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Abstract 

Hydrodynamic Modelling of Spread of Perfluoroalkyl Octanoic Sulphonate and 

Perfluoroalkyl Hexanoic Sulphonate in Lake Ekoln 

Prajwol Prajapati 

Per and polyfluoroalkyl substances (PFAS) are found ubiquitously in the environment across the globe. 

These substances have high persistence due to the strong carbon and fluorine bond. In the aquatic 

environment, due to high persistence, these substances don’t decay easily and are detected on the surface 

as well as in groundwater sources. Human exposure to PFAS has been observed due to ingestion of PFAS 

contaminated food and water which has an adverse effect on the human health. High concentrations of 

Perfluoroalkyl Octanoic Sulphonate (PFOS) and Perfluoroalkyl Hexanoic Sulphonate (PFHxS) were 

observed in Lake Ekoln. The main aim of this study was to analyze the spread of PFOS and PFHxS in the 

lake. Hydrodynamic modelling of flow and water quality modelling in the lake was performed using 

MIKE 3 FM software for the evaluation of the spread pattern of PFOS and PFHxS in the lake. Two 

scenarios with the different mass fluxes of PFOS and PFHxS for Fyrisån were assumed for investigating 

the uncertainties and influence of contribution from Fyrisån. Additionally, conductivity from different 

inflows was modelled as a passive tracer for understanding the water quality and the circulation in the 

lake. 

    The results of the simulation showed that Fyrisån and Kungsängsverket are major contributors of PFOS 

and PFHxS to the lake. Similarly, the analysis of the current spread of PFOS and PFHxS shows that the 

uncertainty in the model is high and is dependent mainly on the assumption of mass flux from the 

Fyrisån. Due to the lack of sampling data on the concentration of PFOS and PFHxS, it was difficult to get 

a reliable assumption for the mass flux from the Fyrisån. From the study, it was identified that the 

sampled concentration of PFOS and PFHxS also had certain variations which might be due to the 

influence of concentration from different sources and processes. Likewise, the simulation result of PFOS 

and PFHxS was observed to have a similar pattern of spread. Although PFOS is a long-chain PFAS and 

PFHxS is a short-chain PFAS and they have different physio-chemical properties, the spread patterns 

were observed to be similar. As only the hydrodynamic processes were influencing the simulation for the 

spread of PFOS and PFHxS in the lake and other physiochemical processes such as sedimentation and 

bioaccumulation were not included in the model, the simulated PFAS results were found similar. 

    To conclude, the study shows that the spread of PFOS and PFHxS is mainly influenced by the flow and 

concentration in Fyrisån. Also, higher uncertainty in the model performance was observed due to the 

issue of reliable mass flux estimation from Fyrisån. Similarly, the influence of processes such as 

sedimentation and bio accumulation are necessary to be included in the model for analysis of spread of 

PFAS with different physio-chemical properties. 
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Populärvetenskaplig sammanfattning

Hydrodynamisk modellering av spridning av perfluoralkyloktansyrasulfonat och

perfluoralkylhexansulfonat i Ekolnsjön

Prajwol Prajapati

Per and Polyfluoroalkyl substances (PFAS) are highly persistent substances which are found in the

surface water, groundwater, air, and soil. These substances are extensively used in different industrial and

commercial products because of the high persistence and surface tension reducing properties. However,

these substances have been found to be highly toxic to human as well as environment. Different

complications such as diabetes, high blood pressures, cancers have been observed due to the exposure of

PFAS to humans. PFAS were found in the water of lake Ekoln located in the northern most basin of the

lake Malaren, which is the source to the largest drinking water supplier in Sweden. The main objective of

the study was to simulate the transport of PFAS into the lake and study the seasonal variation of the

spread in the lake. In this study transport of two PFAS namely Perfluoroalkyl Octane Sulfonate (PFOS)

and Perfluoroalkyl Hexane Sulfonate (PFHxS) were studied. Hydrodynamic modelling in conjunction

with the water quality modelling was used for the simulation of transport of PFOS and PFHxS in the lake

using MIKE 3 FM software from Danish hydraulic institute (DHI).

