the
reports to the County Governor, the same figures on pe for all of the considered years are given.
Because of this, there are some uncertainties related to these figures. The Solumstrand wastewater
district has 56% combined sewers. For the Solumstrand district, I/I-water was calculated using both
the dilution method and the water balance method.

2.4. Danish Wastewater Districts

For Danish plants/districts, figures of discharge have been collected from DANVA’s (Dansk
Vand-og Spildevandsforening; the Danish water and wastewater association) annual reports [28].
In these reports, figures on total organic load, given as pe, are specified. The amount of I/I-water for
2010 and 2016 was calculated using the water balance method.
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DANVA specifies that the water consumption in 2016 on an average was approximately
62.67 m3/pe per year or 172 L/pe per day. One hundred and four liters (104 L) were used by
the households. In 2016, the water loss through leakages was about 5 m3/day. This gives an actual
consumption on 158 L/pe per day, or 58 m3/pe per year. The total water consumption in 2010 was
approximately 68.16 m3/pe per year, including household consumption, industry and institutional
consumption and loss of water from the drinking water supply (all water not accounted for are
regarded as loss). Without the water loss, the consumption was about 63 m3/pe per year.

Lindholm et al. [5] calculated the I/I-water using the average volume delivered to a selection
of the biggest wastewater plants (277 L/pe per day) minus an average of the produced water in the
waterworks. This gave an amount of I/I-water of 91 L/pe per day, or an average of 33%. In this work,
the given number of pe was used, together with figures on water consumption.

2.5. Finnish Wastewater Districts

Calculations of I/I-water in Finland are based on figures from the PI system VENLA. The share of
I/I-water is calculated using figures of water consumption and water transported into the wastewater
plants. The PI-system VENLA is administrated by FIWA. The resulting numbers are a result of an
average of 68 waterworks [29].

2.6. Swedish Wastewater Districts

The figures used in the calculations of I/I-water for Swedish plants are obtained from Svenskt
Vatten (the Swedish Water and Wastewater Association) [30]. For 2009, the I/I-water for Swedish
plants was calculated using the dilution method [5]. In 2017, I/I-water has been calculated using the
water balance method on reported values of delivered sewage into the wastewater plants and figures
on produced waste water per person. Svenskt Vatten reports that produced wastewater per person
corresponds to water consumption and that there are little uncertainty with these figures as all homes
are fitted with a water meter [31]. Svenskt Vatten reports that the household consumption in 2015 was
128 L/pe and day. When including industry, the consumption was 183 L/pe and day [32].

In Table 3, a summary of all figures and sources of information, and calculation methods, are given.

Table 3. Summary of values used in the calculation of I/I-water for the year 2015/2016 concerning
water consumption, phosphorus production, and the calculation method.

Prerequisite for Calculations Done for the Years 2015 and 2016

County/Municipality Water Consumption
(L/pe Day)

Source of
Information

Total Production of Phosphorus
(mg TOT-P/pe Day)

Method of
Calculation I/I-Water

Norway 140 Literature 1.8 DM
Asker 140 Literature WBM

Bærum 140 Literature WBM
Drammen

(Solumstrand) 140 Literature WBM

Drammen
(Solumstrand) 140 Literature 1.8 DM

Denmark 158 DANVA WBM

Finland 140 Norconsult
(2014) WBM

Sweden 183 Svenskt Vatten WBM

DM, dilution method; WBM, water balance method.

2.7. Data of Precipitation

The Norwegian Meteorological Institute (MET) runs a large number of weather stations,
and monitors the weather and climate continuously. These stations measure rainfall among many
other parameters. MET also operates stations in Asker, Bærum and Drammen. The total amounts
of rainfall have been downloaded from the MET’s web site [33]. Likewise, data for Denmark
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and Sweden have been collected from the Danish (DMI) and Swedish (SMHI) Meteorological
institutions, respectively [34,35].

Precipitation is varying a lot both spatially and temporally. On 6 August 2016, a heavy
thunderstorm came in over large parts of eastern Norway. Western parts of Oslo, Bærum, and Asker
were especially badly hit. In addition to MET’s weather stations in Asker, Asker municipality is
running four rain gauges on their own. These four gauges recorded a total amount of rain between 48.2
and 55.5 mm over a period of 120 min [36]. Even though the rain may vary a lot over short distances,
one gauge is normally representing larger areas due to the costs of instalment and maintenance.
When analysing rainfall and amounts of I/I-water for the chosen districts, one should take uncertainty
into consideration. Table 4 gives the location of the rain gauges that have been used in the calculations.

Table 4. Districts where figures of rainfall for 2003/2010–2016 have been collected.

Area Country Station Name Source of Information Data

Asker Norway Sem MET 2003–2016
Bærum Norway Horni MET 2003–2016

Solumstrand Norway Berskog MET 2009–2016
Esbjerg vest Denmark Vestjylland DMI 2009–2016

Randers Denmark Østjylland DMI 2003–2016
Henriksdal Sweden Stockholm SMHI 2009–2016
Ryaverket Sweden Göteborg SMHI 2009–2016

Sjölundaverket Sweden Malmö SMHI 2009–2016

3. Results and Discussions

3.1. Development of I/I-Water in Norway

Inlet concentration of TOT-P is varying a lot in the WWTP in Norway, leading to a large variation
in the calculated volumes of I/I-water. Table 5 sums up the measured concentrations of TOT-P and the
calculated percentages of I/I-water in the same plants.

Table 5. Measured amounts of TOT-P and calculated percentages of I/I-water for wastewater plants in
Norway for 2008 and 2016.

Plant TOT-P 2008 % I/I 2008 TOT-P 2016 % I/I 20016 Difference % I/I

VEAS 3.66 68 3.53 73 +5
Bekkelaget Oslo 3.62 68 3.81 70 +2
Solumstrand Drammen 3.06 73 3.06 76 +3
Saulekilen Areandal 2.50 78 3.80 70 −8
Lillehammer 4.54 60 6.48 50 −10
Moss-Kambo 4.2 63 5.72 56 −7
Sandefjord 2.47 78 2.79 78 0
Tønsberg 4.11 64 4.10 68 +4
Nordre Follo 4.22 63 5.26 59 −4
Knappen Bergen 2.41 79 4.30 67 −12
Ytre Sandviken Bergen 1.58 86 3.00 77 −9
Sentralrenseanlegg NJ 3.17 72 3.81 70 −2
HIAS 6.87 39 8.31 35 −4
Alvim 3.04 73 4.10 68 −5
Knarrdalstrand 1.63 86 2.71 79 −7

In many of the districts, there has been a positive development. Arendal, Lillehammer, Kambo,
Nordre Follo, Knappen, Ytre Sandviken, Alvim, and Knarrdalstrand all have more than a 5% reduction
in I/I-water. In a few districts, the development is going in the wrong direction; this goes for VEAS,
Solumstrand, and Tønsberg. The average percentage of I/I-water in some big WWTP in Norway
suggests that the amounts of I/I-water have been reduced from 70% to 66%.
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3.1.1. Asker and Bærum

Volumes (m3 water/year) of wastewater reaching the treatment plant VEAS from Asker
and Bærum varies between years. This variation is shown in Figure 2.

 

Figure 2. Wastewater from Asker and Bærum delivered to VEAS for the years 2003–2016.

The water balance method has been used to calculate I/I-water in Asker and Bærum
municipalities. The results of the calculations are shown in Table 6.

Table 6. Calculated volumes of I/I-water in Asker and Bærum for 2008 and 2016.

Input Asker Bærum

2008 2016 2008 2016

Discharge, m3/year 10,719,307 8,191,559 28,239,000 18,134,684
pe 52,922 60,106 110,000 124,000

I/I-water, m3/år 7,628,662 5,120,142 21,669,000 11,564,684
I/I-water % 71 63 77 64

The trend lines for the two periods (2000–2008/2008–2016) are shown for both municipalities in
Figures 3 and 4.
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Figure 3. Development of I/I-water in the Asker and Bærum municipalities for 2003–2008.

 

Figure 4. Development of I/I-water in Asker and Bærum municipalities for 2008–2016.

The analysis shows that there is a reduction in I/I-water from 2008 to 2016. However, looking at
the broader picture, including all years back to 2003, we see that 2005 and 2016 is almost at the same
level. The general trend, though, seems to have changed around 2008 whereas before that, the trend
was increasing I/I-water and after 2008 the trend is decreasing I/I-water.

3.1.2. Drammen (Solumstrand)

For Solumstrand, the volume of wastewater transported to the plant and the volume of wastewater
overflow comprise the total volume of wastewater included in the calculations for all years from 2009
to 2016. The results of these calculations are shown in Figure 5 and Table 7.
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Figure 5. Discharge from the Solumstrand wastewater district for the years 2009–2016.

Table 7. Calculated volumes of I/I water in Drammen with the water balance method and the dilution
method for 2008 and 2016.

Method of Calculation The Water Balance Method Method of Calculation The Dilution Method

Year 2009 2016 Year 2009 2016

Amounts of water, m3/year 8,947,000 10,219,100 TOT-P, mg/L 3.06 3.06
pe 66,857 66,857 pe 66,857 66,857

I/I-water, m3/year 5,042,551 6,802,707 Water use, L/pe day 160 140
I/I-water, % 56 67 I/I-water, % 73 76

Calculations of I/I-water using both methods indicate a slight difference in the results.
Calculations using the WBM generally give lower values of I/I-water than calculations using the DM.
This supports the conclusions of Vråle [2]. The reason why Vråle prefers the DM is that wastewater
during heavy rainfall may be transported through weirs to the recipients instead of being transported
to the measuringpoint [2]. If the WBM is being used to calculate the amount of I/I-water, water being
transported through weirs will contribute to an underestimation of the amount of I/I-water.

However, regardless of what method being used, the development of Solumstrand is going in the
wrong direction, showing an increase in I/I-water from 2009 to 2016.

3.2. Development of I/I-Water in Denmark

For calculations of I/I-water volumes for the selected wastewater districts in Denmark, the water
balance method was used. The results are shown in Tables 8 and 9.

Table 8. Numbers of pe, discharge and percentage of I/I-water for some investigated Danish
wastewater districts for 2010 and 2016.

District
2010 2016

pe Discharge, m3/year I/I, %, 2010 pe Discharge, m3/år I/I, %, 2016

Esbjerg Forsyning AS/ Esbjerg
Spildevand AS 247,000 17,200,000 10 198,459 16,382,527 30

Frederikshavn Spildevand AS 131,505 11,992,715 31 261,852 11,009,047 −38
Herning Vand AS 126,731 11,181,496 29 217,364 13,260,265 5
Horsens Vand AS 278,981 12,392,123 −42 352,256 12,556,405 −63

Randers Spildevand AS 82,835 10,248,558 49 97,759 10,954,416 48
Ringsted Spildevand AS 88,000 6,082,831 9 92,457 6,006,000 11

Vandcenter Syd AS 383,856 32,828,718 26 328,624 33,703,981 43
Vestforsyning Spildvand AS 142,325 6,413,873 −40 151,361 7,235,948 −21

Aalborg Forsyning AS 195,983 25,130,328 65 344,626 27,166,631 26
Aarhus Vand AS 438,859 35,683,457 23 460,428 37,206,925 28
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Table 9. Calculated average values of I/I-water for some big Danish wastewater districts for 2010
and 2016.

Year 2010 2016

Discharge, m3/year 139,450,478 144,680,745
pe 1,563,264 1,739,718

I/I-water, m3/year 40,964,846 43,777,101
I/-water, % 29 30

Obvious wrong values have been removed when average values for Denmark of I/I-water have
been calculated. This goes for Frederikshavn Spildevand AS, Horsens Vand AS, and Vestforsyning
Spildvand AS.

The calculations show that the volumes of I/I-water for the selected Danish wastewater districts
have been relatively stable from 2010 to 2016 on about 30%.

DANVA has made some calculation regarding I/I-water related to wastewater systems (combined
versus separate) for those districts that are a part of DANVA’s benchmarking system [37]. DANVA has
calculated the amounts of I/I-water based on measured volumes of wastewater into the wastewater
plants and figures on delivered drinking water. Most plants receive approximately 2.5 to 3 m3 of
wastewater to each m3 of drinking water produced. In these plants, there is about 70% separate
systems [37]. A ratio of 2.5 of wastewater to drinking water represents a fraction of I/I-water of
approximately 60%. Considering this and the calculations made in this work shown in Table 9,
indicates that the variations of I/I-water between the districts in Denmark are relatively large.
The analysis performed by DANVA shows a variation in I/I-water between 40% and 80%. The results
from DANVA indicate that the calculation done in this study, and the study done by Lindholm et al. [5],
gives an I/I-water ratio that is too low. This may be due to the selection of the average value used in
the calculations. Another possibility is that methods of calculating the I/I-water are inadequate.

3.3. Development of I/I-Water in Finland

The Finnish organization FIWA (Finnish Water Utilities Association) has analysed the average
amount of I/I-water for 68 waterworks in Finland for 2016. The fraction of I/I-water was 40.8%.
About 95% of all wastewater systems in Finland are separate systems [29]. The Finnish calculations
are shown in Figure 6.

 

Figure 6. The development of I/I-water in Finland from 2010 to 2016 [26].

3.4. Development of I/I-Water in Sweden

I/I-water volumes into some big wastewater plants in Sweden have been calculated by using the
water balance method. The results of the calculations are shown in Tables 10 and 11.
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Table 10. Calculation of I/I-water for some big Swedish wastewater plants for 2009 and 2015 based on
values of discharge and specific values of produced wastewater.

Wastewater
District

I/I, %, 2009, based on 160 L/pe
Day, 1.92 g TOT-P/pe Day

Discharge,
2015, L/pe Day

Produced Wastewater,
2015, L/pe Day

I/I-water, L/pe
Day 2015

I/I-Water, %,
2015

Henriksdal,
Stockholm 52 348 230 118 34

Ryaverket,
Göteborgsregionen 68 500 178 322 64

Käppala, NO
Stockholm 65 341 188 153 45

Sjölundverket,
Malmö 59 355 226 129 36

Bromma,
Stockholm 77 423 237 186 44

Nykvarnsverket,
Lindköping 27 65 234 −169 −260

Slottshagen,
Norrköping 49 320 169 151 47

Kungsängsverket,
Uppsala 47 286 213 73 26

Kungsängens
ARV, Västerås 58 377 211 166 44

Duvbackens
ARV, Gävle 73 387 0 387 100

Ekeby ARV,
Eskilstuna 73 548 220 328 60

Table 11. Calculated values of I/I-water for some big Swedish plants for 2010 and 2015.

Year 2010 2015

pe 247,481 373,111
I/I-water, % 58 46

Obvious wrong numbers have been removed when the average value of I/I-water has been
calculated for 2015. This goes for Nykvarnsverket (−260% I/I-water) and Duvbackens ARV (100%
I/I-water).

For the Swedish plants included in this study, a reduction in I/I-water volumes from 2010 to 2015
are observed. The calculations show a reduction from 58% to 46%.

Annually, Svenskt Vatten produces the report “Resultatrapport för VASS Drift” (a report with
results regarding wastewater and water services). This report sums up the results for the Swedish
benchmarking regarding water and wastewater services [32]. For 2015, the report gives an average
value of produced wastewater of 183 L/pe per day. Using this figure, the analysis gives an average of
58% of I/I-water when removing clearly incorrect input data.

