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Abstract  
The impacts of changes in domestic wastewater inputs on sewer performance have been de-
bated since the dawn of the great sewer construction movement in the 1850s. Nowadays, typi-
cal household wastewater that enters sewers can generally be divided into streams from the 
WC, shower and/or bathtub, kitchen sink, washing machine and dishwasher. Changes in the 
composition of domestic wastewater entering a sewer will depend on inter alia the properties 
of the appliances used in the households and householders’ residential habits. Recent such 
changes with a potentially detrimental impact on sewer performance are increased levels of 
fat, oil and grease used in kitchen practices; the introduction of kitchen sink food waste dis-
posers; and the installation of domestic water efficient appliances. The overall aim of this the-
sis was, from an historical perspective, to explore how recent changes to inputs in domestic 
wastewater can impact performance of sewer systems and how this relates to sewers as future 
carriers of domestic wastewater. 

Various methods to examine the aim have been employed. Two questionnaire surveys were 
distributed. The first was sent out to sewer operators/managers employed at Scandinavian 
public water utilities to explore their views on the extent of fat, oil and grease in sewer sys-
tems. The second was sent to sewer/operators managers employed at public water utilities in 
Northern Sweden to explore the extent of monitoring of incidents of blockages. Two field 
studies have also been undertaken. One entailed the investigation of long term impacts on 
sewer performance from the introduction of food waste disposers in housing areas. The other 
evaluated which parameters of domestic wastewater could be used to estimate levels of infil-
tration/inflow into sewers. In addition, a case analysis was undertaken to assess future impacts 
on self-cleansing regimes in sewer networks when rural subarctic villages are retrofitted with 
water efficient appliances. A literature review was performed to identify and analyse studies 
examining changes to domestic wastewater the impact these changes may have on sewer sys-
tems, and their implications for sewer management.  

Responses from the first questionnaire survey suggested that an increase in blockages due to 
fat, oil and grease, in particular at pumping stations, was the most reported problem. Respons-
es from the second questionnaire survey indicated that the extent of monitoring reoccurring 
blockage locations was found to be low, although two water utilities possessed GIS-systems 
which supported such endeavours. The first field study indicated that the level of in-sewer 
deposition was observed to be increased when a pipe received high input of effluents from the 
kitchen sink disposers. This was observed to a further degree when a pipe had a gentle incli-
nation combined with significant sagging along its length. From the second field study it was 
found that among compounds normally sampled to determine wastewater characteristic, the 
parameters Tot-N and Tot-P provided the closest fit to estimated levels of infiltration/inflow 
based on water consumption rates. The case analysis indicated that the decrease in in-pipe 
velocities when all households are retrofitted with water saving appliances could be counter-
acted by sewer relining when water consumption rates did not drop below 130 l/hd.d. 
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The impacts on sewer performance from these changes seemed to be dictated by many fac-
tors, e.g. household practices and the status of separate pipes. Therefore there is a need to put 
the changes to inputs in the context of larger societal trends to properly understand their full 
implications regarding future objectives when relying on the sewer as a carrier of domestic 
wastewater. 
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Sammanfattning 
Sedan 1850-talet då större avloppssystem började konstrueras har frågan om påverkan på av-
loppsnätens funktion till följd av förändringar av inkommande hushållsspillvatten diskuterats. 
Numera kan ett typiskt hushållsspillvatten som leds till avloppsnät delas in i fraktioner från 
klosett, dusch och/eller bad, köksdisko, tvättmaskin samt diskmaskin. Förändringar av in-
kommande hushållsspillvatten styrs av exempelvis typ av installationer samt brukarvanor. 
Sådana förändringar som nyligen observerats och som har potential att negativt påverka av-
loppsnätens funktion är ökad användning av fett och olja, införandet av matavfallskvarnar 
samt installationen av apparatur med låg vattenförbrukning. Det övergripande målet med den 
här avhandlingen var att från ett historiskt perspektiv undersöka hur nyliga förändringar av 
hushållsspillvatten kan påverka avloppsnätens funktion och hur det relaterar till avloppsnätens 
framtida funktion för transport av hushållsspillvatten. 

Flera metoder har använts för att undersöka det övergripande målet. Två enkäter sändes ut. 
Den första skickades till ingenjörer eller VA-planerare som arbetade med avloppsnät inom 
kommunernas VA-verksamheter i Sverige och Norge för att undersöka deras synpunkter på 
hur utbredd fettproblematiken i avloppsnät är. Den andra enkäten skickades till VA-ingenjörer 
arbetandes med avloppsnät på sex Norrländska kommuner för att undersöka hur återkom-
mande blockeringar av avloppsnätet övervakades. Två fältstudier har också genomförts. Den 
ena innefattade en undersökning av långtidseffekter på avloppsnät till följd användandet av 
påkopplade matavfallskvarnar. I den andra studien utvärderades vilka parametrar som repre-
senterar hushållsspillvattens kvalité man skulle kunna använda för att uppskatta nivåer av 
tillskottsvatten i avloppsnät. Vidare gjordes en fallstudie med syfte att bedöma framtida på-
verkan av självrensförhållanden i avloppsnät när hushåll inför apparatur med låg vattenför-
brukning. En litteraturundersökning genomfördes för att utvärdera studier som studerat för-
ändringar av hushållsspillvatten och hur dessa kan påverka avloppsnätens funktion samt hur 
eventuella problem kan hanteras. 

Svar från den första enkäten visade på en ökning av blockeringar i avloppsnät till följd av fett 
och matolja, i synnerhet vid pumpstationer. Svar från den andra enkäten indikerade att över-
vakningen av specifika platser för återkommande blockeringar på avloppsnätet var låg. Dock 
hade två verksamheter GIS-system som kunde göra sådana initiativ möjliga. Den första fält-
studien indikerade att den observerade nivån av avlagringar i ledningar ökade när många av-
fallskvarnar var påkopplade. Det här observerades i än större utsträckning för ledningar med 
svag lutning kombinerat med en stor förekomst av svackor. Resultat från fallstudien indike-
rade att minskningen i flödeshastigheten i ledningsnätet när alla påkopplade hushåll införde 
apparatur med låg vattenförbrukning kunde motverkas med relining när vattenförbrukningen 
inte var lägre 130 l/person och dygn. 

Påverkan på avloppsnätens funktion från förändringar studerade i denna avhandling influera-
des av en rad faktorer, exempelvis bruk och vanor i hushåll och ledningsnäts generella status. 
Därför är det nödvändigt att sätta sådana förändringarna i en större samhällelig kontext för att 
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kunna förstå implikationer angående övergripande funktion när avloppsnät avses som trans-
portör av hushållsspillvatten.   
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1 Introduction 
The concept of urban drainage dates back to the rise of civilizations and has been seen from 
various perspectives over the ages. Societies have considered urban drainage for e.g. the 
draining of waterlogged areas, the disposal of waste generated by society and the transport of 
vital resources (Burian and Edwards, 2002). An example of the first perspective is the Cloaca 
Maxima serving the ancient city of Rome, which was initially constructed to drain nearby 
swamps (Hopkins, 2007). In contrast, one of the main functions of the sewers serving the Mi-
noan city of Knossos was to carry away domestic waste; one of the earliest flush toilets was 
found here (Angelakis et al., 2005). The identification of societal waste as a resource influ-
enced the planning of sewer systems in Ancient Greece, leading to the use of wastewater for 
irrigation (Lofrano and Brown, 2010).  

With the advent of the great sewer construction movement in the middle of the 19th century 
the issue of the impact on the actual performance of sewers in terms of solids deposition was 
debated as part of the question of which inputs they should receive. Indeed, solids deposition-
al problems were part of a larger discussion whether sewers should be installed as combined 
or separate systems (Staley and Pierson, 1899; Tarr, 1979). For domestic wastewater, a debate 
also occurred during the 19th century as to whether water closets (WCs) should be allowed to 
connect to public sewer mains and if this in turn would increase solids deposition (Geels, 
2006; Quitzau, 2007). Nowadays, typical household wastewater can generally be divided into 
streams from the WC, shower and/or bathtub, kitchen sink, washing machine and dishwasher 
(Friedler et al., 2013). 

Changes in the composition of the domestic wastewater entering a sewer will depend on the 
appliances used within households and the householders’ habits. Changes that entail in-
creased loads of solids or reductions in household water consumption have been linked to 
increased solids deposition in sewer systems (Marleni et al., 2012; Oron et al., 2014). Differ-
ent household activities introduce different types of solids into the wastewater. Solids origi-
nating from kitchens are likely to arise from food preparation and the disposal of residual ma-
terial, whereas solids originating from bathrooms and toilets include hygiene products, toilet 
paper and faecal material. There are also ‘hard’ and ‘soft’ solids, some of which are deforma-
ble (Mcdougall and Swaffield, 2007). The relative density of these solids is the main determi-
nant of whether they will settle or travel, either in the bed load or in suspension. Due to the 
non-uniformity of flows in sewers and the unsteadiness of the associated velocities, deposited 
particles can be remobilised and suspended particles may be deposited (Ashley et al., 2004). 

The potential impacts on performance that might arise from any changes to inputs should also 
be seen in the context of the structural condition of sewer systems. These systems have usual-
ly been designed for an operational period of 25-50 years. However, many sewers are in oper-
ation for much longer periods (Butler and Davies, 2011). In Europe and other parts of the 
world there are indications that many sewer systems are in poor structural condition and ma-
jor replacement and/or rehabilitation initiatives are needed (Ellis and Bertrand-Krajewski, 
2010). 
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The debate about what should be the objectives for urban drainage systems was actualized by 
the end of the 20th  century due to a general societal discourse relating to an increased focus 
on resource efficiency and nutrient recycling (e.g. Wackernagel and Rees, 1998). In addition 
to the objectives of maintaining residents’ health and safety, and protecting the natural envi-
ronment, other objectives for urban drainage systems were suggested. These included reduc-
ing the reliance on water as a medium for the transport of waste (Butler and Parkinson, 1997; 
Narain, 2002), resource recovery (Verstraete and Vlaeminck, 2011), and avoiding mixing 
different wastewater fractions (Butler and Parkinson, 1997).   

Hence, this doctoral thesis should be seen in the context of how a changing wastewater input 
to sewers of often questionable status might influence their performance. This is of particular 
relevance in terms of how the sewer should be looked upon as a carrier of domestic 
wastewater and if more or less waste should be diverted toward this route.  

1.1 Structure of the thesis 
The papers included in this thesis cover three distinct issues: (i) Changes to input of domestic 
wastewater characteristics, (ii) Impacts on sewer performance due to these changes to inputs; 
and (iii) Managerial implications due to observed impacts. Each paper deals with the issues to 
a varying extent see Figure 1. The six papers synthesized in this compilation thesis will be 
referred to as Papers I to VI. In Papers I-III mainly the impacts on sewer performance follow-
ing changes to inputs have been evaluated. Problems associated with fat, oil and grease (FOG) 
for sewer systems were explored in Paper I. In Paper II impacts due to the introduction of 
Food Waste Disposers (FWDs) on sewer performance were investigated. In Paper III impacts 
on sewer performance due to the introduction of domestic water saving appliances were as-
sessed. In Papers IV and V managerial implications were examined to a larger extent. In Pa-
per IV the capacity of public water utilities of municipalities in Sweden to document sewer 
blockage locations was examined. In Paper V wastewater quality parameters which could be 
used to estimate levels of Infiltration/Inflow (I/I) in sewer systems were evaluated. In Paper 
VI changes to inputs, impact on sewer performance and managerial implications were further 
reviewed and discussed. 
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Figure 1. Outline of the main topics of the Papers and overarching issues that this thesis is comprised of. The 
scale ranges from 1 to 5 where ‘1‘ deals with the issue to a very small extent and ‘5’ deals with the issue to a 
very large extent. The topics: FOG – Fat, oil and grease; FWD – Food waste disposers; PIs – Performance indi-
cators; I/I – Infiltration/Inflow. 

The chapter ‘Background’ introduces the reader to the subject of the research. Here the 
changes to inputs are given an historical context by examining the development of sewers in 
Sweden. The chapter then goes on to include a literature review of other studies covering the 
issues of this thesis, thus outlining knowledge gaps for the research. Based on this review, the 
research objectives are developed and formulated. The Methods chapter presents the various 
approaches that have been applied to examine the objectives of the thesis. The Results of Pa-
pers I-V are described in the fifth chapter. In the following ‘Discussion’ these results are 
compared and discussed with Paper VI as a basis in relation to the aims of the thesis and the 
relevant scientific literature. Finally, the main Conclusions are presented. 
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2 Background 

2.1 Historical development of sewer systems in Sweden 
To explore the development that has led to the domestic waste fractions normally associated 
with inputs to sewers of today, a brief overview of the development of sewer systems in Swe-
den follows as the general discourse has exhibited similarities to those of other European and 
North American countries (c.f. Geels, 2006; Quitzau, 2007; Melosi, 2008). Emphasis has been 
placed on the type, range and nature of wastewater inputs sewers have received since the mid-
19th century. However, a construction phase of intricate sewer systems designed to receive 
very diverse types of inputs have also been identified from several Swedish medieval cities. 
Studies examining these Swedish medieval systems are outlined in the first section in order to 
get a perspective on the development of sewers in terms of their inputs. 

2.1.1 Medieval sewer systems 
Popular writing often portrays the Middle Ages as an unhygienic period during which people 
were generally uninterested in waste disposal. However, archaeological excavations have 
demonstrated that intricate sewer systems for both stormwater and wastewater were con-
structed during this period of Swedish history (Drangert et al., 2002).  

The medieval city of Söderköping, situated just south of modern day Norrköping, fulfilled 
many of the criteria associated with a high level of urbanization in the 13th century (Broberg 
and Hasselmo, 1978). During this period a number of different sewer networks were con-
structed to connect central parts of the city to the central channel, Lillån. The main function of 
these sewers seems to have been the draining of waterlogged areas as apparently only a few 
households discharged wastewater into them (Broberg and Hasselmo, 2001). They were built 
from a range of materials – what was used seems to have been largely dependent on the loca-
tion. Some sections were made of hollowed out logs covered with lids while others consisted 
of angled wooden boards supported by stakes. The termini of these sewer stretches were often 
fitted with wickerwork (see Figure 2), which may have served as a crude in-pipe filter to keep 
larger debris out of the watercourses (Broberg and Hasselmo, 2001). 
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Figure 2. An artistic depiction of a medieval sewer system. The depiction is based on a sewer design found in 
the medieval city of Gamleby, Oslo (Keller and Schia, 1994) and is thought to be similar to the sewer design 
excavated in Söderköping (Broberg and Hasselmo, 2001). The depiction was created by Karl Fredrik Keller and 
is reprinted in this thesis with his permission. 

 

Figure 3. A section of a hollowed out log that once formed part of the medieval sewer system from the 13th 
century excavated on the island of Gotland. Reprinted with permission from the Museum of Gotland. Photograph 
taken by Rajmond Hejdström. 
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An arguably even more sophisticated system that also dates back to the 13th century has been 
discovered on the island of Gotland off the coast of Sweden. In the central quarters of the old 
Hanseatic city of Visby, many households were equipped with in-house drains connecting a 
privy seat to a chamber that was usually situated in the household cellar (Lundberg and Edle, 
1933). About 70 such chambers have been discovered in central Visby and for some of the 
households the chambers also received solid waste through a hatch which was usually located 
on the ground floor. The chambers were continually being flushed as there were small inlets 
and outlets leading out to sewers. These sewers were interconnected to form extensive net-
works such that multiple chambers could be flushed by the drained water on its way to the 
sea. However, since the holes leading out from the houses were small, the chambers still re-
quired regular emptying. This intricate system had two main functions: (i) it drained water-
logged areas and (ii) it kept odours away from the public (Westholm, 1995). The pipes that 
constituted the sewers were made from hollowed out logs (Figure 3) or limestone and in-
stalled 2-3 meters below ground (Museum of Gotland, 2007). This intricate medieval urban 
drainage solution is thought to have been conceived in Visby but not reproduced in other 
Swedish cities because of the unique properties of Visby’s surroundings – the town is sur-
rounded by hills with steep slopes and also has an abundant supply of water, making its set-
ting highly favourable for a practical drainage system (Westholm, 1995). Westholm (1995) 
further suggested that the idea for the sewer design may have come from visits to Cologne 
and Trie, both of which had similar sewer systems during the same period and had close cul-
tural ties to Visby. 

Several other sewers dating back to this period have been identified in Sweden, although their 
primary function seems to have been to drain waterlogged areas. One neighbourhood in the 
central areas of Uppsala experienced rapid development during the beginning of the 14th cen-
tury, with the construction of many new buildings. It became necessary to drain the area to 
secure plots for the new buildings. This was done using hollowed-out logs, some of which 
have been discovered in the area. These logs provided a durable drainage solution and could 
easily be cleared of debris (Ehn and Gustafsson, 1984). A larger drain installed in the 15th 
century has also been found. This model differed from the earlier ones in that it was made of 
wooden boards that were supported by larger stakes. These drains were also concealed using 
logs cut from maple (Ehn and Gustafsson, 1984). In the medieval city of Old Lödose, which is 
close to the modern city of Gothenburg, ditches were dug beneath (or sometimes besides) the 
city streets and fitted with wickerwork filters (Carlsson and Ekre, 1980). Medieval drains 
have also been identified in Halmstad (Larsson and Persson, 2011) and Örebro (Carlsson and 
Ljung, 1994).  

Similar sewer systems to those discovered in Sweden have been found in Norwegian cities. 
For example, the older sections of the city of Bergen, Bryggen, had sewers consisting of slen-
der stakes about 1.5 meters in length that were closely packed together to form trapezoidal 
sections. The width of these sewers was 70-100 cm on top and 50-60 cm at the bottom. Tim-
ber was put on top and gravel was placed on the sides to provide stability. These sewers have 
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been dated to the 14th century (Herteig, 1991). In addition, a wickerwork-equipped drain da-
ting back to the 13th century has been found in Gamleby, Oslo (Schia and Høeg, 1987). 

This early period of sewer construction came to an end and many of these innovative net-
works were left to deteriorate. More than 500 years went by before the country saw another 
large effort to construct new sewer systems. 