    PFAS from different inflows and other sources were used in the model setup for studying the transport

of PFOS and PFHxS. The results of the simulations showed that Fyrisån and Kungsängsverket were two

major sources of PFOS and PFHxS into the lake. Similarly, the seasonal variation in the distribution of

PFOS and PFHxS in the lake were observed throughout the simulation period. Particularly, the influence

of inflows into the lake was found significant for variation of PFOS and PFHxS concentrations in the

lake. Mostly, the variation of flow in the Fyrisån, which is the major inflow into the lake, had significant

impact on the concentration in the lake. Similarly, the issue of data availability of PFOS and PFHxS

sampling resulted in unreliable mass flux estimation in Fyrisån which resulted in higher uncertainty in the

model performance. Also, the study results showed that the transport of PFOS and PFHxS were similar

although these substances have different physio-chemical properties. Thus, it was necessary to include

different processes such as sedimentation and bioaccumulation for studying the fate and transport of

PFOS and PFHxS in the lake.
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1.Introduction

Water is a valuable resource in the world on which all flora and fauna depend for growth and survival. 

It is an essential element of human life as we depend on it for different social and economic activities. 

Various anthropogenic activities such as deforestation, urbanization, agriculture, use of chemical 

fertilizers, pesticides and insecticides, industrial effluents, and mining have elevated water quality 

degradation (Khatri & Tyagi 2015). These activities have caused an increase in the concentration of 

heavy metals, acids, hydrocarbons, nutrients, and various organic and synthesized chemicals in the 

water which deteriorates the water quality. 

    The spread of Per and Polyfluoroalkyl substances (PFAS) in water sources has been a burning issue 

in recent times. PFAS are a group of highly fluorinated chemicals that are produced industrially. These 

chemicals are highly persistent which means they remain for a longer time in the environment and can 

spread over larger distances (Buck et al. 2011). Due to high persistence, PFAS have been extensively 

used in different industrial and commercial products. In commercial products such as textiles, 

cookware and leather, they are used as a surfactant to repel dirt, water and oil (Buck et al. 2011). 

Besides that, PFAS are used in cleaning, metal plating and firefighting foams due to their property of 

surface-tension lowering agents (Prevedouros et al. 2006). Contamination of water sources from PFAS 

is increasing due to these anthropogenic activities of widespread use of PFAS which has adverse 

effects on the environment. The spread of pollutants such as PFAS in the bodies of water has an 

adverse effect on human health as well. Humans are exposed to these pollutants through food, 

drinking water, aquatic activities, and air (Podder et al. 2021). Bioaccumulation of certain types of 

PFAS is seen because of human exposure (Pérez et al. 2013).  PFAS are carcinogenic and long-term 

bioaccumulation leads to cancer (Barry et al. 2013). Eriksen et al. (2013) found a positive relation 

between perfluorooctanoic acid (PFOA) and prostate and pancreatic cancers. Likewise, various other 

complications such as diabetes, high blood pressure, asthma, and thyroid and hormonal malfunctions-  

have been found due to human exposure to PFAS through different mediums (Podder et al. 2021).  

    PFAS have been frequently detected in various water sources in Sweden (Banzhaf et al. 2017). 

These pollutants have been found on both surfaces as well as groundwater and have resulted in several 

issues with public drinking water (Banzhaf et al. 2017). The presence of PFAS in drinking water 

sources has forced drinking water suppliers to add additional treatment steps for the removal of these 

pollutants which has caused an increased cost of water for consumers. In the worst case, it has been 

necessary to abandon water sources because of the high concentration of pollutants. A high 

concentration of PFAS has been detected in Lake Ekoln, a sub-catchment of Lake Mälaren. Lake 

Mälaren is a source of drinking water for the largest drinking water provider in Sweden which 

provides water for a large part of Stockholm. The presence of PFAS in the lake, which is a source of 

one of the largest drinking water providers, shows the risk of exposure to a larger population due to 

the spread of the pollutant in Lake Ekoln. Previous studies from Josefsson & Hansson (2021) and 
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Ekman (2021) have identified  Kungsängsverket, Ärna airport and the Viktoria firefighting site as 

major Perfluorooctanoic sulfonate (PFOS) sources contributing to the increasing concentration of the 

PFAS in the lake. These studies have identified processes such as sedimentation and bioaccumulation 

that influence transport. Along with the identification of different sources, the effect of different 

processes in fate and transport and the implementation measures for reducing the spread of PFAS into 

the lake are also important. Likewise, the spread of PFAS might differ spatially and temporally in the 

lake. So, understanding how the pollutant behaves in different instances is necessary for evaluating its 

transport and adopting remediation measures. 

1.1 Aim and Objectives 

This study aims to analyze the spread of PFAS in Lake Ekoln along with the effect of different 

processes and understand the uncertainties of PFAS inflow into the lake. 