3.5. I/I-Water and Gauged Rainfall

Comparisons of the volumes of wastewater delivered to the WWTP and gauged rainfall for Asker,
Bærum, and Drammen in Norway, and the districts Esbjerg vest and Randers in Denmark, are shown
in Figures 7 and 8.
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Figure 7. Rainfall in Asker, Bærum, Drammen, Randers, and Esbjerg vest.

 
Figure 8. Discharge in Asker, Bærum, Drammen, Randers, and Esbjerg vest.

Clearly, it rains more in Asker and Bærum than in Drammen and the two locations in Denmark.
Also, the volumes of wastewater delivered to the plants are much bigger in Asker and Bærum than for
the other three locations. 2013 was a dry year for all the locations, and also all the locations, except for
Drammen, were at a minimum regarding discharge in 2013.

Using linear regression, the discharge has been correlated to rainfall for the five locations.
The result of the regression-analyses is shown in Table 12.
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Table 12. Results from a linear regression analysis between rainfall and discharge for Asker, Bærum,
Drammen, Randers, and Esbjerg vest.

Location Nr of Observations R2 p-Value

Asker 8 0.534 0.039
Bærum 8 0.389 0.098

Drammen, Solumstrand 8 0.302 0.158
Randers 8 0.316 0.147

Esbjerg vest 8 0.616 0.021

The results show a correlation between rainfall and discharge in Asker and Esbjerg vest. It needs
to be pointed out that the number of observations may be a bit too low to draw complete conclusions.

Table 13 sums up the calculated values of I/I water for 2015/2016 together with the percentage of
combined system and average amounts of rainfall for all investigated areas.

Table 13. Summary of results of studies on the Nordic countries of I/I-water in the wastewater systems
for the years 2015/2016.

County Average Values of I/I-Water in 2015/2016

I/I-Water, % % with Combined
System

Gaged Rainfall in
2016, mm Comment

Investigated plants in Norway 66 26 (2017) DM
Asker 63 0 (2017) 963 WBM

Bærum 64 35 (2017) 940 WBM
Drammen (Solumstrand) 67 56 (2017) 778 WBM
Drammen (Solumstrand) 76 56 (2017) 778 DM

Denmark 30 Ca 50 (2012) WBM
Denmark 40–80 Ca 30 (2017) Calculations done by DANVA

Esbjerg vest 30 755 DM
Randers 48 764 DM
Finland 41 5 (2017) Calculations done by FIWA
Sweden 46 15–20 (2012) WBM

Sweden 49 15–20 (2012) Calculations done by Svenskt
Vatten

Henriksdal, Stockholm 34 656 WBM
Ryaverket, Göteborgs-regionen 64 1065 WBM

Sjölundverket, Malmö 36 789 WBM

4. Conclusions

For wastewater treatment plants in Norway, there have been small but positive changes regarding
volumes of I/I-water from 2008 to 2016. The average value for the studied plants in 2016 was
66%, while analysis using 2009 data shows an average of 70%. For most of the Norwegian plants,
I/I-volumes are decreasing, but for a few districts, the opposite is the case.

Analysis of the data for Asker and Bærum municipalities in Norway is indicating a positive
development regarding I/I-water when relating I/I-water to rainfall for all years from 2003 up until
today. The volumes of I/I-water are decreasing despite an increase in rainfall.

For the Solumstrand district in Drammen, Norway, the development in I/I-water is going in
the wrong direction, increasing from 2009 to 2016. Part of the explanation for Drammen developing
negatively compared to Asker and Bærum may be the differences in the share of combined systems,
which is higher in Drammen than the two other municipalities, 56% in relation to 0% and 35%.

Using both the dilution method and the water balance method on the Solumstrand data gives
a difference in the results. Calculations using the dilution method give higher volumes of I/I-water
compared to the water balance method. Looking at the inputs for these two methods, it is likely that the
dilution method is giving a more correct picture of the situation than the water balance method. This is
due to the fact that water leaves the system through overflows along the pipes in most wastewater
systems, and this is difficult to take into account when using the water balance method.



Water 2018, 10, 1696 15 of 17

DANVA’s analysis shows that the amount of I/I-water in Denmark varies between 40% and 80%.
The analysis performed in this study using data from 2016 shows an average value of I/I-water on
30%. The calculated average values using data from 2009 and 2016 are probably underestimating the
I/I-water fraction. There are some indications that the selected samples are not representative of all
wastewater districts in Denmark.

FIWA reports that the amount of I/I-water in Finland in 2016 was 40.9%. This is an increase
compared to the analysis done by Lindholm et al. using the 2009 data, where they found the I/I-water
fraction to be 29%. The 2012 result was probably underestimating the situation. This may be a result of
not using a representative selection of WWTP in 2012, or the fact that different calculation methods
were used.

Svenskt Vatten has calculated the average fraction of I/I-water in Sweden to be about 49% in 2012.
Calculations performed by Lindholm et al. show a fraction of I/I-water of 58% for 2009. The analysis
performed in this study, for the same plants investigated by Lindholm et al., gives an average of 46%
for 2015. For three examined districts in Sweden, the percentage of I/I-water varies between 34, 64,
and 36 in 2015. In 2009, the figures of I/I-water in the same districts were 52, 68, and 59. The amounts
of I/I-water have decreased in all three districts.

In this study, Denmark is the country with the lowest fraction of I/I-water. This may be a result
of the uncertainties associated with the water balance method, which was used in the calculations
regarding Denmark, but may also be a result of the locations in Denmark receiving less rain than the
Norwegian and Swedish locations.

Calculated amounts of I/I-water will depend on estimated water consumption per capita in the
districts. It will also be of importance to what extent the water consumption has been measured or only
stipulated. Correct values on total volumes of wastewater in each district, and volumes of wastewater
leaving the system through overflow weirs, are also crucial if the water balance method is to be used.

Rainfall will influence the amounts of I/I-water in some wastewater districts. To be able to look
at long-term development in I/I-water, it is, therefore, of importance to compare the results with
data of rainfall. It is also important to look into long series of data. Year-to-year comparisons are
not recommended.

There are some uncertainties related to the results derived through this study. These uncertainties
are associated to assumptions made on water consumption, wastewater being transported away
from the system through weirs, production of Phosphorous, measured amounts of TOT-P, number of
inhabitants, water use in industry, commuting, and exact amounts of rainfall. If this study had been
conducted on a smaller area, it would be easier to control most of the variables listed above. If one in
addition could control the level of I/I-water with other parameters than TOT-P it probably would be
possible to know how dilute the wastewater is without making calculations and assumptions. Such
sensors are still not commonly used in the wastewater piping system, but it is likely to believe that they
will be in the near future. Sensors installed locally will improve the possibilities for finding locations
where the I/I-water enters the wastewater system.

Through this study, some of the influencing factors regarding I/I-water in wastewater systems
have been identified. In this study only rainfall and system solution (combined/separate) were
included. Other factors of importance may be the age of the sewer pipes and leakages from the
drinking water pipes. To efficiently reduce the volume of I/I-water, it is important to investigate what
factors that affect the I/I-water the most. It is also important to relate different field parameters, such as
the level of the groundwater table, urbanization and impervious surfaces to the amount of I/I-water.
Further investigations should therefore include more variables in order to be able to conclude which
parameters are the most important influencers regarding the level of I/I-water.
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Summary
The share of infiltration and inflow water 
(I/I-water) in the wastewater network is influ-
enced by several factors. The purpose of this 
study is to propose a method to investigate the 
relationship between different variables and the 
proportion of I/I-water in the wastewater net-
work. The method tested is a multivariate mod-
elling technique with which the following vari-
ables were examined; a) estimated water leakage 
from drinking water pipes, b) total volume of 
delivered drinking water, c) average age of the 
sewer pipes, d) renewed amounts of sewer pipes, 
e) system solution (share of combined system) 
and f) precipitation. The multivariate modelling 
analysis reveals different patterns in influencing 
factors. When using the proposed model it is 
possible to rank the variables included in the 
model and the optimal level of I/I-water should 
be determined after identifying the factors in-
fluencing the I/I-water. When aiming to remove 
I/I-water the most cost-efficient measures 
should be considered. These measures may vary 
according to context.

Sammendrag
Bruk av multivariat analyse som verktøy for å 
identifisere ulike påvirkningsfaktorer til fremmed-
vann i avløpssystemet. Fremmedvannsnivået i 
avløpsnettet påvirkes av flere ulike faktorer. 
Hensikten med denne studien har vært å under-
søke hvorvidt bruk av multivariat analyse kan 
være en egnet metode for å finne sammenhen-
ger mellom fremmedvann og ulike variable. De 
undersøkte variablene er a) drikkevannslekka-
sjer, b) andel levert drikkevann, c) gjennom-
snittsalder på avløpsnettet, d) andel fornyet 
 avløpsnett, e) andel fellessystem og f) nedbør. 
Ved hjelp av multivariat analysen har det blitt 
funnet ulike mønstre når det gjelder påvirk-
ningsfaktorer til fremmedvann. Ved hjelp av 
den etablerte modellen er det mulig å rangere 
variablene som har vært inkludert i analysen.
Det optimale fremmedvannsnivået bør settes 
etter at ulike påvirkningsfaktorer til fremmed-
vann er blitt identifisert. De mest kostnadseffek-
tive tiltakene bør vurderes når fremmedvann 
skal fjernes. Disse tiltakene vil variere fra sted til 
sted. 
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Introduction
Leakages from drinking water pipes in Norway 
are high compared to other European countries. 
The average percentage of leakage for all Nor-
wegian waterworks was estimated to be about 
30% in 2017 (Statistisk Sentrabyrå (SSB), 2018a). 
In Norway, 50% of leakages from drink ing water 
are traditionally presumed to end up as I/I- 
water (Ødegaard et al., 2012). This may be a 
consequence of the fact that drinking water 
 pipes and wastewater pipes mostly are situated 
in the same trench. In Norway, a typical pipe 
trench is constructed as shown in figure 1. A 
high amount of drinking water leakages may 
potentially influence the level of I/I-water. 

were of importance regarding amounts of 
I/I-water (Karpf & Krebs, 2011). Even if the 
ground water level is regarded as one of the most 
important influencing factors on the share of 
I/I-water, this variable is not included in this 
study. This is due to the fact that this study is 
based on Norwegian data and groundwater 
 level is rarely measured in Norwegian waste-
water districts.

The data used in this study are extracted 
from public sources of information, such as re-
ports from the municipalities to the govern-
ment. The variable share of combined system has 
only been reported from the municipalities to 
the Norwegian authorities since 2013. Even so, 
the analysis performed in this study includes 
this variable. 

In 2012 the County Governor of “Oslo and 
Akershus” sent a request to all municipalities in 
Oslo and Akershus to mobilize against I/I- water. 
The County Governor had reason to believe that 
the level of I/I-water was too high and claimed 
the maximum acceptable level should be 30%. 
The level of I/I-water in the municipalities 
 varied between 41% and 74% in 2010 (Fylkes-
mannen i Oslo og Akershus, 2011). The muni-
cipalities in this specific county vary a lot as far 
as topography and other local conditions are 
concerned. It is, therefore, reasonable to  question 
if an equal level in all municipalities regarding 
I/I-water is achievable at a reasonable cost. 

Wastewater is frequently divided into various 
fractions depending on its origin. The total 
 share of I/I-water in the wastewater depends on 
the individual contribution of each of the compo-
nents listed below:
• Sewage from households, industry, and 

institutions
• Drinking water leaking from drinking water 

pipes
• Groundwater, which is influenced by 

 precipitation and seasons, but still is a 
 relatively constant contribution.  
This  contribution to the I/I-water is a 
 consequence of leaky pipes and manholes

• Infiltrated rainwater. Rainwater also enters 
the sewer pipes through leaky pipes and 

Figure 1. A typical Norwegian pipe trench

If it is indeed the case that drinking water 
contributes about 50% of I/I-water, this may be 
an important reason why the share of I/I-water 
in some areas in Norway is high. 

How the groundwater level may influence 
the amounts of I/I-water is discussed in a study 
by Franz (2007), who argues that groundwater 
level is the main contributor to I/I-water. By 
using Multidimensional Scaling (MDS), Franz 
investigated which attributes influence the 
 amounts of I/I-water the most. Franz concluded 
that the groundwater level is essential when 
characterising two wastewater districts by diffe-
rent attributes in Germany (Franz, 2007). The 
relationship between I/I-water and ground water 
level was also investigated by Karpf and Krebs 
(2011). They found that both groundwater level 
and the year of installation of the sewer pipes 
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manholes. The share of infiltrated water 
depends on precipitation which infiltrates 
into the ground before it enters the sewer 
system. Groundwater may be a part of this 
contribution.

• Inflow water as a consequence of faulty 
 connections. Sources may be house 
 drainage, road drainage, unsealed manholes 
where water enters from the surface or 
streams connected to the sewer system.

The individual contribution may, for instance, 
be investigated using a calibrated hydraulic 
 model. This was done in 2013 in a study from 
Oslo, Norway which correlated the following 
parameters to the share of I/I-water, I: share of 
combined system, II: average age of sewer pipes, 
III share of sealed surfaces, IV: number of cros-
sings between sewer pipes and rivers, V: culver-
ted rivers. The study concludes that the share of 

I/I-water is highly variable and difficult to pre-
dict (Torres, 2013). In 2014 another study was 
conducted in the Oslo area. In this study, diffe-
rent sources of I/I-water were calculated. The 
total share of I/I-water was calculated to be 
about 47%, of which leakages from drinking 
 water pipes contributed with 15%, infiltrated 
rainwater contributed 75% and groundwater 
contribution was about 10% (Gammelsæter, 
2014).

The contribution of different components to 
the I/I-water may also be investigated using a 
multivariate modelling technique. The goal of 
this study is to examine if such a multivariate 
modelling technique is a suitable method to 
identify the variables contributing to I/I-water 
in different locations. The variables included in 
this study are:
• estimated water leakages from drinking 

water pipes
• total volume of delivered drinking water
• average age of the sewer pipes
• rate of renewal of sewer pipes
• system solution (share of combined system)
• annual precipitation

Figure 2. Map of the municipalities connected to the investigated WWTPs (Geodata AS, 2018).
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Material and methods
Study area
Lindholm and Bjerkholt (2011) investigated the 
I/I-water situation for 14 of the largest wastewa-
ter treatment plants (WWTPs) in Norway. Of 
these, 11 WWTPs are further examined in this 
study. Due to lack of data it was not possible to 
investigate the remaining three WWTPs. The 
municipalities that have ownership in the 
WWTPs are shown in figure 2. The plants are 
also listed in table 1.

Some of the municipalities have been restru-
ctured in the period of the study. In total, about 
770,000 persons are connected to the 11 WWTPs 
investigated in this study (Statistisk Sentrabyrå 
(Stastistics Norway), 2018) {Statistisk Sentra-
byrå (SSB), 2018 #50}.

In addition, the potential contribution from 
drinking water leakages on the total amount of 
I/I-water has been examined for Asker muni-
cipality.

