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Environmental risk assessment of stormwater run-off from
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JONATHAN BÖRJESSON
DAVID EKMAN ANKARBERG
Department of Technology Management and Economics
Chalmers University of Technology

Abstract
An environmental risk assessment of stormwater run-off from central Gothenburg
was conducted for the Göta älv river catchment located between the estuary of the
Säveån river and the Älvsborg bridge. The run-off from the catchment was modeled
based on standard pollutant concentrations for each land-use type present within
its geographical limits. Other sources, such as tributaries, wastewater treatment
plants, and combined sewer overflow were modeled from measured concentrations.
The environmental fate model was based on the GREAT-ER model. The assessed
pollutants were selected on the basis of municipal prioritization and data availability.
The pollutants were PFOS, tributyltin, trichloroethylene, benzene, benzo[a]pyrene,
copper, zinc, chromium, arsenic, lead, cadmium, mercury, and nickel. No risk was
observed for any individual substance in the risk assessment, with risk character-
ization ratios (RCR) below the risk threshold value of 1. However, the combined
mixture toxicity RCR of the assessed substances showed that risk was present in the
catchment. The metals zinc, copper, and nickel were found to be the key contrib-
utors to the mixture toxicity RCR. Bioretention cells were found to be an efficient
measure in reducing the run-off pollutant load from central Gothenburg. However,
it was shown that the reductions had a relatively low influence on the pollutant con-
centrations in the river catchment. The influence of the bioretention cells achieved
a maximum RCR reduction of 5.8%. This suggested that such measures could be
more efficient if implemented in catchment areas further upstream.

Keywords: Stormwater, run-off, pollution, bioretention cells, risk assessment, Göta
älv, mixture toxicity.
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i Index for land-use types
j Index for measured flows
m Index for pollutants
n Index for river segment

Parameters

Ai Area per land-use type i

α Assumed fraction of Qrun,i,pe captured by bioretention cells
BCFm Bio concentration factor per pollutant m

β Assumed pollutant removal efficiency of bioretention cell
Cbase,i Standard pollutant concentration for infiltrated water per land-use

type i and pollutant m

Cend,n,m Concentration at the end of the segment n per pollutant m

Cfish,j,m Pollutant concentration (wet weight) in fish per measured flow j
and pollutant m

Cj,m Pollutant concentration per measured flow j and pollutant m
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k2 Reaeration coefficient
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kdeg,m First-order degradation rate constant of pollutant m

Kinf,i Infiltrated fraction of P per land-use type i

km Total first-order elimination rate constant of pollutant m

ksed,m First-order sedimentation rate constant of pollutant m

kvol,m First-order volatilization rate constant of pollutant m

Kx Fraction of Kinf reaching baseflow
Ln Length of segment n
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PECm Predicted environmental concentration per pollutant m

PNECm Predicted no effect concentration per pollutant m

Qbase,i Baseflow per land-use type i

Qj Flow per measured flow j

Qn River discharge (flow rate) in segment n
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Θm Water-film reference-substance parameter of pollutant m
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1 Introduction
Göta älv is Sweden’s most water-abundant river, covering 750 km through Norway
and Sweden with a total catchment area of 50000 km2, corresponding to 10% of Swe-
den’s total surface area (Sveriges meteorologiska och hydrologiska institut (SMHI),
n.d.a). The river provides habitats for 37 species of freshwater fish and many other
aquatic organisms. It is also the single largest drinking water source in the coun-
try, serving 700000 people. Its estuary is located to the west of the city center of
Gothenburg, flowing through the archipelago before reaching the Kattegat sea. To
the east of the estuary, flowing through the middle of Gothenburg from the Säve
river to the east to the Älvsborg bridge to the west, sits what this study denotes as
catchment SÄ. The catchment area of catchment SÄ covers a large part of the city
center, thus receiving much of its pollution (SMHI, 2022).

In larger cities such as Gothenburg, anthropogenic activities such as industries, agri-
culture, traffic, infrastructure, and spillages cause continuous emissions and buildup
of environmentally harmful pollutants on surfaces throughout the city (Müller et al.,
2020). During precipitation, some of these pollutants are suspended in the flowing
water, eventually reaching the body of water connected to the catchment area onto
which the precipitation occurs, specifically catchment SÄ of the Göta älv river in
this study. This phenomenon is often referred to as stormwater run-off or stormwa-
ter discharged and has been identified as one of the main sources of pollution in
urban environments (Gao et al., 2023).

The concentration of pollutants in stormwater discharge is positively correlated with
precipitation volumes and intensity, which means that as precipitation increases,
pollutant flows from stormwater run-off increase (Borris, 2016; Wijesiri et al., 2020;
Yang et al., 2024). Given that precipitation is predicted to increase as a result of
climate change, the question arises of whether these increased pollution flows pose
a risk of harming aquatic organisms in catchment SÄ and what measures could be
implemented to reduce it.

1.1 Aim and research questions
The aim of this study is to assess whether emissions of harmful substances to the
Göta älv river resulting from untreated stormwater pose a risk of harming aquatic
organisms in the river. The assessment will be made by conducting an environmental
risk assessment using the framework of van Leeuwen and Vermeire (2007). If risk is
determined to be present in the system, the study will provide suggestions for mea-
sures to reduce it. In addition, the study aims to conduct a qualitative assessment
of the impact of future climate change scenarios on stormwater flows in Gothenburg.
This can be formulated more precisely in the following research questions.

1



1. Introduction

1. What are the flows of harmful substances from stormwater discharge to the
Göta älv river?

2. What are the resulting mixed concentrations of these substances in the river?

3. Do these concentrations, individually or as a mixture, constitute a risk of
harming species in the aquatic ecosystems of the river?

4. If risk is present, could measures be applied to sufficiently reduce it?

1.2 Limitations
The study was geographically limited to the section of the Göta älv river that
flows through central Gothenburg, between the mouth of the Säve river to the east
and the Göta älv estuary to the west, where the freshwater of the river meets the
saltwater of the Rivö fjord in Kattegat. Limitations were also be made with respect
to the number of substances included in the environmental risk assessment. The
study made the selection based on the frequency of occurrence and severity of each
substance’s potential impact on aquatic organisms in the analyzed ecosystem.
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2 Background

This chapter presents background information on future precipitation conditions,
sewer systems, stormwater, and the chemicals present therein. Furthermore, it
describes the Göta älv river and stormwater management in Gothenburg with a
description of measures, currently implemented and planned, by Gothenburg’s mu-
nicipality.

2.1 Säve river-Älvsborg bridge (SÄ) catchment
Göta älv is Sweden’s most water-abundant river (Göta älvs vattenvårdsförbund,
2015). Although the entire river system originates in Härjedalen and flows through
Norway and the Klarälven river before reaching Lake Vänern (Sweden’s largest lake),
the stretch named Göta älv begins at the outlet of Lake Vänern, close to the city of
Trollhättan. From there, the river flows 93 kilometers south towards Gothenburg.
The river is vital for the Swedish west coast and serves as the primary source of
drinking water for more than 700,000 people. In addition, it serves as a source of
hydroelectric power and a major transport route for large volumes of goods. In
addition, the river and its surrounding riparian meadows are of great ecological im-
portance, hosting high levels of biodiversity. It also acts as a critical migration route
for fish species that utilize its tributaries for spawning. Göta älv is rich in species
diversity and hosts 37 of the 55 freshwater fish species present in Swedish waters
(Park- och naturförvaltningen i Göteborg, 2015).

The final six kilometers of the Göta älv river from the confluence of the Säve river
to the Älvsborg bridge, visualized in figure 2.1, is one of the river’s catchments most
heavily affected by pollutants (Miljöförvaltningen, 2025b). This area is characterized
by intense anthropogenic pressure, dominated by port operations and dense urban
infrastructure, which has led to artificial shorelines where buildings often extend
all the way to the water’s edge. It receives upstream flows from the river itself and
three smaller rivers; Säveån, Kvillebäcken and Mölndalsån. The catchment is located
downstream of the Gothenburg drinking water intake and is therefore classified as
a less sensitive recipient (Miljöförvaltningen, 2021). This means that target values
for pollutants are higher compared to other catchments further upstream. The
catchment is also the recipient of cleaned waste and stormwater treated at the
Ryaverket waste water treatment plant (WWTP). For migratory fish, this section
serves primarily as a transportation corridor to spawning grounds further upstream
(Miljöförvaltningen, 2025b).

3



2. Background

Figure 2.1: Map of catchment SÄ: Säveån river-Älvsborg bridge created på the
authors in QGIS (2026) using data from SMHI (2022) and Lantmäteriet (n.d.a;
n.d.b).

2.2 Future precipitation scenarios
When predicting future climate conditions, assumptions about future greenhouse
gas (GHG) emissions must be considered. The intergovernmental panel on climate
change (IPCC) has identified four different scenarios, each describing carbon emis-
sion pathways up to the year 2100, and from this calculated the resulting greenhouse
effect (SMHI, n.d.b). These are called representative concentration pathways (RCP)
and are used to inform different stakeholders about climate change and its effects
with different concentrations of GHGs in the atmosphere. The RCP8.5 scenario
presupposes no interventions and a continuation of greenhouse gas emissions until
the end of the century, while the RCP4.5 scenario predicts a small rise until 2050
followed by a slow continuous decrease in emissions.

An increasing concentration of GHGs in the atmosphere will have an impact on
weather conditions throughout the world, including precipitation. The west coast
of Sweden is with its current climate the country’s wettest region, mainly due to
dominant westerly and southwesterly winds (SMHI, 2025). The annual mean precip-
itation is expected to increase approximately 25% for RCP8.5 and 12% for RCP4.5
(Länsstyrelsen i Västra Götalands län, 2011). The west coast of Sweden experiences
the most days with extreme precipitation relative to the average of Sweden, which
is defined as days with at least 20 mm of rain. The region experiences extreme
precipitation 6-8 days a year, compared to other parts of Sweden that average 2-4
days a year. Days with extreme rainfall are predicted to double on the west coast in
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2. Background

the RCP8.5 scenario, while the RCP4.5 scenario shows an increase close to doubling
(SMHI, 2025). Historically, the 30-year mean annual precipitation in Gothenburg
has already increased from 758 mm (1961-1990) to 912 mm (1991-2020) (SMHI,
2024).