The objectives are to: 

• apply hydrodynamic modelling to simulate the fate and transport of PFAS in Lake Ekoln.

• study the seasonal variation in the spread pattern of PFAS.

• explore the uncertainty of PFAS inflow in the lake.

1.2 Scope and Limitation 

This study considered the fate and transport of two PFAS, namely PFOS and Perfluorohexanoic 

sulfonate (PFHxS). PFOS and PFHxS are widely found in the environment because of their extensive 

use for various commercial and industrial purposes. Although many processes affect the transport of 

PFAS in the lake such as sedimentation and bioaccumulation, due to lack of sampling data the effect 

of these processes has not been considered for this study. Similarly, the simulation of PFAS was 

performed based on existing data rather than collecting and analyzing new samples. Thus, the 

uncertainty in the measurement of PFAS data in the lake persists in the results of this study as well.  
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2. Literature Review

2.1 Perfluoroalkyl and Polyfluoroalkyl Substances 

Perfluoroalkyl and Polyfluoroalkyl Substances are a group of highly fluorinated synthetic chemicals 

that have been produced industrially since the 1940s (Wang et al. 2017). PFAS are characterized to be 

persistent in natural conditions. Buck et al. (2011) mentioned that Perfluoroalkyl substances do not 

degrade while the polyfluoroalkyl substances can transform into perfluoroalkyl substances under 

different favorable conditions. Different terminal PFAS products such as PFOS and PFOA are formed 

due to the transformation of precursor compounds (Environment Agency 2021). Besides that, these 

chemicals have the potential for bioaccumulation and adverse effects on living organisms (Ahrens & 

Bundschuh 2014). PFAS have been widely in use as a persistent anthropogenic chemical in industries 

and commercial products. It has therefore been ubiquitously found around the globe in water, soil, 

sediment and biota (Abunada et al. 2020). For harmonizing the use of common terminology in regards 

to PFAS, Buck et al.(2011) provided a clear structural definition of PFAS and have referred PFAS to 

as “highly fluorinated aliphatic substances that contain 1 or more Carbon(C) atoms on which all the 

Hydrogen(H)  substituents have been replaced by Fluorine (F) atoms in such a way that they contain 

perfluoroalkyl moieties CnF2n+1”. A new list of PFAS used in the global market was prepared by 

OECD/UNEP in 2018 that included a total of 4730 substances. But as per (Wang et al. 2021) due to 

the absence of the -CF3 group, some of the substances in the list failed to meet the definition provided 

by (Buck et al. 2011). For reflecting all the compounds with similar chemical straits and to address the 

gaps identified in the previous definition by Buck et. al., (2011), Wang et al. (2021) revised the 

definition of PFAS as “ fluorinated substances that contain at least one fully fluorinated methyl or 

methylene carbon atom (without any H/Cl/Br/I atom attached to it), i.e. with a few noted exceptions, 

any chemical with at least a perfluorinated methyl group (–CF3) or a perfluorinated methylene group 

(–CF2–) is a PFAS”. 

2.1.1 Classification, structure, and properties 

PFAS are a group of chemicals with similar molecular structures with a carbon chain and fluorine. The 

carbon-fluorine bond is considered an extremely strong and stable bond. This leads to resistance and 

stability of perfluoroalkyl moieties against chemical and thermal exposure because of which PFAS are 

hence used in industrial and commercial products (Buck et al. 2011). PFAS comprises a broad variety 

of molecules based on different physical and chemical properties (Cousins et al. 2020). Based on the 

distinct properties, PFAS are mainly classified into two categories namely polymer and non-polymer. 

Polymer PFAS are formed by the combination of small molecules (monomer) into a long chain in a 

repeating pattern. This PFAS polymer class consists of fluoro polymers, polymeric perfluoropolyether 

and sidechain fluorinated polymers (Buck et al. 2011). Non-polymer PFAS are observed commonly in 

humans, biota, and other environments. These PFAS are commonly detected during the investigation 

of PFAS in sites. It consists of two subclasses: perfluoroalkyl substances and polyfluoroalkyl 
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substances. Perfluoroalkyl substances are fully fluorinated alkane molecules which include 

perfluoroalkyl acids and perfluoro alkane sulfonamides. Polyfluoroalkyl substances are not fully 

fluorinated and have at least one nonfluorine atom attached to one of the carbon atoms while 

remaining being fully fluorinated (Buck et al. 2011; Wang et al. 2021).  

