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Abstract
A growing literature indicates that untreated wastewater from leaky sewers stands among major sources of pollution to water
resources of urban systems. Despite that, the quantification and allocation of sewer exfiltration are often restricted to major pipe
areas where inspection data are available. In large-scale urban models, the emission from sewer exfiltration is either neglected
(particularly from private sewers) or represented by simplified fixed values, and as such its contribution to the overall urban
emission remains questionable. This study proposes an extended model framework which incorporates sewer exfiltration path-
way in the catchment model for a better justified pollution control and management of urban systems at a nationwide scale.
Nutrient emission from urban areas is quantified bymeans of theModelling of Nutrient Emissions in River Systems (MONERIS)
model. Exfiltration is estimated for public and private sewers of different age groups in Germany using the verified methods at
local to city scales, upscaling techniques, and expert knowledge. Results of this study suggest that the average exfiltration rate is
likely to be less than 0.01 L/s per km, corresponding to approximately 1 mm/m/year of wastewater discharge to groundwater.
Considering the source and age factors, the highest rate of exfiltration is defined in regions with significant proportions of public
sewers older than 40 years. In regions where public sewers are mostly built after 1981, the leakage from private sewers can be up
two times higher than such from public sewers. Overall, sewer exfiltration accounts for 9.8% and 17.2% of nitrate and phosphate
loads from urban systems emitted to the environment, which increases to 11.2% and 19.5% in the case of no remediation scenario
of projected defective sewer increases due to ageing effects. Our results provide a first harmonized quantification of potential
leakage losses in urban wastewater systems at the nationwide scale and reveal the importance of rehabilitation planning of ageing
sewer pipes in public and private sewer systems. The proposedmodel framework, which incorporates important factors for urban
sewer managers, will allow further targeting the important data need for validating the approach at the regional and local scales in
order to support better strategies for the long-term nutrient pollution control of large urban wastewater systems.

Keywords Wastewater management . Nutrient emission . Urban catchment model . Large scale . Leakage . Public and private
sewers

Introduction

Sustainable management of urban wastewater systems aims at
cost-effective urban developments and avoiding of potential
threats of pollutants to urban groundwater (Zoppou 2001;
Thomes et al. 2019; Tscheikner-Gratl et al. 2020).

Numerous investigations worldwide suggest that leakage (or
exfiltration) from defective sewers in urban areas is amajor
source of increased nutrients, suspended solids, and microbial
pollutants in impacted groundwater (Reynolds and Barrett
2003; Wolf et al. 2012; Lee et al. 2015; Vystavna et al.
2018). It is particularly problematic when groundwater pollut-
ants discharge to nearby surface water bodies, such as drink-
ing water reservoirs and lakes (Eiswirth et al. 2003; Harvey
and McBean 2014; Nguyen et al. 2017). Primary reasons
causing sewer deteriorations over time include structural
(e.g. broken joints, transversal and longitudinal cracks, frac-
tures, and holes), operational (e.g. root intrusion, sediment
accumulation, and grease build-up), and hydraulic capacity
failures (Davies et al. 2001; Ennaouri and Fuamba 2013;
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Mohammadi et al. 2019; Balacco et al. 2020). Estimating
sewer exfiltration plays an important role in problem-
oriented management of urban wastewater systems (Rutsch
et al . 2008; Ell is and Bertrand-Krajewski 2010;
Rieckermann et al. 2010).

Sewer exfiltration models have been introduced in recent
decades to support management of ageing sewer infrastruc-
tures and to predict the potential threats of water resource
contamination in urban catchments (Yang et al. 1999; Karpf
et al. 2009; Peche et al. 2017). The Pipeline Leakage Model
(PLM) (Burn et al. 2007) was developed to estimate the water
leakage for single pipe segments and showed potential to dif-
ferentiate sewer exfiltration losses under different pipe and
soil conditions (Ellis and Bertrand-Krajewski 2010; Wolf
et al. 2006; Wolf et al. 2012). The study by Bhaskar et al.
(2015) coupled groundwater-surface water model ParFlow
to assess long-term impacts from exfiltration in urban systems
and identified exfiltration from leaky pipes as the second main
driver causing the change in subsurface storage volume.
Furthermore, applying the model Gompitz allows to estimate
the time-specific critical states of pipe defects and leakage in
case studies in Germany (Caradot et al. 2017), Canada
(Harvey and McBean 2014), Norway (Rokstad and Ugarelli
2015), and Austria (Fuchs-Hanusch et al. 2015). However,
such sewer exfiltration models are often applicable only to a
restricted spatial area of up to few hundred hectares or respec-
tive sewer network lengths, where the extensive input data
requirements for model development can be satisfied (Karpf
and Krebs 2005; Heinrich 2007; Roehrdanz et al. 2017). As
pointed out by Ellis et al. (2009), outputs from small-scale
analyses are hardly transferrable to larger scales because leak-
age data are often recorded at major defect sites with heavily
deteriorated status andmight cause significant over-estimation
when interpolating to the whole sewer system.