There will be changes not only in the amount of precipitation, but also in the
seasonal distribution (Länsstyrelsen i Västra Götalands län, 2011). The greatest
increase will occur during the winter months with the RCP8.5 scenario indicating
an increase of up to 40% by the end of the century. Summers are also likely to
face a higher risk of drought, despite the overall increase in annual precipitation.
This leads to a seasonal mismatch with wetter winters and drier summers, where
pollutants are allowed to build up on hard surfaces and be quickly washed away by
intense precipitation.

Intense rainfall refers to a large volume of precipitation during a short period of
time, the exact definition being 50 mm in one hour or 1 mm in one minute (SMHI,
2025). Since intense rainfall events occur over a short time frame, it is also of interest
to estimate how often they occur. A common example is 100-year rain, or 100-year
storm as it is more commonly referred to, which is a term used to describe a certain
extreme precipitation event with the probability of occurring once every 100 years.
Intense rainfalls are expected to increase in intensity by approximately 10% by 2040,
regardless of the RCP scenario. Looking further into the future, the intensity is ex-
pected to increase by 20-40% for the RCP4.5 and RCP8.5 respectively. Although
there are no exact quantified changes in the frequency of extreme rainfall events, the
increase in rainfall intensity indicates a higher likelihood of extreme precipitation
(Länsstyrelsen i Västra Götalands län, 2011). Similarly, as precipitation increases,
lighter precipitation is projected to decrease. The current stormwater infrastructure
in Gothenburg is built to accommodate current precipitation and, therefore, might
lack the increased capacity needed to manage future changes in precipitation char-
acteristics. This insufficiency could lead to increased pollution if the infrastructure
is not adapted.

2.3 Combined sewer overflow
Water management in cities can be handled in two different ways: combined sewer
systems or separate sanitary sewer systems (United States Environmental Protection
Agency [USEPA], 2025a). Separate systems are when wastewater and stormwater
flow through separate pipes, while in the combined system they flow through the
same pipe. A substantial share of the Gothenburg sewer system is in the form
of combined sewer systems (Miljöförvaltningen, 2025a). Extreme rainfall puts in-
creased pressure on a city’s sewer system when large pulse volumes of water exceed
the capacity of existing infrastructure (USEPA, 2025a). In combined sewer systems,
this can cause overflow in basement floor drains, storm drains, or at the WWTP. To
prevent this, untreated waste and stormwater is allowed to escape through combined
sewer overflow systems (CSOs).
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2. Background

During extreme weather events, sewer systems might exceed their maximum capac-
ity; such an event recently occurred when the storm Hans entered Gothenburg in
August 2023 (SVT Nyheter, 2023). Between August 7th and 9th, the total rainfall
exceeded 80 mm with a peak of 55 mm on the 8th of August alone. This event
resulted in infrastructure disruptions, including closed roads and an overflow of the
Göta river. As a safety measure to prevent untreated sewage water from contami-
nating the supply, the raw water intake was temporarily closed. This is a standard
procedure during high water flows to ensure drinking water safety. The flow of
water caused extensive overflows within the combined sewer system, marking the
highest recorded flow levels in Gothenburg in a decade (Kretslopp och vattennämn-
den, 2024). Although there are no exact values of the wastewater volumes released
during this event, throughout 2023, untreated wastewater released into Göta älv
through overflow events accounted for 0.56 % of the total wastewater volume, cor-
responding to approximately 630,000 m3.

2.4 Urban stormwater pollution
Run-off from urban areas is considered to be one of the primary sources of accumu-
lated pollutants in the urban environment (Gao et al., 2023). It includes emissions
from several sources but can collectively be described as anthropogenic emissions
deposited on impermeable surfaces that are transported to a recipient through sus-
pension in storm water. The issue has grown substantially in the post World War II
era due to a rapid global urbanization, increasing both the amount of impermeable
surfaces and pollutant emissions in urbanized areas.

2.4.1 Sources
Müller et al. (2020) defines the sources of urban run-off in three distinct cate-
gories; atmospheric deposition, drainage surfaces, and anthropogenic activities. At-
mospheric deposition is substances suspended in the atmosphere that are deposited
either through wet deposition from precipitation or dry deposition. The source
is problematic in part due to its magnitude but also because of its broad origins.
Drainage surfaces are particles that are offset from a variety of impermeable sur-
faces in the built environment such as roads, paved surfaces, roofs, facades, and
other building surfaces, and other structural surfaces such as lamps and barriers.
Anthropogenic activities is a collection of anthropogenic emissions originating from
human activities, for example, emissions from combustion engines, vehicle wear,
industry, construction, and road abrasion.

2.4.2 Pollutants
There are many different pollutants originating from run-off in urban environments
that could cause harm to aquatic ecosystems; however, there are some that are
more harmful and abundant than others regardless of location (Gao et al., 2023).
Aryal et al. (2010) divide the most common pollutants into four categories; nutri-
ents, heavy metals, polycyclic aromatic hydrocarbons (PAHs), and total suspended
solids (TSS). Nutrients mainly include nitrogen and phosphorus originating in the
leaching of chemical fertilizers from lawns and gardens and the emissions of un-
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2. Background

treated wastewater (Aryal et al., 2010). Heavy metals are harmful metals released
mainly from the deterioration of vehicles, metal roofs, coatings, exhaust emissions,
and leaching from vehicles. These include; copper (Cu), lead (Pb), cadmium (Cd),
chromium (Cr), zinc (Zn), arsenic (As), and nickel (Ni). PAHs are a collection
term used to describe a group of organic compounds formed through incomplete
combustion of organic materials, commonly from fuel in combustion engines and
industrial activity, or directly through oil spills (Honda & Suzuki, 2020). TSS is
a measurement of the amount of particulate matter suspended in water (Montoya
et al., 2024). There are many anthropogenic sources of TSS in the environment,
including industrial activity, agriculture, shipping, and construction. However, nat-
ural processes such as changes in climate and weather patterns can also influence
the TSS.

2.4.3 Status: catchment SÄ
As described in section 2.1, the catchment SÄ is classified as heavily modified
(Miljöförvaltningen 2025b). The nutrient status is classified as within the target val-
ues with low nitrogen pollution (Länsstyrelsen, 2023a). Although phosphorus levels
in the catchment exceed established target values, it is deemed to have little or no
risk of hazardous eutrophication. However, Länsstyrelsen (2023a) has classified the
chemical status as unsatisfactory, mainly because some ecotoxic substances exceed
target values and are thus prioritized in the proposed mitigating efforts. These sub-
stances include polybrominated diphenyl ether (PBDE), mercury and its derivatives
(Hg), the PFAS-compound perfluorooctanesulfonic acid and its derivatives (PFOS)
and tributyltin derivatives (TBT). Several substances have been identified in con-
centrations close to exceeding hazardous or target values but are classified as unsure
due to uncertainties or lack of measured data.

2.4.4 The first-flush effect
Most of the pollutants discharged during an intense precipitation event are flushed
away in the early stages of precipitation, resulting in a pulse of highly polluted
stormwater entering the recipient. This is known as the first-flush phenomenon and
makes the first pulse of stormwater flows critical to the overall polluting effect of an
intense precipitation event. The issue is made worse by the increasing duration and
intensity of precipitation and dry-periods as a result of climate change (Directive
of the European Parliament and of the Council 2024/3019; Gao et al., 2023). The
extended dry-periods cause an increased accumulation of anthropogenic pollutants,
after which a subsequent intense precipitation event flushes away the accumulated
pollutants to a recipient.

2.4.5 Principles of stormwater run-off
Stormwater run-off is determined by rain intensity, the size of the catchment area,
and the run-off coefficient (Svenskt Vatten, 2016). Urbanization changes the balance
between these three factors. As seen in Svenskt Vatten (2016), converting a natural
surface to a parking lot without water detention can result in a tenfold increase in
run-off. This demonstrates the importance of considering run-off in the early stages
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of urban planning.

The run-off coefficient is not a static value and changes with seasonal conditions
and soil saturation. During longer precipitation periods, there is the possibility that
the pores of the soil on a given surface become fully saturated with water, leading
to an increased run-off coefficient as the infiltration capacity of the soil is lost. The
effect is most noticeable in the autumn when trees and vegetation go dormant and
in the winter when frost makes the ground impermeable. Therefore, the choice
of infrastructure plays an important role in stormwater management. Traditional
underground pipes are limited to a fixed capacity, whereas open ditches can handle
huge amounts of water during extreme weather events.

2.5 Water management guidelines
The water pollution resulting from human activity in urban environments in Sweden
is regulated and enforced at several levels of the political hierarchy. The current reg-
ulations, the Water Directive Framework, was first signed into law by the European
parliament in 2000 and was comprised of laws and directives that were mandatory
for all member states of the European union (EU) to comply with (Directive of the
European Parliament and of the Council 2000/60/EC (DEPC 2000/60/EC)). The
framework has since been reworked, for example in in 2014. The directive man-
dates that all water-bodies within the territorial boundaries of the EU should be
restored to and remain in what it defines as a "good status" (DEPC 2000/60/EC).
This means that all forms of groundwater, surface water, inland water, and transition
zones should be protected. Furthermore, it requires that the ecosystems surrounding
these water-bodies be restored, pollution decreased, and monitoring of the sustain-
ability of certain independent companies water usage.

Enforcement in member states is done differently depending on the governmental
structure of the country in question. In Sweden, it is done in part by a direct ap-
plication of the WDF but is also expanded on through the Swedish environmental
code (SFS 1998:808). The environmental code regulating environmental status in
water-bodies is translated into environmental quality standards (Sw. miljökvalitet-
snormer) which regulate the presence of pollutants. The compliance monitoring of
the environmental quality standards in Sweden is carried out by municipal organi-
zations in each municipality who report their work and findings to their respective
county administrative board (SFS 1998:808). The municipal organization monitor-
ing and improving water quality, sewer systems, and stormwater pollution in the
Gothenburg municipality is the environmental administration (Sw. Miljöförvalt-
ningen) and the waste and water management administration (Sw. Kretslopp och
vatten) (Göteborgs Stad, n.d.b; Göteborgs Stad, n.d.c).