2.1.2 1850 - 1950 
By the mid-19th century the largest Swedish cities were mainly reliant on ditches to carry 
away waste. These were sometimes fitted with wooden boards on each side and on top; see 
Figure 4 (Cronström, 1986). A rapid urbanization process created larger slum areas in many 
cities and outbreaks of disease were commonplace (Johansson, 2001). Stockholm in particular 
had a bad reputation internationally as a filthy city and the city’s unhygienic conditions were 
often satirized (see Figure 5). The hygienic situation in Gothenburg was also poor, with stag-
nant water in ditches causing many complaints from citizens, especially during summers 
(Drangert et al., 2002). During this period, people used latrines or cesspits to get rid of bodily 
waste (Drangert and Hallström, 2002) and water consumption was estimated to be only 10 
litre/head and day (l/hd.d) for Stockholm by the 1850s (Cronström, 1986). However, the es-
tablishment of citywide public water distribution networks created conditions that could sup-
port self-cleansing sewers by sharply increasing people’s rates of water consumption (Bäck-
man, 1984). Proposals for new sewer systems in both Stockholm and Gothenburg were pre-
sented in 1866. The first pipes installed in Stockholm had an egg-shaped invert section and 
were made of granite. Glazed clay pipes were also used during these early stages. Because the 
new sewer system was intended to take over the function of ditches that carried both storm-
water and wastewater, it was designed as a combined network (Isgård, 1998). The pipes in-
stalled in Gothenburg were made of glazed clay, brick, sandstone and granite (Bäckman, 
1984). According to Isgård (1998), the designer of the sewer plan for Gothenburg, Josef Ga-
briel Richert (1828-1895), argued that a combined system provided a better overall solution 
than a separate one because one network could fulfil both functions of the existing ditches, 
which carried both stormwater and wastewater. He also argued that separating the two waste 
streams would present a risk of inadvertently connecting pipes designed for different flows. In 
this context it should be noted that the wastewater inputs to these early combined systems 
almost invariably consisted of greywater (i.e. fractions from washing that were unrelated to 
the toilet) because connecting WCs to the sewers was forbidden, so the sewage’s polluting 
potential was relatively low (Isgård, 1998). 
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Figure 4. Ditch equipped with wooden boards (sv. Skvalbänk) which was used to carry away stormwater and 
wastewater from cities in the mid-19th century. Image from Cronström (1986) reprinted with permission from 
Stockholm Water. 

 

 

Figure 5. The hygienic situation in Stockholm by the mid-19th century was satirized. Image from Söndags-Nisse 
1866 (Wikipedia Commons).  
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By the end of the 19th century, 72 out of 92 Swedish cities had introduced sewer systems (Is-
gård, 1998). However, WCs remained very rare in Sweden and their introduction was debat-
ed. The arguments in favour of introducing them were that they would improve public health 
by facilitating the transport of potentially harmful waste away from residential areas; that the 
appliances were convenient and user friendly; and that their introduction would provide aes-
thetic improvements. Arguments against the widespread adoption of WCs were that they 
would introduce new solid material into waste streams that could clog sewer lines which had 
not been designed to accommodate such flows; that their operation would consume a lot of 
water and thus endanger citywide water supplies; and that the additional waste might damage 
the environment at the point of discharge (Drangert et al., 2002; Isgård, 1998). Although the 
inhabitants of many Swedish cities were unable to get rid of their urine and faeces using WCs, 
there is evidence that considerable quantities of urine nevertheless found their way into the 
drainage systems. Many residents found it convenient to dispose of urine by pouring it down 
sinks (Drangert et al., 2002), a habit that has been linked to a pronounced reduction in the 
volume of latrine waste collected from households during this period (Pettersson et al., 2008). 

A related debate concerned the extent to which sewer systems should be used to convey 
wastewater for use as a resource, e.g. in agriculture. According to Mårald (2002), the debate 
in Sweden focused on three alternatives: (i) not using sewers for this purpose at all, and in-
stead relying on barrel collection from latrines together with composting to produce powdered 
manure; (ii) the introduction of gravity sewer systems connected to ‘sewage farms’ that could 
be used for irrigation purposes; and (iii) an early vacuum system for household waste devel-
oped by the Dutch engineer Charles T. Lienur, which would collect faeces centrally, facilitat-
ing their sale to farmers. However, because the main driving force for the introduction of new 
sewer systems was the need to address sanitary issues rather than to support recycling, these 
solutions were not assigned great importance in the general discourse (Mårald, 2002). 

In the beginning of the 20th century, many Swedish cities finally accepted the connection of 
WCs, which quickly became popular. By the year 1935 all but two Swedish communities 
(Borgholm and Mariefred) permitted such connections (Isgård, 1998). However, national sta-
tistics for 1935 indicate that at this time only a few cities had adequate wastewater treatment 
facilities and it soon became clear that the ‘spiriting away’ of waste only moved the problem 
from the cities to the sewers’ points of discharge (Drangert and Hallström, 2002).  

2.1.3 1950 – Present situation 
By the 1950s, 75% of Swedish households had installed a WC. The growing environmental 
problems that this caused revitalised the old debate about whether combined or separated 
sewer systems were preferable. The arguments in favour of separated systems were that they 
reduce the risk of sewer overflows and the need for pumping while also enabling more effi-
cient treatment at wastewater treatment plants (WWTPs). The main argument in favour of the 
combined system was essentially economic; it would be very expensive to re-build the exist-
ing combined sewers in order to create completely separated systems with one pipe for 
wastewater and another for stormwater (Isgård, 1998). Separated sewers ultimately became 
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the system of choice from the 1950s. A sewer construction boom occurred in the 1960s and 
the 1970s due to a governmental housing program (“Miljonprogrammet”). Consequently, 
most of Sweden’s currently operational sewers are separated systems (SWWA, 2007) that 
were installed during this period (Malm and Svensson, 2011). Since these sewers are now 
approaching the end of their planned functional lifetimes, concerns have been raised about 
their general condition and whether it will be possible to renew them cost-effectively (Malm 
et al., 2009).  

As more water-demanding household appliances were introduced in the course of the 20th 
Century, water consumption rates increased steadily until the 1970s (Johansson, 2001). They 
actually peaked in 1970, when the general rate of consumption in Stockholm was reported to 
be above 400 l/hd.d (Cronström, 1986). Consumption rates subsequently declined because 
older dwellings were extensively renovated and new fees were introduced to fund the expan-
sion of wastewater treatment (Isgård, 1998). The decline in water consumption rates has con-
tinued since then, partly due to the adoption of more water-efficient domestic appliances. At 
present, Sweden’s water consumption rate is estimated to be about 180 l/hd.d (SWWA, 2013).  

Increased environmental awareness has once again raised the question of how domestic waste 
should be dealt with. Arguments for de-centralization, which would reduce the sewer’s role as 
a carrier of domestic wastewater, have re-emerged because such approaches are believed to 
increase the viability of recycling nutrients in domestic waste. One way of reducing the waste 
input into sewers would be to introduce urine diverting toilets, and the scope for doing this 
was explored in many projects in Sweden towards the end of the 20th century (Kvarnström et 
al., 2006). Such separation would facilitate the collection of a waste fraction suitable for agri-
cultural purposes while maintaining a reliance on sewers to transport the other fractions to 
WWTPs (Johansson, 2001). A diametrically opposed perspective has also been advocated, 
whereby the volumes of wastewater transported via sewers would be increased as a result of 
the widespread introduction of Food Waste Disposers (FWDs). It has been suggested that this 
would reduce the need for vehicular transportation of solid waste and potentially increase the 
output of biogas from anaerobic digestion (Malmqvist et al., 2006). Arguments against con-
necting FWDs to sewers include their potentially detrimental impact on sewer performance 
and a general objection to the dilution of an already sorted solid waste fraction (Drangert and 
Hallström, 2002). The use of FWDs connected to sewers has steadily increased and Stock-
holm recently lifted a long standing ban on connecting such devices after a report evaluated 
their probable impacts on the wastewater system (Stockholm Water, 2008). The unintended 
wider use of sewers for disposing of domestic waste such as condoms, baby wipes, and rags 
(via flushing down WCs) or fat, oil and grease (which are poured down kitchen sinks) has 
prompted many wastewater utilities to conduct advertising campaigns aimed at persuading the 
public to act in a way that will prevent problems such as sewer clogging (Figure 6). 

Figure 7 outlines the routes by which different wastes have been transported in Sweden from 
the 1850s to the present day. In general, the input of solids to modern sewer systems has in-
creased since they were first constructed in the mid-19th century. However, water consump-
tion rates have been steadily declining since peaking in the early 1970s. There is an on-going 
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debate about which waste inputs should be admitted to sewers and whether the overall input 
should be increased (e.g. by permitting the introduction of FWDs) or reduced (e.g. as a result 
of urine separation).  

As was noted previously, the general Swedish discourse about which inputs should be ad-
mitted to sewers resembles that in other developed countries, which have also seen debates 
about the relative merits of separate and combined systems or the connection of WCs (Geels, 
2006; Quitzau, 2007; Melosi, 2008). This means that typical modern households produce in-
puts to sewers that originate from a similar range of sanitary appliances including WCs, 
showers and/or bathtubs, kitchen sinks, washing machines and dishwashers (Friedler et al., 
2013). The next section discusses the ways in which changes to these inputs might affect 
wastewater systems. 
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Figure 6. An advert designed to encourage the public to stop flushing sanitary waste in the WC (left – “What are 
you flushing down the toilet?”) and a poster from an informational campaign on the maintenance of grease traps 
(right – “Stop letting fat enter the sewers”). Reprinted with the permission of Käppala (Photographer Joakim 
Dahlström) and Stockholm Water. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 

Solid waste Latrine Sewer systems Timeline Water consumption (l/hd.d) 

0          100         200        300 

Pits for use within agriculture Ditches: grey-
water + storm-
water 

1850s  

Pits for use within 
agriculture 

Barrel 
collection of 
latrine. 

Early sewers for grey-
water, stormwater and 
sometimes for urine. 

1900s  

 

Some sorting Wastewater in one pipe, the separate 
system is the preferred option. 

1950s  

Recycling, 
sorting 

Food waste disposers have been introduced in 
some Swedish cities. Systems based on urine 
sorting are to a lesser degree implemented. 

2000s  

Which waste should the sewer receive in the future? 2050s                            ? 

Figure 7. Changes in waste disposal routes and water consumption in Sweden over time. The entries in the left-
hand columns are adapted from Drangert and Hallström (2002). The water consumption levels on the right are 
based on estimates for Stockholm given by Cronström (1986) for the 1850s-1950s and the SWWA (2013) for the 
2000s.   
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2.2 Impacts and managerial implications for sewer systems due to re-
cent changes to inputs in domestic wastewater 

From the historical development outlined above it is clear that the composition of domestic 
wastewater in the effluent from a residential area can vary widely and depend on e.g. the type 
of appliances used and residential habits of individual households. This means that there are 
difficulties in defining what constitutes this fraction as a part of ‘conventional wastewater’. 
For the purposes of this thesis a conventional fraction has been defined by references to 
standard works for the academic discipline, see Table 1. The main contributors to wastewater 
volumes are generally the fractions emanating from personal hygiene practices and the WC 
(Metcalf and Eddy, 2003). The WC is the appliance that contributes the largest instantaneous 
flow rate (Butler, 1993; Wise and Swaffield, 2012). It can generally be said that the WC con-
tributes the main solids load (Ashley et al., 2004a) followed respectively by the kitchen sink, 
the dishwasher and washing with lastly the personal hygiene category (Eriksson et al., 2002; 
Friedler, 2004). Additionally, infiltration of e.g. groundwater through leaking pipes or inflow 
of e.g. stormwater by misconnections (from now on referred to as Infiltration/Inflow (I/I)) are 
not components of domestic wastewater fractions per se, but as they still can form part of the 
effluents from residential areas (Joannis, 2010) they are included in this review. 

Table 1. Wastewater volumes, instantaneous flow rate and relative contribution of solids from households in a 
conventional domestic wastewater fraction. 

End use Volume, l/hd.d a Instantaneous flow 
rate (l/s) b 

Relative contribution of 
solids c, d, e 

Kitchen sink 22 0.8 – 0.9 High 

Dishwasher   5 0.7 – 0.8 Moderately 

Washing machine 38 0.7 – 0.8 Moderately 

Personal hygiene 54 0.6 – 1.1 Low 

WC 61 1.8 – 2.3 Very high 

a Based on typical values without water conserving fixtures given by Metcalf and Eddy (2003). 
b Ranges adapted from Butler and Davies (2011) and EN-12056 (European Committee for Standardization, 
2000) 
c Based on Ashley et al. (2004a) 
d Based on Friedler (2004)  
e Based on Eriksson et al. (2002). 
 

The following literature review focuses on the de facto change of input, its impact on sewer 
performance and managerial options for different wastewater fractions. The section concludes 
with an identification of knowledge gaps. 
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2.2.1 Kitchen sink 
The input of material through the kitchen sink which may lead to potentially detrimental im-
pact on sewer performance can be diverse and ultimately dictated by residential habits and 
how the products used are manufactured. In some countries it is for example commonplace to 
clean utensils using sand which then runs the risk of settling in sewers (Ashley et al., 2004a). 
However, this section describes in particular the issues of increased input to sewers from the 
kitchen sink wastewater fraction due to rising levels of fat, oil and grease (FOG) and the in-
troduction of food waste disposers (FWDs).  These changes to inputs were selected because 
they have given rise to considerable debate among sewer managers on their respective im-
pacts (Perriam, 2007; Lambert, 2008).  

Change to input - FOG. In terms of FOG, the levels emanating from the kitchen sink have 
previously been reported to be the main source in a household (Friedler, 2004; Marleni et al., 
2012). FOG-levels in the effluents from residential areas generally exhibit large variations 
which can be linked to differences in household practices such as the pouring of frying oil 
down the sink instead of collection in receptacles which can then be put into the solid waste 
stream (Anon, 2002). It can also be related to dietary preferences and, due to the spread of 
western lifestyles, is thought to be increasing in many parts of the world (Popkin, 1999; 
Marvin and Medd, 2006). However, the maximum concentration of FOG, as determined by 
extraction with solvent, in wastewater effluents has historically been considered to be between 
50 and 150 mg/l (Metcalf and Eddy, 2003).  

Change to input - FWDs. Water consumption due to the growing use of FWDs has been 
found by most studies to be low and insignificant compared to what is typically consumed per 
capita and day. FWD water consumption below 5 l/hd.d has been reported in a wide range of 
studies (Nilsson et al., 1990; De Koning and Van Der Graaf, 1996; Rosenwinkel and 
Wendler, 2001; Marashlian and El-Fadel, 2005). About 20% of the material conveyed as sus-
pended solids can be contributed by a FWD (Metcalf and Eddy, 2003). Output from sieving 
analyses has been evaluated for a large number of the alternative household FWD devices 
commonly available on the international market and the results have varied. Two of the re-
ported sieving analyses determined that more than 90% of the particles were observed to pass 
through a 1 mm sieve (Kegebein et al., 2001; Davidsson et al., 2011). In contrast to these re-
sults, Galil and Shpiner (2001) evaluated two models of FWDs, one rapid (8000 revolutions 
per minute) and one slow (1700 revolutions per minute), with different types of food waste 
and here the result showed that 25-27% and 16-21% for the rapid grinder and the slow grind-
er, respectively, passed a 1 mm sieve. In the same test, a sieve with a mesh of 3.36 mm gener-
ated the corresponding values 78-82% and 42-58%. Channon et al. (2013) evaluated particle 
sizes potentially available to rats (2-4 mm) generated from five different types of FWD mod-
els available on the U.K market and concluded that 50-69% of the total solids ground were 
within this range. Results from the grinding tests have led some authors to conclude that cer-
tain types of food wastes are not properly ground by FWDs. Examples of such material are 
egg shells and bones (Galil and Shpiner, 2001); fish (Bolzonella et al., 2003; Channon et al., 
2013) and lettuce (Kegebein et al., 2001). 
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Impacts on sewer performance - FOG. Blockages caused by FOG are thought to be respon-
sible for as much as 40-50% of the total number of SSOs in the U.S.A (Southerland, 2002). 
Often the formation mechanism of FOG-deposits leading to larger sewer blockages is simplis-
tically described as the cooling of frying oils being poured down drains. However, recent re-
search has indicated a more complex chain of events is required for the actual formation to 
occur. Studies carried out in the U.S have indicated that FOG-deposits essentially are com-
prised of metallic soaps due to a saponification process involving calcium and free fatty acids 
(Keener et al., 2008; He et al., 2011). As long retention times have been reported for the nec-
essary chemical reactions to occur and the actual deposits to form (He et al., 2011), the for-
mation of FOG deposits will most likely occur in sewers with low flow velocities (Water Re-
search centre, 2009). Lillywhite and Webster (1979) examined recurring blockages from 70 
lateral connections (100-150 mm) from mainly residential areas and observed the existence of 
FOG-deposits building up in laterals containing distinct sags. However, this study concluded 
that the existence of FOG-deposits was not the sole cause of the build-ups.  

FOG-deposits have been reported to form above the low-flow water level in municipal sewers 
(Keener et al., 2008; Williams et al., 2012). Dirksen et al. (2013b) further observed oblong 
floating “FOG-rods” which the authors suggested had detached and could potentially lead to 
blockages. Keener et al. (2008) observed layering effects in larger FOG-deposits where sedi-
ment and other debris were found interspersed between the hardened soap layers, and also 
reported that mineral deposits could be mistakenly identified as FOG. Williams et al. (2012) 
further suggested a dependency between FOG and biofilms for the formation of larger depos-
its and noted the difficulty in differentiating between what is the correct classification of such 
a deposit in a sewer environment. Dirksen et al. (2013b) analysed plastic sewers (235 mm in 
diameter) serving mainly residential areas in Amsterdam, Netherlands with respect to sagging. 
The results indicated that sewers with bigger sags were more susceptible to build-ups of FOG-
deposits. Some variations existed; however, which the authors thought could be explained by 
different cooking practices among the households.  

Impacts on sewer performance - FWDs. Nilsson et al. (1990) undertook a laboratory study 
where a batch of FWD-output was pumped in a closed loop system of pipes with diameters 
ranging from 50 mm to 100 mm. No significant impact could be observed apart from the at-
tachment of a thin biofilm on the pipe wall. Channon et al. (2013) processed food waste rich 
in FOG in a laboratory setting for five different commercially available models of FWDs. In 
the effluent from all five models, clumps of meat fibres and FOG were observed to adhere to 
in-building drainage pipes connecting to the FWD. Galil and Shpiner (2001) undertook theo-
retical calculations based on the Camp formula (ASCE, 1979) on flow velocities necessary to 
move different particles generated by FWDs and checked this against critical self-cleansing 
velocities. In this study it was concluded that particles from the FWDs with high specific 
gravity (>2.0), such as egg shells and bones, run the risk of settling in municipal sewers. A 
number of studies have been undertaken which have examined the effect of FWDs on sewers 
by the use of CCTV inspection techniques and the results have been found to be variable. 
Three studies (Nilsson et al., 1990; NYC Department of environmental protection, 1997; Bat-
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tistoni et al., 2007) observed no impact after an introduction, while two studies reported un-
ground food waste in the sewers (Yoshida et al., 2004; Nedland et al., 2006), see Table 2. 