Applications of existing sewer exfiltration models to large,
e.g. municipality, district, or state, scales are still limited due
to the problem of data shortage (e.g. Amick and Burgess
2000; Ellis and Bertrand-Krajewski 2010; Vystavna et al.
2018). As part of the Europe-wide project ‘Assessing and
Improving the Sustainability of Urban water Resources and
Systems’ (AISWURS), the Sewer Network Exfiltration and
Infiltration model (NEIMO) (DeSilva et al. 2005) simulated
the exfiltration rates from sewer leakages of different pipe
sizes, ages, materials, and soil conditions at the city scale
(Wolf et al. 2006; Wolf et al. 2012). The model was used to
support the mapping of sewer pipe-groundwater interaction in
the case study of the city of Rastatt, Germany, but the emis-
sion from this pathway was not validated separately (Wolf
et al. 2012). Lee et al. (2015) and Roehrdanz et al. (2017)
developed a spatial model of sewer exfiltration which incor-
porated important wastewater pollutants; however, the results
were successfully validated only to the region of a small city
of 108 km2 located on California’s central coast where the

short-term data from groundwater observations were collect-
ed. Meanwhile, a complex 3D geological model was applied
to the entire city of Bucharest, Romania, to quantitatively
assess the groundwater and sewer system interaction, but fo-
cused on the main sewer pipes of diameter larger than 400mm
(Gogu et al. 2019). In other studies, roughly fixed exfiltration
rates, expressed as certain percentage of pipeline wastewater
flow, are commonly applied to represent the emission source
from sewer exfiltration in water balance models of large urban
catchments (e.g. Read 1996; Bütow et al. 2001; Nakayama
et al. 2007; Ellis and Bertrand-Krajewski 2010). The question
remains, though, on the significance of sewer exfiltration as an
emission source in large-scale urban systems.

To help overcome some of the abovementioned issues and
to provide a better solution for water emission control in large
urban wastewater systems, several upscaling approaches have
been proposed (e.g. Wolf and Hötzl 2007; Karpf and Krebs
2011; Peche et al. 2019). The review by Rutsch et al. (2008)
states the necessity to develop a ‘standard’ defect area as an
alternative parameter for site-specific exfiltration-relevant
damages. A constant leakage factor was derived in the study
by Karpf (2012) to provide an alternative to colmation layer
parameters in the exfiltration model. Peche et al. (2017) and
Peche et al. (2019) also pointed out the need for a more sim-
plified approach to simulate hydraulic properties of colmation
layer and hydraulic depth of sewer pipes when applying to up-
scaled conditions and proposed the terminology ‘hydraulic
disconnection’ of leaky pipes from groundwater for modelling
sewer exfiltration in large-scale studies. Other solutions to
model the ‘susceptible’ sewer exfiltration areas in large urban
systems include the following: applying GIS tools to simulate
the spatial-temporal patterns of sewer defect distributions (e.g.
Vystavna et al. 2018), developing leakage indicators to pro-
vide evidence for the presence of sewage in shallow ground-
water (e.g. Dvory et al. 2018), and conducting surveys to
construct the pattern of sewer exfiltration in private sewer
systems where monitoring data are even more deficient in
comparison to public sewers (e.g. Ducci 2018). It is thus im-
portant to test the applicability of these solutions in order to
develop the modelling framework to support management de-
cisions of large urban wastewater systems.

This study adapts advanced approaches in sewer
exfiltration modelling over the recent decades, with the prima-
ry aim to test a model framework at the nationwide scale
which integrates sewer exfiltration in the catchment model
in order to evaluate the potential contribution of this source
in the overall emission from urban areas. With regard to the
emission from wastewater leakage, the study focuses on the
following specific objectives: (1) to estimate the potential
magnitude and the spatial distribution of sewer exfiltration at
the national scale; (2) to quantify the contribution of different
sources of public and private ageing pipes to the nationwide
emission of sewer exfiltration; (3) to estimate the nutrient
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loads from the sewer exfiltration in large urban systems and to
predict the potential effects of non-compliance of remediation
to ageing defective sewers by means of scenario analyses.
Establishment of a general modelling framework at the nation-
wide level, which incorporates important factors for urban
sewer managers, will assist in better targeting the data need
and verification at regional and local scales to support better
strategies for the long-term management of urban wastewater
systems.

Materials and methods

Study area

The study applies to urban areas in Germany (Fig. 1).
Germany was selected as a case study, since dominant
data and methods on sewer exfiltration at various spatial
and temporal scales are reported for this country (e.g.
Selvakumar et al. 2004; Chisala and Lerner 2008; Ellis
and Bertrand-Krajewski 2010). Table 1 reviews studies
which are operated on real sewer networks of cities in
Germany rather than under the condition of small-scale
laboratory or field experiments. Results from studies indi-
cate that significant increases of toxic pollutants in
groundwater wells in Germany might be associated with
anthropogenic sources from urban sewage or dumps (e.g.
Burn et al. 2007; Wolf et al. 2012; Meinikmann et al.
2015). According to the German Association for Water,
Wastewater and Waste (DWA), approximately 20% of
sewers nationwide are found to be sufficiently defective
to allow exfiltration to occur and in need of short to mid-
term rehabilitation (Decker and Risse 1993; Berger et al.
2015). The average cost to complete the necessary repairs
for the whole public sewer systems in Germany falls
around 100 billion dollars (Selvakumar et al. 2004).
Meanwhile, knowledge on the condition of private sewer
damages is low, with less than 10% of sewers being sight-
ed annually (Berger et al. 2015). Overall, to our knowl-
edge, no study exists on country-wide scale evaluating the

spatial distribution of sewer exfiltration from defective
sewer systems; thus, emissions to the surrounding envi-
ronment and groundwater from this source in urban sys-
tems remain largely unknown (Berger et al. 2015).