    PFAS are sometimes described as “long-chain PFAS” and “short-chain PFAS” based on the number 

of carbon atoms present in the backbone. Short-chain PFAS are defined as PFAS with carbon atoms  ≤ 

6 for perfluoro sulfonic acids (PFSA) and ≤ 7 for perfluoro carboxylic acids (PFCA) and compounds 

with higher carbon numbers are considered long-chain PFAS (Wang et al. 2017). Long chained PFAS 

are considered to have lower reactivity than short-chained PFAS and thus remain more persistent in 

the environment than the short-chain PFAS. Because of this, long-chained PFAS have low degradation 

and higher-potential bioaccumulation (Buck et al. 2011; Ng & Hungerbühler 2014). Short-chain PFAS 

are more hydrophilic and soluble in water than long-chain PFAS due to which it shows less 

bioaccumulation potential and toxicity in comparison to long-chain (Li et al. 2020). Short-chain PFAS 

are present in dissolved form in water and thus are found in longer-range transport compared to long-

chain PFAS (Wang et al. 2015). 

2.1.2 Sources and Occurrence 

PFAS are commonly found in low concentrations in the environment compared to other pollutants, but 

the advancement in technology has helped researchers to detect PFAS even at a lower concentration. 

This has helped to enable timely remediation measures for minimizing and controlling the effect of the 

spread of PFAS. In regards to sources of PFAS in groundwater and surface water, they can be divided 

into two groups point sources and diffuse sources (Banzhaf et al. 2017). Wastewater Resource 

Recovery Facilities (WRRFs) are major point sources of PFAS for surface water (Becker et al. 2008). 

Similarly, emissions from PFAS manufacturing industries tend to contribute as another point source. 

Another point source is the PFAS concentration in surface water near civil or military airfields that use 

aqueous film-forming foams (AFFF) with PFAS (Barzen-Hanson et al. 2017). Likewise, leachate from 

landfill sites tends to transport PFAS into groundwater and thus acts as a point source for groundwater. 

Besides that, contamination of surface water is seen due to a different range of urban as well as rural 

land use activities, i.e., non-point sources. Mass balance tools are used for determining various PFAS 

input pathways to the water bodies (Banzhaf et al. 2017). From a study of mass balance over the Baltic 

Sea, it was found that there was a substantial contribution of PFAS through diffuse sources compared 

to point sources, i.e., WRRFs (Filipovic et al. 2013). 

2.1.3 Effect of different processes in transport  

PFAS are resistant to thermal and non-thermal exposure because of which they are highly persistent 

and unaffected by external environmental factors. Currently, a wide range of PFAS are found in the 

environment, and every PFAS have different physio-chemical properties. Different PFAS are seen to 

have hydrophobic and hydrophilic properties based on their structural composition. Perfluoroalkyl 



5 

acids (PFAA) show both hydrophilic and hydrophobic characteristics due to the presence of 

perfluoroalkyl group and sulfonate or carboxylate group respectively and this characteristic enables 

the long-chain PFAA to accumulate in soil-groundwater and groundwater-air interfaces (Ross et al. 

2018). Likewise, the solubility of PFAS in water is high based on the length of the carbon chain. 

Longer chain PFAS have hydrophobic characteristics and dissolve less in water in comparison to 

short-chain PFAS. Furthermore, long-chain PFAS are more surfactant in nature, and it forms 

aggregates. A study by Ahrens (2011) showed that based on various environmental situations, PFAS 

could be found in either dissolved or particulate form. Mostly based on physio-chemical properties, 

long-chain PFAS that are found in particulate form tend to bond strongly with surrounding particles 

while short-chain PFAS remain in the dissolved phase. In the aquatic environment, the sedimentation 

process is one of the main processes that influence the transport of PFAS (Phong Vo et al. 2020). As 

mentioned before, long-chain PFAS with a strong affinity to particles is mostly found attached to the 

sediment and settled in the water. Due to this, sediment is considered one of the largest sinks for PFAS 

storage. Similarly, the property of affinity of long-chain PFAS with surrounding particles has resulted 

in bioaccumulation which is another process that influences the transport of PFAS. Since short-chain 

PFAS are found in the dissolved phase, they are more mobile and have longer transport than long-

chain PFAS (Li et al. 2020). 