2.5.1 Stormwater management in Gothenburg
The management of waste and stormwater in the city of Gothenburg consists of 2,476
km of underground pipes of which 871 km are stormwater pipes, 1,106 km sewage
pipes and 499 km combined pipes (Göteborgs Stad, n.d.a). Stormwater pipes collect
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water from hard surfaces, such as roads or roofs, and guide it in many cases unpro-
cessed to the river, while the sewage and combined pipes are directed to a 124 km
long rock tunnel that directs the sewage water to Ryaverket WWTP. As described
in section 2.5, the waste and water management and the environmental administra-
tions are entrusted with the task of keeping the presence of substances harmful to
humans and the environment within established target values to ensure the security
of drinking water sources and aquatic ecosystems (Göteborgs Stad, n.d.b; Göte-
borgs Stad, n.d.c). The organizations measure and report the concentrations of
several substances to their governing body, the regional court (Sw. Länsstyrelsen)
(Länsstyrelsen, 2023a). However, following incidents of intense precipitation and
thus large stormwater emissions, some particularly harmful substances are routinely
measured (Miljöförvaltningen, 2020). Among them are those discussed in section
2.4.2, but also PFOS (or other perfluoroalkyl substances, PFAS), tributyltin, methyl
tert-butyl ether, polychlorinated biphenyls, trichloroethylene, and benzene. Re-
cently, microplastics and their effects have been proposed as an addition to the list.

Westergren et al. (2015) state that the most effective approach for stormwater man-
agement is multi-functionality. Since extreme rainfall events are rare, urban spaces
should be used for more than water management. However, the soil properties of
Gothenburg reduce the efficiency of certain mitigation options. This is due to the
high clay content of the majority of the city’s soil, with a limited capacity for water
retention, making infiltration to groundwater less effective. Westergren et al. (2015)
argue that infiltration should be the main priority both in terms of raingardens and
drainage pipes in places where infiltration is efficient. In places where infiltration
is not as efficient, modified raingardens with retention ponds and outlets could be
implemented to prevent rapid flooding. In general, open green spaces are important
in urban environments as they can manage average daily runoff while providing the
additional capacity needed to store and transport water during extreme events.

The municipality of Gothenburg has developed a framework to manage the 100 year
storm precipitation events (Göteborgs Stad, 2021). Its main purpose is to construct
measures that transport water safely through the city, as existing sewer systems
do not have the capacity to handle these volumes. To achieve this, several streets
and surfaces have been identified in which large flows of stormwater accumulate
during extreme precipitation events. These streets and surfaces are referred to as
cloudburst arteries. When a street is determined to be a cloudburst artery, it must
be modified to properly manage large stormwater flows. This may include lowering
the street to remove water from houses or installing large culverts beneath the road
(Göteborgs Stad, 2021). The cloudburst surfaces follow the same principle of being
lower than the surrounding area and are often built with the ambition of achieving
multi-functionality, meaning it could be built as a park or parking place. Such
multi-functional mitigation strategies are closely aligned with bioretention cells.

2.5.2 Bioretention cells and retention ponds
Bioretention cells, also known as raingardens or bioinfiltration systems, have become
more frequently used to manage stormwater during the 21st century (Davis et al.,
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2009). The concept is to design the system to mimic nature by letting the water
infiltrate, transpire, or evaporate locally rather than being transported away in tra-
ditional pipes. The technical components of the bioretention cell consist of several
layers. The first is a pooling area, essentially a plot of land that is lower than the
surrounding area that can store water during storm events. Pre-treatment often
consists of grass and vegetation to lower the flow velocity and erosion. Below the
pooling area, there is a mulch layer that has an environment suitable for microor-
ganisms that can degrade hydrocarbons and organic substances. The largest layer
is a filter consisting of various types of sand, clay, and organic materials. This cell
not only treats water but also reduces the total volume of untreated runoff reaching
the recipient.

Since bioretention cells can be built and operated in different ways, predicting the
exact removal of specific substances remains a challenge. For metal removal, an im-
portant factor is the addition of biochar to the filter which increases the pH value,
thereby enhancing the adsorption of metals in the filter (Nazarpour et al., 2023).
Metals already bound to particles are primarily removed by sedimentation and fil-
tration in the cell. Nazarpour et al. (2023) shows that for metals such as copper,
zinc, and lead, a well-constructed bioretention cell can achieve up to 90% removal
efficiency from stormwater before reaching the recipient.

Retention ponds are lowered sections of land within the urban landscape that are
empty or partially filled with water depending on the conditions of the specific
area (Istenic et al., 2012). The remaining capacity is reserved for precipitation
events where it can delay and partially clean stormwater. The volume of the pond
is adapted to accommodate different volumes of precipitation. The pond cleans
stormwater through a combination of sedimentation and filtration by letting the
pond fill with stormwater and slowly letting it flow out, increasing the retention
time of the water, thereby allowing metal particles to settle. A filter can be installed
in the outlet pipe to allow cleaning of other pollutants such as dissolved metals or
hydrocarbons. Retention ponds are most efficient if built where large stormwater
flows occur and can easily be adapted to fit existing infrastructure. Common imple-
mentations are in the form of green areas or parks that can be great for biodiversity
and provide visual and recreational addition to neighborhoods.
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3 Method
This chapter presents the method used in the thesis, explaining how risk was assessed
in catchment SÄ. The chapter begins with a short introduction to the concept of
environmental risk assessment (ERA) followed by hazard identification, exposure
assessment, effect assessment, and risk characterization. The chapter concludes with
a quantitative assessment of the effect of the proposed mitigation option bioretention
cells.

3.1 Environmental risk assessment
ERA is a broad term that can be divided into subcategories, such as human health,
ecological, and applied industrial risk assessment, which all have their own respec-
tive subcategories (Mead & Williams, 1998). This report focuses on chemical risk
assessment. The chemical risk assessment methodology can be divided into two
main parts, risk assessment and risk management, both having four distinct steps
(figure 3.1) (van Leeuwen & Vermeire, 2007). Risk management is often seen as
a normative part, where the focus is on taking measures based on the assessment,
while risk assessments are scientific, providing quantitative assessments of the risk.
This study involves a quantitative risk assessment to determine if risk is present in
the studied system. Thus, the following sections will outline and explain how the
assessment was performed according to the steps in 3.1.

Figure 3.1: Illustration of the environmental risk assessment methodology devel-
oped by van Leeuwen and Vermeire (2007), created by the authors.

3.2 Hazard identification
Hazard identification involves identifying and describing the capacity of a substance
to cause adverse effects in a given environmental compartment (van Leeuwen & Ver-
meire, 2007). It includes what type of harm a given substance could inflict on one
or a larger group of organisms, for example, through toxic effects. It can be based
on several different sources of data, such as toxicity studies, animal experiments,
and accidental emissions of substances. Hazard identification may also include how

11



3. Method

a chemical behaves in an organism and interacts with organs, cells, or DNA. This
study was performed with the Göta älv river as its target recipient; therefore, the
selected pollutants were assessed based on their potential toxic effects on aquatic
organisms in the river. Furthermore, the river was treated as a closed environ-
mental compartment, which means that no consideration was taken of the possible
amplification of pollutant concentrations along the food chain.

3.2.1 Selection of pollutants
The selection of pollutants was made based on three factors: the scientific literature
on stormwater pollution outlined in chapter 2, the list of prioritized substances
compiled by the Environmental Administration of the Gothenburg municipality
(Miljöförvaltningen, 2020), and data availability. The main categories of pollutants
found in stormwater run-off in urban environments are similar regardless of geo-
graphical location, often related to building materials and vehicle traffic (Müller et
al., 2020). This includes heavy metals, nutrients, polycyclic aromatic hydrocarbons,
and total suspended solids.

However, there are preconditions, such as industrial activities and previous pollu-
tant emissions, that should be taken into account when assessing local stormwater
pollution. The riverbanks of the Göta älv river at catchment SÄ consist of a mix
of industrial and non-industrial structures, but have historically been the location
of both industrial and shipping operations (Miljöförvaltningen, 2025b). Taking into
account these local conditions, highly ecotoxic substances such as tributyltin (pre-
viously used in boat-hull paint) should be considered. The selected substances can
be found in table 3.1 and are further described below.

Table 3.1: Selected substances and their respective acronyms.

Heavy metals Acronym Organic substances Acronym
Copper Cu Perfluorooctanesulfonic acid PFOS
Zinc Zn Tributyltin TBT
Chromium Cr Benzene BZ
Arsenic As Benzo[a]pyrene BaP
Lead Pb Trichloroethylene TcE
Cadmium Cd
Mercury Hg
Nickel Ni

Perfluoroalkyl substances (PFAS) were first developed in the 1930s and were used
in a plethora of products and industries. Its use has decreased rapidly from the
beginning of the 2000s due to rising environmental concerns (Ma et al., 2022). The
key characteristic of PFAS is the strong carbon-fluoride bonds, which make them
resistant to degradation, making them highly bioaccumulative and earning them the
nickname, "forever chemical". Ma et al. (2022) describes that perfluorooctanesul-
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fonic acid (PFOS) is one of the most commonly studied PFAS, mostly due to its
toxic effects on living organisms, high persistence, and transportability. The toxico-
logical effects of PFOS on aquatic organisms include cellular damage, reproductive,
neuro, and genetic toxicity.

Du et al. (2013) describes tributyltin (TBT) as a synthetic organotin compound
widely used in antifouling paints on boat hulls until it was globally phased out dur-
ing the early 2000s due to its high toxicity. TBT has a half-life of up to 3 years
in anaerobic conditions, which means that contaminated soil can continuously leach
TBT even after its use has been limited (Du et al., 2013). Its high toxicity at con-
centrations as low as 1ng

l
makes this especially relevant for harbors and shipyards

such as Gothenburg (Du et al., 2013). The toxic effect of TBT on aquatic organisms
includes endocrine disruption, immunotoxicity, and metabolic stress (Hoch, 2001).

Benzo[a]pyrene is a commonly used benchmark substance for the larger umbrella
term polycyclic aromatic hydrocarbons, a collective term used to describe a group
of organic compounds formed indirectly in the environment by incomplete combus-
tion of organic materials, commonly from fuel in combustion engines and industrial
activity, or directly through oil spills (Honda & Suzuki, 2020). Benzo[a]pyrene is
a carcinogen with high environmental toxicity found in cigarette smoke and auto-
mobile exhaust. Honda and Suzuki (2020) determine the ecotoxicological effects of
PAHs as developmental toxicity, oxidative stress, endocrine disruption genotoxicity,
and immunotoxicity. Like heavy metals, although not as strong, many PAHs are
bioaccumulating, furthering their ecotoxicological properties.