Input data

In this study, the main input data for the development of the
sewer exfiltration model include sealed urban areas, total
connected population, sewer network conditions, wastewater
volume and loads, and number of effective days of
stormwater events per year (Table 2). The smallest area cov-
ering data source for Germany is the municipality scale, and
this was selected for our modelling. Municipality areas and
boundaries are provided by the Federal Agency for
Cartography and Geodesy using the 1:250,000 resolution
map (VGE250), while the sealed areas were extracted from
the gridded land use and land cover map for Germany
(LBM_DE2015, 10 × 10 m) provided by the Federal
Agency for Cartography and Geodesy (LBM 2018).
Current data from the Federal Statistical Office (FDZ) is
available on the connected population to sewers and public
sewer attributes (total length, construction year, and sewer
types) of 11,379 municipalities in Germany. The public sew-
er system includes rainwater sewers, separated black water
sewers (BW), and combined sewers (CS, collecting rain and
black water in a single pipe system), of which BW and CS
sewers contribute the total pipe length of approximately
450,000 km. Regarding the age of public sewers, data from
the FDZ source is available for time periods before the year
1960, 1961–1970, 1971–1980, 1981–1990, 1991–2000,
2001–2010, and after 2010. Wastewater amounts and loads
from households and connected sealed urban areas as well as
the average effective number of stormwater event days per
year are derived from the MONERIS model based on inputs
of connected inhabitants, rainfall, sealed urban areas, aver-
age volume and concentration of wastewater generated per
inhabitant, and size of combined sewer storage volume
(Schmidt et al. 2020).

Table 1 Studies on sewer exfiltration from real sewer networks in some cities in Germany

City Total area Sewer length Exfiltration rate Study

(km2) (km) (L/s/km) (m3/cm2/day)

Hannover 84 1320–2300 1.4 × 10−4-0.3 - Härig and Mull (1992), Eiswirth and Hötzl (1997)

Dresden n/a 600–1620 1.16 × 10−5–1.4 × 10−3 - Karpf and Krebs (2005), Karpf and Krebs (2011)

Rastatt 59 208–442 2.1 × 10−4 - Eiswirth (2002), Eiswirth et al. (2003), Wolf et al. (2004),
Wolf et al. (2006), Wolf et al. (2012)

Dresden-Salzb - 9.3 - 0.48 Ellis and Bertrand-Krajewski (2010)

Berlin - 7.7–12.5 - 0.007 – 0.54 Ellis and Bertrand-Krajewski (2010)
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The statistical information on conditions of private
sewers, i.e. the connection from houses to a public sewer
system, at the national scale is not available from spatially
differentiated surveys in Germany (Ellis and Bertrand-
Krajewski 2010; Berger et al. 2015). However, it is approx-
imated that the total length of private sewers is around 1.1
million kilometres (Berger et al. 2015). In this study, we
assume a similar ratio of connected inhabitant per sewer pipe
length per municipality for both private and public sewers,
respectively, since the development of sewer infrastructure
in urban systems, either private or public sewers, is often
accompanied with the increase of number of inhabitants
connected to these sewers. Data from FDZ is extracted to
derive the function of public sewer length per connected
inhabitant versus connected inhabitant density per
municipality, which is then applied to private sewers. The
function is further adjusted to reach the total length of private
sewers as reported by Berger et al. (2015) in order to estimate
the details of private sewer length for each municipality
(Supplementary document S1, Fig. A).

Catchment model

The semi-empirical, conceptual model MONERIS (Venohr
et al. 2011) is applied in this study to estimate the nutrient
emissions to major water bodies in Germany as part of the
project ‘Agro-Environmental measures in Germany’
(AGRUM-DE) (Schmidt et al. 2020). Themodel allows quan-
tifying emission from seven main pathways (including atmo-
spheric deposition, urban areas, point sources, overland flow,
erosion, tile drainage, and groundwater) and has been success-
fully applied at various meso- to macro-scales in Germany,
Europe, and other countries worldwide (e.g. Xu 2004; Von
Sperling and Behrendt 2007; Venohr et al. 2010; Schmidt
et al. 2020). The water component and the nutrient concentra-
tion are calculated and validated for each pathway in the mod-
el separately, and the results are lumped to the in-stream re-
tention for final load calculation and calibration with observed
gauging station data (Venohr et al. 2011).

The conceptual diagram for the extended model frame-
work integrating the sewer exfiltration calculations in the

Fig. 1 Maps of the study area: (a) sealed urban areas and (b) density of sewer pipe length per municipality units in Germany
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catchment model at the national scale is provided in Fig. 2. In
the extended model framework, the MONERIS model quan-
tifies the nutrient loads from sealed urban areas and house-
holds (Schmidt et al. 2020). The mean long-term annual
loads of wastewater from MONERIS provide inputs for the
calculation of sewer exfiltration from urban sewers, and the
validated outputs from the leakage sewer sources are inte-
grated in the output nutrient load calculations of the urban
emission pathway of the MONERIS model (Fig. 2). More
details on the calculation of inputs from MONERIS for the
sewer exfiltration model are provided in Supplementary doc-
ument S2.

Sewer exfiltration model

Estimation of exfiltration rates at single defects

The calculation of exfiltration amount at single sites to the
pipe scale is based on Darcy’s law and incorporates the effects
of the colmation layer (DeSilva et al. 2005; Rutsch et al. 2008;
Boukhemacha et al. 2015):

Qex ¼ Aleak*h*
kf

B
*86; 400; 000:0 ð1Þ

where:

Qex exfiltration rate (L/day),
Aleak leakage area (m2),
h wastewater level in the pipe (m),
kf hydraulic conductivity of the clogging layer (m s−1),

and
B thickness of the colmation layer (m).

