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Abstract The presence of faecal contamination in drinking water sources can cause 
waterborne disease outbreaks. The aim of this article was to study the influence of 
wastewater discharges from a wastewater treatment plant on microbial water qual-
ity in a drinking water source—the river Göta älv in Sweden. To fulfil this aim, the 
fate and transport of the faecal indicators E. coli and somatic coliphages in the river 
Göta älv were simulated using a three-dimensional hydrodynamic model. The vali-
dation of the hydrodynamic model confirmed a good model performance: the cor-
relation coefficient was 0.99; the absolute mean difference between the simulated 
and measured water surface elevation was 0.03 m, which is 11.1 % of the standard 
deviation of the measured data. The modelling results revealed that during over-
flow events at the wastewater treatment plant, discharges of untreated wastewater 
contributed more to the concentrations of faecal indicators at the water intake than 
discharges of treated wastewater. The hydrodynamic modelling of microbial water 
quality proved to be a useful tool to estimate the contribution of different sources 
to the total contamination of raw water used for drinking water supply and, there-
fore, to provide decision-support information for preventive and mitigative risk-
reduction measures.

Introduction

The faecal contamination of drinking water sources is a common cause of water-
borne disease outbreaks [4, 7]. Faecal contamination often enters a drinking water 
source from a variety of contamination sources, such as wastewater treatment plants 
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(WWTPs), on-site sewers, sewer overflows, as well as surface runoff from urban 
and agricultural areas. To prevent and mitigate the faecal contamination of drink-
ing water sources, estimation of the contribution of different sources to the total 
contamination is required.

To estimate the contribution of different sources to the total contamination of a 
water source at a certain location, hydrodynamic modelling of the microbial water 
quality can be used. Hydrodynamic modelling proved to be useful to simulate the 
fate and transport of faecal contamination within the water source, e.g. [5, 6, 9, 10, 
12, 14, 16].

The aim of this article was to study the influence of wastewater discharges from 
a wastewater treatment plant on the water quality in the river Göta älv at the water 
intake of a drinking water treatment plant in Gothenburg, Sweden. For this pur-
pose, a three-dimensional hydrodynamic model was set up and validated in order to 
simulate the fate and transport of faecal indicators ( E. coli and somatic coliphages) 
within the river.

Materials and Methods

Study Area

Göta älv is a river that drains Lake Vänern into the strait Kattegat at the city of 
Gothenburg on the west coast of Sweden. The total catchment area of the river Göta 
älv is 50,233 km2, which constitutes approximately 10 % of the area of Sweden. The 
part of the catchment area that is located downstream of Lake Vänern is approxi-
mately 3500 km2. The length of the river between the outflow from Lake Vänern 
and the mouth of the river is 93 km. The vertical drop of the river is approximately 
44 m. The water flow in the river Göta älv is regulated by several hydropower sta-
tions and varies strongly; the average and the maximum water flows are approxi-
mately 550 and 1000 m3/s, respectively. Upstream of the island Hisingen, the river 
splits into two branches; the northern branch—Nordre älv—transports from 2/3 to 
3/4 of the total water flow, the southern branch keeps the name Göta älv and runs 
towards the city of Gothenburg [3].

The river Göta älv is used for many various purposes, among which are drink-
ing water production, transportation, hydropower, fish farming and sport fishing. 
The river is used as a water source for the drinking water supply of approximately 
700,000 consumers in several municipalities, among which Gothenburg with ap-
proximately 500,000 consumers. Along the river there are five raw water intakes; 
the water intake for the drinking water treatment plants in Gothenburg (Lackare-
bäck and Alelyckan) is called Lärjeholm.

Between Lake Vänern and the Lärjeholm water intake the river Göta älv re-
ceives wastewater from approximately 100,000 persons. Approximately 95 % of 
this wastewater is treated at municipal wastewater treatment plants, while 5 % is 
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treated by on-site sewer systems [3]. On the stretch between Lake Vänern and the 
Lärjeholm water intake, there are eight wastewater treatment plants that use the riv-
er Göta älv as a recipient of wastewater. The wastewater treatment plant Älvängen 
in the municipality of Ale treats wastewater from approximately 6200 people and is 
located approximately 24 km upstream of the Lärjeholm water intake.