Table 2. Field studies applying CCTV inspection techniques to examine impacts from Food Waste Disposers 
(FWDs) on sewer systems. 

Parameter Nilsson et al. 
(1990) 

NYC DEP 
(1997) 

Yoshida et al. 
(2004) 

Nedland et al. 
(2006) 

Battistoni et 
al. (2007) 

Location Staffanstorp, 
Sweden 

New York, US Utanobori, 
Japan 

Fossnes, Nor-
way 

Gagliole, Italy 

Type of sewer Separated Combined Separated Separated Combined 

Material and 
dimension 

(mm) 

Concrete, 225 N/A PVC, ≤ 200 

 

Mainly PVC, ≤ 
200 

Concrete, 350 

Trial period 
with FWDs 

1 year 21 months Four years 10 months 9 months 

CCTV inspec-
tion 

Inspection six 
months after 
introduction 

and at the end 
of the trial 

period 

Before, during 
and after the 
trial period 

One month 
before intro-

duction and at 
the end of the 

trial period 

Inspection one 
month before 
and at the end 

of the trial 
period 

Periodically 
monitored 

during the trial 
period 

Impact No significant 
impact on sol-

ids depositional 
level was ob-

served. 

No significant 
impact on sol-

ids depositional 
levels was 
observed. 

Not properly 
ground food 
waste docu-

mented in the 
sewers 

Not properly 
ground food 
waste docu-

mented in the 
sewers, in par-
ticular in sags. 

No significant 
impact on sol-

ids depositional 
levels was 
observed. 

  

Managerial options - FOG. As in particular palmitic acid has been shown to be involved in 
the formation mechanisms of FOG-deposits (He et al., 2011; Williams et al., 2012), Iasmin et 
al. (2014) recommended selective removal of this oil in pre-treatment processes prior to any 
discharge of FOG-rich wastewater to sewers. Another option to avoid FOG discharges into 
sewers is to pour the fraction into separate receptacles which can then be collected. One suc-
cessful example of collection of FOG from households is the so called ÖLI-concept as report-
ed by Körbitz et al. (2003) from Austria. In this trial test, recycled frying oil was used within a 
production line for biodiesel. Davidsson et al. (2010) reported on a collection scheme from a 
suburb of Malmö, Sweden where the costs of implementing the new system of FOG-
collection might be more cost efficient in the long term due to the large historical costs asso-
ciated with jetting campaigns of the sewers. Grease interceptors are common choices for e.g. 
restaurants to handle their high levels of FOG in wastewater effluents. However, there have 
been suggestions in the literature to also introduce this technology for high rise apartment 
buildings as their FOG output could be similar with that of restaurants (Anon, 2002). Mara et 
al. (2001) reported that as much as 90% of grease interceptors installed in individual house-
holds in a Brazilian neighbourhood performed well, however, they speculated that user educa-
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tion about maintenance of the interceptors could still be necessary. As calcium released from 
corroded concrete surfaces was found to be involved in the formation mechanism of FOG-
deposits, He et al. (2013) suggested the use of alternative material for the construction of 
grease interceptors. The removal or degradation of FOG in sewer systems is typically per-
formed by jetting. A decision support tool was recently developed by Yousefelahiyeh et al. 
(2013) which could be used by municipalities to predict blockage locations and hence plan 
proactive jetting campaigns. The tool applies flood routing combined with FOG deposit reac-
tion kinetics to identify probable hot-spots of solids deposition within sewer systems. Mitiga-
tion of FOG-deposit formation can be done using inoculated microorganisms and enzymes in 
the sewer. Brooksbank et al. (2007) evaluated a microbial multi-species supplement in a la-
boratory setup and observed that the production of a semi-solid sticky material thought by the 
authors likely to cause sewer blockages was reduced by adding the supplement. 

Managerial options - FWDs. To avoid any in-pipe deposition, Rosenwinkel and Wendler 
(2001) stated four criteria for what a sewer network should fulfil to receive effluents from 
FWDs: 1) no shortage in drinking water in the sewered area to add to flushes; 2) the type of 
sewer system should be separate; 3) good physical condition of the sewers; 4) minimum sew-
er gradient should not be below 0.2%.  

2.2.2 The Water Closet (WC) 
Change to input. Conventional WCs have, until recently, used a 9 L flush in Europe (Parkin-
son et al., 2005; Littlewood et al., 2007) and 13.25 L in the U.S (Gauley and Koeller, 2005). 
The development in recent decades in technology has given rise to so called Low-Flush Toi-
lets (LFTs) which typically comprise a dual flush of 6/4 L (Littlewood and Butler, 2003). 
However, trials have shown that the flush actually can be somewhat above the stated values of 
6 and 4 L (Grant, 2006). There are other models which use an even smaller amount of water. 
Fane and Schlunke (2008) reported that 4.5/3 L dual flush WCs are now available on the Aus-
tralian market and pressure assisted toilets can decrease flush volumes even further, reported-
ly to 4 L (Gauley and Koeller, 2005) and 1.5-2 L (Littlewood et al., 2007). A reduction in the 
amount of water used for flushing the WC can also be achieved by source separation of urine 
which is then collected separately (Larsen et al., 2009).   

Impacts on sewer performance. Potential problems with increased solids deposition of gross 
solids has been linked to upstream sewer segments serving residential areas, as the variability 
of WC flush inputs is more pronounced in the upper parts of sewer networks (Blanksby, 
2006). A summary of the encountered laboratory studies investigating the effect of Low Flush 
Toilets (LFTs) on gross solid movement in small dimensioned sewers (< 200 mm) can be 
found in Table 3. The results from these studies generally suggest that a reduction of the 
standard flush down to 4-6 L still provided a transport capacity of the solids the distance nec-
essary for conventional building drainage systems (pipe length < 20 m). However, with great-
er lengths, or the existence of sags, solids could get stuck with some of the models evaluated. 
A pressure assisted ultra LFT which only used 1.5-2 L per flush was evaluated by Littlewood 
et al. (2007). The results found that the model was as effective in transporting gross solids as a 
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6/4 L LFT but only when connected to a very small dimensioned pipe (50 mm diameter). 
From a simulation using Hydroworks (Wallingford Software, 1999) of a mostly combined 
sewer system serving the U.K town of Droylsden, Parkinson et al. (2005) concluded that by 
reducing the 9 L WC flush to a dual LFT flush of 4/2 L it was harder to achieve self-cleansing 
velocities which then would indicate a greater probability of sediment build-up. Penn et al. 
(2013b) modelled in SIMBA6 (Ifak, 2009) the effect of reducing flush volumes from 9/6 to 
6/3 L for a separate sewer serving a newly built residential area in Israel. No increase in 
blockage was expected based on the result, as self-cleansing velocities were found not to drop 
below the specified diurnal critical threshold value of 0.6 m/s. Another study on the same 
sewer system evaluated the movement of gross solids due to the introduction of 6/3 L LFTs in 
all households combined with grey water recycling (Penn et al., 2013a). Here it was observed 
that downstream sections of the sewer network would maintain movements of solids, howev-
er, upstream sections might be more prone to high blockage rates because diurnal self-
cleansing velocities were observed to drop below 0.6 m/s. Additionally, for systems using 
urine separation, the urine has been observed to form precipitates in the collection systems 
which could result in blockages (Udert et al., 2003). 

Table 3. Summary of studies examining impacts on gross solid movement due to Low-Flush Toilets. 

Parameter Gauley and Kel-
ler (2005) 

Littlewood et al. 
(2007) 

Memon et al.  
(2007) 

Walski et al. 
(2011) 

Numbers of test 
runs 

N/A N/A 1000 1200 

Artificial faecal 
gross solid 

Soybean paste rolls 
of a weight of 200 

g 

Plastic cylinder 
with a chamfered 

edge; 80 x 38 mm, 
0.97 specific gravi-

ty 

Two types of plas-
tic cylinders with 
chamfered edges; 

80 x 38 mm and 44 
x 20; 0.97 specific 

gravity for both 

Paraffin wax cut 
into prisms; 30 x 

30 x 105 mm;  
specific gravity 

varied depending 
on filling: 0.77 – 

1.44 

Household solids Toilet paper Toilet paper Toilet paper Diapers, rags, 
napkins 

Flush volume (L 
per flush) 

4 – 6 1.5 – 6 3 – 6 0.22 – 150 

Pipe slope (%) 0 – 2 1 6.7 – 10 0.2 – 5 

Pipe diam. (mm) 75 – 100 50 – 100 75 – 150 152.4 

Impact All LFTs evaluated 
could transport 

solids a distance 
corresponding to 
standard lateral 
lengths (c 20 m) 

1.5 L flush model 
did not perform 
adequately when 
connected to the 
larger diameter 

pipes. 

The limiting solid 
transport distance 

was observed to be 
reduced with the 
lower flush vol-

umes 

In general it was 
observed that 

flushes at 6.2 L 
have the ability to 
move gross solids 
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Managerial options. As some types of LFTs perform better when connected to a 50 mm di-
ameter pipe, Littlewood et al. (2007) proposed a revision of building drainage rules which 
would allow for smaller diameter outlet pipes than traditionally. For upstream municipal sew-
ers, modelling results have also supported the option of decreasing the pipe diameter; howev-
er a practical implication is the availability of discrete pipe diameter sizes without high costs 
(Penn et al., 2013b). Another option to increase transport distances would be to use “flush 
boosters” which gather repeated flushes from a household and release the stored water inter-
mittently as one larger wave (Grant, 2006). However, decreasing the pipe diameter could have 
the further implication of a higher propensity for blockages and authors have highlighted the 
importance of not flushing synthetic material down the LFT (Littlewood and Butler, 2003; 
Blanksby, 2006). On this topic Drinkwater et al. (2008) suggested that educational campaigns 
directed to the households or the inclusion of a macerating device to the LFT could be a 
means of avoiding this problem. Fane and Schlunke (2008) reported that practitioners from 
Australia have suggested the abandonment of ‘excessively thick’ toilet paper. To avoid block-
ages of urine conducting pipes, Larsen et al. (2009) suggested the use of pipe material with 
self-cleansing surfaces which inhibit biological activity responsible for the formation mecha-
nisms. 

2.2.3  ‘Washing practices’ and ‘personal hygiene’ 
Change to input. The frequency of bathing and showering has been reported to increase since 
the 1970s and is expected to continue to increase in the future due to cultural changes in per-
sonal washing habits (Butler and Memon, 2006). Except for the behavioural change to simply 
bathe and shower for shorter periods, showering can be reduced with the installation of high 
efficiency head (Grant, 2006). The water efficiency of dishwashers and washing machines has 
improved considerably over the last decades. A likely decrease in the daily household 
wastewater generation by 30-60% can be achieved by selecting a water efficient model 
(Grant, 2006; Sharma et al., 2009). The wastewater from these fractions could also be reused 
for toilet flushing and outdoor purposes (i.e. greywater recycling) (Marleni et al., 2012). The 
fractions from showering and bathing are typically used here since they carry fewer potential 
pollutants (Friedler, 2004), however, faecal contamination can occur in this fraction due to 
e.g. the cleaning of babies (Ottoson and Stenström, 2003). 

Impacts on sewer performance. Given that the actual instantaneous flow rates from washing 
machines, dishwashers, showers and bathtubs are relatively low compared to that from the 
WC they are less important in terms of initiating movement of gross solids (commonly speci-
fied as particles larger than 6 mm (Jefferies and Ashley, 1994)) in upstream sewer sections 
(McDougall and Swaffield, 2003). Nevertheless flushes emanating from washing machines, 
dishwashers, showers and bathtubs could be important in keeping gross solids damp as these 
then offers less resistance and facilitate movement in subsequent WC flushes (Drinkwater et 
al., 2008). The lowering of the total wastewater volume, and by extension, decreasing flow 
rates could be influential in downstream sections and potentially lead to increased deposition 



 

21 

 

in sewer mains with gentle inclination (Blanksby, 2006). Parkinson et al. (2005) compared 
different source-control cases using Hydroworks (Wallingford Software, 1999) for a mostly 
combined sewer system serving the U.K town of Droylsden. Here it was found that a case 
with the introduction of a greywater recycling system in all households was found to have a 
more pronounced impact on sediment deposition than a case of retrofitting LFTs (4 L full /2 L 
half flush). However, Penn et al. (2013b) modelled in SIMBA6 (Ifak, 2009) different levels of 
greywater recycling levels for a residential area in Israel and no increase in blockage was ex-
pected based on the result as self-cleansing velocities achieved once a day were found not to 
drop below the specified critical threshold value of 0.6 m/s. De Zellar and Maier (1980) eval-
uated field data from the 1975-1977 drought in California where household water use for 
washing and hygiene purposes dropped by 30-55%. This situation was considered representa-
tive for what the implications would be for water conservation in the future. It was found that 
several wastewater utilities reported increased levels of sedimentation, hydrogen sulphide 
production and clogging. Marshall and Batis (1993) further pointed out that the increase in 
temperature by the usage of dishwashers and washing machines could lead to increased levels 
of hydrogen sulphide as the formation of the compound is temperature dependent. 

Managerial options. Given that the instantaneous rates of flow emanating from these devices 
are relatively low, the significance for the movement of gross solids in upstream sections of 
sewers is less compared to the WC (Blanksby, 2006). Some manipulations are, however, pos-
sible e.g. the inclusion of some or all of the wastewater volume from bathing and washing in 
‘flush boosters’ together with wastewater from the WC (Grant, 2006).  

2.2.4 Infiltration/Inflow 
Change to input. Infiltration/Inflow (I/I) arises in lateral drains and smaller sewers that con-
nect properties to the main network. The proportion of I/I entering from these private house 
connections into main sewers is dependent on many factors (e.g. the condition of laterals and 
groundwater tables) and is thought to increase over time due to a general ageing process of 
the networks (Kohout et al., 2010).  

Impacts on sewer performance. I/I could potentially lead to increased levels of solids depo-
sition as the fraction has been found to be a carrier of sediments and other debris into sewers 
(Fiddes and Simmonds, 1981). Additionally, I/I has also been documented to form iron pre-
cipitates at the point of entry of the infiltrating water (Lillywhite and Webster, 1979). Never-
theless some authors have noted that the additional volume of water entering sewers could 
potentially contribute to an overall increase in peak flow rates and by extension facilitate the 
scouring of deposits (Karpf and Krebs, 2011). The fraction can also hinder the formation of 
hydrogen sulphide as it creates turbulence and hence provides aeration upon entry (Almeida et 
al., 1999). 

Managerial options. There are many options available to trace I/I in wastewater collection 
systems (De Bénédittis and Bertrand-Krajewski, 2005). Some studies have suggested the use 
of commonly sampled parameters for wastewater quality such as nutrients, temperature or 
conductivity to estimate the level of their dilution (Ainger et al., 1998; Kohout et al., 2010). If 
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one or more domestic wastewater quality parameters with values that remained stable over 
multiple catchments could be identified, it should be possible to relate changes in their levels 
to changes in the wastewater’s dilution. This in turn could be used to estimate levels of Infil-
tration/Inflow (I/I) in selected catchments. 
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3 Aims 
The review has indicated that there is a knowledge gap present in examining complex inter-
plays between changes to inputs and the physical condition of sewers. A recurring theme from 
the review is the conflicting results found in the studies examining increased solids deposition 
from the same apparent changes to inputs. This suggests a complex interplay in the formation 
mechanism of deposits between residential behaviour, the type of installed domestic 
wastewater appliances and the layout and condition of sewer systems. In particular the litera-
ture review suggested an increased propensity for deposition in upstream sections of sewers 
where the diameter of the pipes usually is below 300 mm. This knowledge gap needs to be 
addressed in terms of the managerial option as to how any detrimental impact could be han-
dled. 

The overall aim of this thesis was to explore from a historical perspective how recent changes 
to inputs in domestic wastewater can impact performance of sewer systems and how this re-
lates to sewers as future carriers of domestic wastewater. 

The first specific aim (i) was to examine impacts on the performance of sewer systems due to 
some recent changes to inputs.  

This part of the thesis has mainly focused on solids depositional impacts on sewers. Specifi-
cally it:  

• Explored the extent of fat, oil, and grease accumulations in sewer systems and which 
underlying factors could explain observed build-ups. 

• Investigated long term impacts of the introduction of food waste disposers on up-
stream sewers (200-225 mm) in housing areas. 

• Assessed the impacts on sewers (mainly 200-225 mm) when rural subarctic villages 
are retrofitted with domestic water saving appliances.  

The second aim (ii) was to explore managerial implications in the handling of impacts due to 
changes to inputs. This section: 

• Examined managerial implications due to impacts observed under (i).  

• Examined the extent public water utilities are documenting recurring blockages.  

• Evaluated which wastewater quality parameters could be normalized from a previous 
reference study for domestic wastewater over catchments to estimate levels of Infiltra-
tion/Inflow (I/I). 
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4 Methods 
In this doctoral thesis, a range of methods to examine the overall aim has been employed. One 
literature review, two questionnaire surveys, interview sessions, analysis of future cases and 
two field studies have been undertaken.  

4.1 Literature review 

4.1.1 Review of impacts on sewers due to recent changes to inputs 
The literature review (Paper VI) assessed studies examining impacts on solids deposition in 
sewers given the changes in wastewater input and compositional characteristics due to rising 
levels of fat, oil and grease (FOG) in wastewater; the introduction of Food Waste Disposers 
(FWDs) under kitchen sinks; and the installation of Low-flush Toilets (LFTs). It also exam-
ined proactive management strategies in relation to coping with these changes. 

The three changes reviewed were selected from a wide range of possible changes to sewer 
inputs. Since the intention of the review was to understand interactions and commonalities in 
inputs and their effects, changes with different characteristics (i.e. for flow patterns, additional 
particles) were selected. The final selection was based on examples of prominent changes 
which have also given rise to considerable debate among sewer managers on their respective 
impacts. 

A literature search was performed using scientific databases such as ISI Web of Knowledge, 
Scopus and Google Scholar. Keywords covering the topic of the review were inserted and 
combined and relevant secondary references were also reviewed and included.  

The three changes in household appliance use and behaviour selected were reviewed in terms 
of three different themes: (i) the change to the input per se, where studies examining the de 
facto in-household change of the input were reviewed; (ii) impacts on solids deposition in 
sewers, where studies on impacts on building drainage systems, laterals and municipal sewers 
were reviewed; and (iii) proactive management strategies that have been found to manage any 
potential negative impacts. 