In Eq. (1), the ‘standard’ leakage area parameter is used
alternatively to the ‘leakage area’ Aleak for both private and
public sewers. This is based on the assumption that similar
pipe characteristics and similar defective conditions induce
similar exfiltration rates (Franz and Krebs 2005; Karpf
2012). The exfiltration rates are specified for conditions of
dry weather flow (dwf) and stormwater flow (swf) in case of
CSs, while only dwf is considered for BW and private sewers.
In Eq. (1), the initial values of four parameters Aleak, h, kf, and
B are adjusted in the range of published data of studies mostly
from Germany (particularly from the City of Rastatt, in which
more than 90% of sewer networks were intensively inspected
over the period of 10 years) to derive the exfiltration volumes
Qex of public and private sewers (expressed in L/day unit)
(Wolf et al. 2006; Wolf et al. 2012).

Due to the strong variability and thus uncertainty of the
hydraulic conductivity parameter kf, the alternative parameter
‘leakage factor’ KL is proposed for the colmation layer prop-
erty (Eq. 2). This factor incorporates the two parameters hy-
draulic conductivity and thickness of the colmation layer,

which are difficult to determine and often unknown in practice
(Karpf et al. 2009; Peche 2019). This leads to the reformula-
tion of Eq. 1 for calculation of exfiltration rates under the swf
condition (which is the case of CSs in this study):

KL ¼ kf

B
ð2Þ

where:

KL leakage factor (s−1),
kf hydraulic conductivity of the clogging layer (m s−1), and

B
thickness of the colmation layer (m).

Qex ¼ Aleak*h*KL ð3Þ

Estimation of sewer damage rates

Next, the sewer damage rate is defined by assuming that the
total area of exfiltration is proportional to the pipe damage
length, i.e. the rates (or density) of damage expressed as the
number of defects with sewer leakage per unit of sewer pipe
length, as suggested by various studies in Germany (e.g.
Rutsch 2006; Franz and Krebs 2005; Chisala and Lerner
2008).

The data on the number of defects per unit of sewer
pipe length is estimated from available literature and ex-
pert knowledge. For public sewers in Germany, the aver-
age damage rate of approximately 60 defects per km was
reported in the study by Decker (1994). In the AISWURS
project, damage rates of less than 10 to approximately 90
defects per km are estimated for various age and sewer
joint groups from cities in Europe (e.g. DeSilva et al.
2005; Chisala and Lerner 2008; Ellis and Bertrand-
Krajewski 2010). Meanwhile, intensive investigations in
the city Rastatt, Germany, identified 31,006 defects for
90% of inspected pipes, of which 5295 major leaks were
recorded for more detailed inspection of 164 km sewer
length (Wolf et al. 2006; Held et al. 2005; Wolf et al.
2012). This corresponds to an average rate of 32 to 78
leaking defects per km of pipe. Compared to public
sewers, private sewers are often subject to more external
impacts (e.g. from tree roots or less protection from street
coverage) and less inspection, resulting in elevated dam-
age densities and exfiltration risks (Held et al. 2005;
Berger et al. 2015). According to the studies by DWA
and Krönlein et al. (2015), the damage rate of private
sewers can be from 25 to 75% based on available records
of inspected private pipes. A study by Schleyer et al.
(1991) estimated that 64 to 74% of 620,000 km of private
sewers are sufficiently defective to allow exfiltration to
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occur. Based on these literatures, the value of 60 defects
per km of sewer length is assumed as an initial default of
the damage rate for public sewers (Dpub), which include
both CS and BW sewers. Meanwhile, the number of de-
fective private sewers is assumed to be roughly three
times higher than those of public sewers in order to rep-
resent the extreme case of damage densities from litera-
ture (e.g. Schleyer et al. 1991; Berger et al. 2015).

Furthermore, the effect of ageing pipes is taken into
account for the Dpub parameter, since it is considered a
primary source of sewer exfiltration in Germany (e.g.
Davies et al. 2001; Berger et al. 2015; Krönlein et al.
2015). Sewer ages are divided into two major groups in
terms of the date of construction based on the study by
Krönlein et al. (2015), which defined the statistically sig-
nificant correlation between damage rate and age factors

Fig. 2 Conceptual diagram of extended pathway on sewer exfiltration in the MONERIS model for nutrient emissions in urban systems
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for pipes of more than 40 years at the municipality scale.
Thus, the damage factor αi (i = before 1980, after 1981)
for Germany is derived in this study from the regression
equation of the study by Krönlein et al. (2015), with an
adjustment to the mean damage rate of 20% for all sewers
according to the status information for public sewers from
DWA (Berger et al. 2015) (Supplementary document S1,
Fig. B). In particular, the derived damage factors used for
the two age groups in this study are defined as αbefore 1980

=3/2 and αafter 1981 = 1/4, respectively (Eq. 4):

Dpub αi ¼ αi*Dpub ð4Þ

where:

Dpub αi number of defects per km length of the public
sewers, specified for the age group i (km−1),

Dpub number of defects per km length of the public
sewers (km−1), and

αi damage factor for the sewer age group i (unitless).