The wastewater treatment at the Älvängen WWTP consists of mechanical, bi-
ological and chemical treatment steps [17]. The mechanical treatment includes a 
bar screen, grit chamber and primary sedimentation. The biological treatment in-
cludes an aeration tank and two sedimentation tanks. The chemical treatment in-
volves chemical dosage, flocculation tanks and sedimentation tanks [17]. During 
heavy rainfalls, the overflows from this wastewater treatment plant can occur due 
to stormwater intrusion into sewer networks, i.e. the incoming wastewater can be 
discharged to the river Göta älv after only passing the primary sedimentation treat-
ment step (partly treated wastewater) or occasionally even without any treatment 
(untreated wastewater).

In order to study the influence of wastewater discharges from the Älvängen 
WWTP on the raw water quality at the Lärjeholm water intake, the model was set 
up to cover the approximately 60 km long river stretch located between Lilla Edet 
(downstream of the hydropower station) and the Gothenburg harbour in the Katte-
gat. The length of the river stretch between Lilla Edet and the Älvängen WWTP is 
approximately 20 km and between Lilla Edet and the Lärjeholm water intake—ap-
proximately 44 km.

Model Implementation

To simulate the hydrodynamic conditions in the river Göta älv, the three-dimen-
sional time-dependent hydrodynamic model MIKE 3 FM [2] was used. This hy-
drodynamic model is based on the numerical solution of three-dimensional incom-
pressible Reynolds averaged Navier-Stokes equations invoking the assumptions of 
Boussinesq and of hydrostatic pressure [2]. The model consists of continuity and 
momentum equations and is closed by a turbulent closure scheme [2]. The water 
density was assumed to be homogenous (barotropic formulation).

The modelling domain was approximated with prisms (triangles in horizontal 
plane) using a flexible mesh approach. The length of the triangles’ sides varied from 
approximately 50 to 90 m. In vertical direction, the river was divided into 10 layers 
with a thickness that could vary depending on the depth and water surface elevation 
in the river (sigma-layers).

The initial conditions in the river were defined by the observed water surface el-
evation (Table 1). The upstream and downstream boundary conditions were defined 
by time-series of data regarding the water flow through the hydropower station in 
Lilla Edet, the water flow in the northern branch of the river—the river Nordre älv 
and the water surface elevation at the Gothenburg harbour (Table 1). On the land 
boundary the normal component of velocity was set to zero.
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The model was set up to account for the hydrometeorological conditions (wind 
and precipitation on the river surface) and the inflow to the river from the tributar-
ies with catchment areas greater than 50 km2 (tributaries Gårdaån, Lärjeån, Grönån, 
Säveån, Hältorpsån and Mölndalsån; Table 1). The horizontal and vertical eddy vis-
cosities were simulated using Smagorinsky and Log law formulations, respectively 
[2]. The bed resistance was described by a constant roughness height of 0.05 m. The 
model was run with default parameterisation [2].

The fate and transport of faecal indicators in the river Göta älv were simulated 
using the microbial water quality model ECO Lab [1], which was coupled with the 
hydrodynamic model of the river. The microbial water quality model used flow 
fields from the hydrodynamic model to calculate the faecal indicator concentrations 
in the river.

In the microbial water quality model, the decay of faecal indicators was de-
scribed according to Eq. 1:

dC
k C

dt
= − ⋅

  (1)

where k is the decay rate of faecal indicators in the water, t is the time and C is the 
faecal indicator concentration.

The decay coefficient for E. coli and somatic coliphages in the river was de-
scribed by Eq. 2 [8, 13]:

( 20)
0

Int Temp
I Tk k θ θ −= ⋅ ⋅  (2)

where k0 (1/day) is the decay rate at 20 °C for a salinity of 0 ‰ and darkness; θI is 
the light coefficient; Int (kW/m2) is the light intensity integrated over depth; θT is 
the temperature coefficient; Temp (°C) is the water temperature.