4.2 Questionnaire surveys 

4.2.1 Questionnaire on Fat, Oil and Grease related problems 
The Scandinavian countries of Sweden and Norway were selected to explore the extent of fat, 
oil and grease (FOG) related problems in sewers (Paper I). These countries have previously 
been found to have rising levels of FOG consumption in their populations (Statistics Norway, 
2008; Swedish Board of Agriculture, 2009). Hence, they were considered as indicators for 
other European countries in the developed world where this trend is on-going (c.f. Marvin and 
Medd, 2006). A questionnaire (Paper I) was developed to assess experiences of FOG-related 
issues and was based on a multiple response scale and polar questions. The questionnaire was 
divided into four main sections:  
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• Sources of the problem: Which areas have been identified as primary contributors to 
high FOG inputs to sewers? 

• Problem description: Have FOG-related problems been observed? Which problems 
have been experienced due to FOG in the sewer system?  

• Mitigation: How widespread is the use of grease interceptors (GIs) among restaurants 
and other businesses/industries? Has a system or program for collecting FOG from en-
terprises and/or private households been established? Has the municipality actively 
conducted information campaigns directed at the public regarding the detrimental ef-
fects of FOG? 

• Evolution of the problem: Have the number and severity of the problems caused by 
FOG increased over time? 

The survey was distributed to sewer operators/managers at the public water utilities at Swe-
dish and Norwegian municipalities. The questionnaire was then made available on the LTU 
webpage and a request for participation was sent out to representatives of the public water 
utilities of 100 Norwegian and 290 Swedish municipalities via the two nations’ industry asso-
ciations: Norwegian Water (Norsk Vann) and the Swedish Water and Wastewater Association 
(Svenskt Vatten). The questionnaire was available for a period of three weeks in September 
2009. Two reminders were sent out; the second one included a special request for the partici-
pation of municipalities that do not have FOG problems. 

Sewer operators/managers representing 102 public water utilities of the possible 290 such 
utilities among Swedish (35%) and 25 of their 100 Norwegian counterparts (25%) responded 
to the questionnaire. 

4.2.2 Questionnaire on the use of Performance Indicators to document re-
occurring blockages 

Another questionnaire was developed for the study presented in Paper IV in order to examine 
to what extent Swedish municipalities are documenting reoccurring blockages. Representative 
municipalities in terms of type of sewer system (separated or combined), age and material 
were sought after. Urban and rural areas were targeted so as to elucidate if there were any 
differences between the characteristics of municipalities. 
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The questionnaire was divided into four main sections: 

• The use of functional requirements1: Have the municipality stated functional require-
ments for the performance of their sewer systems? 

• The use of Performance Indicators (PIs)2: Which PIs are continuously being docu-
mented with an explicit relevance for sewer systems? 

• Extensiveness of databases: At what level is the municipality documenting pipe prop-
erties and past blockage events in GIS databases? 

The survey was distributed to sewer operators/managers at public water utilities at six munic-
ipalities in Northern Sweden. Three of the municipalities could be characterized as rural with 
scattered populations and no large cities, whereas the other three could be characterized as 
urban with denser populations within larger city centres. In terms of type (more than 95% 
separate), material (mainly concrete and plastic) and year of installations (most pipes installed 
between the 1950s and 1970), the sewers could all be regarded as representative of Sweden 
compared with national statistics (Malm and Svensson, 2011). All of the approached sewer 
operators/managers responded to the questionnaire. 

4.3 Interviews 
Interview sessions were conducted to explore the extent of fat, oil and grease (FOG) related 
problems in Norway and Sweden (Paper I). Sewer operators/managers representing nine 
Swedish municipalities (who had either problems with FOG and/or had undertaken efforts on 
mitigation strategies) were selected for interview sessions about FOG in their municipal sewer 
system. The interviews were conducted between November 2008 and January 2009. In Nor-
way, 16 sewer operators/managers were interviewed during a workshop event on this theme 
in Oslo in May 2009. The interviewees from this event were included in a project group on 
FOG-related problems in sewers initiated by the Norwegian Water Association. Since the 
various municipalities experienced different problems and had tried different mitigation strat-
egies, no pre-formulated questions were asked but rather opinions and experiences regarding 
FOG-problems were collected. 

                                                 
1 Explicit functional requirements can be found in the standard EN-752:2008 (European Committee for Stand-
ardization, 2008) and examples for sewers are: Protection from flooding, Maintaining the flow and Protection of 
water courses. 
2 Performance indicators such as blockages/sewer length can be assessed to monitor the compliance with func-
tional requirements, or to compare the efficiencies of different municipalities with similar characteristics, (e.g. 
Ashley and Hopkinson, 2002). 
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4.4 Field studies 

4.4.1 Study areas 
The towns Surahammar, Hallstahammar and Smedjebacken situated approximately 100-200 
km to the west of Stockholm were selected to be the study area for the investigations conduct-
ed in Paper II concerning impacts on sewer performance due to the introduction of Food 
Waste Disposers (FWDs). The Greater Gothenburg area which sends its wastewater to the 
central WWTP Ryaverket was selected, see Figure 8, for the study reported in Paper V, where 
wastewater quality parameters that could be used to estimate levels of Infiltration/Inflow (I/I) 
were evaluated 

 

Figure 8. Study areas in Sweden for the field studies and case analysis included in this thesis. Areas marked in 
red are those relating to the field study in Paper II (Surahammar, Smedjebacken and Hallstahammar) while those 
in green are relating to the field study described in Paper V (The Gothenburg catchment). The section in orange 
shows the area relating to the case analysis described in Paper III (Gällivare municipality). 
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Study area – Impacts due to FWDs (Paper II). The towns Surahammar and Smedjebacken 
are unique in a Swedish context in that the proportions of households having installed Food 
Waste Disposers (FWDs) are above 50%. Hence, all households with an installed FWD were 
mapped for the purposes of this study using GIS software. From this, representative upstream 
sewer networks serving single family and multi-family housing areas with FWDs were select-
ed for closed-circuit television (CCTV) inspection (from now on referred to as FWD-pipes). 
Corresponding sewer systems were also selected for CCTV inspection from the adjacent town 
of Hallstahammar where there was a general ban in place of the installation of FWD. These 
sewer networks without any load from FWDs were used as a reference (referred to as No 
FWD-pipes). The selection of pipes from Hallstahammar was made such that there was a high 
level of correspondence in terms of pipe inclination and wastewater load when compared to 
pipes of Surahammar and Smedjebacken (referred to as No FWD pipes). The properties of the 
pipes inspected are shown in Table 4. The length of a pipe was defined as the distance be-
tween manholes. 

Table 4. General properties and extent of pipes for the two housing areas. The length of a pipe was defined as 
the distance between manholes. 

Housing Area No. of pipes Total 
Length (m) 

Material Diameter 
(mm) 

Decade of 
installation 

Single family 181 8834 Concrete 225 1970s 
-FWD 109 4694    

-No FWD   72 4141    
Multi-family   19  546 Plastic 200 1980s 

-FWD     9  276    
-No FWD   10  270    

 

The sewer system selected for inspection in the multi-family housing area served two adjacent 
housing cooperatives. In one of these, FWDs were installed in all 29 apartments, whilst in the 
other cooperative (33 apartments in total), no FWDs were installed. No sewer flushing cam-
paigns had been undertaken for the area since the time of installation of the FWDs. 

Inclination was, on average, 1.1% for the pipes serving single-family housing, while the cor-
responding value for the pipes serving multi-family housing was 3.0%. The extent of sags 
(also called back falls, where the sewer gradient reverses) was computed for each pipe based 
on an earlier method elaborated by de Maré (1995) by dividing the accumulated sag area visi-
ble in the elevation curve profile by the total length of a pipe: ∑ (length of sag × depth of sag) 
/ Pipe length (Figure 9). This calculation method was used to compensate for the likelihood of 
longer pipes being more susceptible to sags. Generally, the pipes serving single-family hous-
ing areas exhibited a greater extent of sags than those serving multi-family housing. Two 
pipes with a cumulative length of 105 metres, which were regularly flushed, were excluded 
from inspection in the single family housing area. 
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Figure 9. Calculation of the extent of sags as the product of pipe length and depth. The accumulated extent of 
sags was ascertained for each pipe. 

Study area – Estimation of I/I-levels (Paper V). The Gothenburg catchment which drains to 
Rya WWTP was selected to evaluate which parameters of domestic wastewater quality could 
be normalized to estimate levels of I/I. As the Gothenburg catchment is characterized by vari-
able population densities and also different types of sewer systems (some areas are combined 
while some are separated) it was decided to apply normalization of domestic wastewater qual-
ity here. A reference study of domestic wastewater quality had been conducted for two resi-
dential areas within this catchment in 2007 (Mattsson and Davidsson, 2009). The further 
study explored to what extent these concentrations could be normalized over wider catch-
ments based on the assumption that roughly the same wastewater composition could be ex-
pected from the use of sanitary appliances installed at industries or commercial establish-
ments.  

The Rya WWTP receives wastewater from 736 000 persons living in the greater Gothenburg 
area. The tunnel system to the Rya WWTP comprises of branches so that sampling stations 
can be strategically placed in order to represent separate catchments, see Figure 10.  The 
catchments are referred to as ‘North’, ‘South’, ‘Centre’ and ‘West’. Additionally, the catch-
ment ‘North’ includes the catchment referred to as ‘East’. 

 

Figure 10. Schematic outline of the stations representing the different catchments included in the sampling cam-
paigns conducted 2012 and 2014 measuring wastewater quality for evaluation of parameters of domestic 
wastewater quality. 
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The catchment ‘South’ was the most populous followed by ‘North’. Whereas in terms of resi-
dents per hectare the four catchments ‘South’, ‘North’, ‘Centre’ and ‘East’ were within the 
range of 29-40 residents/hectare with ‘West’ having fewer at 15 residents/hectare, see Table 
5. Areas being drained by separate sewers were predominantly encountered in the ‘South’ and 
‘West’ catchments while for the catchments ‘Centre’ and ‘East’ the systems were mainly 
combined. For ‘North’ the types of systems were roughly distributed to the same extent.    

Table 5. Characteristics of the catchments. 

Parameter South North Centre West East 
Share of population (%) 59 33   2   6 23 

Share of area (%) 58 29   2 11 16 
Population density (P/ha) 29 33 38 15 40 

Sewer system Mainly    
separate 

Separate/ 
combined 

Mainly 
combined 

Mainly 
separate 

Mainly 
combined 

 

4.4.2 Inspection and grading of deposits 
Closed circuit television (CCTV) inspection was the method selected for observing deposits 
in the sewers from the study reported in Paper II. To avoid high flow-rates of I/I the inspec-
tion was carried out for the most part during late spring and summer 2011 using a camera 
trailer, TC 125 (see Figure 11) when groundwater levels were expected to be low. Most in-
spections were carried out during low flow conditions in the sewer (9 am – 3 pm). This was 
done to better be able to observe the deposits. 

 

Figure 11. Camera trailer TC 125 used for the inspection of the sewers. Photo taken by the author. 
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All deposits found in the pipes were classified using the guidelines provided in the publication 
P93 (SWWA, 2006), which uses a visual classification system where the grade of a deposit is 
determined by how much of the cross-section of a pipe it covers on a scale from 1 – 4. Grade 
1 has deposit coverage of less than 5% of the cross section; Grade 2 is within the range of 5 – 
15%, Grade 3 within the range 15 – 30% and Grade 4 above 30%. The scope of the study 
covered the evaluation of three different types of deposits: (i) finer sediment build-ups not 
associated with larger gross solids such as faecal matter and toilet paper; (ii) FOG deposits 
which were predominantly encountered above the low flow water mark and had a white to 
yellowish hue; and (iii) biofilm growth which was encountered in the vicinity of the normal 
water level, often with a greyish hue. 

4.4.3 Sampling campaign 
Two sampling campaigns were performed to evaluate which parameters of domestic 
wastewater quality could be normalized to estimate levels of I/I as described in Paper V. The 
first sampling campaign was performed in the relatively rainy autumn season of 2012 from 
the 29th of October until the 11th of November. The total amount of precipitation was estimat-
ed at 2.5 mm for the week before the sampling campaign and 107 mm during the campaign 
(SMHI, 2015). On the 30th of October and the 11th of November, problems occurred with the 
sampling station ‘North’ and no measurement could be undertaken for these days. Due to 
conditions of sampling and storage of samples, Suspended Solids (SS) was only analysed at 
the Rya WWTP station. During the autumn of 2014 a new campaign could be carried out dur-
ing a period predicted to be dry, starting on the 6th of October. However, an unexpected heavy 
rain event occurred on the 12th October and it was decided to prematurely end the campaign. 
The total precipitation for the week before the sampling campaign in 2014 amounted to 1.5 
mm and for the campaign a corresponding value of 30.6 mm was measured (with almost 50% 
of the precipitation measured on the last day of the campaign).  

All the sampling stations were equipped with time-proportional automatic samplers (Basic 
Solid). These were installed in the wastewater tunnels. Water was continuously pumped from 
the wastewater flow in the tunnel to a secondary chamber from which the samplers were col-
lect in a diurnally time proportional composite with an interval of 12 minutes and a volume of 
17 ml.  For each parameter at every sampling station, 21 samples were collected in total, see 
Table 6. The sampling times for the sub-catchments were time delayed in order to compensate 
for transport time in the tunnel system in relation to the sampling sequences for the incoming 
wastewater to Rya WWTP. Additionally, diurnal flow measurements were performed for the 
incoming flow to the Rya WWTP. A Danfoss electromagnetic flowmeter was used to estimate 
the flow. The flowmeter is routinely calibrated three times a year with lithium as a tracer. Av-
erage daily wastewater flow was calculated for all days included in the sampling campaigns. 
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Table 6. Parameters determined during the sampling campaigns, together with the analytical methods used for 
their determination and their limits of quantification. The reference values are those reported in a previous study 
on domestic wastewater in the Gothenburg catchment (Mattsson and Davidsson, 2009). 

Parameter Method Limit of quan-
tification 

Reference 
value 

Lead (Pb) (μg/l) SS 028150/ICP-MS    0.5 3.9 
Cadmium (Cd) (μg/l) SS 028150/ICP-MS    0.1     0.074 

Copper (Cu) (μg/l) SS 028150/ICP-MS 1         79 
Chromium (Cr) (μg/l) SS 028150/ICP-MS 1 2.6 

Nickel (Ni) (μg/l) SS 028150/ICP-MS 1 3.7 
Zinc (Zn) (μg/l) SS 028150/ICP-MS 5       107 

Mercury (Hg) (μg/l) EN 1483/AAS    0.1   0.10 
Silver (Ag) (μg/l) SS 028150/ICP-MS    0.5 1.0 

Antimony (Sb) (μg/l) SS 028150/ICP-MS 1   0.24 
Conductivity (mS/m) EN 27888 2         69 

Total phosphorous (Tot-P) 
(mg/l) 

SS-EN ISO 15681-
2:2005/TrAAcs 

       0.005           5.4 

Total nitrogen (Tot-N) (mg/l) EN ISO 11905-
1/KONE 

  0.1         44 

Ammonium (NH4) (mg/l) EN ISO 11732:2007    0.01         40.5 
Suspended solids (SS) (mg/l) EN 872  0.5       339 

 

Reference values from a study carried out in 2007 were applied (Mattsson and Davidsson 
2009) in order to examine which parameters of domestic wastewater quality could be used to 
estimate levels of I/I. In the reference study, wastewater from the households located in two 
smaller residential areas, one in the ‘South’ and the other located in the ‘North’ catchment, 
was sampled and analysed for a wide range of chemical parameters applying the same meth-
ods as in this study. The sampling in the reference study was conducted in pumping stations 
receiving wastewater from the residential areas. These values were used as a point of refer-
ence in order to estimate the level of dilution and additional pollutants in the wastewater at 
each of the sampling stations. 

The dilution level of the wastewater at the sampling stations was estimated by dividing the 
concentration of the analysed parameter from the reference study carried out in 2007 with the 
measurements obtained from the sampling campaigns carried out in 2012 and 2014, see Equa-
tion 1. Further, by dividing the concentration measured in this study with the concentration 
from the reference study and then multiplying with incoming wastewater flow to the Rya 
WWTP, an estimation of the flow related to sanitary wastewater was carried out (Equation 2). 
This normalisation is made under the assumption that domestic wastewater, which was sam-
pled in residential areas, has roughly the same composition across catchments, due to the 
widespread and uniform use of sanitary appliances installed at industries or commercial estab-
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lishments. In the result section (5.4.1) this component of wastewater will be referred to as 
‘sanitary wastewater’. 

 

Equation 1 
 

𝐿𝑒𝑣𝑒𝑙 𝑜𝑓 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 =
𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

 

 
Cmeasured = Concentrations measured in this study (mg/l) 
 
Creference = Concentrations measured in the reference study from 2007 (Mattsson and Da-
vidsson, 2009) (mg/l) 
 
Equation 2 
 

 𝐷𝐹 =
𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

∗ 𝑄𝑖𝑛 

 
Qin = Incoming wastewater flow rates to Rya WWTP (m3/h) 
 
DF =  Estimated sanitary flow (m3/h). 
 

4.5 Analysis of future cases 

4.5.1 Area selection 
In Paper III possible impacts on sewer performance in the future when rural subarctic villages 
are retrofitted with water saving appliances was investigated. Two villages situated in the 
subarctic region of Sweden, Dokkas (67°3′54″N 21°20′25″E) and Skaulo (67°24′57″N 
21°06′55″E), had future cases postulated where changes to inputs were defined.  

Both villages are situated within 100 km of Gällivare in the northern part of Sweden, see Fig-
ure 8. The climatic conditions for this region can be characterized as sub-arctic with mean 
monthly temperatures below freezing for six to eight months (Encyclopaedia Britannica 
Online, 2015). This period includes permafrost until the snowmelt in late spring. In accord-
ance with the larger depopulation trend of subarctic rural areas, Dokkas and Skaulo also expe-
rienced falling populations since the 1960s (Statistics Sweden, 2009). However, during the 
last decades this trend has been halted for the region (Statistics Sweden, 2012) which has led 
the municipality to assume that there is a state of equilibrium in terms of the population for 
the villages of 130 inhabitants in Dokkas and 360 in Skaulo respectively (Lindgren, 2013). 
The two villages comprise only residential areas with the exception of a few minor commer-
cial enterprises and day care centres.  
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Separate sewer systems are installed in the two villages. The foul sewers comprise of older 
concrete pipes mainly installed between the 1950s to the 1970s and newer plastic pipes in-
stalled since the 1980s. The concrete pipes are 150 and 225 mm in diameter and the plastic 
pipes 160 and 200 mm. These sizes and materials for the foul sewers in the two villages are 
typical of rural Swedish villages (Malm and Svensson, 2011).  