Estimating exfiltration volume at the municipality scale

Finally, the exfiltration rate at the municipality scale (n =
11,379) is quantified based on the following equations:

Qexn ¼ Qex privn
þ Qex pub CSn þ Qex pub BWn

ð5Þ

where:

Qex privn
¼ Lprivn ∙Dprivn ∙Qex priv dwfn ∙365=1000 ð6Þ

Qex pub CSn ¼ Lpub cs αin
∙Dpub cs αin

∙Qex pub dwfn ∙ 365−β∙SWEpub csn

� �
=1000

þ Lpub cs αin
∙Dpub cs αin

∙Qex pub swfn ∙ β*SWEpub csn

� �
=1000 ð7Þ

Qex pub BWn
¼ Lpub BWn ∙Dpub BWn ∙Qex pub dwfn ∙365=1000 ð8Þ

Wlossn ¼ Qexn= WWprivn þWWpub CSn þWWpub BWn

� � ð9Þ

In the abovementioned equations, the overall
exfiltration Qexn (m3/year) is the sum of exfiltration rates
from private sewers Qex privn

(m3/year) and public sewers

(m3/year) (including combined sewers Qex pub CSn and

separate sewers Qex pub BWn
). Equations (6) and (8) de-

scribe exfiltration rates of private sewer Qex privn
(m3/

year) and public separate sewer Qex pub BWn
(m3/year) de-

fined as function of sewer length L (km), the damage
rates D (defect/km), and the rate of exfiltration of single
defects Qex _ dwf (L/day). For CSs, the exfiltration in Eq.
(7) is the sum of exfiltration during dwf and swf, which
takes into account the effective number of stormwater
days SWE (days/year) and the storm event duration
factor β. ‘Effective’ number of stormwater days refers
to the total number of days on which, under consider-
ation of precipitation, connected sealed area and storage
volume, overflow events occur in CSs (Venohr et al.
2011). The rate of water loss Wloss (%) due to
exfiltration from each sewer source is the ratio between
the amount of exfiltration Qexn (m3/year) from that
source and the amount of wastewater generated from all
three sources per municipality (m3/year). Finally, the nu-
trient loads of sewer exfiltration are obtained by multi-
plying the Wloss (%) with emission coefficients for each
type of private sewers, CSs, and BWs, respectively.

Model validation and evaluation

In this study, the proposed approach for sewer exfiltration
estimation is shown through stepwise equations (Eqs. 1 to
9). The interpretation of the model results based on this ap-
proach depends on model input data and parameters (Table 2
and Table 3). On large scales (e.g. federal states, municipality,
or country scales), no information on the spatial distribution of
sewer exfiltration is available. The study is thus relying on
literature information, upscaled approach data, and expert
consultations to derive the preliminary values of model pa-
rameters and variables for the proposed model framework,
which can be further tested at various intermediate scales.
Firstly, the literature data of parameters published from sewer
studies is applied to the sewer exfiltration equations (Table 3).
This allows validating if the simulated input parameters
and the resulting output variables are within the practical
and valid ranges of observed sewer exfiltration data. In
this step, known mean values of important key parameters
of sewer exfiltration are used in preference for our calcu-
lations (when applicable). This step was conducted for
estimating the two main variables, i.e. exfiltration vol-
umes and damage densities of a certain pipe length.
Next, the exfiltration volumes at the municipality level
are quantified and further adjustments to model parame-
ters are reconsidered (if needed) to obtain the good agree-
ments of the final municipality’ scale exfiltration volumes
with the reported data for Germany (e.g. Ellis et al. 2009;
Ellis and Bertrand-Krajewski 2010). In this regard, the
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final results incorporate the knowledge of important driv-
ing factors affecting sewer leakage, such as colmation
layer and hydraulic conductivity (also known as coeffi-
cient of permeability), and match with the limited pub-
lished data ranges for large urban scales, which helps to
reduce the uncertainty for management decisions of urban
wastewater systems.

Besides, in order to evaluate the importance of input data
for the model building process, the simple linear regression
analysis is performed on main input data (Table 2). Linear
regression models are a simple but effective method to define
the relationships of model inputs and outputs, which evaluate
how the variation of a single input can affect the interpretation
of the model output, while other inputs are kept unchanged
(Hamby 1994; Saltelli et al. 2006). This sensitivity analysis
helps to define the most important model parameters based on
the nationwide database of sewers in Germany and provides

the background for more spatially explicit studies in the future
at finer scales. The linear regression is applied in the model
using lm () function in R version 3.6.3.

Scenario analysis

Based on the established model framework, the contribution
of sewer exfiltration source in the overall nutrient emission of
urban areas at the nationwide scale is quantified. Besides, the
model is tested against a set of altered inputs in order to iden-
tify the effects of shortage of sewer emission control on urban
system management. The validated model results serve as
baseline scenario (BS); meanwhile, the scenario of non-
appliance of remediation to the predicted 20% defective
sewers, which are in need of short to mid-term rehabilitation
as reported by DWA (Berger et al. 2015), is conducted as
follows:

Table 3 Parameters for sewer exfiltration quantification at the municipality scale

STT Parameters Abbreviation Units Reference data Data sources

(a) Exfiltration rate per defect

1 Private sewer_dry weather flow Qex_priv_dwf L/day 0.6–10.0 Dohmann et al. (1999), Forschergruppe (2002),
Held et al. (2005), Wolf and Hötzl (2007)2 Public sewer_dry weather flow Qex_pub_dwf L/day

3 Public combined sewer_
stormwater flow

Qex_pub_swf L/day < 230 Held et al. (2005), Wolf and Hötzl (2007)

- Standard leakage area Aleak m2 0.0015–0.018 Rauch and Stegner (1994), Wolf et al. (2006), Wolf et al.
(2012)