2.1.4 Exposure to human health and remediation measures 

Water sources both surface and groundwater can be contaminated through various points as well as 

diffuse sources of PFAS. Human exposure to PFAS has been seen mainly because of ingestion of 

contaminated food and drinking water. It has been found that exposure to humans is mainly due to the 

ingestion of PFAS contaminated food. According to (Svenskt Vatten 2020), most of the human 

exposure to PFAS is through inhalation and food while around 20% is from the water. When the PFAS 

contaminated water source is consumed through ingestion or dermal contact, there is a risk of adverse 

effects on human health (Podder et al. 2021). Although the effect of constant exposure to low 

concentration or short-term high concentration is still not clear. But in general, it has been seen to have 

effects on the immune system causing cancer, diabetes, high blood pressure, thyroid and asthma 

(Chang et al. 2008). It has been seen that the amount of PFAS found in drinking water and other 

sources to human are found usually below the regulation limit. However, the persistent nature of 

PFAS and bioaccumulation properties can cause adverse effects on human health for a longer period 

(Podder et al. 2021). Barry et al. (2013) found that repeated exposure of humans to Perfluorooctanoic 

acid (PFOA) has resulted in kidney and testicular cancer. Besides that, it has been observed that 

exposure to PFAS effects reduced birth weight, delayed development and increased infertility (Li et al. 

2020). Furthermore, Chang et al. (2008) reported that high-level exposure to PFAS caused an 

increased weight in the thyroid and liver, changes in thyroid hormones, and decreased haemoglobin, 

red blood cells and cholesterol.  
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    PFAS has the properties of bioaccumulation and is highly persistent because of which various 

adverse effects on human health and contamination in the environment are observed. Adverse effect 

seen on human health due to the presence of PFAS in water has resulted in the growing concern about 

the remediation of PFAS in the environment. Both aerobic and anaerobic bioremediation processes are 

found not to be viable remediation methods as the PFAS was found resistant to biodegradation (Ross 

et al. 2018). For remediation of PFAS from water, two processes, namely the separation process and 

the destruction process are used. The separation process includes various techniques used in the 

treatment of drinking as well as wastewater in which PFAS is separated from the water. It includes 

conventional techniques like sedimentation and filtration, flocculation and coagulation, membrane 

techniques like nanofiltration, reverse osmosis and sorption techniques like activated carbon, ion 

exchange resins or polymers, and ozofractionation (Merino et al. 2016). Destruction techniques used 

for remediation of PFAS include methods such as incineration, biological destruction, chemical 

oxidation and reduction, electrochemical oxidation and sonolysis (Ross et al. 2018). Besides these, 

some advanced techniques such as photochemical oxidation, plasma technology and other techniques 

are also used in the defluorination of PFAS (Phong Vo et al. 2020).  

    Although these techniques are useful for remediation of PFAS concentration in water, field 

conditions and various other factors affect the efficiency of the treatment. Usually, the presence and 

distribution of PFAS, contaminants and different environmental matrices such as pH, temperature, 

organic matter content, oxygen concentration, ion concentration, and sediments affect the field 

condition (Merino et al. 2016). Thus, various studies regarding the remediation of the PFAS must 

include the effect on the natural environment. Likewise, using various treatment processes together as 

a treatment train can be used as remediation for PFAS removal. The combination of multiple removals 

and degradation approaches improves the treatment efficiency, minimizes harmful byproducts, and 

reduces the cost of implementation of the overall process. A study by Lu et al. (2020), found that 

treatment train studies of three individual technologies with nanofiltration, electrochemical anodic 

oxidation and electro-Fenton degradation were found to be optimal technical solutions as they could 

effectively treat a certain range of PFAS. However, based on the current treatment trend and study by 

researchers has shown that a wide variety of PFAS treated using sorption techniques into activated 

carbon, ion exchange and other sorbents is the common treatment method (Merino et al. 2016). 

2.1.6 Existing Regulation on PFAS 

PFAS has been in extensive use for different industrial and commercial purposes for a long time, but 

studies indicating the adverse health effect on human and the environment has compelled regulation of 

these ubiquitous chemicals. Some PFAS that were widely in use in the past, namely PFOS and PFOA 

and their precursors, have been regulated in Europe. Both PFAS have been listed under Stockholm 

Convention on Persistent Organic Pollutants (POPs) and are now restricted under EU POPs 