Data collection and quality
Norwegian municipalities/entities are required 
by law to make annual reports to the national 
government on several parameters related to 
municipal wastewater management/emissions 
(Lovdata, 2018; Statistisk Sentrabyrå (SSB), 
2018b). Some of the reported parameters are 
collected by KOSTRA (a Norwegian municipa-

lity to the Government reporting program) 
(KOSTRA, 2019). The information on Total- 
Phosphorus (Tot-P) used in this study was given 
by the Norwegian Environment Agency (Finne-
sand, 2017). In addition, data on estimated 
 water leakages, total amounts of drinking water 
delivered average age of the sewer pipes, total 
length of renewed sewer pipes as a percentage of 
the complete system, and the share of combined 
systems has been collected from the KOSTRA 
website (KOSTRA, 2019). The municipalities 
report to the Norwegian Environment Agency 
and KOSTRA every year, without any further 
quality control. It is therefore assumed that the 
quality of the data may vary. Some figures may 
also be missing for certain years, and are diffi-
cult to complement. Precipitation data have 
been extracted from MET, the Norwegian 
Meteo rological Institute’s database eKlima 
 (Meteorologisk institutt (MET)). MET runs a 
network of weather stations all over Norway 
and all results are published online. 

As mentioned above, the datasets may be 
incomplete due to incorrect or missing registra-
tions and it has been necessary to do some sim-
plifications and assumptions during this study. 
This comes as a consequence of one or both of 
the following facts:
• Some WWTPs included in the investigation 

may not be connected to the entire 

Table 1. Wastewater treatment plants (WWTPs) and rain gauges investigated in the study.

Wastewater treatment plant Connected municipalities Rain gauge identity number Rain gauge name
Kambo (Ka) Moss 17251 Moss brannstasjon

Alvim (Al) Sarpsborg 3190 Sarpsborg

Solumstrand (So) Drammen 26900 Berskog

Sandefjord (Sf) Sandefjord 27600 Sandefjord

Knardalstrand (Kr) Porsgrunn, Skien 27600 Sandefjord

Saulekilen (Sau) Arendal 36200 Torungen fyr

Knappen (Kn) Bergen 50540 Florida

Lillehammer (L) Lillehammer 12680 Sætherengen

Tønsberg (Tøn) Tønsberg, Nøtterøy, Tjøme, Re, Stokke 27270 Kilen

HIAS (Hi) Hamar, Løten, Ringsaker, Stange 12320 Stavsberg

Nordre Follo (NoF) Ski, Ås, Oppegård 17850 Ås
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 wastewater system in a municipal 
 wastewater district. 

• Some WWTPs receive effluent from more 
than one municipality.

In these cases, the average values of the in-
vestigated variables have been calculated. 

Precipitation may vary significantly over 
short distances. One must therefore anticipate 
some uncertainty if relying on data from a single 
location to represent the precipitation of an 
 entire district. Despite this fact, for the purpose 
of this study, one station per district was chosen 
to simplify the analysis. 

The potential drinking water contribution to 
I/I-water has been investigated in five points in 
Asker municipality. The discharges in the waste-
water network have been measured for several 
years in these points and are considered reliable. 
In four of the points, the amounts of I/I-water 
have been calculated based on the number of 
person equivalents (pe) connected to the point. 
The investigated period for these four points 
was the summer of 2018, which was really dry in 
Asker. In the fifth point the measured discharges 
in the wastewater pipes have been compared to 
delivered amounts of drinking water.

In table 2 the selected measuring points in 
the wastewater network is shown.

Methods
Determination of I/I-water
The share of I/I-water may be calculated using 
the dilution method (Lindholm & Bjerkholt, 
2011). Concentrations on Tot-P into WWTP 
are considered a measure on how big the share 
of I/I-water into the same plant is. The amount 

of I/I-water is calculated according to formula 
(1) (Jenssen Sola et al., 2018).

Amount of I/I-water [%] = (1- (ci)/(P
pd

/ Q
ap

)) x 100  (1)

Where:
I/I = I/I-water in the plant [%]
P

pd
 = produced phosphorus (TOT-P) per 

 person and day [mg/pe day]
ci = concentration of Tot-P into the plant 

[mg/l]
Q

ap
 = amount of wastewater produced per 

 person per day [l/pe day]

In Norway, a phosphorus production of 1.8 g 
Tot-P per person per day is commonly used 
(Lindholm & Bjerkholt, 2011; Ødegaard et al., 
2012). In formula (1) both commuting and in-
dustry is considered negligible. The amount of 
wastewater produced per person per day is set 
to be 140 liters (Jenssen Sola et al., 2018).

When calculating I/I-water in Asker, the 
 water balance method was used according to 
formula (2) (Jenssen Sola et al., 2018).

Amount of I/I-water [%] = (Q
tot

 – pe x Q
ap

)/ Q
tot

) x 100 (2)

Where:
I/I = I/I-water in the wastewater system [%]
Q

tot = total amount of water being transported 
to the measuring point [l/day] 

pe = the number of persons situated within 
the catchment area

Q
ap
 = the amount of wastewater each person 

produces per day [l/pe day]

Manhole number Number of connected pe Method
10286 7530 Discharge and dry weather flow

160376 6140 Discharge and dry weather flow

4666 4666 Discharge and dry weather flow

2600 14003 Discharge and dry weather flow

10268 3200 Discharge and delivered amounts of drinking water

Table 2. Selected measuring points in Asker.
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Linear regression
Linear regression was used to investigate the 
 relationship between different variables. One by 
one the variables were correlated against Tot-P, 
one location at the time. A 95% confidence 
 interval was used in the regression calculations.

Multivariate data analysis
When investigating several variables (X) simulta-
neously, and to conduct more explorative 
 analy sis, multivariate data analysis is applied. 
Multivariate analysis is useful to single out which 
variables are the most important, and what rela-
tionships there are between the variab les. The 
Unscrambler 10.5 (Camo Software AS, 2014) was 
used to perform the calculations in this study.

Principal Component Analysis (PCA) is a 
method to find hidden data structures and cor-
relations between variables (Esbensen & Swar-
brick, 2018). Hidden trends in datasets, which 
otherwise could be difficult to discover may be 
revealed (Esbensen & Swarbrick, 2018). When 
correlations exist between variables in the data-
set, PCA performs a dimensional reduction of 
uncorrelated latent variables that describe the 
principal directions in the data (Principal 
Components (PCs)) Several PCs are extracted 
which all together explains the relationships 
 found in a multivariate dataset (Esbensen & 
Swarbrick, 2018). 

The Score plot shows how the samples are 
related to each other. The Influence plot is used 
when interpreting the PCA and may be used to 
identify if the dataset is under the influence of 
possible outliers. If many points are situated in 
the first quadrant this may indicate that these 
samples are outliers. The Correlation Loading 
plot shows which variables are significant and 
how the variables correlate (Camo Software AS, 
2014; Esbensen & Swarbrick, 2018). The 2-D 
plot contains two ellipses that indicate how 
much variance is taken into account by the 
 model. The outer ellipse is the unit circle and 
 indicates 100% explained variance. The inner 
ellipse indicates 50% of explained variance. 
 Variables with less than 50% explained variance 
are candidates to be left out of the analysis.

The extracting process of Principal Compo-
nents is shown in figure 3. The first PC (PC1) 
accounts for the direction of highest variation in 
the data. The second PC (PC2) accounts for the 
next highest variation normal to PC1 direction 
and so on. This results in a new coordinate sys-
tem with the PCs as bases. 

The validation process is important when 
performing statistical analyses. A validation will 
show how general a model is. Cross-validation 
is used to screen the modelability of the data. In 
cases with few samples, cross-validation is used. 
When many data samples exist, a test set valida-
tion is better to use. In our case, we have used 
cross-validation with samples randomly sorted 
into blocks. In cross-validation a block of samp-
les is left out and tested against the remaining 
samples. This procedure is repeated until every 
block of samples has been left out once (Esben-
sen & Swarbrick, 2018). 

Results
Contribution from drinking water leakages
The summer of 2018 was very dry in Asker. The 
average precipitation in Asker municipality 
during June/July/August was 46/22/53 mm 

Figure 3. The extracting process of Principal 
Components from variables (Camo Software AS, 2014).
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respe ctively (Rosim AS), whereas the average 
values for the current reference period (1961-
1990) are 72/90/106 mm for the same months 
(YR, 2018). Because of the minor amounts of 
precipitation, there are reasons to believe that 
the main sources of I/I-water this summer were 
leakages from drinking water pipes, inflow from 
rivers/culverted rivers and possibly ground-
water. Since the investigated period was very 
dry, it is also likely that the groundwater level 
was low. Even so, it may not be excluded that the 
measuring points may be influenced by ground-
water.

The calculated level of I/I-water is shown 
along with gauged rainfall for the station “Mel-
lomnes”, in figure 4. The level of I/I-water has 
been calculated using the water balance method.

There is no registered rainfall between 
17.06.18 and 09.07.18, and throughout this period 
the I/I-level decreased for all four points. Even 
though the I/I-level varies, the level is at a mini-
mum between July 5th and July 8th for all points. 
In catchment area 10286 there are no obvious 
intersections between sewer pipes and open/
closed streams. For catchment 160376 and 4666 
some pipes run along streams and may be 

Figure 4. Calculated amounts of I/I-water in four locations/catchment areas, together with gauged rainfall 
measured at Mellomnes in June, July and August 2018.

Figure 5. Measured discharge for three catchments between 05.07.-09.07.2018.
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 influenced by this. In catchment area 2600 the 
sewer pipes are most likely to be influenced by a 
river. Due to the measured discharge in point 
10286 there is reason to believe that leakages 
from drinking water pipes contribute to about 
10% to 15 % of the total amount of I/I-water.

Figure 5 shows five days from July 5th to 9th 
when there was no precipitation for about three 
weeks. Measuring point 2600 is not included in 
figure 5.

The lowest registered level of discharge is at 
night-time, from 2 a.m. to 4 a.m. At this point, 
the dry weather flow (DWF) for 4666 is 4.4 l/pe 
hour, for 160376 it is 3.6 l/pe hour and for 10286 
the lowest registered level of discharge is 2.3 l/pe 
hour. Table 3 sums up information regarding 
the three investigated measuring points.

By analysing data from the summer of 2018, 
we see that leakages from drinking water pipes 

may contribute to a minimum of 72l/d pe of the 
total discharge in the wastewater network.

On March 18th 2018, there was reported a 
leakage from a drinking water pipe in Asker. 
The measured amount of drinking water 
through one of the flow meters was abnormally 
high. In the same area a flow meter registered an 
increase in the measured discharge in a waste-
water pipe, despite no registered precipitation 
during this period. The measured wastewater 
discharge and measured drinking water con-
sumption is shown in figure 6, together with 
 registered precipitation in station “Mellomnes”.

The registered peak in discharge between the 
18.03.2018 and the 02.04.2018 (figure 6) is not 
caused by precipitation, but must come as a con-
sequence of the registered leakages from the 
drinking  water pipe. Just before the pipe was 
damaged the discharge was about 400 m3/d and 

Table 3: Extracted and calculated information regarding flow measuring points in Asker municipality on the 
05.07.2018-08.07.2018.

Manhole number Number of connected pe DWF (l/h pe), Minimum DWF (l/d pe), Baseflow
10286 7530 3.0 72

160376 6140 3.6 86

4666 1538 4.6 110

Figure 6. Measured discharge compared to measured drinking water use and precipitation measured at 
Mellomnes.

18.03.2018 
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the water use about 600 m3/d. Both measured 
water flows  peaks about 1100 m3/d. 

A close up on the dates from 01.03.2018 to 
01.04.2018 is shown in figure 7.

Extracted information from figure 6 and 7 is 
listed in table 4.

Investigations show that leakages from drink-
ing water pipes contribute to a base flow of 
I/I-water at approximately 72 l/d pe, or a mini-
mum of 10-15% of the total amounts of I/I- 
water. In the case of a sudden break on a 
drinking water pipe, as much as 91% of the 
 leakages may be found in the waste water pipes. 
Drinking water may potentially be a consider-
able factor in some areas when investigating 
 different sources of I/I-water.

Linear regression
In figure 8 the development of the Tot-P con-
centration in the investigated WWTP is shown 

for all locations. Applying the dilution method, 
Tot-P may be used as a measure of the size of the 
share of I/I-water. Figure 8 shows that HIAS, 
Kambo, and Lillehammer have the highest 
Tot-P values, and therefore also the lowest pro-
portion of I/I-water. Meanwhile, Sandefjord and 
Knardalstrand appear have the greatest challen-
ges regarding I/I-water. 

Results from the regression analysis on Tot-P, 
on all variables for each location, are shown in 
table 5. A p-value < 0.05, together with a relati-
vely high r2 value indicates that a variable may 
be significant, using a 95% confidence interval. 
These values are highlighted in green in table 5. 

For most of the investigated variables, there 
is no correlation between any of the variables 
and the amount of Tot-P. It is difficult to point 
out one variable that may explain the challenges 
of I/I-water. When comparing table 5 and figure 
8 it is reasonable to assume that the good results 

Figure 7. Measured drinking water flow and wastewater flow during a drinking water pipe break.

Table 4: Changes in measured water flows due to a broken drinking water pipe

Situation Drinking water flow, m3/d Wastewater discharge, m3/d
All pipes functioning as normal. Dry weather (not summer). 

16.03.2018
590 400

Broken drinking water pipe. Dry weather (not summer). 19.03.2018 1050 820

“Lost” drinking water 460

Increase in discharge 420
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for HIAS and Lillehammer come as a consequ-
ence of low annual precipitation. Kambo´s low 
levels of I/I-water are more difficult to explain. 
Sandefjord and Knardalstrand both have bad re-
sults when it comes to the level of I/I-water, 
which cannot be explained from the results of 
the regression analysis.

Multivariate data analysis
As a supplement to the regression analysis, a 
multivariate principal component analysis was 
performed. The goal is to get a clearer picture of 
which variables influence the level of I/I-water 
the most in different locations. The analyses 
have been performed both with and without the 

Figure 8. Development of Tot-P in the influent for different WWTP.

Table 5: Results from a regression analysis performed on each variable for each location in relation to Tot-P. 
Green colour indicates which variables that may be significant.

WWTP Water leakages Water delivered Precipitation Average age on 
sewer pipes

Renewed sewer 
pipes, average  
of last 3 year

r2 p-value r2 p-value r2 p-value r2 p-value r2 p-value

Kambo (Ka) 0.13 0.34 0.03 0.65 0.11 0.36 0.15 0.29 0.01 0.80

Alvim (Al) 0.39 0.07 0.06 0.54 0.01 0.77 0.03 0.68 0.08 0.45

Solumstrand (So) 0.00 0.89 0.14 0.32 0.06 0.51 0.00 0.91 0.08 0.47

Sandefjord (Sf) 0.09 0.43 0.05 0.54 0.42 0.06 0.04 0.59 0.11 0.34

Knardalstrand (Kr) 0.01 0.84 0.002 0.90 0.25 0.17 0.29 0.13 0.20 0.23

Saulekilen (Sau) 0.08 0.47 0.06 0.54 0.12 0.36 0.08 0.46 0.33 0.10

Knappen (Kn) 0.34 0.10 0.28 0.14 0.04 0.63 0.00 0.96 0.28 0.14

Lillehammer (Li) 0.46 0.04 0.14 0.32 0.57 0.02 0.13 0.34 0.00 0.87

Tønsberg (Tøn) 0.44 0.05 0.53 0.03 0.06 0.53 0.22 0.20 0.08 0.46

HIAS (HI) 0.00 0.89 0.00 0.88 0.70 0.01 0.20 0.23 0.22 0.21

Nordre Follo (NoF) 0.00 0.99 0.18 0.26 0.51 0.03 0.42 0.06 0.15 0.31
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variable “system solution” (share of combined 
systems).