4.5.2 Outline of cases  
All households in the two villages were considered to be equipped with WC, washing ma-
chine, dishwasher and appliances for personal hygiene which will have particular instantane-
ous flows depending on the frequency of use of conventional or water saving system as shown 
in Table 7. One reference base case and three potential cases were considered to evaluate the 
impact on sewer performance due to changes to inputs (Table 8): (o) The base case is histori-
cal design - based on assumptions valid during the period of construction for most of the ex-
isting pipes; this period was thus based on the situation in the 1970s; (i) The first potential 
case is the ‘Near Present’; based on data from the municipality records with realistic estima-
tions for the current situation regarding water use and flows; (ii) The second potential case is 
‘Retrofitting’; a complete retrofitting of water saving appliances, all households having incor-
porated the changes to inputs; (iii) The third potential case is the ‘Eco-village’; here the vil-
lages are also completely retrofitted with water saving appliances and their usage is less fre-
quent than under the base case (o) and cases (i) and (ii). 

Table 7. Instantaneous flow estimates from water installations in the households. The estimates are based on 
EN-12056-2 (European Committee for Standardization, 2000) and Swedish guidelines (SWWA, 2013). 

Installation Conventional model (l/s) Water saving model (l/s) 
WC 1.8 1.2 

Washing machine 0.3 0.2 
Dish washer 0.3 0.2 

Bath + shower 1.0 0.2 
 

Table 8. Water consumption assumptions and share of households with water saving appliances in the cases.  

a The number of individuals per household was based on historical population data for the region (Statistics Sweden, 2009). 
b A general assumption for individual water consumption for the region is 180 l/hd.d based on local estimates.   
c The number of individuals per household was based on current estimates for the region (Statistics Sweden, 2009). 
d Based on water consumption rates over the last five years from the Dokkas water treatment plant. 
e A likely proportion of water saving appliances in the villages was assumed based on interviews with environmental planners at the munici-
pality. 
f Local projections for the region have indicated a constant population for the villages in the foreseeable future (Lindgren, 2013). 
g Water consumption rates based on U.K values reported by Drinkwater et al. (2008) which are assumed to be applicable to Swedish condi-
tions (Villarreal and Dixon, 2005). 
h A decreased usage of appliances by 35% was set based on previous reports on eco-villages (Haglund and Olofsson, 1997). 
i The decrease in water consumption for Eco-villages was also assumed to encompass the WC since water conservation behaviour has been 
linked to a tendency not to flush routinely (Friedler et al., 1996). 

Case Number of individuals 
per household 

Individual water con-
sumption (l//hd. d) 

% of households having in-
stalled water saving appliances 

(o)Historical design 3 a 180 b     0 
(i) Near present 2  c 160  d      25  e 
(ii) Retrofitting 2  f 130  g 100 
(iii) Eco-village 2  h      105  g, h, i 100 
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4.5.3 Diurnal self-cleansing flow calculation 
Flow estimations for the evaluation of self-cleansing conditions in the sewer systems were 
considered for the base case (o) and the potential cases (i)-(iii). Two methodological ap-
proaches were applied, one for the parts of the system with intermittent flows and the other 
for where the flows are more continuous: (a) the Discharge Unit Method (DUM) where there 
were intermittent flows; and (b) the Per Capita Method (PCM) where flows were continuous. 
The distinction of when to apply which method is to some extent arbitrary since the interface 
between the intermittent and the continuous flow patterns is not at a fixed position in the sew-
er system but will vary depending on diurnal flow patterns. In this study, the PCM method 
was applied if the flows determined by DUM resulted in theoretical pipe sizes larger than 150 
mm, according to the example of classification Butler and Davies (2011) have suggested.  

No seasonal differences in the usage of water could be identified from the water consumption 
data in Dokkas over the last five years; hence the diurnal peak flow was assumed to be con-
stant over the year. The diurnal peak wastewater flow rate (Qpeak) was determined according 
to Equation 3 by summing the instantaneous flows based on the data in Table 7. The frequen-
cy factor, k, was set to 0.5 for (o), (i) and (ii) which is the standard value for residential areas 
(European Committee for Standardization, 2000). For case (iii) a lower value of 0.35 was set 
to account for the general lower usage of domestic appliances, see section 4.5.2. The Qpeak 
was then assumed to correspond to the diurnal peak flow. 

Equation 3 

 

𝑄𝑝𝑒𝑎𝑘 = 𝑘��𝐷𝑈 

Qpeak = Diurnal peak wastewater flow rate (l/s) 

k = frequency factor 

∑DU = Sum of Discharge Units (DU) 

 

The peak flow rate (Qpeak) for pipes characterized by continuous flow was calculated with the 
PCM, Equation 4, which is based on the dry weather flow equation (Ministry of Housing and 
Local Government, 1970).  
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Equation 4 

𝑄𝑝𝑒𝑎𝑘 =
𝑀 ∗ (𝑃𝐺 + 𝐼 + 𝐸)

3600 ∗ 24
 

Qpeak = Diurnal peak wastewater flow rate (l/s) 

P = Population served 

I = Infiltration (unit dependent on how infiltration has been defined, see 4.5.4.) 

E = Average industrial effluent discharged in 24 h (l/d) = 0 (No industries in the villages). 

G = Average per capita domestic water consumption (l/hd.d) 

M = Dry weather flow multiple. 

A definition of dry weather flow is given by IWEM (1993), and was stated to be the average 
daily flow during seven consecutive days (excluding periods of holidays) without rain follow-
ing seven days during which the rainfall did not exceed 0.25 mm. With the definition applied 
to this study such periods were however difficult to find and it was instead decided to use the 
recommended multiple of 6 for the base case (o) and cases (i) and (ii) (European Committee 
for Standardization, 2008) which is deemed valid when a smaller catchment is the subject of 
relatively little diversification effects (Butler and Davies, 2011). A corresponding multiple of 
4 for case (iii) was set to compensate for the lower peaks in water consumption. The inclusion 
of different rates of infiltration in the peak flow was considered for the cases (i)-(iii) but not 
for the baseline (o), as explained below.  

4.5.4 Self-cleansing evaluation 
A standard self-cleansing evaluation was performed for all pipes in Dokkas and Skaulo for the 
base case (o) and all cases (i)-(iii) (as the share of households with water saving appliances 
was set at 25% for case (i), the locations of these households were selected randomly). The 
peak flows generated from DUM and PCM were then considered together with the diameter 
and inclination of each pipe to determine which could theoretically be regarded as operating 
under a self-cleansing regime. Guidelines for which in-pipe velocity is sufficient to achieve 
self-cleansing conditions differ between countries and it was therefore decided to apply three 
different threshold velocities based on a literature survey performed by Ashley et al. (2004a). 
One strict of 0.7 m/s; one intermediate of 0.6 m/s; one less strict of 0.5 m/s.  

Butler and Pinkerton’s charts based on the Colebrook-White equation introduce a correction 
factor to account for partially full flow depths (Butler and Pinkerton, 1987). These were used 
to check the peak flow rate against the different threshold velocities for self-cleansing veloci-
ties with known pipe diameter and inclination. Roughness coefficients were set to 0.6 mm for 
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the plastic pipes and 1.5 mm based on the guidelines provided by Butler and Pinkerton 
(1987). 

An evaluation was made of what the difference would be in terms of the proportion of self 
cleansing pipes for the managerial option of relining to reduce pipe diameter and by extension 
increase in-pipe velocities for cases (i) – (iii). As some depopulated villages in the subarctic 
region have been known to be relying on infiltration as a temporary solution to increase the 
flushing capacity of their nowadays over-dimensioned sewer systems, it was decided to also 
consider the implications of this option. 

The next commercially available diameter of a smaller size than the original was substituted 
for each pipe in the analysis for the reduction in pipe diameter option by relining. Since plas-
tic has become more frequently used (Malm and Svensson, 2011), it was decided to solely 
substitute for this material. This then had as a consequence that 225 and 200 mm diameter 
pipes were reduced in size to 150 mm. It should be noted that such a reduction is a departure 
from Swedish praxis which states that public sewer mains should have a minimum diameter 
of 200 mm to avoid clogging by coarser particles (SWWA, 2004). A new diameter of 100 mm 
was selected to replace the 160 and 150 mm diameter pipes in the analysis. The self-cleansing 
capacities of individual pipes were then assessed in the same manner as previously by apply-
ing the same threshold values for proportional depth and velocities and the Butler-Pinkerton 
charts. 

Various estimates of the dry weather flow component were included in the diurnal peak flow 
in the PCM to examine the role of infiltration on the self-cleansing capacity of individual 
pipes. The same methodological approach was applied to determine self-cleansing conditions 
as in the base case (o) assessment. Given the relatively short cumulative pipe lengths in the 
upstream sewer sections which, theoretically, would only allow for smaller volumes of infil-
trating water, infiltration was not included when the DUM was applied. Two alternative levels 
of infiltration were tested, one conventional and one extreme. The conventional variant was 
estimated based on average nocturnal flow into the Dokkas wastewater plant during dry 
weather flow periods over the last five years. This average flow was estimated from meas-
urements using a 30-degree V-notch weir equipped with an ultra sound level meter. However, 
due to the remoteness of the WWTP, the flow measurement could not be checked regularly 
and hence the observed flow rates should only be considered as indicative. This flow was es-
timated as 0.6 l/s and considered proportionally distributed around the sewer network on a 
meter basis so that pipes closest to the treatment plant conveyed the largest total volumes of 
infiltrating water. The accumulated flow was then added to the Qpeak derived previously for 
the different periods. The extreme variant was entirely theoretical and based on estimations by 
Ainger et al. (1998) which suggested that in areas with high groundwater levels, a value as 
high as 120 l/hd.d could be used. The self-cleansing capacities of individual pipes were then 
assessed in the same manner as previously by applying the threshold values for velocities and 
proportional depths and the Butler-Pinkerton charts. 
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4.6 Statistical analyses 
Statistical analyses of the data obtained from the two field studies investigating long term 
impacts on sewers due to the introduction of Food Waste Disposers (FWDs) and wastewater 
quality parameters that could be normalized to estimate levels of I/I were carried out using 
Minitab16™ and SPSS software.  

Statistical analysis - Impacts due to FWDs (Paper II). Relationships, in terms of explaining 
observed deposits in the inspected sewers, were examined using linear regression and ANO-
VA. A confidence interval of 95% was used. The vertical extent of each deposit was multi-
plied by the longitudinal horizontal extent and then divided by the length of the pipe; the val-
ue obtained was set as the response variable for each pipe. None of the deposit data were 
normally distributed; however, the data were successfully log10 transformed. Four predictor 
variables of interest were identified from the descriptive statistics: (i) inclination (the absolute 
inclination of a pipe); (ii) sags (the extent of sags as described in 4.4.1); (iii) FWD upstream 
(share of households having an FWD connected to a pipe upstream); and (iv) FWD direct 
(share of households having an FWD directly connected to a pipe). Two-way interactions 
were also included in the analysis based on the adjusted R2 value (model strength). Due to the 
low number of FOG deposits observed in the sewers during inspection, these were not sepa-
rately statistically analysed.  

Statistical analysis – Estimation of I/I-levels (Paper V). Principal Component Analysis 
(PCA) was performed (Person, 1901) to evaluate if larger groups of different wastewater 
quality parameters with similar patterns of variance could be detected for the different sam-
pling catchments. The PCA performs a linear transformation that creates a smaller set of 
components which encapsulates most of the variance. As such it can be used to identify larger 
cluster groups from a number of variables. As the PCA requires any input variables to follow 
a normal distribution, the values obtained from the sampling campaigns were log10 trans-
formed and checked with the Anderson-Darling test for normality (Anderson and Darling, 
1952). However, even by this transformation, some parameters still did not follow a normal 
distribution. As the PCA requires a large number of variables with unique observations, it was 
decided to not perform the PCA for the catchments ‘North’, ‘South’ and ‘East’ due to a gen-
eral lack of variables following a normal distribution.  For these catchments a Spearman’s rho 
analysis (Spearman, 1910) was instead carried out to investigate which variables were corre-
lated.  

Kaisers Criterion was used to generally decide on how many components to retain (Kaiser, 
1960). This criterion states that components with eigenvalues larger than 1 should be retained. 
However, since Kaiser’s criterion has been found to be overly strict in rejecting components 
(Jolliffe, 2002), scree plots were also used to decide on which components should be retained.  
A factor rotation was performed using Direct Oblimin technique to improve the interpretation 
of the output from the PCA. For the sampling station Rya WWTP, which was the only station 
equipped with flowmeter, the parameters that followed a normal distribution after log10 trans-
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formation were checked for correlation to the flow applying Pearson’s correlation coefficient 
with a confidence interval of 95%. 
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5 Results 

5.1 Inputs to sewers 

5.1.1 Incoming Fat, Oil and Grease loads to sewers 
Responses from the questionnaire survey in Paper I on areas defined by the sewer opera-
tors/managers to have a high input of FOG follow below. 

68 and 56% of the sewer operators/managers in Sweden and Norway, respectively, stated that 
the areas most associated with high fat, oil and grease (FOG) loads were city centres, see Fig-
ure 12a. Overall, the responses provided no clear answer regarding the extent of elevated lev-
els of FOG in wastewater from housing areas, and thus the contribution of private households 
to FOG input to sewer systems. In Norway, residential areas were considered to be the areas 
with the second greatest number of FOG inputs, with a selection rate of 48%. However, in 
Sweden, only 22% of respondents reported FOG problems in residential areas. The peripher-
ies of the larger cities in Sweden and Norway contain areas with numerous high rise build-
ings. The input of FOG to sewers in these areas was thought to be particularly high by 25 and 
20% of the respondents in Sweden and Norway. As these areas where thought to be mostly 
occupied by immigrant populations, some sewer operators/managers speculated during inter-
views that the increased input might be due to cultural variability in food preparation habits, 
notably the heavier use of deep-frying oils. 

5.2 Impacts on sewer performance 

5.2.1 Impacts from Fat, Oil and Grease 
Responses from the questionnaire survey in Paper I from the sewer operators/managers on 
main problems of FOG and which pipe material is mostly associated with deposition follow. 

According to the results of the questionnaire distributed in Paper I the vast majority of the 
municipalities experienced problems with FOG-deposition in sewers. 99% and 88% of the 
sewer operators/managers in Sweden and Norway, respectively, stated that such problems had 
affected their sewer system. The main FOG-related problems reported seemed to involve 
FOG build-up, causing sewer blockages and increased demand for flushing, i.e. line mainte-
nance via jetting, see Figure 12b. Moreover, 87 and 72% of the sewer operators/managers in 
Sweden and Norway, respectively, reported that FOG build-ups had a detrimental effect on 
the operation of pump stations.  

The majority of the respondents identified concrete as the pipe material most commonly asso-
ciated with FOG build-ups in Sweden, in Norway the most common reported material was 
plastic, see Figure 12c. In the interviews, some respondents speculated that PVC might allow 
for lower internal temperatures, which would affect the rate of FOG accumulation. However, 
a different interviewee suggested that concrete might promote accumulation because it has a 
rougher internal surface than PVC. FOG build-ups in clay and cast iron pipes were reported 
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by only 3-12% of the respondents from both countries. That many sewer operators/managers 
selected concrete and plastic may reflect that the sewer systems in Sweden and Norway con-
sist primarily of these materials. In a recent survey of the entire Swedish sewer network, it 
was found that 67% of all sewer systems carrying wastewater are made of concrete and 24% 
are made of plastic (Malm and Svensson, 2011).  

a) Areas with high input of FOG b) Main problems relating to FOG 

  

c) Pipe material susceptible to FOG build-ups 

 

Figure 12. Responses to the polar questions on FOG-related issues given in % of YES answers. Blue column are 
responses from sewer operators/managers active in Sweden and red columns are for their Norwegian counter-
parts. 

5.2.2 Impacts from Food Waste Disposers 
Results from the analysis of observed deposits (sediments, FOG and biofilms) during CCTV-
inspection in Paper II follow. 

In the study in Paper II examining impacts from Food Waste Disposers (FWDs) on sewers in 
total, 203 fine sediments, FOG deposits and biofilm growth areas were observed from the 
CCTV inspection, 132 of these were seen in FWD pipes, while 71 were encountered in No 
FWD pipes, see Figure 13a. The vast majority were classified as relatively smaller deposits 
(grade 1). Two deposits were graded as 3, one in FWD pipes and one in No FWD pipes. Only 
one deposit was graded as 4: it was encountered in a No FWD pipe. Relatively, in FWD 
pipes, more of the accumulated pipe length was covered with deposits: 10.6% of grade 1 and 
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1.5% of grade 2 compared to No FWD with coverage of 5.5% and 0.3% respectively, see 
Figure 13b. Furthermore, pipes with a large proportion of FWDs connected upstream were 
observed to have more deposits, which was confirmed statistically (ANOVA, p = 0.001).  

 

a) Number and grade of deposits, n = 203 b) Relative length of deposits 

  

Figure 13. Summary of deposits encountered in the pipes. (a) Number of deposits for each grade. (b) Cumula-
tive length of deposits relative to the total pipe length for each grade. 

Most deposits were encountered in pipes with a gentle slope, see Figure 14a– f. Still, there 
were a relatively large number of oblong deposits observed in pipes with a steep inclination. 
When the video footage was scrutinized together with the elevation curves for each pipe, it 
was possible to explain these observations through the existence of sags. Statistically signifi-
cant elevated levels of deposits were seen in pipes with a gentle slope combined with large 
areas of sags (ANOVA, p = 0.005).  
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a) Sediments – FWD pipes, n = 54 b) Sediments – No FWD pipes, n = 25 

  

c) FOG deposits – FWD pipes, n = 11 d) FOG deposits – No FWD pipes, n = 7 

  

e) Biofilms – FWD pipes, n = 67 f) Biofilms – No FWD pipes, n = 40 

  

Figure 14. Deposits plotted based on the length of deposit and inclination of pipe for FWD pipes and No FWD 
pipes. Deposit Grade 1 = green, Deposit Grade 2 = yellow, Deposit Grade 3 = red, Deposit Grade 4 = black. 
Note that 4694m of FWD pipes and 4141m of No FWD pipes were inspected.  
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In total, 79 finer sediment deposits were seen in the sewers. Of these, 54 were observed in 
FWD pipes and 25 in No FWD pipes, see Figure 14a) and b). For FWD pipes, sediments cov-
ered 4.8% of the total pipe length; for No FWD pipes, the corresponding value was 1.4%. A 
statistically significant increase in sediments was shown when the proportion of FWDs direct-
ly connected to a pipe was high (ANOVA, p = 0.008), as well as a high proportion of FWDs 
connected upstream (ANOVA, p = 0.022). However, the two largest deposits were observed 
in a No FWD-pipe. Thirty-five finer sediments, observed in FWD pipes (out of 54), visibly 
contained a large degree of egg shells, see Figure 15. Visible egg shells were virtually absent 
in sediment deposits in No FWD pipes. Although most sediment deposits were relatively 
small, at four locations in the FWD pipes these had accumulated around sanitary waste, creat-
ing mixed larger obstacles. Finer sediments were predominantly encountered in pipes with 
gentle slopes. However, relatively large deposits of sediments were also seen in pipes with 
steep slopes; this could be attributed to a large number of sags observed in these pipes. In 
pipes with gentle slopes and heavy sagging, a significantly higher level of sediments were 
found (ANOVA, p = 0.000). When these two predictor variables were analysed independent-
ly, no statistically significant impact on the level of sediments could be established for either 
sagging (ANOVA, p = 0.635) or inclination (ANOVA, p = 0.916). 