- Wastewater level in the pipe h m 0.01–0.6 Wolf and Hötzl (2007), Peche et al. (2017)

- Colmation layer thickness B m 0.01–0.05 Vollertsen and Hvitved-Jacobsen (2003), Ellis et al. (2009),
Karpf (2012)

- Hydraulic conductivity kf m/s 3.0 × 10−8–1.0 ×
10−4

Rauch and Stegner (1994), Dohmann et al. (1999),
Vollertsen and Hvitved-Jacobsen (2003), Wolf and Hötzl
(2007)

- Leakage factor KL 1/s 0.001–0.01 Rauch and Stegner (1994), Karpf and Krebs (2005),
Karpf and Krebs (2011)

(b) Damage area

4 Private sewer Dpriv km−1 n/a Schleyer et al. (1991), Berger et al. (2015)

5 Public sewer_Stormwater Dpub_CS km−1 54–78 Decker (1994), DeSilva et al. (2005), Held et al. (2005),
Wolf et al. (2006)- Sewers constructed before 1980 Dpub_CS_

bf1980

- Sewers constructed after 1981 Dpub_CS_

af1981

6 Public sewer_Blackwater Dpub_BW km−1

- Sewers constructed before 1980 Dpub_BW_

bf1980

- Sewers constructed after 1981 Dpub_BW_

af1981

(c) Exfiltration volume at the municipality scale

7 Exfiltration rate Qex L/s/km
(%)

< 0.01–0.2 Hoffman and Lerner (1992), Ellis et al. (2009)

- Private sewers Qex_priv L/s/km
(%)

n/a

- Public sewers Qex_pub L/s/km
(%)

0.011–2.0 Schleyer et al. (1991), Hoffman and Lerner (1992),
Ellis and Bertrand-Krajewski (2010)
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& SC1: 20% increase of damage rate of private sewers;
& SC2: 20% increase of damage rate of public sewers built

before the year 1980;
& SC3: 20% increase of damage rate of public sewers built

after the year 1981;
& SC4: 20% increase of damage rate of all sewers.

Results and discussion

Studies on sewer exfiltration at pipe scales indicate that
the leakage process is ruled by a number of key parame-
ters, including leakage area, depth of wastewater in the
pipe, clogging layer, hydraulic permeability and soil char-
acteristics, and hydraulic gradient from pipe surface to the
groundwater (Wolf and Hötzl 2007; Karpf et al. 2009;
Peche et al. 2017). These parameters describe structural
and dynamic components of sewer exfiltration processes,
which data demand at the catchment scale is often not
available or subject to large uncertainties (Rutsch et al.
2008; Karpf and Krebs 2011; Peche 2019). The common
approach for large-scale studies is so far based on map-
ping analysis of sewer network deteriorations (structural
condition, distribution of pipes), surveying and indirectly
correlating with population-based sewer discharge, or
simplified assumptions of nationwide fixed rates of water
loss from defective sewer pipes (e.g. Lerner et al. 1990;
CIRIA 1996; Ellis and Bertrand-Krajewski 2010; Hopkins
and Bain 2018; Vystavna et al. 2018). In this study, we
propose an approach that combines the strength of the two
abovementioned methods and utilize the advancement of
knowledge from recent studies worldwide. The study aims
at a generalized method which can represent the long-term
mean condition of sewer exfiltration risk to the environ-
ment of large-scale urban catchments (Fig. 2). Details on
results are discussed in the following sections.

Estimation of sewer exfiltration rates

Results of calculations of sewer exfiltration are based on ad-
justment of parameters in Table 3. For the leakage area pa-
rameter, the default value of 0.002 m2 is used in all calcula-
tions following the recommendation by the study of Wolf and
Hötzl (2007). The fixed water level of 0.01 and 0.02 m is
selected for simplification to represent the dwf of private and
public sewers for upscaled catchments (Ellis et al. 2009; Peche
et al. 2017). For the thickness of colmation layer parameter,
the value of 0.04 m is used for dwf and 0.01 is used for swf
conditions, since at a thickness of 0.05 m the layer is consid-
ered stabilized and no exfiltration might occur (Vollertsen and
Hvitved-Jacobsen 2003; Ellis et al. 2009). Meanwhile, the
value of the hydraulic conductivity parameter is adjusted for

validating the final exfiltration rates at single defect sites using
the recommended range by Wolf and Hötzl (2007) and Karpf
and Krebs (2011), due to the fact that no specific value is
reported for large-scale studies for this parameter. As a result,
the estimated rates of sewer leakage of public and private
sewers under dwf fit well with the literature data, with the
mean value of sewer leakage from private sewers being lower
than from public sewers. This is justifiable considering the
higher proportion of wastewater discharging into public
sewers compared to such from small household sewers, which
differs in the wastewater level in the pipe and the attributes of
colmation layer (Ellis and Bertrand-Krajewski 2010; Wolf
et al. 2012). For the swf condition, the maximum values in
Wolf and Hötzl (2007) are used as the initial defaults of pa-
rameters water level in the pipe and leakage factor. These
defaults resulted in the exfiltration rate of 100.22 L/day, which
is rounded as 100 L/day to represent the potential mean rate of
exfiltration under the rainy and storm event periods. This is 20
times higher than the estimated default rate of exfiltration
under dwf (Qex _ pub _ dwf = 5 L/day), which agrees with the
results from studies by Vollertsen and Hvitved-Jacobsen
(2003) and Held et al. (2005), in which 20 to 56 times and
20 to 38 times higher exfiltration rates were simulated for
storm events, respectively. In practice, exfiltration rates during
very extreme flood event can reach of 1500 time higher values
like in the case study on river Elbe, Germany, but such high
rates often drop to below 1 L/day in few hours to days (e.g.
Karpf and Krebs 2004; Blackwood et al. 2005). Thus, such
extreme high pulses are not considered within the scope of our
study, which focuses on estimating the long-term annual mean
leakage rates.