The samples presented in the figures in this 
chapter are represented with an abbreviation of 
the name (also shown in table 5) along with the 
year of the sample. For instance, Kn15 represent 
the value of Knappen in 2015.

PCA without the variable system solution 
(share of combined system) 
The influence plot from this PCA is shown in 
figure 9.

The x-axis in the figure indicates how far 
from the centre of the model the samples are. 
The y-axis signifies how far from the principal 
component the samples are. Possible outliers are 
placed in the upper right corner of the plot 
(Camo Software AS, 2014).

Figure 9. Influence plot of the PCA including all samples and without “system solution”.

Figure 10. Scores plot of the PCA including the variable “system” and without the sample “Knappen”.
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The influence plot shows that KN15, which is 
marked out by a green circle in figure 9, may be 
an outlier candidate. Because of this a second 
model was established. The second model does 
not include Knappen, but includes the variable 
«system solution» (share of combined system).

PCA without Knappen (Kn) and including 
system solution (share of combined system)
The scores plot for this model is shown in figure 
10.

PC1 and PC2 together explain about 63% 
(44%+19%) of the observations. The samples 
used in this analysis show that Solumstrand 
(So) and Knardalstrand (Kr) are in one end of 
the plot, along PC1, and HIAS/Kambo (Hi/Ka) 
and partly Lillehammer (Li) are in the other end 
of the plot. Groups on each side of the center 
may have opposing characteristics. PC1 is the 
most important PC for the spreading of the 
group. Other locations clustering in a group, 
such as Nordre Follo (NoF), Saulekilen (Sau) 
and Alvim (Al), have properties similar to one 
another.

The correlation between the loadings is 
shown in figure 11. 

The correlation loadings plot shows that all 
of the investigated loadings are negatively corre-

lated to the loading Tot-P. Variables with more 
than 50% variance explained are treated as 
 significant which is the case for all of the investi-
gated variables except for the variable renewed. 

A high average pipe age, high amounts of 
 delivered drinking water/leakages from the 
drinking water pipes, high precipitation and a 
high share of combined system will all lead to 
low values of Tot-P. All this follows an intuitive 
understanding of how a wastewater system is 
functioning. 

The Scores plot and the Correlation plot may 
be interpreted together by placing the plots on 
top of each other as shown in figure 12.

It is likely that the high percentage of combi-
ned system together with a high amount of 
 leakages from the drinking water system is the 
cause of Solumstrands low values on Tot-P, 
which is not the case for Sandefjord, Knardal-
strand or Tønsberg. In these three locations the 
high amount of annual precipitation is most 
 likely a key driver of the high levels of I/I-water.

The results from the PCA including the 
 variable “share of combined system” are sum-
marized in figure 13 and shows how the variab-
les may be rated for each location when the 
locations are compared to each other. 

Figure 11. Correlation loadings plot for PCA including the variable “system” and without the sample “Knappen”.



VANN I 04 2019  275  

FAGFELLEVURDERTE ARTIKLER 

Discussion and conclusions
An even more complete model including for 
 instance groundwater levels could give more 
 reliable results. It is essential when performing 
analysis to control the most important parame-
ters. Which parameters are the most important 

is difficult to predict, but a multivariate data 
analysis might give insight into which variables 
are significant. However, this study shows that 
there are probably several influencing variables 
on I/I-water.

Figure 13. The results from the PCA. Each variable has been rated according to importance for each location.

Figure 12. Interpretation of the correlation plot and the scores plot in relation to each other.
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The County Governor of Oslo and Akershus 
encourages the municipalities in his jurisdiction 
to work towards an I/I-level on 30%. This may 
be achievable for some municipalities, especially 
areas with low amounts of annual precipitation. 
For other municipalities, this goal may be hard 
to reach, partly because of local factors such as 
precipitation patterns.

When drinking water pipes and wastewater 
pipes are placed in the same trench, leakages 
from drinking water pipes may potentially be an 
important source of I/I-water.

For most of the locations included in the 
 study, all the investigated variables contribute to 
the complete picture of how the sewer network 
is affected by I/I-water. A statistical tool, like 
multivariate analysis, can be applied to investi-
gate the relationships between different variab-
les. Such a tool will help our understanding of 
potential hidden patterns in the datasets. 

In the examples presented in this study, diffe-
rent municipalities have been compared to each 
other. By comparing different locations within 
the same municipality, it seems suitable to use a 
multivariate analysis as one of several tools 
when aiming to identify the most socio-econo-
mically beneficial approach to reduce I/I-water 
within each area. By including other variables in 
addition to the ones used here, for instance the 
share of impermeable surfaces, groundwater 
 level and crossings between sewer pipes and 
 rivers, a multivariate analysis may be a very use-
ful tool to gain further insights into the driving 
factors of I/I-water.
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Analysing consequences of infiltration and inflow water

(I/I-water) using cost-benefit analyses

Kristin Jenssen Sola , Jarle T. Bjerkholt, Oddvar G. Lindholm

and Harsha Ratnaweera

ABSTRACT

The Municipality of Asker (Norway) is at risk of not meeting the water quality targets set by the

European Union Water Framework Directive within the stipulated timeframe. While there are multiple

factors negatively impacting water quality in the municipality, wastewater is likely to be a major

contributor. Infiltration and inflow water (I/I-water) leads to a number of unwanted consequences, of

which direct discharge of untreated wastewater through overflow points is particularly important.

In Aker municipality the portion of I/I-water is about 63%, while the goal is to achieve a level of about

30%. This study utilises a socio-economic cost-effectiveness analysis of measures to prevent sewer

overflows into waterbodies. The most effective alternative identified in the analysis is a complete

renovation of old pipes in combination with troubleshooting for faulty stormwater connections, when

compared to alternatives considering upsizing/retention. I/I-water cost the municipality of Asker

NOK34 million in 2017, when using a price of NOK16,434 for each kg of total phosphorus (Tot-P) let

into the recipient water bodies. If the phosphorus cost is equal to or less than NOK17,806/kg Tot-P,

then it will not be socio-economically justified to reduce I/I-water.

Key words | cost-benefit, I-I-water, sewer, wastewater

HIGHLIGHTS

• The article identifies three different measures against consequences of I/I-water and

does an analysis of what measure provides the best cost/benefit ratio.

• In addition we have done a calculation of what the I/I- water cost the municiplity of

Asker in 2017.

• In the article we provide a literature study of previous studies considering the

willingness to pay to achive better water quality in the recipient waterbodies.
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INTRODUCTION

Urban sewer systems

A traditional sewer system consists of both public and
private pipelines as well as pumping stations, wastewater
treatment plants and overflows. In overflow points

(combined sewer overflow (CSO), sanitary system overflow
(SSO)), wastewater can be released into water recipients

such as rivers, the sea or groundwater. These overflows
become operational if the sewer system is overloaded, com-
monly due to heavy rainfall. Non-sewage water (rainwater,

groundwater and drinking water) that leaks into the sewer
system is in sanitary sewer systems defined as infiltration
and inflow water (I/I-water). A sanitary sewer system,
henceforth referred to as a ‘separate system’, is not

dimensioned to handle I/I-water. Ideally there should be
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Commons Attribution Licence (CC BY 4.0), which permits copying,

adaptation and redistribution, provided the original work is properly cited
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no I/I-water in a separate system as stormwater would be

transported in a separate stormwater drainage system.
Meanwhile, a combined sewer system is dimensioned to
handle the influx of certain quantities of I/I-water. In most

Norwegian municipalities we find both combined sewer
systems and separate sewer systems.

I/I-water may have significant economic and environ-
mental impacts. The economic aspect relates to increased

maintenance costs at pumping stations and wastewater
treatment plants (WWTPs) as well as compensation pay-
ments due to basement flooding caused by insufficient

capacity in the wastewater system. The environmental
impact relates to discharge of wastewater to recipients
through CSOs/SSOs as well as increased discharge from

the WWTPs. I/I-water finds its way into the wastewater
pipeline system through leaking or cracked pipes and man-
holes as well as incorrectly connected stormwater drains.
In many wastewater systems, the volume of I/I-water

depends on the amount of rainfall. Increased rainfall inten-
sity and volumes as a consequence of climate change may
therefore contribute to more I/I-water (Sola et al. ).

The groundwater level is of great importance to the level
of I/I-water (Karpf & Krebs ). Even so, this factor is
only rarely measured in Norway (Sola et al. ). In a typi-

cal Norwegian trench, the stormwater pipe is situated at the
bottom, below the drinking water pipe and below the sewer
pipe. Therefore the storwater pipe is underneath the sewer

pipe. It is, therefore, reasonable to assume that a large pro-
portion of the I/I-water in Norwegian wastewater systems
originates from incorrectly routed stormwater, leakages
from drinking water pipes or from infiltrated rainwater

and not so much from groundwater (Sola et al. ).
Measures, such as renovating municipal and private

pipes and troubleshooting for incorrectly connected

stormwater drains, will help reduce infiltration and inflow
to the sewer system. Upsizing various components in the
wastewater system and establishing retention basins may

potentially prevent CSO/SSO but will not prevent I/I-
water from entering the system and thus targets the symp-
toms rather than the causes of I/I-water.

Wastewater and the marine environment

Managing wastewater systems also means managing water

resources. ‘Lost’ wastewater may have negative impacts on
recipient waterbodies. The wastewater industry is governed
by EU directives and Norwegian law. Of particular impor-

tance is the EU Water Framework Directive (the Water
Directive, WFD), which has been incorporated into

Norwegian legislation through the Water Regulation (Vann-

forskriften). The purpose of the Water Regulation is to
‘ensure protection and sustainable use of the marine environ-
ment, and if necessary, implement preventive or enhancing

environmental measures to safeguard the state of the environ-
ment…’ (Vannportalen ). Among other things, working
within the framework of the WFD entails carrying out status
surveys on the water quality and developing water resource

management plans. The WFD and Norwegian Water Regu-
lation are therefore essential to take into account when
setting priorities for the Norwegian wastewater industry.

International work on ecosystem services in Norway
has been followed up by the Norwegian Official Report
213:10 ‘Nature’s Benefits – on the Value of Ecosystem Ser-
vices’ (Magnussen ). The concept of ecosystem
services highlights both the monetary and non-tangible
value of the resources an ecosystem provides for human
welfare. Ecosystem services thus include both physical

goods and services as well as usable and non-usable values
(Magnussen ). As such, ecosystem services are attempts
to attach societal benefit values to all the services provided

by an ecosystem. In many ecosystem services the marine
environment plays a key role. For instance, one ecosystem
service is ‘recreation, mental and physical health’. This

service may be linked to two environmental targets pre-
viously used for freshwater bodies in Norway, namely
bathing water quality and recreational fishing (Andersen

et al. ).

Socio-economic cost-benefit analyses

Socio-economic analyses entails assessing costs and beneficial
effects related to possible actions, such as – in this case –

abatement measures to reduce the consequences of I/I-
water. The purpose is to calculate the socio-economic profit-
ability of different measures in order to rank and compare

the assessed measures (Direktoratet for økonomistyring (The
Norwegian Government Agency for Financial Management)
). Under the term ‘socio-economic analyses’ we find a

range of tools that may be utilised when making decisions
in the public sector: cost-benefit analyses, cost-efficiency
analyses and cost-effectiveness analyses (Direktoratet for
økonomistyring (The Norwegian Government Agency for

Financial Management) ). Such socio-economic analyses
are based on the premise that the benefit received from a
measure is likely to correspond to the willingness to pay

(WTP) in the population impacted by a given policy. The
benefit to households in receiving an increase in quantity
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or quality of an environmental good may therefore be

measured as WTP (Navrud ).
Environmental goods are public goods which by

definition are non-exclusionary and non-rivalrous. This

means that if a good is available, it is available to everyone
and use by one individual does not prevent the use by
another (Navrud ). Since environmental goods cannot
be distributed through markets, market rates, which would

indicate their value, do not exist (Hagen & Volden ).
Accordingly, in socio-economic analyses, the economic
consequences we reap from environmental interventions

are not priced directly in the market. Instead the economic
consequences can either be quantified and given a monetary
value or their value can be calculated without market

pricing (Hagen & Volden ). In cases where there are
no markets or reliable studies on the WTP, the valuation
of marginal, external costs associated with pollution
emissions may be determined by the damage cost method,
costs of mitigation measures or the abatement cost method
(Ibenholt et al. ).

The aim of the presented study is to reflect on the

impacts of I/I-water in wastewater systems, and how the
consequences of I/I-water may be limited. The study looks
into how the costs associated with phosphorus emissions

and potential mitigation measures can be quantified in
order to guide decision-making in mitigation efforts. A
cost-efficiency analysis has been performed, evaluating the

costs and benefits associated with different measures that
aim to limit the negative consequences of I/I-water and
thereby prevent phosphorus discharge into waterbodies.
Other indicators, like bacteria, could also have been used,

but the main focus in the presented study has been the nutri-
ent phosphorus. Reduced phosphorus emissions are likely to
contribute to improved water quality in recipients. The study

therefore also includes an appraisal of the population’s WTP
for this improvement.

The presented study is based on actual figures from

Asker Municipality, Norway, and 2017 was used as the
year of calculation.

METHODS

Methodology

This study was conducted in three phases, where phase 1
and 2 are illustrated in Figure 1. The third phase consisted

of a literature review of potential benefits gained from
improving water quality in recipients.

Phase 1: Cost-efficiency analysis:

1. Identify potential measures to reduce consequences of I/I-

water
2. Calculate investment costs of measures identified in step 1
3. Calculate phosphorus emissions for all alternatives, includ-

ing the baseline scenario (alternative 0)

Phase 2: Put a price-tag on I/I-water:

4. Quantify wastewater emissions due to I/I-water

5. Quantify operating costs (e.g. pumping costs) due to I/I-
water

6. Calculate the cost of emissions caused by I/I-water and

the total cost related to I/I-water

The third and final phase examined the benefit value of
the measures identified in phase 1. The benefit value of the
measures assessed in this study relate to water quality

improvements. The value of improvements in water quality
is examined through studies of WTP. However, we have
not carried out a WTP study for the purpose of this paper,
but instead relied on previous studies from which it is poss-

ible to transfer values. Value transfer entails transferring
both the benefit and disadvantages values between different
studies.