Table 1  Input data used for setup and validation of the hydrodynamic model of the river Göta älv
Type of data Resolution Source
Bathymetry 10 m SGIa

Bathymetry 20 m Sjöfartsverketb

Wind speed and direction 1 h Göteborgs Stad
Precipitation 1 day SMHIc

Water flow in tributaries 1 day SMHIc

Water surface elev. and flow at 
Lilla Edet

1 h Vattenfall

Water surface elev. at Lärjeholm 
water intake

1 h Göteborg Vatten

Water surface elev. at Gothen-
burg harbour

1 h SMHIc

a Swedish Geotechnical Institute. Data covered the part of the river between Lilla Edet and the 
mouth of the river Säveån
b Swedish Maritime Administration. Data covered the part of the river between the mouth of the 
river Säveån and the Gothenburg harbour
c Swedish Meteorological and Hydrological Institute
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The coefficients in Equation 2 for E. coli and somatic coliphages were experi-
mentally determined in the microcosm trials performed in different seasons for the 
conditions of Lake Rådasjön in Sweden [13]. The coefficients k0, θI and θT were 
set to 0.76, 1 and 1.04 for E. coli and to 0.25, 1 and 1.08 for somatic coliphages, 
respectively.

Validation of Hydrodynamic Model

To assess the performance of the hydrodynamic model, validation was performed 
by comparing the simulated and measured water surface elevation at the Lärje-
holm water intake (Table 1). In order to capture different hydrodynamic conditions, 
validation was performed on four time periods, which were selected based on the 
water flow in the river during year 2011: low and stable (1–31 May), low and vary-
ing (15 June–16 July), high and stable (25 August–25 September), as well as high 
and varying (10 November–11 December). The validation showed that the model 
described the measured data very well—the Pearson correlation coefficient was 
0.99 ( p < 0.001). The absolute mean difference between the simulated and measured 
water surface elevation was 0.03 m. This absolute mean difference and its standard 
deviation were 11.1 % and 13.8 % of the standard deviation of the measured data, 
respectively. An example of the congruence between the simulated and measured 
data during one of the selected periods is shown in Fig. 1.

Simulations

During year 2011, several overflow events from the Älvängen WWTP into the river 
Göta älv occurred (Fig. 2). Several of these overflow events coincided in time with 
peaks of measured E. coli concentration at the Lärjeholm water intake (Fig. 2). 
Based on the data on overflow events and peaks in E. coli concentration in raw 
water, two time periods were selected to be simulated to study the influence of 
overflow events from the Älvängen WWTP on the raw water quality at the Lärje-
holm water intake: 7–21 January (event I) and 4–24 September (event II). In the 
simulations of these two periods, the discharges of different types of wastewater 
were assigned constant concentrations of faecal indicators (Table 2) and the water 
temperature for event I and event II was specified as 4 °C and 18 °C, respectively.

The simulation of event I was also performed with the assumption that there was 
no decay of faecal indicators.
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Results

The simulation of event I with no decay of E. coli and somatic coliphages resulted 
in up to 68 % and 9 %, respectively, higher values than the simulation with decay 
described based on the experimental measurements (Fig. 3).

The modelling results showed that, in case of both event I and event II, dis-
charges of untreated wastewater from the Älvängen WWTP contributed the most to 
the concentrations of faecal indicators at the water intake in comparison to partly 
treated and treated wastewater (Figs. 4 and 5). The contribution of discharges of 
partly treated and treated wastewater to faecal indicator concentrations at the water 
intake was relatively small (Figs. 4 and 5).

According to the modelling results, it took between 26 and 31 hours in case of 
event I (Fig. 4) and 13 and 25 hours in case of event II (Fig. 5) before the discharges 
of untreated wastewater from the Älvängen WWTP caused peaks of faecal indicator 
concentrations at the Lärjeholm water intake.

Discussion and Conclusions

In this study a hydrodynamic model of the river Göta älv was set up and successful-
ly validated (Fig. 1; cf. [16]). This hydrodynamic model was then used to simulate 
the fate and transport of the faecal indicators E. coli and somatic coliphages in the 
river, in order to evaluate the influence of wastewater discharges from the Älvängen 
WWTP during two overflow events on the microbial water quality at the Lärjeholm 
water intake. The model illustrated that during two studied events the discharges of 
untreated wastewater accounted for most of the Älvängen WWTP’s contribution to 
the contamination at the Lärjeholm water intake (Figs. 4 and 5).