At the large catchment to national scales, previous stud-
ies suggest that the exfiltration rate in Germany might be
expected in the range of 0.01 to 0.2 L/s/km or even lower
(Ellis et al. 2009). In the study applied to a large sewer
system of 888,000 km length, Schleyer et al. (1991) esti-
mated the mean exfiltration rate of 0.011 L/s/km. A similar
rate of 0.012 L/s/km was estimated for Germany based on
the study by Hoffman and Lerner (1992). The review on
sewer exfiltration rates based on both direct and indirect
measurement methods indicates an average exfiltration rate
of less than 0.179 L/s/km in large system modelling studies
(Ellis et al. 2008; Ellis et al. 2009). In this study, the rate of
exfiltration of public sewers expressed as L/s/km is 0.01
and is in agreement with abovementioned publications,
which are mostly conducted for public sewers in
Germany. For private sewers, the amount of leakage per
km sewer length is 0.002 L/s/km, which resulted in the
overall sewer exfiltration for Germany of 0.004 L/s/km.
Overall, the sewer exfiltration of private sewers, public
sewers, and combined sewer types, are in the similar
ranges of 2.0 to 2.1% when expressed as the amount of
water loss from generated wastewater.
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Sources and distributions of sewer exfiltration in
large urban systems

The modelled spatial distribution of sewer exfiltration
from defective pipes in Germany is shown in Fig. 3(a).
In general, sewer exfiltration contributes a small volume
of artificial recharge to groundwater, varying from less
than 0.1 to 8.4 mm/year per total municipality areas,
which is equivalent to less than 1% of mean annual pre-
cipitation. Elevated exfiltration rates tend to concentrate
in urbanized regions with higher shares of connected pop-
ulation, higher density, and often older sewer networks
(Fig. 1a and Fig. 3a). Concerting the age factor of sewer
systems, many studies suggest that the higher the sewer
age, the greater might be the proportion of rehabilitation
needs (e.g. Davies et al. 2001; Ellis and Bertrand-
Krajewski 2010). Meanwhile, some studies suggest that
sewers of all ages can be a potential risk to urban ground-
water pollution due to diverse reasons of sewer leaks
(Reynolds and Barrett 2003; Berger et al. 2015;
Krönlein et al. 2015). Results of this study support both
sides of arguments from literature. Dominant proportion
of sewer exfiltration is caused by sewer pipes older than
40 years (Fig. 3b). In the group of younger sewers, the
private pipes contribute two times higher rates of
exfiltration in comparison to public sewers. A better
knowledge of age distribution of private sewers might
however reveal more detailed pattern of sewer leakage
from this source as compared to public sewers. These
outputs have an important implication for the control of
defective sewers and rehabilitation plan in large urban
wastewater pipe networks.

Factors affecting the prediction of sewer exfiltration
at a nationwide scale

In this study, five key model inputs have been used in sewer
leakage quantification based on the available upscaled
methods evolved in Germany over the recent three decades.
They are readily available at municipality and aggregated
levels in Germany and are defined of critical importance for
the interpretation of pollutant emission estimation from sewer
leakage sources. Results of the simple linear regression indi-
cate that the wastewater amount, the number of connected
inhabitants, and the number of storm events are the most im-
portant input data for modelling of sewer exfiltration
(Table 4). Among these inputs, wastewater amount is the most
influential data as shown by statistical results. This is in agree-
ment with the literature which states that pipe water
exfiltration tends to increase with the increases of intensity
and duration of pipe flow (e.g. Schwartz 2004; Peche 2019).
In contrast, changes in sewer length and sealed areas reveal a
less strong impact on the variation of exfiltration rates. At
municipality scale, our analyses indicate that the estimation
of sewer exfiltration at large spatial scales is mainly controlled
by the variation of discharges of wastewater into defective
sewers, rather than by the local position of leakages in the
structural network of sewer pipe length and areas of impervi-
ous surfaces. A similar finding is reported in studies by Rauch
and Stegner (1994), Karpf (2012), and Peche et al. (2017)
which aimed at upscaling the model approach from single-
site to pipe network scales. Thus, this result is an important
hint to be considered for future development of catchment to
national scale urban models incorporating the emission path-
way from sewer exfiltration.

Fig. 3 Sewer exfiltration rates in Germany: (a) spatial distribution, (b) aggregation to emission sources at municipality level (numbers on the box-plots
indicate the mean exfiltration rates)
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Nutrient pollution from sewer exfiltration in large
urban systems