Changes in producers’ surpluses and authorities’ sur-
pluses are not considered to be relevant to this study. As
previously discussed, water quality improvements may

have positive impacts on several ecosystem services where
water plays a crucial role. Good bathing water quality,
water suited for recreational fishing and water which may
be used for irrigation are all relevant services in this

regard. All of these services are valued through WTP.
Reduced risk of basement flooding due to I/I-water is also
included in the study. Phosphorus is a non-renewable

resource, and an important component in fertilisers. By
recovering phosphorus from wastewater and limiting dis-
charges one could potentially save money. In 2015, the

price of one kilogram of phosphorus in mineral fertiliser
was about NOK25 (Grønlund et al. ). The sales price
of phosphorus in Norway is low, and therefore this factor

is not included in the calculations.
With regard to basement flooding, the current com-

pensation costs have been used as an expense in
alternative 0, while WTP to prevent basement flooding is

used as a benefit value in alternatives A, B and C. When
calculating benefit values for water recipients in Asker, it
was assumed that all the inhabitants of the municipality

would benefit from the measures considered in all
alternatives.
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Identification of pipe quality

In order to identify which pipes to renovate, several methods

can be used. CCTV (closed circuit television) and distributed
temperature sensing are both methods that can be used in
order to locate defects. In Asker, there is extensive use of

CCTV, and the municipality aims to inspect all sewer pipes.
The reports generated from the CCTV inspections form the
basis for selecting which pipes to renovate.

Hydraulic calculations

Due to large amounts of I/I-water, the sewer system in Asker
functions as a combined sewer system, even if it is designed

and operated as a separate sewer system. Figures on water
volumes and capacities in the wastewater pipeline system
were generated by performing calculations with a hydraulic

model utilising the program Rosie, which uses Mouse (DHI
software) as a calculation engine.

Pollution statement

The causes of poor water quality in Asker have been investi-
gated by accounting for the chemical parameter of

phosphorus. Elevated phosphorus emissions may cause eutro-
phication in freshwater and seawater (Universitetet i Oslo
). On the other hand, it is also a valuable resource,

recovery of which is increasingly attempted due to its
value as a fertiliser and rapidly diminishing mineral reserves.
Phosphorus was previously used as an indicator of environ-

mental health for freshwater bodies in Norway, and is
therefore often used in pollutant calculations, particularly
for freshwater bodies. For this reason phosphorus has been

used as an indicator of emissions in this study. Other indi-
cators, such as nitrogen and bacteria, could have been
chosen instead.

The total phosphorus (Tot-P) discharge from Asker
caused by a suboptimal wastewater system in 2017 was as
follows (Asker kommune (Municipality of Asker) ):

Overflow (SSO): 209 kg Tot-P/year

Leakages from the sewer system: 844 kg Tot-P/year

The overflow volumes are calculated using a hydraulic
model. The model is well calibrated in the areas where

most of the weirs are situated and is for these areas con-
sidered to be reliable. Figures on leakages from the sewer

Figure 1 | Flowchart illustrating the method used to quantify the consequences of I/I-water.
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system are based on historical figures from Norway, using

standard values for specific years of construction of the
sewer pipes. The figures on leakages from broken waste-
water pipes are associated with uncertainty. Further

analyses therefore only examine discharges caused by over-
flow, both from the municipality and the wastewater
treatment plant VEAS. VEAS (Vestfjorden Avløpsselskap)
has calculated the discharge of Tot-P via overflow to be

2.7 tonnes in 2017 (VEAS AS ). Asker’s share of
this amounts to 223 kg. Even though VEAS’s emissions
from overflows do not flow into Asker Municipality,

Asker’s share of these discharges is included in the calcu-
lations performed in the presented article. In addition,
treated wastewater from the WWTP carries phosphorus

into water recipients. Treated wastewater from VEAS
amounted to 22.1 tonnes of Tot-P in 2017 (VEAS AS ).
Asker’s share of this was 1,828 kg Tot-P. In 2017 the total
amount of emissions caused by I/I-water sums up to

1,584 kg Tot-P.

Study area

The cost-efficiency analysis performed in this study is restricted

to the sewer system in Asker Municipality. Asker is located in
southeast Norway, just to the southwest of Oslo, the Norwe-
gian capital. Asker Municipality, which as of the end of

2017 had about 60,000 inhabitants, was Norway’s 11th-largest

municipality at the time. A map of Norway and Asker, and the

sewer pipes in Asker, is shown in Figure 2.
Asker Municipality owns 70 wastewater pumping

stations, about 330 km sewer pipes and about 75 km storm-

water pipes. Most of the pipe system was built in the 1960s
and 1970s. There are stormwater pipes in some areas, but
not all. Stormwater management is based on both piping
and sustainable urban drainage systems. The system also

consists of about 100 weirs.
The entire wastewater pipeline system in Asker consists

of a separate system. In a well-functioning separate system,

there should be no exfiltration of wastewater or I/I-water.
A study carried out in 2018 found that the proportion of
I/I-water in the wastewater system in Asker was 63% in

2016 (Sola et al. ). The method used to calculate the
share of I/I-water was the water balance method (Sola
et al. ). Due to high amount of I/I-water the sewer
system in Asker is functioning more like a combined

wastewater system than a separate system.
The wastewater system in Asker routes wastewater

through a central tunnel to the WWTP VEAS. VEAS is

located in Slemmestad in Asker and receives wastewater
from parts of Oslo as well as all of Asker and its northern
neighbouring municipality Bærum. Asker’s share of the

wastewater treated at VEAS amounted to 8.27% in 2017
(VEAS AS ). VEAS has a CSO located at Lysaker in
Bærum, which discharges into the recipient ‘Indre

Oslofjord’.

Figure 2 | Map of Norway and sewer pipes in Asker (Geodata 2018).
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The County Governors in Norway may guide the muni-

cipalities regarding the level of I/I-water, and even impose
measures when the level of I/I-water is too high. In 2012
the County Governor of ‘Oslo and Akershus’ urged the

municipalities to take action against I/I-water if the level
exceeded 30% as an average over the year (Fylkesmannen
i Oslo og Akershus ). In order to combat this I/I-water
it is necessary to renovate pipes, but to achieve the goal of

30% I/I-water set by the County Governor, a combination
of different measures probably is necessary. The reduction
in Asker has to be about 50% in order to achieve the goal.

Surveys indicate that the water quality in the Inner Oslo
Fjord may be deteriorating (Lundsør et al. ). The water
quality in Asker has been monitored since the year 2000,

with a particular focus on chemical parameters. The devel-
opment in water quality has been poor in some areas, and
as of the end of 2017, Asker is not on track to meet the obli-
gations of the WFD with regard to the biological and

chemical quality of its waterbodies.

RESULTS OF THE COST-EFFICIENCY ANALYSES

Identification of different alternatives

Through the cost-efficiency analyses presented in this study,
we aim to identify potential measures to reduce emissions of

phosphorus caused by I/I-water.
The presented alternatives are differentiated by varying

investment costs and operating costs, but they all aim at
reducing the phosphorus discharge by 50%.

Alternative 0 is equal to the present situation and
entails transport of pollution from the wastewater system
to water recipients. In the event that no action is taken, it

is likely that phosphorus discharges will increase. This
increase will be driven by continuing deterioration of the
wastewater system and increased frequency of sewer over-

flow events due to increased rainfall and volumes of I/I-
water (Sola et al. ). In alternative 0, the municipality
renovates a recommended minimum of pipelines, specifi-

cally 1% of the wastewater pipes per year (Norsk Vann
). Asker Municipality owns 70 wastewater pumping
stations. Alternative 0 entails a simple upgrading of all
the pumping stations over the entire 40-year period. Reno-

vation of pumping stations is an ongoing effort similar to
renovating wastewater pipes and troubleshooting for
faulty connections. The costs of compensations associated

with basement flooding are included in the calculations.
The costs for operating municipal wastewater pumping

stations and operating costs for VEAS are also included

in the calculations.
Alternative A entails a complete restoration of all pipes

assumed to be in poor conditions. This amounts to 65 km of

pipelines, which corresponds to approximately 20% of the
wastewater pipes in Asker. These pipes are being restored
over a 5-year period. This is ambitious but achievable. In
Asker the normal renovation rate is about 2% per year.

Alternative A entails a minimum cost for renovating all
the pumping stations. Alternative A is expected to reduce
infiltration. In theory, this alternative would eliminate over-

flow both from the municipal wastewater system and from
the VEAS WWTP. For this to happen, incorrectly routed
stormwater must also be eliminated. This is not possible

with restoration only and fieldwork is required to identify
cross-connections between the stormwater network and
the wastewater network. Such fieldwork is included in
Alternative A. The fieldwork includes two persons working

2 days a week trying to locate and remove faulty stormwater
connections. Therefore, it is assumed that this alternative
will halve the volume of I/I-water.

An assumption in the calculations is that the share of
I/I-water for 2017 is the same as in 2016, i.e. 63%. We
further assume that if half of the I/I-water is eliminated,

the reduction in discharge through overflow will correspond
to the reduction in I/I-water, i.e. 32%. It is also assumed that
32% of Asker’s share of I/I-water entering the VEAS facility

is eliminated. This measure will accordingly reduce the
Asker share of residual discharge from VEAS by 32%. The
measure is assumed to eliminate the risk of basement flood-
ing caused by I/I-water. Operating costs for the municipality

will be reduced by 32%. For VEAS the operating cost will be
reduced somewhere between 0 and 32%. The operating cost
for VEAS will vary by 1% when using a reduction between 0

and 32%. This variable is of minimal importance to the total
costs. In the calculation it is assumed that the reduction will
be 20% for VEAS.

Alternative B entails increasing the pump capacity of all
undersized pumping stations as well as upsizing the pipes
connected to these stations that lack sufficient capacity. In

total, this alternative covers 33 municipal pumping stations
and approximately 3,600 metres of pumping pipes. In
addition, 10 local overflow points and a total of 2,000
metres of pipes connected to local SSOs will be upsized.

Furthermore, a retention basin will be built at VEAS to
prevent overflow-related discharge. These upsizing projects
and the establishment of a retention basin will be carried

out over the course of a 5-year period. This measure
comes with a minimum cost for renovating the remaining
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pumping stations as well as renovating 1% of the pipes

per year.
Alternative B will eliminate local discharge from over-

flow events and as a consequence transport increased

amounts of wastewater to VEAS. Since a retention basin
will be built at VEAS, the overflow discharge there will
also be eliminated. The basin at VEAS will be dimensioned
to handle the additional quantities of water pumped into

VEAS as well as Asker’s share of overflow at VEAS. Alterna-
tive B will eliminate the risk of basement flooding due to
poor capacity in the wastewater pipeline system. Operating

costs for the municipality and VEAS will increase.
In alternative C, local retention basins will be estab-

lished in different locations around the municipality as

well as at VEAS. The basins will be connected to the
SSOs that are most prone to overflow. For the sake of
simplicity, the costs have been calculated for a single, repre-
sentative basin. This measure will not affect exfiltration from

wastewater pipes or residual discharge from VEAS. A basin
will also be established at VEAS to handle Asker’s share of
overflow discharge there. The retention basins will be estab-

lished over 5 years. This measure also comes with a
minimum cost for renovating the remaining pumping
stations as well as renovating 1% of the pipes per year.

Investment costs

The annuity method is used to calculate the annual cost an
investment will have over the course of the period which
the system is assessed to run for. The present value of the
system is distributed over the entire lifespan of the system.

Pipes installed today are expected to have a 100-year lifespan.
Pumping stations are generally assumed to have a 50-year life-
span. Nevertheless, the lifespan of all the components in a

wastewater system is set to 40 years (Det kongelige finansde-
partement (The minestry of Finance) ). In all projects
where future impacts need to be assessed, a discount rate

should be applied. By using a discount rate, future benefit
values and costs are assigned a lower value in the analysis
than the present-day value would be. The discount rate for

public sector initiatives is determined by the Norwegian Min-
istry of Finance and has been set to 4% (Det kongelige
finansdepartement (The minestry of Finance) ).

Costs relating to pipe restorations

Alternative 0: The average price to restore one metre of pipe

has been set on the basis of experiences through different
projects carried out in Asker. For no-dig renovation projects,

the price per metre has been set to NOK10,000, and for full

re-digging, the price has been set to NOK23,000 per metre.
We assume that the recommended renovation rate of 1% a
year is sufficient, and that these pipes will be renovated in

the simplest and cheapest way.
Alternative A: The number of pipes that require upgrading

has been retrieved from the municipality’s database, Gemini
VA. Sixty-five kilometres of pipelines are assumed to be in

poor condition. These are mainly concrete pipes installed
before 1970. Further, it is assumed that half of these pipes
can be restored in the easiest and simplest way while the

other half must be dug up and replaced with new pipes.
Alternative B: In alternative B, a cost has been included

for renovating pipes similarly to alternative 0, starting from

year 6. Included in this calculation are all the pipelines that
will not be upsized.

Alternative C: In alternative C the cost for renovating
pipes is equal to alternative B.

Costs associated with upsizing of pipes and pumping
stations

Upsizing of undersized pipes will cost around NOK23,000/
metre, and it is estimated that there are 5,600 metres of pipes

that require upsizing (2,000 metres of gravity pipes and
3,600 metres of pumping pipes). The cost of upsizing 33
pumping stations has been calculated to a total amount of
NOK250 million.

Costs of establishing a retention basin at VEAS

In 2017, a project was carried out to assess the possibility of
establishing a new wastewater tunnel in Asker. The purpose
of the tunnel would be to retain water from some of the lar-

gest CSOs in the municipality. The cost of this tunnel was
estimated to be NOK119 million for 60,000 m3 (Serch-Hans-
sen et al. ). Calculations based on the 10-year rainfall

projection show that approximately 33,000 m3 of water
overflows from the municipality’s SSOs. A review of
annual reports from VEAS shows that Asker’s share of the
overflow discharge from the wastewater treatment plant

averaged 130,000 m3 annually during the period of 2009–
2018 (VEAS AS ). In total, the retention basin has to
be dimensioned for 163,000 m3, and the estimated cost is

NOK323 million. This applies to alternative B.

Cost of establishing local retention basins

In alternative C, a local retention basin will be established at
an estimated cost of NOK65 million. An additional retention
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basin will be established at VEAS to handle Asker’s share of

overflow discharge for a cost of NOK258 million.

Operating costs

I/I-water amounted to 63% of all wastewater in Asker in
2016 (Sola et al. ). The additional operating costs due
to I/I-water for the municipality are mainly driven by extra

pumping. Calculations performed by Asker Municipality
show that, in 2017, the municipality’s wastewater pumping
stations required 5,050,867 kWh (Sommerro ). Given a

price of NOK1.12/kWh, this corresponded to a price of
approximately NOK5.66 million. Operating costs at VEAS
in 2017 amounted to NOK324 million. Of this, ‘mainten-

ance’ made up NOK73 million of the costs and ‘electrical
power’ made up approximately NOK15 million (VEAS AS
). Other costs associated with operation of the plant

are unlikely to be significantly impacted by reductions in
I/I-water and are therefore not taken into account (Johan-
sen ). Both maintenance and electrical power are
assumed to be reduced by 20% when reducing the amount

of I/I-water.

Operating costs, municipal

Alternative 0: Operating costs due to I/I-water amounted to
NOK5.66 million in 2017, which corresponds to municipal

operating costs in alternative 0. Over the entire 40-year
period, the operation of pumping stations will cost approxi-
mately NOK113 million in alternative 0.