Heavy metals are harmful metals released mainly from the deterioration of vehicles,
metal roofs, coatings, exhaust emissions, and leaching from vehicles. These include;
copper, lead, cadmium, chromium, zinc, arsenic, and nickel. As described by Ali et
al. (2019), exposure to heavy metals in aquatic ecosystems is known to cause severe
neurotoxic effects on most fish species, with the most significant effects including
growth deformities, inhibited reproductive capabilities, and acute toxic responses.
Heavy metals possesses strong bioaccumulating properties which means that small
flows can become problematic over time.

Trichloroethylene is a chlorinated aliphatic hydrocarbon and is a highly volatile
and toxic compound (Canadian Council of Ministers of the Environment (CCME),
1999). Trichloroethylene was widely used throughout the world in the post world war
2 era in a multitude of applications (Houde et al., 2015). It has since been heav-
ily restricted as a result of its carcinogenic properties but is still commonly used
as a metal de-greaser, dry cleaning agent, and textile manufacturing. Emissions
of trichloroethylene to the environment can occur through leaching from landfills,
industrial discharges, and atmospheric deposition. The ecotoxicological effects of
trichloroethylene on freshwater organisms include gill swelling, narcosis, growth de-
ficiencies, and acute toxic responses (CCME, 1999).

Benzene is a cyclic hydrocarbon commonly used in the chemical and pharmaceutical
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industry as a synthetic intermediate and solvent and as an anti knocking agent in
gasoline (Kuykendall, 2008). Benzene is emitted into the environment primarily
through exhaust emissions from automobiles and industrial activities. The substance
generally enters the environment through accidental spills or snow and rainwater but
volatilizes quickly when suspended in surface water. The ecotoxicological effects of
benzene are growth and reproductive deficiencies (Xu, 2020).

3.3 Exposure assessment
Exposure assessment investigates to what extent humans and environmental com-
partments are exposed (van Leeuwen & Vermeire, 2007). This step involves deter-
mining the source of the emissions, through which paths the substance travels, and
how exposure occurs. The exposure assessment includes the frequency, magnitude,
and duration of exposure and attempts to distinguish the exposed population or
ecosystem. To quantify the exposure, measured data, models or a combination of
both is used, and since uncertainties are high, the need for transparency and uncer-
tainty analysis is especially important. The primary goal of an exposure assessment
is to derive the predicted environmental concentration (PEC).

3.3.1 Release assessment
The modeling of stormwater flows was conducted through the creation of a mixing
model based on a subdivision of stormwater pollution flows within the catchment
area of SÄ. The stormwater flows used in the modeling were based on both mea-
sured data collected from the scientific literature and organizational data from the
Gothenburg municipality and calculated flows. This section provides an in-depth de-
scription of how the modeling was performed. The pollution flows to catchment SÄ
originating in stormwater pollution were subdivided into seven flows: (i) Upstream
flows from the Göta älv river, its tributaries; (ii) Säveån, (iii) Mölndalsån, and
(iv) Kvillebäcken, (v) Ryaverket WWTP, (vi) CSOs, and (vii) stormwater run-off,
visualized in figure 3.2.
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Figure 3.2: Map of emission sources, measurement points, borders of sedimentation
areas, and land-use types for the catchment area SÄ created by the authors in
QGIS (2026). Data gathered from SMHI (2022), Lantmäteriet (n.d.a; n.d.b), and
Länsstyrelsen i Västra Götaland län (2018).

The upstream flows come from the Göta älv river and three smaller rivers; Säveån,
Kvillebäcken, and Mölndalsån, all joining Göta älv in the catchment. Ryaverket
WWTP located on the banks of the Göta älv river on the western border of the
catchment causes continuous pollutant flows through the outlet of semi-treated
storm and wastewater (Gryaab, 2025). CSOs have caused several pulse emissions
through untreated stormwater released to the catchment during intense precipitation
events (Miljöförvaltningen 2025a; J. Brunsten, personal communication, February
4, 2026). Emissions caused by stormwater discharge emitted at several discharge
points located on the riverbanks adjacent to the catchment were also identified
(Miljöförvaltningen, 2025b).
3.3.1.1 Stormwater run-off
Quantification of pollutant flows from stormwater run-off within the catchment area
of catchment SÄ was performed by combining geo-spatial data rendering in QGIS
with pollution data from the StormTac Database (2026). The study area was defined
by the catchment area SÄ, defined by SMHI (2022). Land use and road network
data was collected from Lantmäteriet (n.d.a; n.d.b). The datasets were compiled in
the map visualized in figure 3.3.
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Figure 3.3: Map of roads and land-use types in catchment area SÄ, created by
the authors in QGIS (2026). Data gathered from SMHI (2022) and Lantmäteriet
(n.d.a; n.d.b).

The datasets containing geo-spatial data from Lantmäteriet (n.d.a; n.d.b) were
adapted to fit the catchment area from SMHI (2022) to allow calculation of the
total area per land-use type. Since the land use data were polygons, the area could
be calculated directly in QGIS. The road network consisted of lines that made the
layer unable to calculate properties other than length. Therefore, an approximation
was made of the width of each road type, which could then be multiplied by the
total length, resulting in an approximation of the area of each road type (table 3.2).

The expressways were modeled with two driving lanes in each direction, each 3.5 me-
ters wide and a shoulder width of two meters. Following the standards of Trafikver-
ket (2024), a total width of 20 meters was used for area calculations. This cate-
gory consisted primarily of the E45 expressway and has the highest traffic intensity
with an annual average daily traffic exceeding 45000 vehicles (Trafikverket, 2025).
The primary roads in Gothenburg vary in design, but according to Göteborgs Stad
(2017), the majority have two lanes in each direction with a width of 3.5 meters
per lane. As these roads typically lack shoulders in the urban environment, a total
width of 15 meters was used for the calculations. The traffic flow for this category
has an annual average daily traffic of more than 6000 vehicles. Local streets are also
highly variable, and their designs often depend on speed limits. To account for this
variability, the total width of roads was chosen to be a one lane street with parking
on one side, resulting in a total width of 10 meters (Göteborgs Stad, 2017). These
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streets are estimated to have an average annual daily traffic of about 3500 vehicles.
The data used for calculation on road-dimensions is shown in appendix A2.

Table 3.2: Area (A) per land-use type (i) in catchment SÄ, created by the authors
in QGIS (2026). Data gathered from SMHI (2022), Lantmäteriet (n.d.a).

Land-Use Type Ai [ha] Road Type Ai [ha]
Urban High Density 287.24 Expressway 51.87
Industrial 205.32 Expressway Tunnel 13.48
Urban Low Density 183.25 Primary Road 295.53
Block Urban 144.76 Primary Road HT 8.07
Forest Coniferous 237.41 Primary Road LHT 2.34
Forest Deciduous 0.80 Local street 7.88
Water Inland 225.70
Open Land 402.27
Paved Open Space 3.32

The stormwater precipitation run-off flows were calculated by multiplying the annual
mean precipitation in the Gothenburg region and the run-off coefficients and areas
of each land-use type within catchment SÄ, as shown in equation 3.1. The run-off
coefficients represent the fraction of precipitation that reaches the river as surface
run-off and were assumed to be constant throughout the year. These coefficients
were provided by Larm (2000) and take into consideration the losses of water from
infiltration and evaporation. The values can be found in table 3.3.

Table 3.3: Run-off coefficients (φi) assigned to land-use categories based on Larm
(2000, Table 7.2).

Land-Use Category φi [-]
Asphalt surface (no traffic) 0.85
Road 0.85
Downtown 0.70
Industrial 0.60
Residential (multi-family) 0.45
Residential (single houses) 0.25
Forest 0.10
Grass 0.18
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Qrun,i = 10 · P · φi · Ai (3.1)

Where:
Qrun,i : annual run-off flow per land-use type i [ m3

year
]

Ai : surface area per land-use type i [ha]
P : mean annual precipitation [ mm

year
]

φi : run-off coefficient per land-use type i [-]

According to Larm (2005), the traditional urban drainage systems are primarily a
transport system for excess water to prevent flooding. Consequently, no significant
treatment occurs for fine particles and the only barrier in a standard system is a pot
with a sand trap. A sand trap is located at the base of a manhole and is designed
to capture large materials such as gravel. The removal efficiency for heavy metals
and hazardous substances in these sand traps is between 0-10%. This indicates that
water is transported almost untreated to the Göta älv river and that the removal
efficiency could be set at the mean value of 5% and was calculated using equation
3.2.

Crun,i,m = (1 − RE) · Crun,i,m (3.2)

Where:
RE : removal efficiency of 5% [-]

Crun,i,m : standard pollutant concentration for stormwater per land-use type i and
pollutant m [µg

l
]

Also taken into consideration was the baseflow of water (Larm, 2000). Baseflow
is defined as the flow of water that occurs in both dry and wet weather and is
derived from drainage and natural groundwater. Essentially, the precipitation on
a given surface that does not evaporate nor is carried away as run-off. Instead, it
infiltrates the surface on which it precipitates, of which a fraction eventually reaches
a recipient, such as rivers or lakes. The calculation of the baseflow was made using
the framework developed by Arwidsson (2011) and was expressed using equation
3.3.

Qbase,i = 10 · P · Kx · Kinf,i · Ai (3.3)

Where:
Qbase,i : annual baseflow per land-use type i [ m3

year
]

P : mean annual precipitation [ mm
year

]
Kinf,i : infiltrated fraction of yearly precipitation per land-use type i [-]

Kx : fraction of Kinf reaching baseflow [-]
Ai : surface area per land-use type i [m2]

The infiltrated fraction of the yearly precipitation, Kinf,i in equation 3.3, is based
on the evapotranspiration intensity of the specific climate and surface on which
precipitation occurs. The amount of precipitated water that evaporates and was
calculated using equation 3.4.
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Kinf,i = P − (P · φi) − Ei

P
(3.4)

Where:
P : mean annual precipitation [ mm

year
]

φi : run-off coefficient per land-use type i [-]
Ei : evapotranspiration intensity per land-use type i [ m3

year
]

φi ≤ 0.9 : Ei = 1000 · (0.50 − 0.55φ) [ mm
year

]
φi > 0.9 : Ei = 0 [ mm

year
]

φforest : Eforest = 445 [ mm
year

]

Based on Larm (2000), the total annual mass flow from stormwater run-off was cal-
culated using equation 3.5, combining the annual storm and baseflows with their cor-
responding pollutant concentrations gathered from the StormTac Database (2026),
shown in appendix A6 and A7. The data consisted of estimates of standard pollu-
tant concentrations, which can be defined as typical pollution concentrations for a
specific land-use type and region.