Adaptations and changes in national regulations which follow
the on-going EU Nitrate Directive and EU Water Framework
Directive require a more stringent control of nutrient pollution
from diffuse emission sources of large river catchments (Scholz
and Wellmer 2018; Schmidt et al. 2020). Previous studies have
shown that industrial and urban wastewater sources contributed
effectively to the reduction of more than 30% and 60% of phos-
phorus and nitrogen loads as compared to the reduction rates of
only 15% and 3% to nitrogen and phosphorus respectively from
agriculture in the case study of the Elbe and Rhine catchments
(e.g. Behrendt et al. 2000; Sartorius et al. 2011). In another study,
Behrendt et al. (2010) found out that management of diffuse
sources from urban wastewater and stormwater can contribute
to approximately 51% and 21.5% of the total phosphorus and
total nitrogen emissions to the Elbe river catchment. These case
studies reveal the importance to target primary sources from
urban emission pathway in order to achieve the pollution control
goal in large river systems. In this study, the preliminary results at
the nationwide scale suggest that sewer exfiltration might induce
around 10% and 17% of nitrate and phosphate emissions from
urban systems when compared to other sources from households
and wastewater treatment plants (Fig. 4). This corresponds to
12,472 tons/year and 2197 tons/year of untreated nitrate and
phosphate loads being emitted to the urban groundwater from
sewer exfiltration sources and stresses the importance to include
sewer exfiltration as a potential significant emitter to the urban
groundwater of large urban water systems.

Furthermore, results of the scenario analyses in this study
indicate that areas possessing highest risk of sewer exfiltration
contamination are associated with ageing deteriorated sewers.
In general, increases in damage rates of sewer pipes resulted in
the overall increase trend of the sewer exfiltration at the na-
tional scale for all scenarios SC1 to SC4 (Fig. 4). The highest
increase of sewer exfiltration rate is caused by the increase of
damage densities of public sewers older than 40 years (SC2),
followed by the increase of damage densities of private sewers
(SC1). Further deterioration of younger sewers constructed
after the year 1981 (SC3) resulted in a minor variation of

sewer exfiltration in comparison to the baseline scenario BS.
Overall, the lack of remediation practice in all sewer groups
might result in the overall increase of 0.11 mm/year of sewer
exfiltration in the combined scenario SC4 when compared to
the scenario BS, which is equivalent to the additional volume
of 3750 m3/year of artificial recharge from sewer leakage in-
corporating further 2092 tons/year of nitrate and 370 tons/year
of phosphate loads, respectively.

Spatially, themost impacted areas of a potentially higher sew-
er exfiltration risk under the scenario of no remediation actions
(SC4) are located in Saarland, Berlin, Hamburg, Bremen, and
North Rhine-Westphalia (Fig. 4). These are regions attributed
with high proportions of very old sewer pipes nationwide; i.e.
the percent of public sewers older than 40 years varies from 49 to
71% and is significantly higher than the mean value of 39% for
Germany (Supplementary document S1, Fig. C). The highest
exfiltration rate under SC4 scenario is modelled in Saarland,
southwestern Germany, though this region has only the third
highest percent of very old sewers. This can be explained by
the dominant proportion of CS sewers, which have significantly
higher exfiltration rates than private and BW sewers (Table 3). In
particular, the percent of CSs in Saarland is above 90% when
compared to the average ratio of 56% in Germany, while in the
other four States this ratio varies from 26 to 63% (Table 2).
Overall, this first nationwide scale overview and comparisons
among different states highlight the importance to focus rehabil-
itation plans on very old sewers, especially onmixed sewer types
which often receive high loads of wastewater from various
sources.

Conclusion

The present study represents the first German-wide estimation of
wastewater losses from leaking sewers by coupling equations on
sewer exfiltration quantification from local to city scales into an
urban catchment model. A combination of sewer asset data and
information on sewer leakage rates from literature led to the
development of an algorithm to estimate the spatially differenti-
ated sewer losses from public and private sewage systems. The
results of this study indicate that the threat of sewer leakage is
attributed by both private and public sewers, but more particu-
larly from ageing pipes older than 40 years old. Effective control
of the major sources of wastewater entering defective sewers,
including private sewers, and a focus of rehabilitation plan on
very old sewer pipes are critical points in sustainable manage-
ment and pollution control of urban wastewater systems.

Future research will build on outcomes of this study by ap-
plying the proposed model framework to the scale of States and
districts in order to verify the developed approach with better
validation of spatially distributed parameters based on more data
availability at these scales. For instance, the ‘actual’ exfiltration
areas are more likely to occur in regions where the relative sewer

Table 4 Analysis of important input data for modelling of sewer
exfiltration at the nationwide scale

Inputs t-Stat p value Rank

Wastewater amount 30.4 < 2e-16*** 1

Inhabitant connected − 28.7 < 2e-16*** 2

Storm events 11.9 < 2e-16*** 3

Sewer length 2.9 0.09*** 4

Sealed area 0.1 0.29 5

p value—significance level (***0.001, **0.01, *0.05)
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Fig. 4 Results of scenarios on the estimated exfiltration volumes (mm/year) and loads in Germany
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pipe depth is above the groundwater table, as indicated by
Selvakumar et al. (2004). Thus, having more complete data of
both groundwater and sewer pipe depth in major catchments and
cities will help to improve the precision of the spatial distribution
prediction of sewer exfiltration nationwide, which are the cases
of cities such as Berlin or Rastatt (e.g. Russ and Riek 2011;Wolf
et al. 2012; Wunsch et al. 2018; Caradot et al. 2017). Besides,
incorporating process-based approaches for important model pa-
rameters (such as wastewater level or the properties of the
colmation layer) in the sewer exfiltration model to replace sim-
plified assumptions of constant parameters, or test the time-
variant leakage function instead of using the equation of a fixed
sewer exfiltration rate might help to better represent the
exfiltration dynamics and its spatial distribution (e.g. Peche
et al. 2017; Peche 2019). This will require a more detailed iden-
tification and inventory of exfiltration susceptible areas in major
cities under real sewer conditions.
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