 

Figure 15. Egg shells observed during CCTV inspection in the sewers (225 mm) serving Surahammar where 
Food Waste Disposers (FWDs) were introduced in more than 50% of the households. 

In total, 18 FOG deposits were encountered. Of these, 11 were observed in FWD pipes and 7 
in No FWD pipes. Biofilm was observed at a total of 107 locations inside the investigated 
pipes; all were relatively thin and graded as 1. No statistically significant difference in the 
extent of biofilm in the pipes could be observed for any predictor variable (inclination, pipe 
sagging, ratio of FWDs directly connected, ratio of FWDs connected upstream) (ANOVA, p 
> 0.05). Occasionally, it was difficult to differentiate between the categories ‘FOG’ and ‘Bio-
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films’ based on the CCTV inspection records as these had a similar appearance on the footage 
material. 

In the sewers serving the multi-family housing area, four build-ups of finer sediments (two in 
FWD-pipes and two in No-FWD pipes), one deposit of FOG (in a FWD-pipe) and ten biofilm 
growths (five in FWD pipes and five in No FWD pipes) were observed. All these deposits 
were graded at the lowest level. Two build-ups of finer sediments in pipes serving FWD 
households were confirmed to contain egg shells. 

5.2.3 Impacts from domestic wastewater appliances 
The analysis results of the future cases in water reduction postulated in Paper III follow below 
in this order: Base case (o); Near present (i); Retrofitting (ii); and Eco-village (iii). Emphasis 
has been placed on the comparison of self-cleansing capacities in the sewers from the three 
cases (i)-(iii) compared to the base case (o). 

Base case (o) – Historical design. For the upstream sections of the networks with intermittent 
flows in the historical design base case (o), the proportion of pipes operating under a theoreti-
cal self-cleansing regime was determined to be 86, 69 and 54% when applying the ‘less strict’ 
(0.5 m/s), ‘intermediate’ (0.6 m/s) and ‘strict’ (0.7 m/s) minimum threshold velocities respec-
tively, see the dashed lines in Figure 16. 

The proportion of the pipes operating under self-cleansing regimes was found to be generally 
lower for the downstream sections of the networks classified as being subjected to continuous 
flow patterns. The following proportions were determined: 51, 37 and 30% for the threshold 
velocities ‘less strict’, ‘intermediate’ and ‘strict’ respectively, see the dashed lines in Figure 
16. 

Case (i) – Near present. For the near present case (i), 83% of the pipes classified as having 
intermittent flow conditions were demonstrated to be operating with a theoretical self-
cleansing regime under the less strict minimum threshold velocity. The corresponding propor-
tions for the intermediate and the strict threshold velocities were determined as 63 and 50% 
respectively, see Figure 16a.   

For parts of the network characterized by continuous flow patterns, the standard evaluation 
determined the proportions of pipes operating under a theoretical self-cleansing regime to be 
40% for the less strict threshold velocity and a ratio of 28% for both the intermediate and the 
strict threshold velocities see Figure 16b.  

Case (ii) – Retrofitting. In case (ii), where a full retrofitting of domestic water saving appli-
ances had been carried out, the analysis indicated that 80, 62, 51% respectively of the pipes 
subjected to intermittent flow conditions were theoretically operating under a self-cleansing 
regime when applying the three minimum threshold velocities ‘less strict’, ‘intermediate’ and 
‘strict’, see Figure 16c. By comparing the proportion of pipes operating under a theoretical 
self-cleansing regime to the corresponding proportion in the base case (o) an increase of 8, 16 
and 22% for case (ii) was noted for the three threshold velocities respectively. An increase 
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was also noted for the proportions of self-cleansing pipes between cases (i) and (ii). The find-
ing that the proportion of pipes operating as self-cleansing increased between cases (i) and (ii) 
would seem counter-intuitive given that a full retrofitting was carried out in case (ii) com-
pared to a retrofitting of 25% of the households in case (i). However, the results were influ-
enced by the estimation of the theoretical interface between the intermittent and the continu-
ous flow which was moved downstream in the transition between cases (i) and (ii) due to the 
reduced wastewater inputs and hence a greater proportion of pipes were classified as subject 
to intermittent flow conditions. A pipe not operating under a self-cleansing regime under con-
tinuous flow was more likely to achieve this condition when the theoretical flow pattern 
changes from intermittent to continuous, see Table 9. The applied methodology may therefore 
have overestimated the self-cleansing capacity of the pipes with intermittent flow conditions. 

Table 9. The switch in self-cleansing regimes from a NO to a YES for pipes which changed in theoretical flow 
condition from continuous to intermittent due to the reduction in water consumption and wastewater inflows in 
the cases.  

Case Switch – Less strict 

threshold velocity (%) 

Switch – Intermediate 

threshold velocity (%) 

Switch – Strict threshold 

velocity (%) 

(o)(i) 100 100 100 

(i)(ii)  86  75  50 

(ii)(iii)  68  75  63 

 

For the pipes defined with continuous flow conditions, the standard evaluation indicated that 
for this case, a full retrofitting situation, some 40% of the pipes would be operating with a 
self-cleansing regime but with a less strict minimum velocity threshold value. For the inter-
mediate and the strict threshold values, the proportions of self-cleansing pipes were deter-
mined to be 28%, see Figure 16d. The proportion of self-cleansing pipes was found to be be-
tween 19-31% lower than the corresponding proportion obtained for the base case (o) for the 
three threshold velocities.  

Case (iii) – Eco village. From the standard evaluation of the parts of the sewer networks with 
intermittent flow in case (iii) (a situation when water consumption rates are comparable to 
those of a typical eco-village), it was determined that 71, 55 and 51% respectively of the pipes 
were theoretically operating under a self-cleansing regime when the minimum threshold ve-
locities less strict, intermediate and strict were considered, see Figure 16e.  

In the sewer sections with continuous flow patterns the standard evaluation indicated that 24, 
19 and 17%, respectively of the pipes in the networks were operating under a theoretical self-
cleansing regime applying the minimum threshold velocities ‘less strict’, ‘intermediate’ and 
‘strict’, see Figure 16f.  
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a) Case (i), Near Present – Intermittent b) Case (i), Near Present - Continuous 

  

c) Case (ii), Retrofitting – Intermittent d) Case (ii), Retrofitting – Continuous 

  

e) Case (iii), Eco-village – Intermittent f) Case (iii), Eco-village – Continuous 

  

Figure 16. The proportions of pipes in the sewer networks in Dokkas and Skaulo operating under a self-
cleansing regime when the standard evaluation (blue) was compared with the option of reducing pipe diameter 
(red), the inclusion of a conventional estimation of infiltration (green) and the inclusion of an extreme estimation 
of infiltration (orange) for the cases (i) – (iii). The proportions of self-cleansing pipes in the base case (o) are 
given as dashed lines. 
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5.3 Managerial implications 
Managerial options to handle any negative impact in terms of solids deposition in sewers can, 
from the results in this thesis, be further divided into: (i) Measures directed at the households; 
(ii) Measures directed at the sewers per se. Additionally, depending on overall objective of 
the wastewater system functional requirements can be stipulated for the sewers and monitored 
over time by the application of Performance Indicators (PIs) (see 4.2.2). 

5.3.1 Measures directed at households 
Measures directed at the households found from the questionnaire survey and from the inter-
views given in Paper I to mitigate FOG-deposition in sewer systems follow. 

Educational campaigns. 45% of the sewer operators/managers in Sweden and 52% in Nor-
way stated that their municipalities had not conducted any form of educational campaign to 
highlight the problems caused by FOG in the sewer system, see Figure 17. Most of the Swe-
dish municipalities that had conducted campaigns did so by distributing pamphlets; 39% of 
the Swedish municipalities did this. In Norway, the most common approach was to publish 
information on the municipality’s homepage (20%). It should be noted, however, that a large 
number of respondents ticked the “Other” box, which could mean that information was dis-
tributed during field inspections of local businesses as well as via seminars. However, around 
one third of the respondents expressed doubts as to whether these campaigns actually had any 
real effect and many considered it important to provide more information to the public. Dur-
ing the interviews, some sewer operators/managers stated that their municipality had made 
efforts to reach the public via the media, running commercials on TV and in cinemas, as well 
as placing advertisements in newspapers. 

 

Figure 17. Informational campaigns directed to the public on FOG awareness; respondents were asked to answer 
polar questions (YES or NO), % of YES response shown. Blue column are responses from sewer opera-
tors/managers active in Sweden and red columns are for their Norwegian counterparts. 
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Numerical limit. Most municipalities have themselves defined a threshold value for the sepa-
rable fat content in the input of wastewater to the sewer system from restaurants and other 
establishments likely to generate FOG. This value is typically specified in terms of the mass 
of hydrocarbons per litre of water, and ranges from 50 to 150 mg/l (using gravimetric petrole-
um-ether extraction, c.f.  SIS (1994)). Most Norwegian municipalities specified thresholds at 
the upper end of this range, whereas those in Sweden were generally between 50 and 100 
mg/l. However, the sewer operators/managers stated in the interviews that in practice, these 
limits were not widely enforced as a means of controlling FOG-discharges because the anal-
yses were time consuming and expensive. Moreover, since the precision of the test is modest 
at low concentrations, it was the opinion of many interviewees that the limit of 50 mg/l was 
unrealistically low and should not be used. During the interviews, most of the Norwegian re-
spondents stated that a threshold of 150 mg/l was optimal because concentrations below this 
value are scarcely attainable even with well-maintained grease interceptors. 

FOG collection. FOG collection systems (rendering containers) had been implemented in 
45% of Swedish and 35% of Norwegian municipalities respectively in this study. Most of 
these systems were intended for commercial enterprises; the existence of systems for private 
households was only reported by a few respondents and those were usually only pilot scale 
tests. Where collection systems did exist, the collected FOG was mainly reused within the 
chemical industry. The responses from the questionnaire suggested that of the municipalities 
that did not have a FOG collection systems at present, 35% of those in Sweden and 13% in 
Norway respectively, were considering establishing one for private households in the future. 

Grease interceptors. 64% of the Swedish respondents stated that the majority of the restau-
rants in their municipalities had grease interceptors (GI) systems installed. The rate for Nor-
way was 80%. 84% of the Swedish respondents and 40% of their Norwegian counterparts 
considered these devices to offer adequate performance despite a lack of control and mainte-
nance: there was only relatively little supervision of their use. Only 35% of the Swedish re-
spondents and 33% of the Norwegians reported that GI systems in their municipalities were 
inspected regularly.  
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5.3.2 Measures directed at sewers 
Microorganisms and enzymes in the sewer to degrade FOG (Paper I). The results from 
the questionnaire survey distributed to sewer operators/managers in Sweden and Norway in 
Paper I indicated that there has been relatively little use of microorganisms and enzymes to 
mitigate FOG accumulation in the sewer system. In the survey and interviews, only ten mu-
nicipalities reported such undertakings. Difficulties in monitoring the positive/negative effects 
of the microorganisms in the sewer and problems with establishing long term colonies were 
reported. Furthermore, most sewer operators/managers stated that such admixtures were too 
expensive for most applications. However, some positive results were reported to have been 
obtained when using microorganisms in pumping stations and Grease Interceptors systems. 

Reduction of diameter to accommodate lower water consumption rates (Paper III). The 
reduction of diameter through a relining operation was investigated as a managerial option to 
accommodate the lower flow rates for the two villages Dokkas and Skaulo (Paper III). Hence, 
comparisons are in the following made between the historical design base case (o) and the 
three future cases (i), (ii) and (iii). Self-cleansing conditions found in the historical design 
which formed the base case (o) could be maintained in several instances by a reduction of the 
pipe diameter down to the next commercially available size. Self-cleansing levels could be 
maintained, and even enhanced, for pipes in the upstream sections subjected to intermittent 
flow conditions, for the Near present case (i) when compared to the base case (o), see Figure 
16a. For the retrofitting case (ii) self-cleansing levels could be maintained in comparison to 
the base case (o) when the intermediate and the strict threshold velocities were applied, see 
Figure 16c. It was not possible to maintain self-cleansing regimes when the water consump-
tion rates of the Eco-village case (iii) were applied for any of the threshold velocities when 
compared to the base case (o), see Figure 16e.  

Self-cleansing conditions could be maintained relative to the base case (o) for sections of the 
networks characterized by continuous flow conditions, with a reduction in pipe diameter when 
the strict threshold velocity was applied for case (i) and (ii), see Figure 16b, d, f. 

5.3.3 Monitoring of objectives 
The use of performance indicators to monitor objectives on sewer blockage locations was 
investigated in the questionnaire study given in Paper IV and is presented below. 

Functional requirements. None of the municipalities used explicit functional requirements 
for their sewer systems. All respondents representing the municipalities responded that they 
did not see the relevance of applying these types of requirements. 

Performance indicators (PIs) for specific sewer blockage locations. The PIs for sewer sys-
tems that were currently regularly assessed on a regular basis for all the urban and one of the 
rural municipalities studied, exhibited a high level of conformity, with only marginal differ-
ences concerning the number and type of indicator (Table 10). Two of the rural municipalities 
continually only assessed a few performance indicators. While many PIs allowed for compari-
sons of blockages over time, none of the municipalities went further and applied indicators 



 

52 

 

that identified sewer locations and could be used for comparisons of reoccurrences, although 
two of the urban and one of the rural municipalities had GIS systems in place which would 
allow for such endeavours.  

Table 10. Performance indicators for sewer systems continually assessed during the last five years by the includ-
ed municipalities. RM – Rural Municipality, UM – Urban Municipality. 

Performance indicators RM1 RM2 RM3 UM1 UM2 UM3 
Operation, maintenance cost (Swedish crown/m3)  X  X X X 
Operation, maintenance cost (Swedish crown/hd)  X  X X X 

Operation, maintenance cost for (Swedish 
crown/meter sewer line) 

 X  X X X 

Operation, maintenance cost for pumping stations 
(Swedish crown/station) 

 X  X X X 

Blockage on main sewer line (number/meter pipe 
length) 

X X  X X X 

Blockage on lateral sewer line (number/1000 lat-
erals) 

 X  X X X 

Infiltration/inflow (m3/km.d)  X  X X X 
Infiltration/inflow (l/hd.d)  X  X X X 

Electric consumption (kWh/m3)  X  X X X 
Electric consumption (kWh/hd)  X  X X X 

Basement flooding (number/1000 laterals)  X  X X X 
Pumping stations (number/10,000 hd) X X  X X X 

Ratio of TV-inspected pipes (% of sewer length)  X   X X 
Wastewater inflow (l/hd.d)  X X X X X 

Renovation of sewer system (% of sewer length)    X X X 

5.4 Estimating levels of Infiltration/Inflow and functional implications 
due to changes to inputs 

5.4.1 Estimating levels of I/I in wastewater 
The average concentrations for the parameters of domestic wastewater quality sampled in the 
two campaigns (2012 and 2014) from Paper V can be seen in Table 11. For the metals, all 
catchments were found to have higher concentrations of Sb and lower concentrations of Hg 
and Ag when compared to the reference concentrations of household wastewater, see Table 3. 
However, in this context it should be noted that the observed values for Hg, Ag and Sb were 
below the limit of quantification in most cases (19 for Hg, 18 for Ag and 11 for Sb). Further, 
the reference concentrations of Hg and Ag were likely overestimated compared to concentra-
tions normally found in domestic wastewater as there were dental practices thought to con-
tribute to the load within these catchments (Mattsson and Davidsson 2009). For the remaining 
metals, five were observed to exceed the concentrations from the reference for the sampling 
station ‘East’ (Pb, Cd, Cu, Ni and Zn).  The sampling station ‘North’ was also documented to 
have concentrations above those found in the reference for Cd and Ni. Higher concentrations 
than the reference values for Cd were encountered for the ‘Centre’ station and for Ni at the 
Rya WWTP station. No elevated levels in relation to the reference study for these metals were 
found for the catchments ‘South’ and ‘West’. 
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Table 11. Measured average concentrations at the six sampling stations representing the different catchments for 
all days in the campaigns in 2012 and 2014 followed by standard deviation in brackets for the parameters includ-
ed in the sampling campaign (n=21).  Average values in bold indicate that observed values were higher com-
pared to those for standard domestic wastewater in the reference study from 2007 (Table 6) (Mattsson and Da-
vidsson, 2009). 

Parameter Rya WWTP South North Centre West East 

Pb (μg/l) 2.7 (1.3) 2.1 (1.3) 3.5 (2.1) 2.2 (0.6) 1.2 (0.6) 6.2 (7.9) 

Cd (μg/l) 0.07 (0.04) 0.06 (0.04) 0.09 (0.05) 0.08 (0.03) 0.05 (0.02) 0.09 (0.10) 

Cu (μg/l) 44 (19) 44 (24) 47 (20) 41 (20) 37 (17) 105 (170) 

Cr (μg/l) 1.994 (1.00) 1.60 (1.13) 2.51 (1.44) 1.75 (0.84) 1.49 (1.00) 2.26 (1.82) 

Ni (μg/l) 4.7 (5.4) 2.4 (0.8) 9.8 (17.9) 2.5 (0.5) 3.7 (1.0) 11.5 (12.4) 

Zn (μg/l) 78 (30) 76 (35) 96 (44) 78 (24) 76 (26) 206 (339) 

Hga (μg/l) 0.02 (0.02) 0.04 (0.07) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01) 0.01 (0.02) 

Agb (μg/l) 0.10 (0.07) 0.12 (0.13) 0.10 (0.06) 0.06 (0.04) 0.09 (0.19) 0.14 (0.26) 

Sbc (μg/l) 0.60 (0.18) 0.53 (0.17) 0.73 (0.26) 0.66 (0.26) 0.73 (0.24) 0.59 (0.33) 

Cond 
(mS/m) 

72.4 (18.1) 54.9 (12.0) 85.1 (16.9) 53.9 (12.3) 115.4 (56.3) 55.4 (12.0) 

Tot-P 
(mg/l) 

2.4 (0.9) 2.1 (1.1) 2.2 (0.8) 2.4 (0.9) 2.3 (0.7) 2.4 (1.6) 

Tot-N 
(mg/l) 

21.8 (10.3) 19.3 (9.3) 20.0 (7.6) 20 (10) 20.0 (10.0) 18.3 (7.0) 

NH4 (mg/l) 14.6 (6.2) 11.1 (6.3) 13.4 (4.4) 13.8 (7.0) 12.7 (6.5) 11.4 (4.3) 

SS (mg/l) 153 (54) 130 (63) 145 (61) 153 (29) 234 (430) 146 (111) 

aFor Hg, 19 values for concentration were observed to be below the limit of quantification of 0.1 μg/l. 
bFor Ag, 18 values for concentration were observed to be below the limit of quantification of 0.5 μg/l. 
cFor Sb,  11 values for concentration were observed to be below the limit of quantification of 1.0 μg/l.  
 