Φrun,base,m =
∑

Qrun,i · Crun,i,m +
∑

Qbase,i · Cbase,i,m (3.5)

Where:
Φrun,base,m : total pollutant mass flow of run-off and baseflow per pollutant m [ µg

year
]

Qrun,i : annual run-off flow per land-use type i [ m3

year
]

Crun,i,m : standard pollutant concentration for run-off water per land-use type i and
pollutant m [µg

l
]

Qbase,i : annual baseflow per land-use type i [ m3

year
]

Cbase,i,m : standard pollutant concentration for infiltrated water per land-use type i
and pollutant m [ µg

year
]

3.3.1.2 Other inflows
Flows from CSOs, Ryaverket WWTP, and the rivers Säveån, Mölndalsån and Kville-
bäcken (3.2) were calculated using data on measured concentration (MEC) val-
ues (Länsstyrelsen, 2023b-e; Gryaab, 2025; J. Brunsten, personal communication,
February 4, 2026) and mean annual discharge rates (Miljöförvaltningen, 2025c-d;
Exploateringsförvaltningen, 2025; Gryaab, 2025; J. Brunsten, personal communi-
cation, February 4, 2026). The basic calculation principle shown in equation 3.6
was implemented directly for flows with MEC values taken from their respective
discharge points to catchment SÄ, see appendix A1.

Φj,m = Qj · Cj,m (3.6)

Where:
Φj,m : total annual pollutant mass flow per measured flow j and pollutant m [ µg

year
]

Qj : annual flow per measured flow j [ m3

year
]

Cj,m : pollutant concentration per measured flow j and pollutant m [µg
l

]
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Unlike Säveån, Mölndalsån, Kvillebäcken, CSOs, and Ryaverket WWTP, the MEC
values for the upstream flow from Göta älv could not be found at its discharge point
in catchment SÄ. Therefore, data gathered near the intake point for drinking water
in Alelyckan, located 4.8km north of catchment SÄ was used (Miljöförvaltningen,
2025b; Länsstyrelsen, 2023e) (3.2). Due to the relationship between aquatic reten-
tion time and environmental fate processes such as sedimentation and degradation,
it was assumed that the transportation of pollutants from Alelyckan to catchment
SÄ imposed a reduction in concentration. Therefore, it was determined that its flow
should be treated as part of the fate modeling to fully account for potential losses.

Measured concentrations expressed as µg
l

could be found for all flows and pollutants
except Hg, whose concentration is most often given as µg

kg
ww (ww = wet, weight) in

the tissue or organs of fish. These had to be converted to µg
l

using Bio Concentration
Factors (BCF), a factor that describes the relationship between the accumulated
concentration in fish and the surrounding water. The BCF for mercury in freshwater
environments used in the study was 5.81 (Baeyens et al., 2003). The relationship
can be expressed according to equation 3.7.

Cwater,j,m = Cfish,j,m

BCFj

(3.7)

Where:

BCFm : bio concentration factor per pollutant m [ l
kg

]

Cfish,j,m : pollutant concentration (wet weight) in fish per measured flow j and pollu-
tant m [µg

kg
]

Cwater,j,m : pollutant concentration in water per measured flow j and pollutant m [µg
l

]

3.3.2 Fate modeling
The geo-referenced regional exposure assessment tool for European rivers (GREAT-
ER) is a software designed to predict the concentrations of chemicals in surface
waters (Koormann, 2011). The model uses mathematical models integrated with
GIS to compute the predicted environmental concentration values. The river is
represented as segments and nodes where the segments are physical stretches where
the chemical fate processes biodegradation, volatilization, and sedimentation, are
assumed to occur. The nodes represent physical locations where disruptions or
changes, such as a discharge point or the confluence of two rivers, affect the flow of
pollutants. This division was made in order to calculate the mass balances of the
substances as they flow downstream. The conceptual model used for the calculations
on catchment SÄ is shown in figure 3.4.
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3. Method

Figure 3.4: Model visualizing the conceptual partitioning of segments, emission-
sources and points of interest used for calculations in the fate-modeling, created by
the authors. Q = inflow, RS = river segment, EP = endpoint. S,a-Ä = points of
interest in the river where concentrations are calculated.

The discharge points were calculated as point sources, as depicted in figure 3.2, al-
though the discharge of stormwater and CSO occurs from several points along the
river banks of catchment SÄ. Data limitations on discharge volumes from specific
discharge points inhibited reliable modeling; therefore, the study used a simplified
approach where the total volumes of stormwater and CSO discharge were treated
as point sources. Assuming constant first order removal rates along the catchment,
the sources were modeled as being located in the middle of catchment SÄ as a way
of approximating accurate removal throughout the catchment.

In this study, the documentation and model descriptions of the GREAT-ER model
were used as inspiration to perform the fate modeling of pollutants in catchment
SÄ. Specifically, the principles of first order elimination rates were adopted. Even
though the original software was not used due to compatibility issues with new
operating systems, its logic for mass flow and first order elimination provided the
base for the fate modeling. The unchanged expression used for calculations of the
chemical removal rate constant, defined in GREAT-ER is shown in equation 3.8.

km = kdeg,m + fs,m · ksed,m + fd,m · kvol,m (3.8)

Where:
km : total first-order elimination rate constant of pollutant m [h−1]

kdeg,m : first-order degradation rate constant of pollutant m [h−1]
fs,m : sorbed fraction of pollutant m [-]

ksed,m : first-order sedimentation rate constant of pollutant m [h−1]
fd,m : dissolved fraction of pollutant m [-]

kvol,m : first-order volatilization rate constant of pollutant m [h−1]
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According to Göransson et al. (2013), the sedimentation rate in the Göta älv river
is negligible under normal conditions. The reason is primarily its high turbulence,
which provides strong vertical mixing, thus preventing particles from settling. An-
other preventing factor is the high clay content of the total suspended solids of
the river, which are lighter and smaller than other particles and therefore remain
suspended throughout the catchment. Based on this, it was assumed that sedimen-
tation was negligible as a removal process, giving ksed the value 0 for all substances
assessed in the study.

The first order degradation rate constants were derived from degradation half-life
values for each substance in freshwater river aquatic environments gathered from
the PubChem chemical database (National Center for Biotechnology Information
(NCBI), 2026). However, most of the substances assessed in the study were found
to degrade very slowly or not degrade at all when suspended in freshwater. Thus,
the substances relevant for degradation were PFOS, tributyltin, and benzo[a]pyrene.
The constants were calculated using the standard formulation of first order degra-
dation found in the GREAT-ER manual as can be seen in equation 3.9 (Koormann,
2011).

kdeg,m = ln(2)
t1/2,m

(3.9)

Where:
kdeg,m : first-order degradation rate constant of pollutant m [h−1].
t1/2,m : degradation half-life of pollutant m [h].

According to Thomas (1990, as cited in USEPA, 2025b), a substance’s Henry’s law
constant is used as the determining factor for whether the substance is volatile from
the surface of a river. Substances with a Henry’s law constant below the threshold
value of H < 10−7atm · m3/mol are classified as essentially nonvolatile. Substances
with a value below this threshold evaporate slower than water and therefore no
volatilization is assumed in rivers or lakes (kvol = 0). In this study, substances with
a Henry’s law constant near the 10−7 threshold were also set to kvol = 0. This is
justified by the short river section of only 7 km and the high water flow velocity.
The hydraulic residence time within this section is thus too short for any meaningful
volatilization to occur even for substances slightly above the threshold.

Therefore, trichloroethylene and benzene were identified as the only two substances
relevant for further calculations regarding volatilization. United states geological
survey (USGS) (1998) derived the volatilization constant kvol using the reaeration
coefficient of the river k2, shown in equation 3.10 and 3.11. k2 reflects the hy-
draulic characteristics of the Göta älv river, specifically the depth and velocity. The
reaeration rate was weighted with a substance specific value, using the liquid-film
coefficient ratios Θ. This accounts for the molecular differences between oxygen and
benzene or trichloroethylene. Data of river properties can be seen in appendix A4
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and A5.

kvol,m = k2 · Θm

24 (3.10)

k2 = 3.93 · U0.5
n · Y −1.5

n (3.11)

Where:
kvol,m : first-order volatilization rate constant of pollutant m [h−1]

k2 : reaeration coefficient [day−1]
Un : average flow velocity in segment n [m

s
]

Yn : average depth in segment n [m]
Θm : water-film reference-substance parameter of pollutant m [-]

The elimination rate constants used in equation 3.8 were adapted from the GREAT-
ER model to calculate the mass flows at the end of the three river segments visualized
in figure 3.2 (Koormann, 2011). The calculations were performed stepwise at the
beginning, Φout, and the end, Φin, of each segment to account for the degradation
and volatilization of pollutants from upstream sources.

Φout,n,m = Φin,n,m · e−km·HRTn (3.12)

Where:
Φout,n,m : mass flow at the end of the segment n per pollutant m [kg

s
]

Φin,n,m : total mass flow entering the segment n per pollutant m [kg
s

]
km : first-order elimination rate constant per pollutant m [h−1]

HRTn : hydraulic residence time of river segment n [h]

Hydraulic residence time (HRT) is the time during which the substance remains
suspended in the water of a river segment while transported downstream (Koormann,
2011). Its purpose in equation 3.12 is to determine how much of the potential
degradation and volatilization will take place in a certain river segment, thereby
determining how much of the substance remains in the river at a given point in
the catchment. The HRT was calculated using equation 3.13 with data of river
properties seen in appendix A5.

HRTn = Ln

Un · 3600 (3.13)

Where:
HRTn : hydraulic residence time of segment n [h]

Un : average flow velocity of segment n [m
s

]
Ln : length of segment n [m]

To calculate the concentration of a substance at the downstream endpoint of the
river, equation 3.14 was used. This approach is based on mass conservation, where
there is a constant flow of water, river discharge Q, and a total mass flow of sub-
stances, Φ. The equation relies on the assumption that there is a rapid complete
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mixing of the substances and equal mass flows over time that are added to a specific
patch of water as it moves through the river.