Regulation. Similarly, based on the effect of PFHxS on human health and the environment, PFHxS 

and its salts have been proposed to be annexed as POPs in the Stockholm Convention by 2022(UNEP 
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2020). In Sweden, National Food Agency (NFA) has provided an action limit for 11 different PFAS 

namely: perfluoro hexane sulfonate (PFHxS), perfluorobutane sulfonate (PFBS), PFOS, 6:2 

fluorotelomer sulfonic acid (6:2 FTS), perfluorobutanoic acid (PFBA), perfluoropentanoic acid 

(PFPA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), PFOA, perfluoro 

nonanoic acid (PFNA), and perfluoro decanoic acid (PFDA) in drinking water of 90 ng/L. If the 

concentration of these compounds in the drinking water is found higher than the limit, various 

measures must be adopted to reduce them (Livsmedelverket, 2022). Based on the European Food 

Safety Authority (EFSA)’s heath based guideline from 2020, the NFA have proposed new legislation 

to enforce from 1 January 2023 with limit values for PFAS 4 of 4 ng/L and PFAS 21 of 100 ng/L 

(Livsmedelverket, 2022).  

2.2 Modelling 

2.2.1 Hydrodynamic Modelling 

Hydrodynamic processes in water bodies are responsible for stratification and mixing in the lake 

which controls the temperature, nutrient distribution, and dissolved oxygen (Ji 2017). These processes 

are the driving mechanisms for the transport of sediment, toxins, nutrient, and pollutants. 

Hydrodynamic models are tools that simulate the behaviour of the water bodies under different forcing 

conditions. It can provide essential information to sediment, toxic, and eutrophication models, 

including water velocities, circulation patterns, mixing and dispersion, water temperature, and density 

stratification (Ji 2017). These models are implemented with one-, two- and three-dimensional 

numerical schemes that solve spatially and temporally the differential equations describing water 

transport, advection and dispersion and other processes, driven by the physical and climate conditions 

of the modelled lake. 

2.2.2 Modelling in MIKE 3 FM 

MIKE 3FM is a three-dimensional water modelling system developed by the Danish Hydraulic 

Institute (DHI). It has been developed for application in oceanographic, coastal, and estuarine 

environments but it can also be used for studies of inland water surfaces such as lakes, and reservoirs. 

The model is based on the numerical solution of three-dimensional incompressible Reynolds-averaged 

Navier-Stokes equations invoking the assumptions of Boussinesq and hydrostatic pressure. FM stands 

for “flexible mesh” and the optimal flexibility provided by the unstructured grid helps in smoothening 

and describing complex geometric boundaries. Likewise, the computational time can be optimized by 

using smaller elements for finer grids in areas requiring higher details and vice versa.  

    Different modules can be used with the MIKE software from DHI. Of different modules available 

with the software, the Hydrodynamic module and different transport module are used in conjunction 

for various projects relating to the spread and fate of dissolved and suspended substances (DHI 2006). 

The Hydrodynamic module simulates the flow and water level and contributes as a basis for other 
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modules. The module considers various inputs of bathymetry, density variations, and external forcings 

like meteorologic factors and hydrographic factors and provides numerical solutions of two- and three-

dimensional Reynolds-averaged Navier-Stokes equations invoking the assumptions of Boussinesq and 

hydrostatic pressure. 

    Various transport modules such as Ecology and water quality (EcoLlab) module, Mud Transport 

module, Sand Transport module, etc. regarding transport mechanisms and water quality modelling can 

be added to the hydrodynamic module. For this project, the hydrodynamic module in combination 

with the EcoLab module will be used. MIKE EcoLab module is used to simulate water quality and 

ecological modelling. It is a generic tool for customization of aquatic ecosystem models for describing 

water quality, eutrophication, heavy metals, and ecology with different process-oriented formulations 

(DHI 2006). The EcoLab module describes processes and interactions between the ecosystem and 

chosen variable. It shows the concentration and distribution of the variables based on physical, 

chemical, biological and advective transport processes, settling, resettling and sedimentation 

processes. In this module, various state variables and processes are created and described through the 

template. State variables are those variables that describe the state of the ecosystem such as biological 

oxygen demand, dissolved oxygen, nutrients etc. These variables can be transported in the EcoLab 

module by advection-dispersion processes based on hydrodynamics. 

2.2.3 Modelling of PFAS 

The ubiquitous presence and spread of PFAS across the globe emphasized the need for its analysis of 

the spread pattern and contamination. However, compared to the study of other contaminants and 

pollutants, the modelling of PFAS is underdeveloped (Naidu et al. 2020). Several factors such as the 

diversity of PFAS and its different physiochemical properties, low concentration, and variation in the 

affinity of PFAS towards different phase complicates the modelling of PFAS (Naidu et al. 2020). 