The PCA loading plot for Rya WWTP Figure 18a suggested visual differentiation between 
two groups in particular: one composed to a larger extent of nutrients which loaded onto PC1 
and explained 67% of the variance. The other group was constituted of metals with a more 
heterogeneous loading onto PC2 which explained 18% of the variance. For this catchment Hg 
and Ni were observed to have non-normal distributions and hence were excluded from the 
analysis. For the sampling station ‘South’ a heavy loading among all the analysed variables 
onto PC1 was observed which explained 81% of the variance, see Figure 18b. Ag and Tot-N 
were screened from the analysis due to a non-normal distribution for this station. The PCA 
plot from the station ‘Centre’ suggested one group of variables which loaded onto PC1 and 



 

54 

 

explained 56% of the observed variance, see Figure 18c. This group included all the nutrient 
parameters as well as conductivity. Another more heterogeneous group loaded onto PC2. 
Here the metals Pb, Cd, Cu, Ni, Zn and Sb were found and this group explained 23% of the 
variance. Cd, Cr, and As did not exhibit a normal distribution for the ‘Centre’ station and 
hence were screened from the analysis. 

Due to the lack of normality among the parameters for the catchments ‘North’, ‘West’ and 
‘East’ these were exempt from the PCA analysis. For the catchments ‘North’ and ‘West’, the 
Spearman’s rho analysis indicated a group of variables constituted by Tot-P, Tot-N and NH4-
N with a significant correlation to each other (p < 0.05). No such group could be found for the 
sampling station ‘East’. 

The group of parameters constituted of the nutrients (Tot-P, Tot-N and NH4-N), conductivity 
and SS from the PCA was correlated negatively to the incoming flow to Rya WWTP (p < 
0.05). The calculated level of dilution based on the difference in concentrations between the 
compounds (Equation 1) was compared to an estimation based on debited water consumption 
relative to incoming wastewater loads to Rya WWTP. The compounds that exhibited the rela-
tively closest fit in the group correlated to the incoming flow were Tot-P, Tot-N (and the de-
pendent NH4-N compound) and SS. However, the level of dilution based on these parameters 
for the sampling campaign conducted in 2012 seemed to have been consistently underestimat-
ed when compared to the corresponding level documented when the debited water consump-
tion rates were applied (Figure 19a). For 2014, an overall relatively closer fit to the level of 
dilution estimated from the debited water consumption rates was observed for the parameters 
Tot-N, Tot-P and SS; see Figure 19b. 
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a) Rya catchment b) Catchment ’South’ 

  
c) Catchment ’Centre’ 

 
Figure 18. Loading plots for the components identified by the PCA for the stations representing the different 
catchments ‘Rya WWTP’, ‘South’ and ‘Centre’ and how much of the variance could be explained by one partic-
ular component.. 
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a) Level of dilution 2012 b) Level of dilution 2014 

  

Figure 19. The level of dilution (y-axis) based on the debited water consumption and on the levels of concentra-
tion for Tot-P, Tot-N and SS over the sampling periods in days for 2012 and 2014. As the compound NH4-N is 
included in the Tot-N category and hence exhibited relatively small deviations in terms of variation, NH4-N has 
been left out of these graphs.   

When SS was applied as a proxy for the sanitary wastewater contribution to the total 
wastewater flow, variations in the interval of 1.3 to 5.0 m3/s for the sanitary wastewater flow 
were determined for the year 2012. For the year 2014 the estimated sanitary wastewater flow 
varied between 1.4 and 2.5 m3/s see Figure 20a and b. The corresponding intervals for Tot-N 
were 1.6-2.6 m3/s for 2012 and 2.4-2.7 m3/s for 2014. For Tot-P the corresponding intervals 
were 1.6-2.8 m3/s and 2.1-2.3 m3/s for 2012 and 2014, respectively. 

a) Proxies-Sanitary wastewater contribution, 2012 b) Proxies-Sanitary wastewater contribution 2014 

  

Figure 20. Estimated sanitary wastewater contribution (m3/s (y-axis)) in relation to the total wastewater inflow 
at Rya WWTP when the parameters Tot-P, Tot-N and SS were used as proxies for the sanitary wastewater con-
tribution over the sampling periods in days for 2012 and 2014. As the compound NH4-N is included in the Tot-N 
category these exhibited relatively smaller deviations and hence NH4-N has been left out of this graph. 
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5.4.2 Infiltration as a temporary solution to avoid deposition 
The managerial option of including infiltration as a temporary solution to increase flow rates 
in sewers characterized by continuous flow conditions was investigated in Paper III. Inclusion 
of the estimated infiltration rate of 0.6 l/s in the analysis of the self-cleansing capacity did not 
compensate for the effects of decreasing water consumption rates from 180 to 160 l/hd.d for 
case (i), to 130 l/hd.d in case (ii) and to 105 l/hd.d in case (iii). However, with the inclusion of 
the extreme theoretical estimate of infiltration, corresponding to 120 l/hd.d, it was possible to 
maintain self-cleansing levels relative to the base case when the strict and the less strict 
threshold velocity was applied for case (i) and for the strict threshold solely in case (ii), see 
Figure 16b, d, f.  
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6 Discussion 

6.1 Variability of changes 
Paper I suggested that it is difficult to reliably estimate de facto changes in wastewater charac-
teristics due to the large variation in reported fat, oil and grease (FOG) inputs from different 
types of areas. This is consistent with the general variation in the properties of domestic 
wastewater, which can differ appreciably even between adjacent catchments (Ainger et al., 
1998). The observations presented from Paper II suggested that some changes in sewer inputs 
can be attributed to residents’ incorrect use of appliances – specifically, egg shell fragments 
thought to have originated from Food Waste Disposers (FWDs) were found in the studied 
sewers. However, there is evidence that incorrect use of appliances such as FWDs would be 
unlikely to cause additional solid deposition problems because their use is closely linked to 
high peak flows around mornings and evenings, when people are traditionally likely to be 
using their sinks (Wainberg et al., 2000). This argument presupposes a generalized perspec-
tive on domestic wastewater flow patterns. However, the diurnal discharge patterns of 
wastewater generating appliances have been found to vary between regions due to differences 
in lifestyles (Butler et al., 1995). A recent example is the recent increase in ‘metropolitan life-
styles’, which has caused wastewater effluents to become more evenly distributed over the 
day (Ellis and Bertrand-Krajewski, 2010). This in turn tends to reduce the magnitude of self-
cleansing peak flows. Therefore, the changes to inputs reported in Papers I-III must be put 
into the context of larger societal trends to fully understand their implications and potential 
effects on sewer performance. 

6.2 Significance of changes for sewer blockages 
Papers II and III evaluated the impacts of input changes on upstream sewer sections in which 
the pipe diameters were below 250 mm. Sections of this type are known to be especially sus-
ceptible to sewer blockages (Rodríguez et al., 2012). In contrast to large sewers, the upper 
parts of sewer networks are largely characterized by intermittent flows, and faeces and toilet 
paper are unlikely to have disintegrated to the same extent as they have further downstream. 
Consequently, readily identifiable gross solids are usually much more abundant (Blanksby, 
2006). Littlewood and Butler (2003) analysed the mechanisms by which gross solids move 
under intermittent flow in small dimensioned pipes and concluded that three broad mecha-
nisms can be delineated: (i) Sliding dam; (ii) Velocity decrement; and (iii) a combination of 
(i) and (ii). In the study presented in Paper II, egg shells from FWDs were observed to accu-
mulate behind gross solids. Similar interactions have been observed for FOG bars as they 
form and combine with other debris (Dirksen et al., 2013b). These sorts of sequential events 
leading to blockages would be difficult to examine in detail in a laboratory, especially when 
simulating upstream sewer sections with sharply changing flow conditions. It is therefore not 
clear to what extent the observations from this thesis or other studies provide representative or 
generalizable information about blockage formation mechanisms. 
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Papers I and II indicated that solid deposition tends to occur in specific locations within sew-
ers. In particular, pipe sections with pronounced sags were identified as being prone to in-
creased solid deposition. This is consistent with recent laboratory investigations, which indi-
cated that sags in particular exacerbate flow conditions in narrower pipes (< 300 mm in diam-
eter) (Sever and Foust, 2011). A recent review also reported sewer age to be one of the most 
consistently identified factors influencing sewer blockages (Rodríguez et al., 2012). This may 
reflect a higher propensity for sagging in older pipes but no studies have yet explored this 
possibility in detail.  

The strong likelihood of increased solid deposition in specific zones of sewers and ancillaries 
such as pumping stations raises the question of how this is likely to be monitored by munici-
palities and other sewer operators (Paper IV). Because mitigating recurring blockages is likely 
to be a cost-effective solution (Orman and Clarke, 1994), one option available to municipal 
engineers is to employ performance indicators to monitor repeated sewer blockage locations 
over time as suggested by Cardoso et al. (2006). However, the results of Paper IV suggest that 
such indicators were rarely used by a group of respondents representing public water utilities 
in Sweden and Norway. 

6.3 Self-cleansing design and pipe sagging 
The input changes studied in Papers I-III add to the complexity facing sewer managers when 
designing self-cleansing sewers for residential areas. Particularly important challenge include 
coping with the input changes caused by retrofitting residential areas with water saving appli-
ances or FWDs, or by large demographic changes that may affect FOG-levels. The method 
adopted in Paper III and other studies (Galil and Shpiner, 2001; Penn et al., 2013b) was to set 
a minimum threshold velocity that was used to define a pipe’s self-cleansing ability. This ap-
proach has been questioned as being too simplistic because it does not properly take into ac-
count various factors influencing pipes’ transport capacity (Ackers et al., 1996). This is fur-
ther supported by observations from Paper II, which indicated that a pipe’s theoretical self-
cleansing ability cannot be confirmed without a proper inspection to ensure it has no sags. 
Although Dirksen et al. (2014) have found that the longitudinal profile of a sewer invert can 
be accurately predicted using a standard CCTV inspection trailer, no standardized method for 
detecting sags in this way has yet been developed (see Table 12). Ugarelli (2006) provided 
another way of determining a pipe’s condition in terms of sagging by using the standard EN-
13508. However, the standard does not refer explicitly to the term “sagging”, using “other 
obstacle” instead. Criteria that incorporate sagging could help sewer managers to identify 
pipes that are not operating under a self-cleansing regime. However, caution is required here 
because previous attempts at defining self-cleansing criteria using more advanced tools have 
not produced results that were widely used by sewer operators (Ashley et al. 2004a). 
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Table 12. The various methodologies used to determine the extent of sagging in sewers from Paper II and other 
studies. 

Study Method Measurement of sag 

Gauley and Keller (2005) Laboratory setup Vertical distance from expected sewer gradient to 
the deepest point of the sag (mm). 

Dirksen et al. (2013) CCTV-inspection Vertical distance from expected sewer gradient to 
the deepest point of the sag (mm) 

Paper II CCTV-inspection Horizontal length of sag × horizontal depth of 
sag/pipe length (m) 

Dominic et al. (2013) Laboratory setup Angle from sag back fall to expected sewer gradi-
ent. 

 

6.4 Changes to inputs in relation to Infiltration/Inflow 
Although Paper I and other studies (Ainger et al., 1998; Butler et al., 1995) have reported 
large variations in domestic wastewater characteristics, Paper V suggested that some 
wastewater quality parameters seem to be relatively stable over catchments and can thus be 
used to estimate levels of Infiltration/Inflow (I/I). One such parameter identified in both Paper 
V and preliminary British studies (Ainger et al., 1998) was NH4-N. Nevertheless, questions 
remain as to the applicability of a standardized reference concentration of such a parameter in 
cases involving different land use patterns or pronounced cultural differences. For example, a 
reference value determined for an area with low meat consumption may be inappropriate for 
one where people eat more meat, which has been linked to increased nitrogen levels at 
WWTPs (Tumlin and Mattsson, 2013). It may therefore be necessary to monitor trends in the 
influent levels of nitrogen or other chemical species used for normalization.  

I/I also has some positive effects on the operation of sewer networks. Infiltration increases the 
total flow rate and causes improved flushing (Karpf and Krebs, 2011). However, in the calcu-
lations presented in Paper III, accounting for infiltration at conventional levels had no signifi-
cant effect on the self-cleansing of sewer networks. Infiltration also transports sediments into 
sewers (Fiddes and Simmonds, 1981; Orman and Clarke, 1994) and as was noted in Paper IV, 
infiltrating water can cause the formation of iron precipitates at the point of entry. Hence, 
without proper quality assessments of infiltrating flows, there will always be a lot of uncer-
tainty associated with the deliberate use of infiltration as a temporary way of increasing a 
sewer’s self-cleansing capacity. 

6.5 Visual assessment of deposits and condition in sewers 
Like many related publications (see section 2.2), Paper II describes a study that used CCTV 
inspection techniques to examine the relationship between input water quality and solids dep-
osition in sewers. This section outlines some limitations of this technique. Paper II discussed 
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the difficulty of classifying certain deposits based on the CCTV images. In particular, it was 
often difficult to distinguish between FOG deposits and biofilms by visual inspection. Even 
when the relevant images were sent out to experienced CCTV operators, conflicting responses 
were obtained concerning the correct classification of individual deposits (Mattsson and 
Hedström, 2012), see Figure 21. 

 

Figure 21. Deposits observed during CCTV inspection. Four pipe inspectors had diverging opinions on the cor-
rect classification of these deposits (Mattsson and Hedström, 2012). 

Problems in distinguishing between biofilms and FOG (Williams et al., 2012) and mineral 
deposits and FOG (Keener et al., 2008) have also been reported. Dirksen et al. (2013a) report-
ed that there were several flaws in the classification of structural pipe deficiencies by CCTV-
camera operators. However, there is currently no way of assessing the reliability and uncer-
tainty of CCTV methods for the characterization of in-sewer deposits. A proto-type design for 
a robotic arm that could be mounted on a CCTV camera trailer and used to collect samples of 
blockages or other materials of interest has been developed but not yet constructed (Corazza, 
unpublished master thesis); see Figure 22. Due to the limited space available in upstream 
sewer sections with pipes of diameters below 300 mm, the arm was designed to be flexible 
and controlled remotely with a joystick. Once acquired, samples could be stored on the trailer 
and brought back for analysis.   
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Figure 22. A trailer with a robotic arm developed to sample deposits from upstream sewer sections. The arm can 
rotate around its axis and place collected samples on the trailer. Photo from Corazza (unpublished material). 

The upper regions of sewer networks are usually very transient environments due to their in-
termittent flows (Ashley et al., 2004a). However, the method employed in Paper II relied on a 
single piece of inspection footage to observe deposits, so its usefulness as a way of determin-
ing impacts on sewer performance could be questioned. Sequential CCTV inspections should 
be undertaken in order to better ascertain the movement of specific solids such as poorly 
ground food waste and detached FOG deposits. This can be done using the manhole zoom 
camera, which has previously been used in strategic sewer maintenance (Plihal et al., 2014). 
Because it doesn’t rely on wheel-bound transport, there is less in-pipe disturbance of deposits 
and, it also allows for a shorter set-up process than is required for conventional CCTV inspec-
tion. Another option for studying the movement of solids in the upper parts of sewer networks 
was suggested by Butler et al. (2003), who created artificial gross solids equipped with elec-
tronic trackers similar to those used by runners competing in races. 

6.6 The role of the sewer as a transporter of domestic wastewater 
In Paper IV the questionnaire respondents reported a general lack of interest in functional 
requirements that could be used to evaluate the general performance of the sewer. The reasons 
for this lack in interest were never clarified but it can be speculated that they were related to 
the dependence of sewer performance on external factors such as habits and cultural practices. 
This highlights a particular problem with sewer systems: it is difficult to specify overall re-
quirements or objectives since the collection system per se deals with waste generated by so-
ciety (Butler and Parkinson, 1997; Hvitved-Jacobsen, 2002). As noted in section 5.3, manage-
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rial measures intended to align a wastewater collection system to an objective that serves a 
broader societal function can be divided into two classes: (i) Measures directed at households 
and (ii) Measures directed at sewers. This section discusses some perspectives on what the 
objectives of a wastewater system should be, looking at both households and sewers. Each 
objective is discussed with reference to both class (i) and class (ii) measures.  

Objectives for wastewater systems adapted from various literature sources: 

1. All waste should be handled locally (c.f. Leich, 1977; Niemczynowicz, 1994). 
2. Wastewater output from sewers should require little additional treatment (c.f. Hvitved-

Jacobsen, 2002). 
3. Water input to the sewer should be reduced to the greatest extent possible (c.f. Butler 

and Parkinson, 1997). 
4. Wastewater output from sewers should to the greatest extent possible be suited for a 

future application as fertilizer within agriculture and/or as substrate for anaerobic di-
gestion (c.f. Verstraete and Vlaeminck, 2011). 

It is clear that there are very many measures that could be undertaken to achieve these objec-
tives, so for the sake of brevity the discussion focuses on those previously outlined in this 
thesis. Further, the objective of a particular wastewater system will be influenced by its loca-
tion, so the following discussion is general rather than specific. Figure 23 outlines the broad 
implications that different types of objectives will entail in terms of waste disposal and water 
consumption at the household level. 