Cend,n,m = Φoutn,m

Qn

(3.14)

Where:
Cend,n,m : concentration at the end of the segment n per pollutant m [µg

l
]

Φout,n,m : total mass flow at the end of the segment n per pollutant m [µg
s

]
Qn : river discharge (flow rate) in segment n [m3

s
]

3.4 Effect assessment
The effect assessment assesses the connection between the level of exposure and
the severity of adverse effects (van Leeuwen & Vermeire, 2007). Risk assessment
of chemicals involves analyzing toxicity data in multiple species to acquire values
for the predicted no effect concentration (PNEC). This step also distinguishes the
nature of an effect (for example, reversible or irreversible), relevance, and quality
of data. The effect assessment relies on ecotoxicological information to determine
whether observed or predicted exposures are likely to cause harm. PNEC is the most
reliable ecotoxicological effect assessment value used in risk assessment of chemicals
and is also the most comprehensive and data intensive (van Leeuwen & Vermeire,
2007). They are most commonly derived from LC50 (lethal concentration 50%) or
EC50 (effective concentration 50%) and can be either chronic (long-term and low-
dose exposure) or acute (short-term and high-dose exposure). An assessment factor
(AF) is often applied to the LC50 or EC50 values to correct for inadequacies in the
toxicity data compared to the specific substance and ecosystem properties assessed
in a risk assessment of chemicals. AF can vary in magnitude but is most often within
the 5-1000 interval depending on the comprehensiveness and uncertainty of the avail-
able toxicity data. Factors to consider are temporal (acute or chronic), number of
trophic levels assessed, and substance properties (bioaccumulating or persistent).

PNEC values for the substances used in the study were gathered in part from the es-
tablished literature, but mainly through the European Chemicals Agency Chemicals
Database (https://chem.echa.europa.eu). van Leeuwen and Vermeire (2007) present
three key criteria that must be met if the derived PNEC values are to be taken at
face value and used reliably in a risk assessment of chemicals: (i) the species used
in deriving chronic toxicity values (LC50 or EC50) must be representative of the
species present in the analyzed ecosystem, (ii) the lowest observed chronic toxicity
threshold is to be used as the chronic toxicity threshold for the ecosystem, and (iii)
it is the species and species-level properties that are the most sensitive recipient in
the ecosystem.

3.5 Risk characterization
The risk characterization ratio (RCR) combines previously-derived PEC and PNEC
values to assess the likelihood of adverse effects, i.e., risk (van Leeuwen & Vermeire,
2007). This is typically done by using the relationship described in equation 3.15.
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If the resulting value of this equation exceeds or closely approaches 1, there is risk
present in the system, and sufficient action should be taken to counteract it. Should
the value be in the ranges of 0.3−0.7 or lower, there is no immediate risk. However,
if an increase in the PEC value of a substance is to be expected, measures might
be needed to prevent the RCR from closer approaching 1. The PEC (Cend,n,m) and
PNEC values derived in the previous sections were compared for each substance and
river segment.

RCRm = PECm

PNECm

(3.15)

Where:
RCRm : risk characterization ration per pollutant m [-]
PECm : predicted environmental concentration per pollutant m [µg

l
]

PNECm : predicted no effect concentration per pollutant m [µg
l

]

3.5.1 Mixture toxicity
Organisms in aquatic ecosystems are rarely exposed to one single toxic substance.
Therefore, the study assessed the combined effects of all substances included in
the study using the concept of concentration addition described in van Leeuwen
and Vermeire (2007). Concentration addition has been shown to be a conservative
but accurate method in most circumstances, independent of differences in the toxic
modes of action of the substances (Backhaus et al., 2025). The method is applied
by calculating the sum of the individual RCR values to assess the total risk of harm
inflicted by the mixture of analyzed substances, as shown in equation 3.16.

RCRmix =
∑
m

PECm

PNECm

(3.16)

Where:
RCRmix : mixture toxicity risk characterization ration [-]

PECm : predicted environmental concentration per pollutant m [µg
l

]
PNECm : predicted no effect concentration per pollutant m [µg

l
]

3.6 Bioretention cells
Bioretention cells in the form of stormwater retention ponds and retention channels
have been shown to be an efficient measure of reducing the concentration of pollu-
tants in stormwater and were therefore chosen for modeling of mitigation efforts in
this study (Istenic et al., 2012; Westergren et al., 2015). The considered land-use
types were selected based on their total area and the size of their run-off coefficient
to optimize the impact of the implemented bioretention cells. The selected land-use
types were urban high density, industrial, urban low density, paved open space, ex-
pressway, primary road, primary road high traffic, primary road light heavy traffic,
and local street. This study assumed that up to 100% of the annual run-off flows
could be captured by bioretention cells if they are constructed in strategic locations
where large flows accumulate.
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Precipitation occurs irregularly in isolated events throughout any given year (SMHI,
2025). The efficiency of a bioretention cell depends on the precipitation intensities
that its retention capacity, or volume, can accommodate (Istenic et al., 2012). The
future changes in precipitation characteristics described in chapter 2, with more pre-
cipitation events with intense flows and fewer events with slow flows, make retention
capacity an important parameter to consider. Rain intensities are defined as a cer-
tain volume of precipitation (mm) occurring within a certain time-frame (SMHI,
2025). This study performed calculations based on a precipitation event defined as
a 1-year rain (10 mm

h1/2
, where h1/2 is one half hour). The retention capacity of a 1-year

rain can not retain the total stormwater flow of the more intense 5-year or 10-year
rains of (20 mm

h1/2
) and (30 mm

h1/2
). However, due to their low frequency of occurrence,

the total overflow of these events would only represent a fraction of the total yearly
flow, < 0.1%, and was therefore assumed to be negligible in terms of their impact
on the annual pollution load.

The retention capacity of a bioretention cell can be adjusted by altering its height
or area. The study assumed a constant retention height of 1m. Therefore, only
the bioretention cell area was considered for the adjustment of retention capacity.
However, the area can pose challenges with respect to integration with existing
infrastructure in densely developed land-use types. Therefore, in the calculations
described in equation 3.17, the area of bioretention cells per hectare was considered in
relation to the varying reduction of the run-off pollution load. This study assumed
a strategic placement of the bioretention cells where the majority of the run-off
flow could be collected. Therefore, the coverage of Qrun,i,pe, represented by α, was
assumed to be 0-100% while the pollutant reduction capacity of a bioretention cell,
represented by β, was set at 90, 60, and 40% (Nazarpour et al., 2023; Hossain et
al., 2005; Birch et al., 2007). α and β, when applied to the run-off flow as shown
in equation 3.17, is thereby directly proportionate to the reduction of the run-off
pollution load. Assuming a negligible overflow resulting from more intense 5-year
or 10-year rains, the reduction of the pollution load from the calculated 1-year rain
could be assumed to approximate the reduction of the annual run-off pollution load.

λ =
∑

i 10 · Ppe · φi · Ai · α · β∑
i Ai

=
∑

i Qrun,i,pe · α · β∑
i Ai

(3.17)

Where:
λ : area of bioretention cells as share of catchment SÄ [-]

Qrun,i,pe : run-off flow per land-use type i of one precipitation event pe [ m3

h1/2
]

Ppe : precipitation of one precipitation event pe [ mm
h1/2

]
φi : run-off coefficient per land-use type i [-]
Ai : surface area per land-use type i [m2]
α : assumed fraction of Qrun,i,pe captured by bioretention cells [-]
β : assumed pollutant removal efficiency of bioretention cells [-]

26



4 Results

The current chapter begins by presenting and explaining the results of the exposure
assessment, starting with the calculated annual pollution load of each input source
and the resulting PEC values. Furthermore, it shows the PNEC values derived in
the effect assessment before moving on to present the individual and mixed RCR
values. Finally, it concludes by showing the calculations made on the implementation
of bioretention cells and their potential for decreasing risk.

4.1 Exposure assessment
The exposure assessment showed that the pollution load of the stormwater run-off
and baseflow from catchment SÄ was relatively low for each substance compared
to other contributing sources. As seen in tables 4.1 and 4.2, the distribution of the
pollution load between roads and other surfaces varies for both run-off and baseflow
depending on the substance. It can also be observed that the run-off pollution loads
were higher than the baseflow pollution loads for all substances, with varying orders
of magnitude from 10 to 1000.

Table 4.1: Run-off - annual pollutant load [ kg
year

].

Pollutant Total (land-use) Total (road) Total
PFOS 0.076 0.038 0.114
TBT 0.29 0.0047 0.29
Benzene 0.42 11.76 12.19
Benzo[a]pyrene 0.36 0.53 0.89
Cu 134.16 126.69 260.85
Zn 640.67 647.60 1288.27
Cr 40.70 68.70 109.50
As 14.82 11.46 26.29
Pb 75.46 57.23 132.68
Cd 4.07 1.47 5.54
Hg 0.21 0.29 0.50
Ni 42.51 38.89 81.40
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Table 4.2: Baseflow - annual pollutant load [ kg
year

].

Pollutant Total (land-use) Total (road) Total
PFOS 0.00030 0.000028 0.00032
TBT 0.0036 0.00033 0.0039
Benzene 0.0044 0.00042 0.0049
Benzo[a]pyrene 0.019 0.0012 0.021
Cu 19.82 3.60 23.42
Zn 80.38 15.23 95.60
Cr 3.28 0.50 3.78
As 0.68 0.064 0.74
Pb 3.75 0.83 4.58
Cd 0.14 0.0094 0.15
Hg 0.027 0.0089 0.036
Ni 8.24 1.50 9.74

The pollution loads of the sources calculated from the measured concentrations can
be seen in table 4.3. A correlation between annual water discharge (appendix A3)
and annual pollutant load, ϕ, is indicated as the loads are higher for all substances
for sources with high discharge. For example, the sources with the highest annual
water discharge, Göta älv (upstream) and Säveån, each have pollution loads that
are 10-1000 times larger compared to the other sources.

Table 4.3: Annual pollutant load for each input source (MEC) [ kg
year

].