Many studies regarding the fate and transport of PFAS in groundwater, distribution of PFAS in oceans 

and nearshore environments and distribution of PFAS in different compartments are found that covers 

the modelling of PFAS in different mediums. Li et al. (2017) predicted the transport of PFOS and 

PFOA in the Daling River and its tributary using the one-dimensional hydrodynamic model. Likewise, 

PFOS and PFOA emissions were estimated and evaluated in the Danube river catchment using a 

catchment scale chemical transport and fate model (Lindim et al. 2015). Silva et al. (2020) simulated 

the transport and reactions of PFAS under dynamic conditions using a robust vadose-zone numerical 

model while the seasonal variation of PFAS concentrations in seawater in Norway was predicted using 

a generalized linear model by Ademollo et al. (2021). 

    Studies in regards to PFAS modelling in lakes are rather less. Kong et al. (2018) used a fugacity-

based multimedia model for modelling of fate, transport, and transformation of PFOS and PFOA in 

freshwater lakes in China. Although a range of factors and uncertainties could improve the model, it 

was able to describe and overall behaviour of the contaminant in the environment. The comparison of 

field data to model predictions also assured its performance. In the sensitive analysis of the model, the 
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parameters associated with nonlinear Freundlich sorption to organic carbon were found to be most 

sensitive and contribute to uncertainties in the modelling of the distribution of PFOS and PFOA in 

aquatic conditions. Also, Kong et al. (2018) mentioned that the bioaccumulation of PFAS in biota 

would be vital for understanding the transport of PFAS in the lake. Further, the study concluded that 

water itself was not a big sink for PFOS and PFOA as it was transported to sediment and removed 

through outflows. 
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3. Methodology
3.1 Study Area 
Lake Ekoln is the northernmost basin of Lake Mälaren, the third largest lake in Sweden that supplies 

drinking water to approximately two million people. Lake Ekoln has a surface area of 29.8 km2 with a 

mean depth of 15.4 m and a maximum depth of 50 m. The volume of the lake is 0.458 km3 and it has a 

water renewal time of fewer than 1.2 years (Goedkoop et al. 2011; Ekman 2021). There are four major 

flows into Lake Ekoln namely: Fyrisån, Örsundaån, Sävaån and Hågaån and a minor inflow through 

Uppsalaåsen and Lindqvist (2019) mentioned in her study that these sources accounts for 95% of the 

inflow into the lake while about 5% of the inflow is due to other diffuse inflow sources. However, a 

major part of the inflow into the lake is due to rivers Fyrisån and Örsundaån and these two rivers 

contribute about 11% of the total flow into the Mälaren (Persson et al. 2012). The outflow location of 

Lake Ekoln is at Erikssund in the southern part of the lake from where all the water flows into Lake 

Mälaren. Figure 1 below shows all the inflows flowing into the lake and outflow at Erikssund. The 

location of WRRF at Kungsängsverket and sampling station Vreta Udd is also shown in the figure. 

WRRF at Kungsängsverket is considered a source of PFAS into Ekoln as effluent from 

Kungsängsverket is discharged into Fyrisån which flows to the lake. The concentration of PFAS in the 

lake is measured at the sampling station in Vreta Udd. 

Figure 1. Layout of Lake Ekoln with inflows and locations of sampling station Vreta Udd (Red hexagon), 
Outflow Erikssund (Dark blue circle) and Wastewater Resource Recovery Facility of Kungsängsverket along 
with the point sources of PFAS in the surrounding areas of lake Ekoln namely Uppsala Ärna Airport, 
Hovgården, Victoria Firefighting Site (Red triangles) and diffuse source of Uppsalaåsen (Black 
pentagon)(Basemap © OpenStreetMap (and) contributors, CC-BY-SA, Sweden Region Map © GADM,CC-BY).
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    The catchment area of Lake Ekoln is mostly dominated by forestry and agriculture. However, 

several urban areas are connected to the lake with Uppsala city being the major one (Persson et al. 

2012).  The land use pattern of catchment area consists of forest areas of around 62%, agricultural land 

of 30% and urban areas of around 2% (Goedkoop et al. 2011). The soil type in the catchment area 

consists of post-glacial clay and moraine soils. The influence of anthropogenic activities is observed to 

affect the water quality in the lake. The lake has been, for example, a recipient of point source 

pollution from WRRF of Kungsängsverket and diffuse source pollution from various agricultural 

activities (Goedkoop et al. 2011). Several environmental pollutants have been detected in the lake such 

as PFAS, mercury (Hg), polybrominated diphenyl ethers (PBDEs), and the chemical status of water is 

considered critical (VISS n.d.). 