Alternative A: If the volume of I/I-water is halved, the

amount of wastewater pumped will be reduced by 32%. The
maximum reduction in pumped wastewater will be achieved
when all the measures in this alternative have been fully

implemented. The construction period is set to 5 years. The
calculated operating costs per year from (and including)
2024 amounts to NOK3.85 million. From the years 2019 up

to and including 2023, the operating costs will gradually
decline on an annual basis. The operating cost of the munici-
pal pumping stations is estimated to be approximately

NOK81 million for the entire period. This alternative also
includes cost due to increased fieldwork. We assume that
two people work twice a week troubleshooting for faulty
stormwater connections, following up on house owners etc.

Alternative B: If we opt for upsizing the system rather
than renovating, the costs related to pumping operation
will increase. If we assume that upsizing will result in a

50% increase in operating costs, then this amounts to
NOK8.49 million per year. There will be a gradual rise in

pumping costs from the year 2019 up to the year 2024. In

total, these costs will amount to NOK164 million.
Alternative C: This alternative will result in increased

pumping costs. Because the water is retained locally, each

station connected to a basin will have to pump more than
in alternative 0. In addition, a basin will become an
additional operating point for the municipality. An
additional cost is added for operations for alternative C.

Operating costs, WWTP-VEAS

Alternative 0: Asker’s share of I/I-water costs at VEAS
amounted to approximately NOK7 million in 2017, which
corresponds to alternative 0.

Alternative A: It is uncertain how much of a reduction
in costs can be expected if the I/I-water into the plant will
be halved, but in the following a reduction of 20% is

assumed. Therefore, in alternative A, the operating costs
for VEAS fall to NOK5.6 million after the year 2024.

Alternatives B and C: In alternatives B and C, we assume
that the operating costs will increase by 50%, meaning a gra-

dual increase to NOK10.5 million per year after the year 2024.
In Table 1 the results of the cost calculations are shown.
The analyses shows that alternative A, including a

full renovation of all bad sewer pipes and increased efforts
to remove faulty stormwater, will be the cheapest
measure. There is only NOK68 million between alternative

A and C.
It is possible that an I/I-water reduction of 50%, which

was used in alternative A, is a somewhat high figure. In
the event that we would have to restore an even higher per-

centage of the pipes in order to achieve the goal of 50%
reduction in I/I-water, the total cost of all considered
alternatives will be as shown in Table 2. We have investi-

gated the costs when renovating 20, 25 and 30% of the
sewer pipes.

If we have to restore more than 20% of the sewer pipes

in order to reduce the level of I/I-water by 50%, alternative
C will be the most profitable. If we have to restore more than
25% of the pipes in order to reduce the level of I/I-water by

50%, then also alternative B will be more profitable than
alternative A.

Wastewater emissions due to I/I-water

Calculations of overflow and pollution transport

The included amounts of overflow are in the presented
study caused entirely by I/I-water, but the included part

1319 K. J. Sola et al. | Consequences of I/I-water Water Science & Technology | 82.7 | 2020



of the residual emissions from VEAS is based on the
share of I/I-water, 63%. Based on these prerequisites

the current discharges for Asker Municipality associated
with I/I-water sums up to 1,584 kg Tot-P in 2017. By
including the measures in alternative A, B or C the emis-

sions will be reduced. The development of I/I-related
emissions of phosphorus in all alternatives is shown in
Table 3.

Alternative A will be the alternative where most phos-
phorus is being removed.

The costs associated with removal of phosphorus in the
different alternatives calculated in this study, indicated as

the value in NOKper kg of removed phosphorus, sums
up to:

Alternative A: Rehabilitation of pipelines/
troubleshooting for stormwater:

NOK79,060

Alternative B: Upsizing locally and establishing
retention basins at the WWTP:

NOK110,127

Alternative C: Retention locally and at the
WWTP:

NOK104,863

Alternative A is the best alternative in relation to cost-

efficiency.

RESULTS OF THE COST CALCULATION OF I/I-WATER

Pricing of phosphorus discharge

Emissions of phosphorus may be priced using different
methods. For example, one can identify a price per kilo of
phosphorus treated in a wastewater treatment plant through

indirect public valuation (Karstensen ). In 2017, VEAS
treated 364 tonnes of Tot-P at an operating cost of NOK268

Table 1 | Results from cost calculations

Alt. 0 Alt. A Alt. B Alt. C

Present value in NOKmillions

Financial costs

Renovating pipelines, 1% a year �560

Renovating old pipelines �955 �579 �579

Field work �8

Upsizing pipelines �115

Renovating pumping stations �125 �125 �125

Upsizing pumping stations �223

Operating pumping stations �113 �81 �164 �164

Continuously renovating, VEAS �253 �253 �253 �253

Operating costs, VEAS �140 �114 �203 �198

Establishing retention basin, VEAS �285 �231

Establishing retention basin, locally �53

Compensations payments

Total costs � 1,191 � 1,536 � 1,822 � 1,604

Table 3 | Discharges of phosphorus due to I/I-water in all considered alternatives

2017, kg Tot-P 2059, kg Tot-P 2019–2059, kg Tot-P

Alternative 0 1,584 1,584 64,929

Alternative A 1,584 1,077 45,498

Alternative B 1,584 1,152 48,384

Alternative C 1,584 1,152 48,384

Table 2 | Total cost for all alternatives when renovating 20, 25 or 30% of the sewer pipes

in alternative A

Alt. 0 Alt. A Alt. B Alt. C

Present value in NOKmillions

Total costs, 20% renovation
in alternative A

�1,191 �1,536 �1,822 �1,604

Total costs, 25% renovation
in alternative A

�1,191 �1,795 �1,822 �1,604

Total costs, 30% renovation
in alternative A

�1,191 �2,030 �1,822 �1,604
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million. This cost also includes, for instance, removing of

nitrogen and bacteria, but for the simplicity we assume that
the cost is only related to removal of phosphorus. This results
in a price of NOK736 per kg of treated phosphorus. One can

also compute the annual cost of establishing a newwastewater
treatment plant. Karstensen () estimates this cost as
NOK1,241/kg (Karstensen ). The 2017 value of
NOK1,241 per kg (2015) is NOK1,337 per kg. This is the

annual cost for both establishing and operating a new plant,
similar to the existing WTP Bekkelaget in the municipality
of Oslo. Through the ‘Action Lake Mjøsa’ project (1975),

the goal of which was to reduce pollution in Lake Mjøsa,
the authorities set an upper limit of NOK3,000/kg reduction
in Tot-P for the measures they wished to fund (Karstensen

). This is equivalent to NOK16,434/kg in 2017 value.

Total costs due to I/I-water

The costs due to I/I-water for a specific year, when using
different prices on emissions of phosphorus, are calculated

according to formula (1):

Total costs of I=I-water ¼ operating costs due to I=I-water

þ emissions costs due to I=I-water

(1)

The costs due to I/I-water for Asker in 2017 are sum-

marised in Table 4. The figures in alternative A, B and C
are based on the present value over a period of 40 years.

By using the figures that emerge from the calculations

presented in this study, the cost related to I/I-water will
range between NOK137 million and NOK187 million. If
one uses more conservative estimates, such as the figure of

NOK16,434 per kg of phosphorus from the Action Lake
Mjøsa project, the cost of I/I-water in Asker Municipality
will be NOK34 million for 2017.

By including emissions of phosphorus in alternative 0

and A, and by using the cost of NOK16,434/kg phosphorus,
the total costs for these alternatives will amount to:

Alternative 0: NOK1,190 millionþ (64,929 kg Tot-P ×

NOK16,434/kg Tot-P)¼NOK2,258 million
Alternative A: NOK1,524 millionþ (45,498 kg Tot-P ×

NOK16,434/kg Tot-P)¼NOK2,272 million
Implementing measures to combat I/I-water will not be

profitable in this example.
When using the value of NOK79,060 per kg of removed

phosphorus, as calculated for alternative A, the total costs of

the alternatives will amount to:
Alternative 0: NOK1,190 millionþ (64,929 kg Tot-P ×

NOK79,060/kg Tot-P)¼NOK6,323 million

Alternative A: NOK1,516 millionþ (45,498 kg Tot-P ×
NOK79,060/kg Tot-P)¼NOK5,113 million

When using the price of NOK79,060/kg Tot-P it will
be profitable to implement measures according to alterna-

tive A.
We can examine the limiting value for phosphorus costs

by comparing the costs for alternative 0 and alternative A, as

shown in formula (2).

Alternative 0:present value of investments

þ present value of operating costs

þ emissions (kgTot-P) × emissions costs (NOK=kgTot-P)

¼ AlternativeA:present value of investments

þ present value of operating costs

þ emissions (kg Tot-P) × emissions costs (NOK=kgTot-P)

(2)

NOK1,190millionþ (64,929kgTot-P×NOKX/kgTot-P)¼
NOK1,536millionþ (45,498kgTot-P×NOKX/kgTot-P)

X ¼ NOK17,806/kgTot-P

As such, if the phosphorus cost is equal to or less

than NOK17,806/kg Tot-P, then it will not be socio-
economically justified to reduce I/I-water.

RESULTS OF CALCULATIONS OF BENEFITS

Valuation of satisfactory fishing conditions. Norwegian
conditions

In 2018, a study was carried out which among other things
assessed the benefit value as the WTP for extermination of

invasive fish species such as pike and minnow in efforts to
improve conditions for indigenous fish populations in

Table 4 | Summary of costs generated from I/I-water for Asker Municipality in 2017

Source

Costs per kg
phosphorus
(NOK)

Costs related to
I/I-water in 2017
(million NOK)

Operating the WWTP (literature) 736 9

Establishing new WWTP (literature) 1,241 10

Authorities’ WTP, Action Lake Mjøsa
project (literature)

16,434 34

Alternative A 79,060 138

Alternative B 110,127 187

Alternative C 104,863 178
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Trøndelag, Norway. Participants in the study indicated

a WTP for such a measure not only in local fishing
areas, but also for the rest of the country (Magnussen
et al. ). The quoted amounts represent a lump sum per

household.

Pike, the whole country: NOK1259–1,893

Pike, just own county: NOK909–1,362

Minnow, the whole country: NOK1,034–1,659

Minnow, just own county: NOK737–1,185

Valuation of clean water. Norwegian studies

In 2015, an assessment of benefits and cost of environ-
mental measures for urban waterways was published

(Magnussen et al. ). The authors conclude that WTP
for an improvement in water quality among people living
closer than 1,000 metres from the waterways Alna (70,000

people) and Hovinbekken (30,000 people) in Oslo
(Norway) amounted to NOK1,400 per person and
NOK2,467 per person respectively (Magnussen et al. ).
The study does not differentiate between the various benefits
of an improvement in water quality. In other words, it covers
everything from better bathing water to better cultural
experiences.

A study from 2010 carried out 10 sample surveys in
Europe, one of which was carried out in Østfold/Akershus
(Barton & Holen ). The study was a part of the project

AQUAMONEY, and focused on the recreational use of
lakes, and investigated local residents’ WTP for improve-
ments in the ecological status of those environments. The

study found that the WTP among the respondents ranged
from NOK1,070 to NOK2,000 per household per year for
the lakes Vansjø and Storefjorden. The study also showed
that WTP fell by approximately NOK25/km and NOK72/

km the further away from the lakes a person lived (Barton
& Holen ).

In a study by Holen et al. (), for Sørum Municipality,

it was found that the public’s WTP had to amount to approxi-
mately NOK5,700 per household per year for at least 40 years
for the benefit value of measures to improve the water quality

in waterways within the municipality to be socio-economi-
cally justifiable (Holen et al. ).

Valuation of bathing water quality: European studies

There are several European and international studies which
have examined WTP for better bathing water quality. The

presented study has only used results from European

studies. The figures vary from NOK86/person per year (Ire-
land) to NOK1,176/person per year (Denmark) (EVRI
). A study on WTP was carried out by Swanberg and

Wallström, in Gothenburg, Sweden in 2018. The study con-
cludes that WTP for improvements to water quality ranges
between SEK50 and SEK58 per household per month
(Swanberg & Wallström ). This corresponds to approxi-

mately NOK260–303 per person per year.

Valuation of prevented basement floodings

Basement floodings can be a great burden on those

affected, both financially and psychologically. People
who have experienced floodings are often anxious of it
happening again. A study carried out in the Norwegian

municipalities Øvre Eiker and Nedre Eiker established
that the difference between the WTP between a broader
insurance against flooding and physical initiatives to pre-
vent flooding amounted to NOK92/year per household

(Grann ). When converted from 2011 values to 2018
values, this figure is NOK112. In 2017, a study was car-
ried out in Norway which established that uncertainty

costs related to flooding can be valued at NOK400 per
household per year for houses located more than 1 km
from areas that have previously experienced flooding.

For houses located in areas particularly vulnerable to
flooding, a figure ranging from NOK800 to NOK900 per
household per year was indicated (Torgersen & Navrud
).

In further analyses the following figures are being used
to quantify basement floodings due to poor capacity in the
wastewater pipeline system:

• NOK400 per house per year for houses located 1–5 km
from properties which have previously experienced

flooding

• NOK800 for houses located closer than 1 km from
houses which have previously experienced flooding

Summary of relevant WTP studies

Table 5 provides a summary of relevant studies relating to
WTP.

The benefit value of water quality improvement in this
study uses the average value of NOK554 and NOK2,709,
i.e. NOK1,632 per person/year. The total number of affected

properties corresponds to the total number of persons living
in Asker, i.e. 61,400 (Statistisk Sentrabyrå (Stastistics
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Norway) ). This sums up to a total of NOK1,999 million.
This monetary value is used in all the considered alterna-
tives. All alternatives will lead to the same improvement in

water quality.

COST-BENEFIT ANALYSIS

Table 6 provides a summary of the calculated values dis-

cussed in this chapter. Values for WTP for avoided
basement floodings, as well as compensation payments for
basement floodings, have not been included as there were
no reported cases of basement floodings caused by poor

capacity in the wastewater pipeline system in 2017.
If one takes the beneficial value into account, then all

considered alternatives are profitable from a socio-economic

perspective.

DISCUSSION

The level of I/I-water in many Norwegian municipalities is

high. The reasons for this are likely to be a combination of
many factors. Old pipes, large portions of leakages from
drinking water and incorrectly routed stormwater are all

Table 5 | Summary of figures used in the calculations in relation to WPT (2018)

Valuation field Country
Lower limit
(NOK)

Upper limit
(NOK)

Good fishing conditions
(lump sum)

Norway 734
(pike)

1,893
(minnow)

Improved water quality
(person/year)

Norway 554 2,709

Improved bathing water
quality (person/year)

Ireland/
Denmark

86 1,176

Improved water quality
(person/year)

Sweden 260 303

Avoided basement
floodings (per house)

Norway 400 800

Table 6 | Summary of costs and benefits for all alternatives

Alt. 0 Alt. A Alt. B Alt. C

Present value in NOKmillions

Financial benefit value

WTP to avoid basement floodings

WTP to achieve improved bathing water quality, low

WTP to achieve improved bathing water quality, medium 1,999 1,999 1,999

WTP to achieve improved bathing water quality, high

Avoided costs due to basement floodings

Total benefit value 0 1,999 1,999 1,999

Financial costs

Renovating pipelines, 1% a year �560

Renovating old pipelines �955 �529 �529

Fieldwork �8

Upsizing pipelines �115

Renovating pumping stations �125 �125 �125

Upsizing pumping stations �223

Operating pumping stations �113 �81 �164 �164

Continuously renovating, VEAS �253 �253 �253 �253

Operating costs, VEAS �140 �114 �203 �198

Establishing retention basin, VEAS �285 �231

Establishing retention basin, locally �53

Compensations payments

Total costs � 1,191 � 1,536 � 1,822 � 1,604

Net benefits � 1,191 475 177 395
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variables that are likely to contribute. Renovating sewer

pipes and manholes will improve the situation. It is possible
that renovating drinking water pipes will be an even more
cost-efficient measure due to the fact that this also will

limit the amounts of lost drinking water. This should be
investigated.