Pollutant RV CSO KB GÄ (US) SÅ MÅ
PFOS 0.00 0.00 0.083 3.47 0.98 0.17
TBT 0.00 0.00 0.0020 0.32 0.025 0.0030
Trichloroethylene 0.00 0.00 1.89 1603.61 31.54 13.69
Benzene 0.00 0.00 1.14 171.051 63.072 68.43
Benzo[a]pyrene 0.00 0.00 0.0040 1.069 4.73 0.37
Cu 979.21 79.96 30.65 5612.62 1009.15 205.30
Zn 1301.14 120.73 110.69 8873.28 2144.45 554.99
Cr 48.29 3.76 2.37 2672.68 214.45 19.85
As 0.00 0.00 3.31 1282.88 176.60 21.21
Pb 20.12 3.92 2.19 416.94 56.77 14.65
Cd 2.68 0.16 0.095 32.072 5.68 1.57
Hg 2.68 0.094 0.00 3.54 0.00 0.17
Ni 362.17 5.17 16.59 2314.54 498.27 42.018

Note: RV=Ryaverket, CSO=Combined sewer overflow, KB=Kvillebäcken, GÄ
(US)=Göta älv upstream, SÅ=Säveån, MÅ=Mölndalsån.
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4.1.1 Fate modeling
The PEC values for each river segment derived by applying the GREAT-ER model
to the annual pollution loads are shown in figure 4.1 reported in µg

l
. Concentrations

increase further downstream for most substances, such that PECS,a < PECS,b <
PECM,a < PECM,b < PECÄ. However, the concentration of trichloroethylene
showed the opposite trend with its highest value in segment S, a. Furthermore,
TBT, benzene, Benzo[a]pyrene, Cr, and As achieved their highest concentrations in
segment M, b.

PFOS
TBT

Trich
loroethylene

Benzen
e

Benzo[a]pyrene Cu Zn Cr As Pb Cd Hg Ni10−5

10−4

10−3

10−2

10−1

100

101

C
on

ce
nt

ra
tio

n
[µ

g/
l]

(L
og

sc
al

e)

PECS,a PECS,b PECM,a PECM,b PECÄ

Figure 4.1: Modeled predicted environmental concentrations (PEC) for all sub-
stances individually across the five river segments. Note the logarithmic y axis,
which allows for comparison of both high- and low-concentration pollutants.
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4.2 Effect assessment
Predicted no effect concentrations (PNEC) derived according to the method pre-
sented in chapter 3 are shown in table 4.4. The substances differ greatly in their
chronic toxicity in aquatic ecosystems, with chronic PNEC values varying in order
of magnitude by up to 1000.

Table 4.4: CAS numbers and PNEC values for the selected substances.

Substance CAS PNEC [µg
l

] Source
PFOS 1763-23-1 1.2 (Li et al., 2021)
TBT 1461-22-9 0.008 (Environment Canada, 2009)
Benzene 71-43-2 80 (ECHA, 2026)
Benzo[a]pyrene 50-32-8 0.049 (Zheng & Ni, 2024)
Trichloroethylene 79-01-6 57.6 (ECHA, 2026)
Cu 7440-50-8 6.3 (ECHA, 2026)
Zn 7440-66-6 7.8 (ECHA, 2026)
Cr 7440-47-3 6.5 (ECHA, 2026)
As 7440-38-2 5.6 (ECHA, 2026)
Pb 7439-92-1 3.3 (ECHA, 2026)
Cd 7440-43-9 0.19 (ECHA, 2026)
Hg 7439-97-6 0.057 (ECHA, 2026)
Ni 7440-02-0 2.74 (ECHA, 2026)
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4.3 Risk characterization
The RCR represents the ratio between the PEC and PNEC values. As shown in
figure 4.2, zinc, copper, and nickel were the three substances with RCR values closest
to one, although no values exceeded this threshold. It can be seen that most of the
values followed a trend similar to the PEC values presented in figure 4.1, where
RCRS,a < RCRS,b < RCRM,a < RCRM,b < RCRÄ. Similarities were also observed
in the exceptions where TBT, benzene, benzo[a]pyrene, Cr, and As achieved their
highest RCR values in segment M, b and trichloroethylene in segment S, a. Two of
the substances, PFOS and benzene, consistently had a low RCR value, suggesting
a low risk.
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Figure 4.2: Risk characterization ratios for all substances individually across the
five river segments. Note the logarithmic y axis, which allows for comparison of
both high- and low-risk pollutants.
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4.3.1 Mixture toxicity
The RCR values for mixture toxicity were found to be below the risk threshold value
of 1 for all segments of the river, as shown in table 4.5 and figure 4.3. However,
it was shown to increase downstream, closely approaching 1 in segment Ä, located
at the outlet of Ryaverket WWTP. From segment S, a to segment Ä, the mixture
toxicity RCR value increased by 29.7%.

Table 4.5: Mixture toxicity RCR values based on modeled concentrations at each
segment.

Segment RCRS,a,mix RCRS,b,mix RCRM,a,mix RCRM,b,mix RCRÄ,mix

RCRmix 0.74 0.80 0.80 0.90 0.96
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0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Threshold (1.0)

Segment

M
ix

tu
re

To
xi

ci
ty

RC
R

Figure 4.3: Mixture toxicity values for each river segment.

32



4. Results

4.4 Bioretention cells
Figure 4.4 illustrates the total reduction in the pollutant load from stormwater
run-off in catchment SÄ as a function of land converted to bioretention cells. The
results are presented in three scenarios covering different internal removal efficiencies
of the bioretention cell: 0.4, 0.6 and 0.9. A nearly linear correlation can be observed
between converted land and the reduction of pollutants. To achieve a 40% reduction,
the scenario with β = 0.9 requires 0.38% of land to be converted, while β = 0.6 and
β = 0.4 require 0.57 and 0.86%, respectively. This shows that the reduction of the
stormwater run-off pollution loads using bioretention cells is notably dependent on
its removal efficiency. However, substantial reductions can still be achieved with
lower efficiencies. Although, the lower efficiencies require a larger land-conversion.
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Figure 4.4: Reduction of run-off pollutant load (Φrun) as a function of impermeable
land converted to bioretention cells in catchment SÄ (λ) for different bioretention
cell removal efficiencies (β).

As illustrated in figure 4.5, the reduction in the mixture toxicity RCR value in river
segment Ä follows a nearly linear relationship to the surface area of catchment SÄ
converted to bioretention cells. The figure illustrates that the reduction potential
is dependent on the reduction capacity (β) of the bioretention cells, where a low β
value demands a greater land conversion compared to a high value. Although, it
can also be seen that the impact on RCRÄ,mix from reductions in Φro is small even
with the highest removal efficiency. The theoretical maximum reduction of Φro of
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90% corresponds to a reduction of RCRÄ,mix of only 5.8%.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.85

0.9

0.95

1

1.05

Risk Threshold (1.0)

Land converted to bioretention cells (λ) [%]

R
C

R
Ä

,m
ix

β = 0.9 β = 0.6 β = 0.4

Figure 4.5: Mixture toxicity RCR value in river segment Ä as a function of im-
permeable land converted to bioretention cell in catchment SÄ (λ) for different
bioretention cell removal efficiencies (β). Observe the 0.85 lower limit of the y-axis.
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5 Discussion
This chapter discusses the method and results presented in the previous chapters.
It evaluates insights, considers flaws and uncertainties, and suggests how further
research could build on the study to gain additional insights that the study could
not provide.

5.1 Interpretation of results
The mixture toxicity RCR, as seen in figure 4.3, is close to 1 for all the assessed river
segments, particularly in segment Ä. The results suggest that risk can be said to
be present in the system in the segment. This means that mitigation efforts should
be implemented to reduce risk. The contribution of the stormwater discharge from
central Gothenburg to both PEC and RCR values in catchment SÄ is small relative
to the total values. This suggests that mitigation efforts to lower the RCR would be
more effective if they were implemented in the catchment areas of the sources that
provide large pollution loads, such as Göta älv (upstream) and Säveån.

Metals were found to be the main contributor to the mixture toxicity RCR, account-
ing for 96% of the total value, with Cu, Zn, and Ni alone contributing 69%. The high
contribution suggests that targeted mitigation efforts towards metals would be an ef-
ficient method to decrease the aquatic risk in the catchment. Mitigation efforts such
as bioretention cells have been shown to be particularly efficient in reducing the con-
centration of metals in stormwater and could therefore be an approachable option.
The concentration could also be reduced by preventing anthropogenic emissions.
However, the abundance of Cu, Zn, and Ni in both use and existing infrastructure
in urban environments could make reductions difficult (Ali et al., 2019).

5.2 Selection of pollutants
The study assessed only a fraction of the harmful substances that can be found in
stormwater and freshwater sources in Gothenburg and Sweden at large. Länssyrelsen
(2023e) presents measured concentrations of more than 80 substances that, in theory,
could have been included in the study. However, insufficient measured data limited
the number of assessed substances to those where measured concentrations were
available for all input sources, thereby making such a large assessment unattainable.
Including a larger number of substances would have yielded more accurate results
and likely a higher mixture toxicity RCR value. In addition, the exclusion of other
substances might inflate the relative impact of the substances that were assessed.
Examples of excluded substances include polychlorinated biphenyls and brominated
diphenyl ether. Polychlorinated biphenyls and brominated diphenyl ether are ex-
tremely hydrophobic, and bind to fatty tissue and river sediments (Nyberg et al.,
2018). Therefore, measurements of environmental concentrations of these substances
are often given as concentrations in the biota of the river and are rarely measured
in the water itself. These can be converted into concentrations in water using bio
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concentration factors, as was preformed for mercury. However, biota concentration
measurements were not available for most of the tributaries included in the study.
Therefore, the substances were excluded to avoid inaccurate estimations of their
respective pollution loads. Including these substances in the ERA would likely have
resulted in a higher mixture RCR. Another relevant source of freshwater pollution
that could have been included in the study is pharmaceutical residues. Using a
similar modeling approach based on the GREAT-ER model, Furberg (2014) demon-
strates that while there is no risk for individual substances, the mixture toxicity
approaches the threshold value of 1 for pharmaceuticals in the Göta älv river.

5.3 Future precipitation scenarios
SMHI (2025) predicts an increase in precipitation volume and intensity of 25% and
100%, respectively. Others have shown that more frequent and extreme precipitation
events are positively correlated with pollutant concentration in urban stormwater
and total stormwater pollution load (Borris, 2016; Wijesiri et al., 2020; Yang et al.,
2024). However, estimates of how much the concentration and load will increase
are difficult to make when expressing it relative to the mean annual load. Such
estimations would have been reliant on assumptions and were therefore not pre-
formed. This study found that calculations on future climate conditions and their
impact on stormwater pollution transport are difficult to perform on large tempo-
ral and geographical scales. Climate change affects more than precipitation, for
example groundwater levels and the duration of dry periods, and varies depending
on geographical location. This makes it difficult to find studies whose insights can
be directly applicable to the Göta älv case. A field study conducted in Göta älv
indicated that there is a possible correlation between precipitation and pollution
transport (Frogner-Kockum et al., 2016). Increased metal concentrations have been
linked to an increase in both run-off and groundwater levels. Based on future RCP
scenarios, it is projected that increased precipitation leads to higher groundwater
levels, which in turn may cause a higher pollution load within the region.