 

Figure 23. Conceptual outline which is based on the format introduced in the background (c.f. Figure 7) of 
disposal route and water consumption for the different objectives that the wastewater collection system could be 
aligned to. 
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6.6.1 Objective 1 - Local handling of waste 
Measures directed at households. It is possible to use closed loop systems for water and 
wastewater in newly constructed residential areas (Niemczynowicz, 1994). The concept is put 
into practice in ‘Ecological Villages’ which nowadays can be found in many parts of the 
world (Litfin, 2014). To prevent the formation of wastewater in need of transport, dry toilets 
can be installed where the compost product can be used as e.g. soil fertilizer and source sepa-
ration of urine can also be carried out as this fraction is suitable for agricultural purposes (Ot-
terpohl, 2002). Greywater fractions from e.g. showering and washing which are usually less 
polluted than the conventional wastewater flow can be treated locally by e.g. filtration tech-
niques and reused for irrigation purposes (Oron et al., 2014). 

Measures directed at sewers. By strictly following a local handling of waste, the reliance on 
the sewer as a carrier of domestic wastewater connected centrally to a WWTP is effectively 
ended and consequently also the need for measures. Alternative uses of sewers can instead be 
considered such as conduits for telecommunication cables (Schilling, 2003) or possibly as part 
of a larger ‘Urban Mine’ where some pipe material can be recovered (Wallsten, 2013). How-
ever, the whole abandonment of the sewer as a carrier of domestic wastewater has been la-
belled unrealistic given the asset value of the infrastructural component (Schilling, 2003; Ash-
ley et al., 2004a). 

6.6.2 Objective 2 - Less need for treatment of wastewater 
Measures directed at households. In this type of system, waste is to the greatest extent pos-
sible diverted from wastewater to the solid waste fraction at the household level, including 
hygiene products and toilet paper (Ashley et al., 2005). Here FOG and food waste are instead 
as far as possible placed into separate solid waste management bins. As outlined in Paper I 
this could open up for separate collection systems for FOG, however issues concerning at 
which point this would become sensible remains in question. If faeces are assumed to still 
form part of the sewer input, there also is the possibility of implementing urine-diversion toi-
lets for a collection of urine in separate tanks and with an end use within agriculture. This 
would have the further implication of decreasing the need of treatment at the wastewater 
treatment plant. 

Measures directed at sewers. The concept of the sewer as a bioreactor with a more integrat-
ed role given to ‘pipe-and-plant treatment’ has been suggested by several authors (e.g. 
Hvitved-Jacobsen, 2002) but has been put into practice only occasionally (Makropoulos and 
Butler, 2010). The most attainable process in a sewer network seems to be aerobic biological 
treatment (Butler and Davies, 2011). However, as has been pointed out, sewer systems are 
characterized by large variations and local conditions will influence the level of degradation 
(Almeida et al., 2000). There are complex interactions where systems are combined or where 
there are large storage tanks in the system to control polluting discharges from sewer over-
flows that make this option difficult to utilise (Thorndal et al., 2013). From an operational 
point of view the role of sags can in this sewer design enhance surface aeration and hence in 
this context be beneficial from a treatment perspective (Almeida et al., 1999). This is in con-
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trast to the emphasis placed on pipe sagging in Paper I and II as a factor which could explain 
observed solids deposition.   

6.6.3 Objective 3 – Reduce reliance on water 
Measures directed at households. The ‘Eco-village’ case discussed in Paper III illustrates 
how water consumption rates can realistically be reduced to around 100 l/hd.d in a modern 
household. Still further reductions in water usage are possible through the reuse of greywater 
for toilet flushing (i.e. greywater recycling). New technologies can also help. For example, 
NASA has developed a shower that requires only 5 L of water per use because the water is 
treated onsite and recirculated. This concept has been tested in bathing houses and is currently 
being evaluated further in a dwelling in Kiruna, Sweden (VINNOVA, 2015). However, be-
cause of their low water consumption rates, households that implement these measures may 
have to take special precautions to avoid depositing solids in laterals/sewers. Papers I and II 
emphasized the need for educational (or engagement) campaigns to reduce the disposal of 
sanitary waste via the WC. However, some industrialized countries have the problem that 
there have been so many such campaigns that the populace is no longer receptive to their 
message (Bernstad, et al. 2013).  

Measures directed at sewers. The effect of reducing the sewer pipe’s diameter to maintain 
adequate flow velocities when water consumption is reduced significantly was explored in 
Paper III. In practice this could be achieved by relining, although concerns have been raised 
about the cost effectiveness of such a large-scale undertaking (Drinkwater et al., 2008). At 
present, small dimensioned sewers are instead mostly associated with high density low-
income areas in the developing world where they are an integral component of the larger sim-
plified sewerage solution (see section 6.7) (Mara, 1996). Instead of relying on educational 
campaigns directed at households to keep sanitary waste out of the sewers, another option 
would be to retrofit buildings with pipes having diameters of only 50 mm. If this were done it 
would provide an additional barrier that would discourage residents from flushing refuse with 
detrimental potential because it would not be able to pass through the narrower pipes (Ashley 
et al., 2004b). Studies have shown that using narrower pipes increases the transport capacity 
of sewers when low-flush toilets are connected. However, fitting low-flush toilets to a 50 mm 
pipe would usually require a revision of existing building rules (Littlewood et al., 2007). A 
flush booster, which gather multiple flushes from a household and releases the stored water 
intermittently as one larger wave, is another option for increasing flushing capacity where 
laterals are not designed for the lower water consumption rates (Grant, 2006).     

6.6.4 Objective 4 - Wastewater suitable for agriculture/anaerobic digestion 
Measures directed at households. Paper II explored the impact on sewer performance from 
the diversion of food waste, in this case by the application of FWDs, from the solid waste to 
the liquid wastewater fraction. This is in line with a perspective that regards wastewater and 
its constituents as a ‘product’ and seeks to dispose of as many solid waste fractions as possi-
ble via wastewater. There is a strong sense of the individual’s right to put whatever he/she 
chooses down household plumbing (Ashley et al., 2004a). This may increase the use of mac-
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erating toilets and FWDs, especially units used to handle plastic and even nappies/diapers 
(Lagerkvist and Karlsson, 1983). Sanitary waste containing plastic (e.g. female hygiene items) 
could be replaced with fully biodegradable forms and would then run less risk of endangering 
the operation of laterals/sewers (Ashley et al., 2005). The use of water saving appliances is 
desirable since it would facilitate the production of a concentrated wastewater fraction suita-
ble for anaerobic digestion (Verstraete and Vlaeminck, 2011). Further, local separation of 
urine using urine diverting toilets is theoretically possible while maintaining a sewered con-
nection to the WWTP (see below).  

Measures directed at sewers.  To ensure there is a substrate for anaerobic digestion which in 
turn can be used as a source for biogas generation, a short sewer retention time in the sewers 
with little time for degradation of organic matter would be ideal. The sewer would rely on 
steep inclinations to avoid any premature decomposition and, as suggested by Paper II, be 
particularly sensitive to the existence of flow discontinuities such as sags. The substrate 
should be to the least extent possible diluted and hence rehabilitation of sewers could be one 
means to decrease dilution by preventing Infiltration/Inflow (I/I) (Henze, 1997; Verstraete and 
Vlaeminck, 2011). Sewers transporting these types of domestic fractions are mostly vacuum 
based systems (Otterpohl, 2002), however, gravity systems collecting blackwater (i.e. the 
fraction from the WC) together with fraction from FWDs have been tested in e.g. Sweden 
(Karlsson et al., 2008). A ‘sewer-within-a-sewer’ approach where a pipe configuration trans-
porting e.g. blackwater is introduced into an existing separate or combined sewer system is 
another alternative (Harder, 2012). To acquire urine for the end use within agriculture, a tank 
can be installed and collect sorted urine from a residential area and then release its content at a 
suitable time to the sewer. The ‘urine pulse’ is then collected at the WWTP (Larsen and Gu-
jer, 1996). The most likely time for this to occur would be during the night when flow rates 
are minimal. However, given the trend of wastewater effluents being observed more evenly 
over the course of a day and the existence of I/I, a urine pulse released in this manner could be 
diluted. The solution of releasing urine to sewers during night seems not to have been practi-
cally evaluated (Larsen et al., 2009).   

6.7 Objectives and sewer design 
The small dimensioned sewer design evaluated in Paper III and discussed further in section 
6.6.3 was created to accommodate lower household water consumption rates. However, pre-
vious implementations of other small dimensioned gravity sewer systems (The Waring Sys-
tem and Simplified Sewerage) were primarily motivated by other objectives, which are briefly 
reviewed below. This is followed by a discussion about the potential benefits of future small 
dimensioned gravity sewer systems, and the objectives they could help achieve.  

6.7.1 Examples of previous experiences with small dimensioned sewers 
The Waring System. In line with most other western countries, by the end of the 19th century 
engineers in the U.S.A were debating which system was the ideal, separate or combined sew-
erage (Tarr, 1979). An engineer who argued for a small dimensioned version of the separate 
system was Colonel George E. Waring (1833-1898). Waring was a proponent of the Miasma 
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theory which stipulated that human infectious diseases were caused mainly by sewer gas. One 
of his main objectives was therefore the rapid removal of waste from residential areas which 
he thought could be best achieved by the application of small dimensioned sewers (diameter 
below 200 mm) (Melosi, 2008). He also recommended small dimensioned sewer systems on 
economic grounds (Tarr, 1979). Colonel Waring’s scaled down low-cost sewer design was to 
be put into practice in American cities and towns as well as for Havre in France by the end of 
the 19th century. 

Waring argued that with an inclination of about 0.5 %, a sewer system comprised of pipes 
with a diameter of 150 mm would have the capacity to serve a village of 2,000 inhabitants 
with a water consumption of 100 gallons/d (ca 380 l/hd.d) (Waring, 1877). He favoured the 
use of flush tanks which could be installed at laterals with slack gradients. He also reduced the 
reliance on costly manholes from the design and instead opted for the use of smaller inspec-
tion chambers where rodding could be performed to remove blockages (Waring, 1891b). To 
further avoid blockages originating from foreign material being disposed into the sewer, War-
ing argued that public control should begin in the dwelling and forwarded the idea that WCs 
should be installed with a restricted outlet so as to prevent the admission of material which 
could exacerbate the performance of the sewers (Waring, 1891a). 

Simplified Sewerage. Conceptually, Simplified Sewerage is the same as conventional sewers 
but more adapted to situations in low-income areas in the developing world. It was inde-
pendently conceived in countries in Asia and South America during the 1980s. The sewer 
design can be routed in backyards or under pavements in contrast to conventional sewers 
which are typically installed under roads, see Figure 24 (Mara, 1996). Further, diameters 
down to 100 mm can be used and expensive manholes can be substituted for smaller inspec-
tion chambers as the pipes do not need to be buried at as great a depth as conventional sewers 
(Mara et al., 2001). Simplified sewerage has been recommended in preference to conventional 
sewers in the developing world as it is typically less costly for low-income areas (Watson, 
1995).  

The application of simplified sewerage for low-income residential areas has been carried out 
throughout the developing world (Mara, 1996). According to Tilley et al. (2014) a gradient of 
0.5% is usually sufficient to provide a self-cleansing regime for a simplified sewer of 100 mm 
and will serve around 2,800 users with a wastewater flow of 60 l/hd.d. 
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Figure 24. A comparison between a conventional sewer system (to the left) and a simplified sewerage system (to 
the right). Instead of being installed under roads with entry through manholes, simplified sewerage can be in-
stalled in backyards or under pavements and access provided by inspection chambers. From Tilley et al (2014). 

6.7.2 Why implement a small dimensioned system? 
One of the core arguments made for the Waring System in the 1880s was that it enabled the 
rapid removal of waste that generated sewer gas, which was thought to cause infections. This 
notion has long since been abandoned and is one of the reasons why the Waring system has 
generally been regarded as a failure by historians (e.g. Melosi, 2008). Why would developed 
nations be interested in implementing a small dimensioned sewer design nowadays?   

The other argument for using low cost or smaller sized sewers is cost efficiency: Why small 
dimensioned sewer systems were implemented and not conventional sewers in many countries 
was mainly due to their low cost. Unlike in the developed world, there was no need to consid-
er any existing conventional sewer systems as the small dimensioned sewers were typically 
the first to be installed in the countries where these have been used. This is in contrast to one 
of the arguments against implementing the design in the villages from Paper III, and in other 
places in the developed world, as these are already relying on conventional sewers and relin-
ing or replacement would be costly (Drinkwater et al., 2008). Nevertheless, Mara and 
Guimares (1999) have identified small dimensioned sewers as of interest to industrialized 
countries where water consumption rates are about 150 l/hd.d. The replacement initiatives for 
ageing sewers that still need to be carried out in the near future provides here a potentially 
more favourable opportunity for a change in design.  

Even in a hypothetical situation with a small dimensioned sewer system found to be more cost 
efficient, an additional argument against the design is that it could be more expensive in the 
long run as it could potentially require more maintenance than the conventional system. A 
heavier reliance on the population to not put any material into the system which exacerbates 
the risk of clogging would be imperative. For Waring's system clogging problems were fre-
quent for the 150 mm pipes and households also experienced problems with clogging drains 
that necessitated continuous plumbing services (Wrenn, 1985). Results from monitoring cam-
paigns of Simplified sewerage systems also highlight a particular vulnerability to the disposal 
of sanitary refuse which would not readily disintegrate (e.g. rags, tampons, sanitary napkins) 
(Mara et al., 2001). Additionally, small dimensioned sewers have also been shown to require 
a high quality workmanship as they have been found to be particularly sensitive to defective 
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joints or ingress of large volumes of I/I and soil (Waring, 1891b; Brown, 1996). In both War-
ing’s Systems and for Simplified Sewerage the use of manholes is reduced and instead inspec-
tion chambers where manual rodding could be performed are introduced. From the city of 
Memphis, U.S.A, where the Waring System was to be put into practice the inspection cham-
bers failed because of the weight of the vertical risers crushing the small dimensioned pipes 
(Foil et al., 1993). Since no manholes had been installed, streets had to be dug up to remediate 
the situation. This led the city to finally reconsider and at a later period introduce manholes 
again (Wrenn, 1985).  
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7 Conclusions 
The overall aim of this thesis was to explore from a historical perspective how recent changes 
to inputs in domestic wastewater can impact on performance of sewer systems and how this is 
related to sewers as future carriers of domestic wastewater.  

The results presented in this thesis have confirmed that Fat, Oil and Grease, Food Waste Dis-
posers and domestic water saving appliances all have the potential to have an impact on sewer 
performance. The questionnaire distributed to sewer operators/managers suggested an in-
crease in blockages, in particular at pumping stations, to be the most reported FOG-related 
problem. The study on impacts from FWDs on the performance of upstream sewer sections 
serving residential areas where the device had been installed in more than 50% of the house-
holds were shown to be minor. A statistical difference in the level of deposits were demon-
strated with more deposits observed in pipes receiving effluents from FWDs, however the 
deposits were in most cases thin. Deposits with a coverage of more than 5% of the pipe cross 
section were observed mostly in pipes that had a gentle slope and distinct sags. The results 
suggested that the FWDs have exacerbated deterioration in the performance of these specific 
pipes. Reductions in wastewater flows into sewer systems serving the assessed villages in the 
case analysis had a potentially detrimental effect in terms of solids deposition. The impact of 
wastewater inflow reduction on the proportion of existing pipes in a network operating under 
self-cleansing conditions was found to be most pronounced for the most extreme case when 
water consumption/wastewater inflow rates were similar to those of a typical eco-village at 
around 105 l/hd.d.   

Managerial options to handle any negative impact in terms of solids deposition in sewers can 
be divided into measures directed at the households or at the sewers per se. About half of the 
sewer operators/managers responding to the questionnaire reported that their division had 
performed educational campaigns directed to the public to mitigate FOG-related problems in 
sewers, however, many doubted that these had any real effect. Further, the few identified trial 
tests involving the dosage of microorganisms into sewers and pump stations to degrade FOG 
were reported to be mainly unsuccessful. Further, it was shown that the existing pipes could 
still be self-cleaning for the studied villages in the case analysis when water consumption 
rates did not drop below 130 l/hd.d if the sewers were relined, however, relining has draw-
backs such as high costs. The inclusion of the conventional flow rate estimate of infiltration in 
the calculations was determined to have an insignificant effect on the self-cleansing abilities 
of the networks. 

From the questionnaire distributed to sewer operators/managers employed at six public water 
utilities, it was found that the capacity to monitor sewer locations for blockages was low for 
most municipalities. Explicit functional requirements were not stated for any of the investi-
gated public water utilities. Pipes with clearly marked sags were observed from the field study 
on FWDs and also reported from interview sessions on FOG-related problems to be sewer 
locations associated with solids deposition. Criteria which incorporate sagging could therefore 
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help sewer managers to identify which pipes are not de facto operating under a self-cleansing 
regime.  

Normalization of standard domestic wastewater quality can be used to identify Infiltra-
tion/Inflow into sewer networks. In this thesis, Tot-N and Tot-P demonstrated a relatively 
closer fit to the level of dilution of the wastewater compared with other commonly sampled 
wastewater quality parameters in relation to the level of dilution based on debited water con-
sumption for the catchments. 

The recent changes to inputs explored in this thesis have, from a historical perspective, com-
monalities with past debates over which inputs sewer systems should receive: Main function – 
Which objective/s for larger societal functions should the sewer be aligned to (e.g. resource 
recovery and safe disposal of waste)? The role of the connected household - How much re-
sponsibility should be placed on residents to not put any material into the system which could 
impact on its performance? The role of the engineer - To what level can the performance of 
sewers be ensured by design considerations and high quality workmanship? These are issues 
that therefore also are likely to be debated in the future when sewers are considered as carriers 
of domestic wastewater.   

In the future, the decreasing flow rate into sewer systems from residential areas is likely to 
continue with the advent of more water efficient appliances. Given that significant replace-
ment initiatives of ageing sewers need to be carried out relatively soon, there is a chance to 
reappraise how this reduction in flow could be handled. Small dimensioned sewer systems 
(pipe diameter < 200mm), which could be installed through relining, provide here one alterna-
tive which was assessed in this thesis to accommodate the lower flow rates. Depending on 
overall objective for sewers as carriers of domestic wastewater, the small dimensioned system 
can be utilized in different ways. If the objective is resource recovery, then the system can 
form part of a network with short retention times and where the substrate entering the 
wastewater treatment plant would be suitable for anaerobic digestion. If the objective is a de-
creased need for central treatment, the small dimensioned system can be combined with a 
sewer design further downstream which utilizes the concept of ‘pipe-and-plant’ treatment. 
However, the performance of a small dimensioned system would to a large extent be dictated 
by the residents and the manner in which it was planned and constructed to serve these. The 
system would not have the same flexibility in terms of the input of any material which would 
not readily disintegrate and would also rely on a high level of workmanship.     
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