There is significant uncertainty associated with the
amount of I/I-water that can be eliminated through renovat-

ing pipes. The amount of I/I-water that can be eliminated
through pipe renovation should, therefore, be examined
for each specific drainage area/municipality. There is also

uncertainty associated with the amount of I/I-water that
can be eliminated through fieldwork. Although numerous
methods may be used when searching for I/I-water, some

of these methods require quite an extensive use of fieldwork.
If we would have to renovate a higher percentage than 20, as
included in alternative A in the presented study, then
alternative C would be the most profitable one.

A cost-benefit analysis can be a helpful tool to highlight
costs and benefits that are not traditionally valued in waste-
water projects. A cost-benefit analysis can contribute to a

greater recognition of issues such as the non-tangible value
of the marine environment and ecosystem services and, in
doing so, lay the foundation for increased efforts to prevent

the discharge of wastewater. Specific studies of WTP have
not been carried out. The figures that have emerged regard-
ing WTP are therefore associated with some uncertainty.

The monetary value of improvement in water quality is
also assumed to be the same for all considered alternatives.

The valuation of preventing basement floodings is also
an important factor which ought to be included in the

assessment of benefits and costs in urban wastewater pro-
jects. The costs associated with compensation payments

and benefit values resulting from savings related to base-

ment floodings were found to be negligible in this study.
For other municipalities, this contribution could be
significant.

The analysis carried out in this study shows that there is
probably a basis for setting the target restoration rate of the
wastewater pipeline system higher than 1%. Adding an extra
expense to the present wastewater fees and earmarking that

money to upgrading the wastewater system would increase
the chances of achieving the objectives set in the EU
Water Directive. The current strategy is unlikely to prevent

the current system from declining while making improve-
ments at the same time. Previously conducted studies of
WTP for improvements in water quality suggest that it is

possible to shift some of the costs for further efforts to
improve water quality on to the inhabitants of Norway.

A risk and vulnerability assessment of the wastewater
pipeline system in Asker has previously been carried out.

The analysis provides an overview of the critical discharge
points in the wastewater system. The analyses performed
in this study could have taken into account and weighted

the consequences of discharges, which would have provided
a more representative picture. For example, VEAS’s over-
flow discharges and residual discharges into deep water do

not have as big an impact as local discharge points.
The figures used in the presented study are based on

constructions built in Asker. The figures are considered

reliable when it comes to local conditions in Asker. In
other cities the conditions might be quite different. It is
important to use figures retrieved from experiences with
local constructions. The most reliable figures on investment

costs from Asker emerge from pipe renovation. When it
comes to building retention basins, both locally and at the

Table 7 | Reliability of input data
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WWTP, experience show that it is more likely that expenses

will be higher rather than lower than what is calculated in
this study. This goes in favour of alternative A.

The data reliability related to figures used in the pre-

sented study is illustrated in Table 7.
By eliminating the factors related to some uncertainty

the results in the presented study would be even more
reliable. The most important factor to investigate further is

how large a share of I/I-water could be eliminated through
renovation of pipes.

CONCLUSIONS

The presented study shows that there are a number of poss-
ible measures that could be implemented to minimize the

consequences of I/I-water. We found that alternative A,
which entails an increased rate of sewer pipe restoration
in combination with fieldwork, provides the highest net
benefit value. A cost-efficiency calculation also shows that

this alternative would be the most favourable. In alternative
A, it would cost NOK79,060 to remove 1 kg of phosphorus,
while the most expensive alternative, which includes upsiz-

ing and retention, amounts to NOK110,127 per kg.
The presented study indicates that the cost of I/I-water

in Asker Municipality amounted to NOK34 million in

2017, assuming a price on emissions of phosphorus of
NOK16,434 per kg. The price of I/I-water is dependent on
the price on emissions of phosphorus. When using the
price of NOK79,060/kg phosphorus, calculated in alterna-

tive A, the I/I-water cost NOK138 million; however, we
found that reducing I/I-water will be profitable as long as
the price of phosphorus emissions exceeds NOK17,806/kg.

A review of previous studies regarding WTP for
improved water quality indicates that there is probably
room to increase the annual water and wastewater charges

in Asker by NOK1,632 per household. On this basis all
the considered alternatives would be socio-economically
profitable.
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Abstract 
The share of infiltration and inflow water (I/I-water) is predominantly driven by rainfall. This makes it 

difficult to document the efficiency of mitigating measures. One way to address this issue is to 

compare data from rehabilitation areas to areas where no measures have been implemented. Three 

rehabilitation areas were assessed applying this approach. The assessment shows that the rehabilitation 

of municipal pipes have reduced the share of I/I-water only limited. In separate systems other 

measures than renovations of pipes should be considered when aiming to reduce I/I-water.  

Index Terms 
Infiltration and Inflow water (I/I-water), measures, measurements, overflow, wastewater.  

1. Introduction 
Most of the Norwegian water and wastewater utilities participate in a yearly benchmarking system. 

The benchmarking of 2019 states that the development of the water and wastewater services is not 

satisfactory at a national level and poses by this an increased effort to improve the situation [1].  

A number of indicators may be used in order to assess the state of the water and wastewater systems. 

Indicators commonly used are volumes and frequency of overflows, amount of infiltration and inflow 

water, the number of basement floodings and renovation rate [1, 2]. These indicators may be divided 

into two main categories: indicators aiming at measuring the functionality of the system and indicators 

aiming at measuring the condition of the system. Infiltration and inflow water (I/I-water) reflects 

wastewater system malfunctions and may therefore be used as an indicator on the functionality of 

wastewater systems. 

Wastewater systems are composed by components as manholes, pipes and pumping stations that all 

are affected by multiple pressures such as ageing and deterioration, climate changes with an increased 

amount of rainfall and urbanization [3, 4]. I/I-water stems from groundwater, rainfall, rivers and 

drinking water leakages [2, 5-8]. The sources that contribute the most to the share of I/I-water vary 

geographically. However, in most places, annual rainfall strongly influences the share of I/I-water in 

the wastewater pipeline system [5, 9, 10]. This means that climate changes most likely will contribute 
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to larger amounts of I/I-water. This also means that in two otherwise identical localities, the area with 

higher annual rainfall is likely to have higher rates of I/I-water. In other words, a- year-to year-

comparison of quantities of I/I-water within the same area is of limited value. 

Excessive I/I-water has both social, economic and environmental impact. The economic consequences 

are associated with increased pump operation and less efficient treatment at wastewater treatment 

plants (WTP). The environmental consequences are linked to overflow discharge, increased outflow of 

pollutants due to increased flow of water through the WTP and lower treatment rates at the WTPs [2, 

8, 11, 12]. The social aspects are linked to the number of basement floodings and potentially reduced 

access to clean water [11].  

A simple method to determine the share of I/I-water in wastewater systems is to measure the flow in 

the wastewater pipeline system, and compare this measured flow to the number of person equivalents 

(PE) connected and drinking water use in that same system [2, 9]. This method is called the water 

balance method. Another commonly used method in Norway to calculate the level of I/I-water is the 

dilution method [9, 13, 14]. Input to this method are measurements of for instance total phosphorus 

(TOT-P) into the wastewater treatment plant (WTP), the number of connected PE, and assumptions on 

total phosphorus production per person per day [9, 13]. Both methods have drawbacks. The water 

balance method does not include water that disappears out of the system through overflow points. The 

water balance method depends on measured figures on drinking water consumption, the dilution 

method depends on figures related to TOT-P production/pe/day. In both methods, there are 

uncertainties related to measuring equipment/measuring methods. 

Renovating sewer pipes, establishing retention basins and upsizing of undersized components 

(bottlenecks) in the wastewater system are all traditional ways of dealing with unwanted impacts from 

I/I-water on the wastewater system [11]. Rehabilitating wastewater pipes results in improving both the 

condition and the functionality of the pipes. To identify which pipes to renovate, a Closed Circuit TV 

inspection (CCTV) may be used [8]. As the amounts of I/I-water are largely influenced by rainfall, 

water flow measurements, carried out before and after measures have been implemented, are unlikely 

to be comparable. Rainfall varies greatly, both in terms of geography and time, and it is challenging to 

identify two completely identical precipitation events. One workaround would be to compare I/I-water 

levels prior to and after rehabilitation during dry weather events, but such comparisons would not 

provide an accurate picture of the situation as the share of I/I-water is likely to be higher during 

rainfall. Another approach may be to compare water flows before and after measures in a 

rehabilitation area, with a control area in which no interventions are made [15]. Using a control area 

gives a reference point which is independent of any precipitation events that may occur. 

The purpose of this study is to examine the water volume measurements and calculate the share of I/I-

water in the wastewater system in selected areas in Asker Municipality in Norway, both before and 
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after implementing measures. The study also aims at assessing whether the introduced measures have 

had an impact on the level of I/I-water. In order to examine the impact of completed measures to 

prevent I/I-water, two control areas were included in the study. The main goal of the project is to test 

out the mentioned method to understand whether it can be useful on a general basis for this type of 

analysis for I/I-water. 

2. Methodology 

2.1. Study area 

Asker Municipality is located southwest of Norway’s capital, Oslo. Asker has seasonal variations with 

cold winters, heavy rain during spring and autumn, and dry summers.  

Most of the wastewater system in Asker was built in the 60s and 70s and consists mainly of concrete 

pipes. The entire wastewater system is a separate system. Even so, the sewer network is acting more 

like a combined system. In 2017 the share of I/I-water amounted to about 60% of the total delivered 

amounts of water delivered to the wastewater treatment plant (WWTP) [9]. 

The strategies for the water and wastewater business in Asker are anchored in the master plan for 

water and wastewater services in Asker from 2017. In this plan, I/I-water was identified as one of the 

main challenges [16]. At a tactical level, the utility has defined several renovations- zones. Trying to 

combat the challenges posed by I/I-water, there have been implemented measures in several of these 

renovations-zones. Since the system is a 100% separate system, the main measure has been 

rehabilitation of sewer pipes- besides troubleshooting for fault connected stormwater. Three of these 

rehabilitation areas are assessed in this study; Dæli, Vakås and Vestre vei. The areas are selected based 

on previous assessments on I/I-water, which indicates that the areas contribute to a large extent to the 

high level of I/I-water in the utility. The rehabilitation areas and the sewer system in Asker are shown 

in Figure 1. The locations of two rain gauges are also marked in Figure 1, along with the two areas 

used as control areas. 
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Figure 1: Overview map of the investigated areas as well as rain gauge locations 

Prior to the rehabilitations, in 2015/2016/2017 respectively, water flow meter were installed in the 

rehabilitation areas and the control areas. The first area in which measures were implemented was 

Dæli. Vakås is an area where - as of 24.11.2020 - rehabilitation is ongoing but many measures have 

already been implemented. Measures were implemented in the Vestre vei area in 2019. 

J.R.Wilhelmsens vei (JRWs vei) and Holmen are included as control areas, as no measures were 

implemented in those areas during the time periods covered in this study. All assessed areas are 

residential areas with no industrial activity. The calculations do not account for commuting.  

There are no overflow points in JRWs vei, Dæli and Vakås, while there are overflow points associated 

with sewage pumping stations in Holmen and Vestre vei.  

There is no tradition of measuring the groundwater table in Asker so there is no data on how the 

wastewater discharges are affected by ground water. 

Dæli 

JRWs vei 

Vakås Holmen 

Vestre vei 

Rain gauge Fire station 

Rain gauge Mellom Nes 
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2.2. Method to assess the effect of rehabilitation 

To investigate the impact of the renovations, water flow levels and I/I-water volumes were examined 

and compared under different weather conditions, including both dry and wet weather events. 

Rehabilitated areas were examined and compared to the control areas before and after the 

rehabilitation.  

Figure 2 illustrates the method utilized to investigate the impact of the renovations. 

 

Figure 2: Schematic drawing of the method used to investigate the impact of measures in the rehabilitation areas  

In order to do the evaluation of effect from the rehabilitation it is essential to obtain reliable flow data 

from all areas. 

2.3. Measuring equipment 

In the analyses conducted for this study, data were retrieved from two rain gauges located in Asker. 

These gauges have been in operation since March 2015 (Mellom Nes) and March 2016 (Asker Fire 

station) [17]. Days with missing data were omitted from the study. 

Use of flow data is central in the presented study. Water flow gauges were installed in the wastewater 

pipeline network in all five zones in 2015/2016.  

Several conditions need to be met to achieve reliable flow data. The pipe in which the meter is 

installed should be straight without bends or swells. The water flow should be as steady as possible, 

meaning that the pipe should maintain a steady and limited incline and not intersect with feed pipes. 

Experiences from Asker Municipality in Norway suggest that the ideal water flow rate for 

measurements is around 2 l/s. Normally, flows of 2 l/s correspond to areas servicing 1000 PE, which is 

a relatively large area. The limited sensitivity of current measurement technology makes it difficult to 

get good data from smaller drainage areas. Generally, pipeline renovations are conducted on small 

segments of the pipeline system, usually where the need is considered the greatest. Since such a large 

area is required to get reliable water flow measurements, the share of rehabilitated water pipes will be 
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relatively small compared to the total pipe length within the area observed. It might therefore be 

challenging to accurately identify the impact of renovations applying water flow measurements. 

Another challenge is that even though a renovated part of the pipeline has become watertight, the 

water may travel along the outside pipe wall and infiltrate further down where the pipeline is not 

renovated. 

The water flow meters used are intended to log data continuously. However, there are often 

operational outages that disrupt the data series. Since timeouts are relatively common in the time 

series, it can be difficult to find periods with reliable measurement data for several areas at the same 

time. This poses a challenge to comparing measurements from different areas. Conducting extended 

measurement periods is, therefore, crucial to obtain reliable data that can be used in comparative 

studies. The series selected for this study meets de above mentioned criteria.  

Overflow meters were installed at two overflow points, one in the Holmen area and one in the Vestre 

vei area. The measuring devices that register overflow operation include two electrode sensors. Once 

the water level in the manhole rises to a level above the sensors, the salt in the water will conduct 

electricity and result in contact between the sensors. This contact persists until the water level falls 

once more in the manhole and the overflow operation ceases [18]. The unit used for measuring 

overflows is minutes of occurring discharge.  