5.4 The influence of the first-flush effect
Rising temperatures are projected to alter seasonal characteristics, with longer peri-
ods of drought interrupted by shorter and more intense precipitation events (SMHI,
2025). These variations will lead to more first flush events, causing pollution loads
to fluctuate across the year with higher peak flows and concentrations. The higher
peak flows may introduce concentrations in catchment SÄ that approach acute tox-
icity thresholds, which were not assessed in this study. However, the literature on
future first-flush events and their effects on acute toxicity is somewhat inconclusive.
For example, a field study conducted in Denmark by Sharma et al. (2016) suggested
that future events can lead to increased peak concentrations and pollutant loads.
However, the study found that while concentrations were higher, acute toxicity was
only slightly affected due to the low increase in dissolved metals relative to particle
bound metals. More research thus seems to be needed to understand the first-flush
effect before it can be included in environmental risk assessment.
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5.5 Software access
Throughout this study, several different modeling software were evaluated to simu-
late pollutant transport and hydraulic flows. However, direct access to the software
could not be obtained. Therefore, the study relied heavily on publications and in-
structional reports published by developers of the considered software. The primary
source of data and inspiration for modeling the pollutant flows to catchment SÄ was
the StormTac database and reports published by the company, while the inspiration
drawn from the GREAT-ER model was used to build the environmental fate model.
The restricted access to the tools and instructions on how they should be applied
might have caused missteps or gaps in calculations made in chapter 3. Although
such software and their models always include inaccuracies in their representations
of real conditions, direct access to the software might have rendered more accurate
results.

5.6 Bioretention cells
As described in section 2.5.1, conventional infiltration-based bioretention cells are
largely ineffective in Gothenburg due to the high clay content in the soil. How-
ever, bioretention cells could be efficient if done in the form of stormwater retention
ponds. As described in section 2.5.1, retention ponds utilize retention and evap-
oration rather than relying on infiltration, thus counteracting the issues given by
the high clay content. As demonstrated in figure 4.4, the area needed to integrate
bioretention cells is quite large, which could become problematic in parts of the city
where space is a prime resource. To address this issue, bioretention cells could be
viewed as multifunctional urban spaces. By integrating stormwater management
with public spaces built for recreational activities such as football or discgolf, the
area becomes useful in multiple ways. However, a long term challenge that has to
be taken into account is the long term accumulation of pollutants within the filters
as described in section 2.5.2. Over time, the soil from which the bioretention cell
has been constructed can be classified as hazardous and require special waste han-
dling. Future planning may need to add information and planning strategies for safe
disposal to ensure that pollutants do not become liabilities in the future.

5.7 Factors of uncertainty
This study builds on data from many different sources. The study gathered data pri-
marily from the StormTac database and Water Information Systems Sweden (VISS)
provided by the administrative board of the Västra Götaland county (StormTac
Database, 2026; Länsstyrelsen, 2023b-d). The measured concentrations for Göta
älv upstream, Säveån, Mölndalsån, and Kvillebäcken found in VISS are presented
in management cycles that span 2-3 years of measured data. The most recent cy-
cle, 2023-2026, had not yet been published during the making of this study. Thus,
measured concentrations from the previous cycle, 2021-2023, had to be used. More
recent concentrations would likely have produced a more accurate assessment of the
current conditions in catchment SÄ.
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Standard pollutant concentrations gathered from the StormTac database for all
land-use types, with the exception of roads, were adapted to fit Swedish regional
conditions, not the specific conditions of Gothenburg. Although pollutant concen-
tration might not vary considerably between Swedish cities, some differences likely
exist. Such differences were not corrected for when modeling stormwater flows and
might have affected the results. Furthermore, the classification used for land-use
types gathered from Lantmäteriet (n.d.a; n.d.b) differed slightly from the classi-
fication used in the StormTac Database (2026). Therefore, the study translated
their respective classifications when assigning standard pollutant concentrations to
a land-use area of catchment SÄ. Some land-use types might have been assigned
pollutant concentrations that are not entirely representative of real conditions, re-
sulting in slight changes in pollution loads.

Difficulties arose during the collection of PNEC values, specifically the inconsistency
in the available data. ECHA CHEM was originally intended to be the only source of
PNEC values considering the organization’s prominence. However, chronic PNEC
values for fresh water sources were not available in ECHA CHEM for some sub-
stances. In such cases, values found in various scientific publications were used. Al-
though the publications used similar methods for deriving their PNEC values, some
differences might have affected the results of the study. Furthermore, the assump-
tions made regarding mixture toxicity in section 3.5.1 were based on the concept of
concentration addition as described by van Leeuwen and Vermeire (2007). Although
the concept is established in the field of ERA, it is likely that the resulting mixture
RCR differs slightly compared to real-world conditions.

38
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The study showed that risk is effectively present in catchment SÄ of the Göta älv
river in terms of chronic harm to aquatic organisms. Although no single substance
alone reached RCR values close to the risk threshold, the combined effects of multi-
ple substances closely approached the risk threshold in river segment Ä to which the
metals Cu, Zn, and Ni were found to be the largest contributors. Furthermore, it
showed that bioretention cells with combined stormwater infiltration and retention
could be an efficient measure to capture polluting substances and decrease risk in the
catchment. However, the study showed that the contribution of stormwater run-off
from the catchment area of catchment SÄ was small compared to the total annual
pollution load and RCR in the catchment. Therefore, measures such as bioretention
cells need to be implemented further upstream in other urban catchment areas.

Future research could include a larger number of substances using measured concen-
trations from the unreleased 2023-2026 management cycle to achieve more accurate
RCR and mixture RCR values. Given the low contribution of stormwater run-off
from catchment SÄ relative to the total pollution load. Calculations similar to those
made in section 3.3.1.1 could be made for the catchments connected to the main
contributors to the pollution load, namely Göta älv (upstream) and Säveån, to pro-
vide additional precision in identifying the sources of pollution. Such an assessment
could also provide valuable insight as to where mitigation efforts, such as bioreten-
tion cells, are most effectively implemented. Studies could also assess where and
how bioretention cells could be implemented most efficiently in central Gothenburg.
Lastly, future research could attempt to assess the impact of future precipitation
characteristics and the first flush effect on stormwater run-off in Gothenburg.
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Appendix

Table A1

Pollutant concentrations (Cj) per input source (MEC) [µg/l]

Pollutant Ryaverket CSO KB GÄ (US) SÅ MÅ
PFOS 0.00 0.0 0.00876 0.00065 0.00155 0.0025
TBT 0.00 0.0 0.00024 0.00006 0.00004 0.00004
Trichloroethylene 0.00 0.0 0.2 0.3 0.05 0.2
Benzene 0.00 0.0 0.12 0.032 0.1 1.0
Benzo[a]pyrene 0.00 0.0 0.00037 0.0002 0.0075 0.00539
Cu 7.30 51.0 3.24 1.05 1.6 3.0
Zn 9.70 77.0 11.7 1.66 3.4 8.11
Cr 0.36 2.4 0.25 0.5 0.34 0.29
As 0.00 0.0 0.35 0.24 0.28 0.31
Pb 0.15 2.5 0.231 0.078 0.09 0.214
Cd 0.02 0.1 0.01 0.006 0.009 0.023
Hg 0.02 0.06 0.00 0.00066 0.00 0.00243
Ni 2.70 3.3 1.754 0.433 0.79 0.614

Sources: RV (Gryaab, 2025), KB (Länsstyrelsen, 2023d), GÄ (US) (Länsstyrelsen
2023e), SÅ (Länsstyrelsen 2023c), MÅ (Länsstyrelsen 2023b).

Table A2

Road dimensions and traffic data.

Road type Length [m] Width [m] Annual average daily traffic
Expressway 25934 20 45000
Expressway Tunnel 6740 20 45000
Primary Road 197017 15 6000
Primary Road HT 5379 15 11000
Primary Road LHT 1562 15 8000
Local street 7878 10 3500

Sources: Length (Lantmäteriet n.d.b), Width (Göteborgs Stad, 2017; Trafikverket, 2024),
Annual average daily traffic (Trafikverket, 2025; Göteborgs Stad, 2017).
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Table A3

Annual water discharge in Göta älv, its tributaries, combined sewer overflow and
Ryaverket WWTP.

Input source Discharge (Q) [m3/year]
Ryaverket 134137899
CSOs 1567891
Göta älv 6189671710
Kvillebäcken 9460800
Säveån 630720000
Mölndalsån 68433120
Göta älv US 5345352000

Sources: Ryaverket (Gryaab, 2025), CSOs (J. Brunsten, personal communication,
February 4, 2026), Kvillebäcken (Exploateringsförvaltningen. 2025), Säveån

(Miljöförvaltningen, 2025c), Mölndalsån (Miljöförvaltningen, 2025c), Göta älv US
(Miljöförvaltningen, 2025b).

Table A4

GREAT-ER Calculations - Pollutant Variables.

Variable H-L Const t1/2,d [h] Θ [-]

Pollutant

PFOS 4.34E-08 359160 NA
TBT 2.07E-07 5880 NA
Trichloroethylene 0.00902 NA 0.617
Benzene 0.00556 NA 0.638
Benzo[a]pyrene 4.57E-08 552 NA
Cu NA NA NA
Zn NA NA NA
Cr NA NA NA
As NA NA NA
Pb NA NA NA
Cd NA NA NA
Hg 4.84E-07 NA NA
Ni NA NA NA

Sources: H-L Const (NCBI, 2026), t1/2,d (NCBI, 2026), Θ (USGS, 1998).
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Table A5

GREAT-ER Calculations - River segment characteristics.

River segment Length (L) [m] Depth (Y) [m] Flow velocity (U) [m/s]

LL−S 4800 7 0.35
LS−M 2800 7 0.35
LM−Ä 4200 7 0.35

Sources: Length (Länsstyrelsen 2023a; Länsstyrelsen 2023b), Depth (Sjöfartsverket,
2024), Flow velocity (Tyréns, 2016).

III
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