Fig. 1  Measured ( red dotted 
line) and simulated ( black 
line) water surface elevation 
at the Lärjeholm water intake
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Although the discharges of untreated wastewater from the Älvängen WWTP co-
incided in time with high measured concentrations of E. coli at the Lärjeholm water 
intake (Fig. 2), the modelling results showed that only a small part of this faecal 
contamination at the water intake can be attributed to the influence of discharges 
from the Älvängen WWTP (Figs. 4 and 5). Along the river Göta älv there is a 
number of other faecal contamination sources, which, most likely, release faecal 
contamination during the same time periods as the Älvängen WWTP and contribute 
to the faecal contamination at the Lärjeholm water intake.

Pathogens are often very persistent in water sources [11, 15]. To estimate the in-
fection risks related to the presence of pathogens in raw water, somatic coliphages, 
due to their slower decay, constitute a more suitable indicator than E. coli. This was 
shown by the simulations with the assumption that there was no decay of faecal 
indicators (Fig. 3). Detection of low E. coli concentrations may lead to underes-
timation of infection risks, as high levels of pathogens may still be present in the 
absence of E. coli.

Table 2  Concentrations of faecal indicators E. coli and somatic coliphages in wastewater dis-
charges from wastewater treatment plant. a Concentrations used in the model were calculated as 
median values of the concentrations measured at the Arvidstorp WWTP (municipality of Trollhät-
tan, Sweden).
Wastewater E. coli, CFU/100 mL (No of 

measurements)
Somatic coliphages, 
PFU/100 mL (No of 
measurements)

Treated 34,000 (17) 11,000 (14)
Partly treated 120,000 (13) 32,000 (12)
Untreated 450,000 (16) 100,000 (13)

Fig. 2  a Discharges of 
untreated ( red line), partly 
treated ( blue line) and treated 
( green line) wastewater from 
the Älvängen WWTP (data 
provided by the municipality 
of Ale, Sweden) and b E. coli 
concentrations in raw water 
at the Lärjeholm water intake 
(data provided by Göteborg 
Vatten)
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Fig. 4  Graph (a) shows 
discharges of untreated ( red 
line), partly treated ( blue 
line) and treated ( green line) 
waste water from the Älvän-
gen WWTP into the river 
Göta älv. Graphs (b) and 
(c) represent the simulated 
contribution of untreated ( red 
line), partly treated ( blue 
line) and treated ( green line) 
waste water discharges to 
the E. coli (b) and somatic 
coliphages (c) concentrations 
in raw water at the Lärjeholm 
water intake during event I. 
The total contribution from 
the Älvängen WWTP is 
represented by the black line 
in graphs (b) and (c)
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Fig. 3  Simulated E. coli (a) and somatic coliphages (b) concentrations in raw water at the Lärje-
holm water intake during event I, assuming decay ( black line) and assuming no decay ( red dotted 
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The hydrodynamic modelling of the microbial water quality proved to be a pow-
erful tool to determine the contribution of different sources to the total contamina-
tion at the water intake. It can also provide information about the time that it takes 
for the peak of concentration to reach the water intake (Figs. 4 and 5). This type of 
modelling can be used to simulate various scenarios and situations, in order to es-
timate and predict the influence of different contamination events on the microbial 
water quality under various conditions. Therefore, hydrodynamic modelling can 
facilitate decision-making regarding risk-reduction measurements in the context of 
the faecal contamination of drinking water sources.
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Fig. 5  Graph (a) shows 
discharges of untreated ( red 
line), partly treated ( blue 
line) and treated ( green line) 
waste water from the Älvän-
gen WWTP into the river 
Göta älv. Graphs (b) and 
(c) represent the simulated 
contribution of untreated ( red 
line), partly treated ( blue 
line) and treated ( green line) 
waste water discharges to 
the E. coli (b) and somatic 
coliphages (c)
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