2.4. Calculation method 

In the calculations performed in this study, measured water flow was used to calculate the share of I/I-

water by using the water balance method. The calculations utilize a stipulated daily water consumption 

of 140 l/PE. The water balance method is shown in formula (1) [9, 13]: 

(% share of I/I-water) = (Qtot – PE x Qap)/ (Qtot) x 100  (1) 

Where: 

I/I = I/I-water in the wastewater system [%] 

Qtot = total amount of water transported to the measuring point [l/day]  

PE = the number of persons situated within the catchment area  

Qap = the amount of wastewater each person produces a day [l/pe day] 

2.5.  Description of the selected catchments  

Characteristics the sewer pipes and drinking water pipes in Dæli, Vakås and Vestre vei are shown in 

Table 1.  
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Table 1: Characteristics of the wastewater and drinking water systems in Dæli, Vakås and Vestre vei 

Area 

Total length 

of waste-

water pipes 

(m) 

Number of 

PE 

Rehabilitated 

sewer pipes  

Total 

length of 

drinking 

water 

pipes (m) 

Rehabilitated 

drinking water 

pipes 

Rehabilitated 

manholes (sewer) 

Meters 

rehab. 

% of 

total 

Meters 

rehab. 

% of 

total 

Number % of 

total 

Dæli 12,000 3,000 1,500 13 10,500 300 3 27 12 

Vakås 9,500 2,000 1,000 11 11,300 1,300 12 18 13 

Vestre vei 15,000 3,000 1,000 7 11,300 0 0 24 10 

 

The municipality has a strategy to order rehabilitating of all private sewer pipes connected to the 

municipal sewer pipes that are being rehabilitated. This is a time-consuming process. In the assessed 

rehabilitation areas, no private pipes have been rehabilitated before the data used in the study were 

extracted.  

The control areas are smaller than the areas they are compared to in terms of the number of inhabitants 

and the total length of the pipes. JRWs vei (control area to Dæli and Vakås) consist of 1,000 PE, while 

Holmen (control area to Vestre vei) consist of 1,500 PE. All areas are residential.  

In Vakås, it is common for streams in several locations to affect the flow of water in the wastewater 

pipeline system. In Dæli, the rehabilitation work was initially prompted by surface water that had been 

erroneously connected to the wastewater pipeline system. In the catchment area by Vestre vei, 

frequent overflow runoff necessitated the redevelopment of wastewater pipelines in the zone. In all the 

rehabilitated areas, primarily old concrete pipelines have been rehabilitated. The rehabilitation 

methods vary between areas. In Dæli and Vestre vei, the work mainly entailed sliplining, while Vakås 

required full excavations and replacement of the concrete pipes with new pipes of PVC. Manholes 

were fully replaced in Vakås, while in Dæli and Vestre vei limited work was performed on manholes, 

with some manholes being fully encased in Vestre vei. In Vakås several wrongly connected 

stormwater pipes where discovered, but none of these were corrected by the time of data collection. In 

Vakås parts of the sewer system is situated near a small stream. 

3. Results and discussion 

3.1. Flow before implementation of measures 

Dæli and Vakås 

Figures 3 and 4 shows dry weather periods and rainfall periods prior to the implementation of 

measures. The figures show the percentage of I/I-water in the total measured water flow. Even though 

the entire wastewater system is a separate system, we find a large portion of I/I-water.  
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Figure 3: Calculated share of I/I-water in a dry weather period, before implementation of measures 

 

 

 

Figure 4: Calculated share of I/I-water in a wet weather period, before implementation of measures 

 

For Vakås the share of I/I-water varied between 84% and 91% during the first half of 2016. In JRWs 

vei, the share of I/I-water varied between approximately 69% and 79%, while the share of I/I-water in 

Dæli ranged between approximately 59% and 76%. Despite an 11-day long dry period (3/5 - 11/5), the 
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data reveal a large share of I/I-water in the wastewater system. In Vakås, the wastewater pipelines 

traverse a river at several points which is a likely contributor to the high shares of I/I-water. This is 

also likely to contribute to a high groundwater level at some points of the traverse. 

The summer months of 2016 also saw relatively high levels of rainfall. The measured water flow in 

Dæli shows that the area was heavily affected by rainfall as the proportion of I/I-water peaked during 

precipitation events, while JRWs vei and Vakås had a consistently high proportion of I/I-water. Vakås 

and JRWs vei are presumably affected by I/I-water to such a degree that the levels remained generally 

high. Some of the reasons for this could include infiltration of river water, drinking water and 

groundwater. In Dæli, the variations in I/I-water are greater than in the other two areas. The share of 

I/I-water declines to approximately 50% in Dæli towards the end of the period. In other words, Dæli is 

quickly influenced by rainfall and dry weather alike, and the primary sources of I/I-water are 

presumably directly linked to surface water, and to a lesser extent infiltration. 

Holmen 

Figure 5 shows a dry weather period in the summer of 2018. No rainfall was registered during the 

entire period, meaning that the peak shown for 4666-Holmen must be due to factors other than rain. 

Most likely the meter was out of order this day. Another option is that the meter was temporary 

covered with particles and sludge. Approximately 30 mm of rainfall occurred during three days before 

the assessed dry weather period. 

 

Figure 5: Calculated share of I/I-water in a dry weather period, before implementation of measures 

In the period from 22.06.2018, the proportion of I/I-water in Vestre vei was higher than in Holmen. 

The minimum level in Holmen was 16%. The minimum level in Vestre vei was around 40%.  
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Figure 6 shows different rainfall periods before implemented measures. 

 

Figure 6: Calculated share of I/I-water in Holmen and Vestre vei in a wet weather period, before implementation of 

measures 

 

There is no clear pattern during rainfall periods with regards to which site has the highest rates of I/I-

water. Both areas are clearly influenced by rainfall. In Figure 6, we can see that the two areas are 

roughly similarly impacted by rainfall. Holmen has the highest volumes of I/I-water in the first part of 

the period, while Vestre vei has the highest volumes in the latter part of the period. The highest rainfall 

quantities came in the first part of the period.  

By looking at rainfall in conjunction with the estimated share of I/I-water for all periods, the volumes 

of I/I-water are greatest in the Holmen zone during high precipitation periods. Holmen is impacted 

more slowly by rainfall than Vestre vei. Despite that, dry weather readings show that the share of 

regular infiltration is greatest in Vestre vei.  

3.2. Flow after implementation of measures 

Dæli and Vakås 

Figure 7 shows the calculated share of I/I-water during a dry weather period - winter 2017 - after the 

implementation of measures in both Dæli and Vakås. 
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Figure 7: Calculated share of I/I-water in all three areas during a dry weather period, after implementation of measures 

 

In this period, JRWs vei was the area with the highest share of I/I-water, between 82% and 87%. In the 

Vakås area, the share varied between 77% and 82%, while the share in Dæli varied between an 

estimated 51% and 63%.  

Figure 8 shows the proportion of I/I-water in all three zones during rainfall after the implementation of 

measures. 

 
Figure 8: Calculated share of I/I-water in all surveyed points during rainfall,l after implementation of measures 

Figure 8 shows that the I/I-water share in JRWs vei remains quite stable at approximately 80%, 

regardless of rainfall levels. Both the Dæli area and Vakås area are clearly influenced by rainfall. For 
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Vakås, the share varies between roughly 70% and 91%. The share of I/I-water in the Vakås area is 

generally lower than the corresponding share in JRWs vei. For Dæli, the share of I/I-water lies 

between 47% and 83%. In Figure 3 and 4 we saw that the Vakås area was the area with the highest 

level of I/I-water. However, in Figure 7 and 8, we see that for most of the time JRWs vei is the area 

with the highest share of I/I-water. 

Holmen 

Figure 9 shows the estimated share of I/I-water in a dry weather period after implementation of 

measures in the Holmen area. The period before the examined dry weather period was relatively wet 

with approximately 74 mm of rainfall over 11 days, which is the reason for the high share of I/I-water 

at the start of the period.  

 

Figure 9: Calculated share of I/I-water in a dry period, after implementation of measures 

 

The lowest estimated I/I-water level in Vestre vei is around 50%. In Holmen, the lowest level is 

around 44%. The share of I/I-water in the Vestre vei zone is generally higher than in Holmen. The 

share of I/I-water for the Holmen zone is thus higher during this period than in the period prior to 

completed measures in Vestre vei. The share of I/I-water in Vestre vei remained rather stable before 

and after the implementation of measures.  

 

Figures 10 shows the share of I/I-water in Holmen and Vestre vei in different rainfall periods after 

implemented measures. 
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Figure 10: Calculated share of I/I-water during rainfall periods, after implemented measures 

 

During all rainfall events we can see that the share of I/I-water is larger in Holmen than in Vestre vei. 

In Holmen, the share of I/I-water varies between 63% and 93%. In Vestre vei, the share varies 

between 40% and 89%. Similarly to prior to the implementation of measures, the volumes measured 

after implementation are larger in Holmen than Vestre vei. It still takes more time for the share of I/I-

water to decrease in the Holmen zone than in the Vestre vei zone, after a rainfall has ended. 

3.3. Comparisons of level of I/I-water 

Extracted and considered periods with levels of I/I-water for all areas are shown in tables 2 and 3. 

Table 2: Comparison between JRWs vei and the Vakås area and JRWs vei and Dæli, before and after implementation of 

measures, for different dry weather periods and different rainfall periods 
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Table 3: Comparison between Holmen area and Vestre vei area for share of I/I-water before and after implemented 

measures for different for different dry weather periods and different rainfall periods 

 

 

 

 

 

 

 

The reduction in I/I-water for the areas of Vakås, Dæli and Vestre vei are summed up as follows: 

- Vakås: Dry weather = 9-22 % points, Rainfall: 3-8 % points 

- Dæli:  Dry weather = 0  Rainfall: 7-9% points 

- Vestre vei: Dry weather = 0  Rainfall: 11-43% points 

The results presented above are based on the following prerequisite: The assessed rain events occur 

after a minimum of three days of dry weather. This comparison neither takes into account rainfall 

conditions before the event in question nor has the temperature in the compared periods been taken 

into account.  

Comparisons between the control areas and rehabilitation areas in dry weather suggest that while the 

I/I-water quantities declined in the Vakås area, it is difficult to see whether the measures implemented 

in the Dæli and Vestre vei areas have had any impact. Comparisons between control areas and the 

rehabilitation areas suggest that the measures have had an effect on the level of I/I-water during 

rainfall for Vestre vei, but the reduction is only minor for Vakås and Dæli. 

3.4. Comparisons of overflow operations 

In addition to examining the pipe flow readings, overflow operation in Vestre vei and Holmen (control 

area) have been examined. Figure 11 displays overflow operation and rainfall readings from the rain 

gauges at Mellom Nes and the Fire station both before and after implementing measures.  
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Figure 11: Registered overflow at Holmen and Vester vei and rainfall at the fire station and Mellom Nes  

After implementation of measures, in two out of three of the events, overflows last longer in Vestre 

vei than in Holmen. On 10.08.2019, overflow lasted longer in Holmen than in Vestre vei. The 

explanation for this is that it likely rained more in Holmen’s influx area than in Vestre vei’s influx 

area. Before the implementation of measures, the Holmen zone was most sensitive to overflows, while 

Vestre vei was more sensitive to overflows after the implementation of measures. This is the opposite 

result of what one would expect. 

By considering overflow operation solely in the rehabilitation area of Vestre vei, it looks as there has 

been a reduction in overflow operation after the implementation of measures. However, including 

overflow operation in Holmen, where no such measures have been implemented, we can see a clear 

reduction there too. In other words, we cannot prove a reduction in overflow operation in Vestre vei as 

a result of pipe rehabilitation.  

4. Conclusion 
The main conclusion of this study is that rehabilitating only small proportions of pipelines and 

manholes, give a small but not proportional reduction in I/I-water. Rehabilitating small portions of the 

pipelines with the sole reason of reducing I/I-water cannot be recommended. Achieving larger 

reductions in I/I-water will presumably require the rehabilitation of a much larger share of the 

pipelines than done in this study.  

In the studied areas the level of I/I-water is high even though all these areas have a 100% separate 

system. One common way to combat I/I-water in areas with separate system is to rehabilitate the parts 

of the pipeline identified to be in bad condition through CCTV inspection. The rehabilitation projects 
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that have been carried out in this study cover between 7% and 13% of the total municipal wastewater 

pipelines within the selected study areas. In the investigated areas rehabilitation of sewer pipes has 

shown only limited results. 

The only area where there is a reduction of I/I-water in dry weather is Vakås. This is also the only area 

where the renovation method has been a full replacement of both pipes and manholes, and a 

replacement of drinking water pipes as well. Since the Vakås area is under the influence of a stream, 

and therefore also groundwater, it is likely to assume that this is the source being reduced during dry 

weather.  

The data from Vakås and Dæli suggest that the share of I/I-water decreased slightly in both areas 

during rainfall. By looking at data collected during precipitation events before and after the 

implementation of measures, and by ranking the areas against each other by the share of I/I-water, we 

see that the area rankings changes. Prior to the implementation of measures, Vakås was the area with 

the highest share of I/I-water. Yet, afterwards, JRWs vei (the control area) was the area with the 

highest share of I/I-water. In Vakås, the reduction in the influx of I/I-water ranged between 9 

percentage point to 22 percentage points in dry weather periods and 3 percentage point to 8 percentage 

points in rainfall periods. It is difficult to prove the impact of measures in dry weather periods in Dæli, 

but for rainfall periods the implemented measures have likely resulted in a 7 - 9 percentage points 

reduction in I/I-water.  

As for Vestre vei, there has likely been zero reduction in I/I-water in dry weather conditions, while the 

reduction in rainfall periods is somewhere between 11 and 43 percentage points. We were unable to 

prove any significant reductions in overflow operation time in the rehabilitation area Vestre vei after 

the implementation of measures.  

Every manhole is a puncture of the piping system. By including manholes in the wastewater system 

we allow the I/I-water to enter the system at numerous weak points. It should be investigated to what 

extend a full replacement of manholes alone, not in combination with the renovation of pipes, will 

reduce the level of I/I-water. Whatever measure is chosen the effect of the investments should always 

be evaluated. 

The scope of the presented study was to investigate what effect rehabilitation of municipal pipes have 

on I/I-water. It is recommended to perform a new study when the rehabilitation of private pipes is 

completed. It is also recommended to start a groundwater level measurement programme in different 

parts of the municipality to find out how the groundwater influences the level of I/I-water.  

Due to the results in this study, it is clear that indicators aiming at documenting the condition and 

functionality of the sewer system should be chosen carefully. It may seem that an indicator looking at 

renovation rate may be misguiding when used to assess the functionality of the pipes. Even when 
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investing large sums of money in renovating pipes, this may not improve the functionality of the 

system. 

Evaluating the impact of measures to control I/I-water is challenging. Because the volumes of I/I-

water are so closely related to rainfall, it can be difficult to find two similar - and thus comparable - 

situations before and after the implementation of measures. Even if two or more rainfall periods have 

equally high volumes of rainfall, the ratio rainfall/dry weather before those periods will affect the 

results. To get around this challenge, the proposed method of comparing results from a project area 

with a control area where no measures have been implemented may be appropriate. This was done 

successfully in this study. The method requires long data series of pipe flows and precipitation, which 

in and of itself can pose challenges. In the data used for this study, there have been frequent timeouts. 

The use of water flow measurements to evaluate I/I-water, requires close monitoring of the measuring 

devices. 
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