    There is the mixing of water twice a year in Ekoln for which it is called a dimictic lake(Lindqvist 

2019). Mixing of water in the lake occurs particularly in the spring and fall when the temperature of 

the lake becomes constant throughout the vertical profile. During the summer and winter, the water in 

the lake is separated into different layers with different water temperatures. The stratification of the 

lake into different layers inhibits the mixing of water during these periods. Due to the minimization of 

mixing and contact of water layers on the top and bottom of the lake, the water quality and lake 

ecosystem is impacted as the oxygen level in the bottom water layer becomes very low. Thus, the 

period of mixing is important for maintaining the oxygen level in the lake. Besides that, mixing affects 

the sedimentation of particles and the spread of various pollutants associated with it in the lake. So, 

different water quality in the lake in different periods can be observed in a dimictic lake like Ekoln. 

3.2 PFAS in Study Area 

Several previous studies about PFAS in the study area of Lake Ekoln have included the sampling of 

PFAS from surface water, groundwater, soil, and sediments. A sampling of PFAS in the surrounding 

areas was performed at station Vreta Udd in the middle of Lake Ekoln, inflows from Fyrisån and 

Örsundaån, in the effluent of WRRF at Kungsängsverket and groundwater wells in Uppsalaåsen. 

Comparing the measured concentration of PFAS at various sampling stations with prevailing 

regulations, it is evident that the concentration in various sources is of concern and actions for 

remediation of PFAS are necessary for the area. 

    Ahrens et al. (2014) performed a study in 2013 on 41 rivers and streams along the coastline of 

Sweden and analyzed PFAS contents in all the sites. In the study, Ahrens et al. (2014) found that 13 

different PFAS were detected in Fyrisån and the concentration was 32 ng/L (∑PFAS 13) 

approximately. Similarly, PFAS in the drinking water was detected in 2012 during the sampling of 

groundwater wells of Uppsala’s drinking water source (Uppsala Vatten och Avfall n.d.). Likewise, 

PFAS concentration was detected in perch in Görväln located south of Lake Ekoln. Sampling in 2016 

showed the concentration of 9.4 μg/kg in the perch which exceeded the existing regulation of 9.1 
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μg/kg in biota in lakes and coastal water for being classified as good chemical status water (Directive 

of the European Parliament and the Council n.d.). 

    During their study, Gago-Ferrero et al. (2017) conducted sampling at different locations along the 

Fyris river in the year 2014 and 2015. Similarly, Norström et al. (2015) performed 14 sampling of 

PFAS at monthly intervals in 2013 and 2014. Based on the available sampling data from measurement 

stations and through previous literature, the summary of measured PFOS in lake Ekoln and 

surrounding areas was presented in Table 1. Similarly, the concentration of PFHxS was measured at 

various sampling sites and found in the previous studies and literature (Table 8). Further, the location 

of the point sources of PFAS for the lake has been presented in Figure 1. 
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Table 1. Summary of measured PFOS within the study area of Lake Ekoln (from compilation in Josefsson & 
Hansson 2021). 

SN Location Period No. of 

samples Resolution 

PFOS 

Min/Average/

Max 

Sources 

Surface water [ng/l] 

1 Fyrisån Outlet 2013 - 2014 

2014 – 2015 

2014 

2019 – 2020 

2020 

14 

4 

4 

2 

3 

1 month 

3 months 

3.12/14.46/25.8 

2.3/4.9/7.5 

4.624 

1.6/2.35/3.1 

6.1/11.55/17  

(Norström et al. 2015) 

(Gago-Ferrero et al. 2017) 

(Bergström 2014) 

(Malnes et al. 2020) 

(Fyrisåns 

Vattenvårdsförbund 2020) 

2 Örsundaån 

outlet 

2019 - 2020 2 <0.3 (Malnes et al. 2020) 

3 Sävjaån 

Outlet 

2020 4 7.4/15.5/22  (Fyrisåns 

Vattenvårdsförbund, 2020) 

4 Vreta Udd 2017 - 2018 

2019 - 2020 

81 

32 

1.2/1.9/4.5 

0.81/2.2/4.4 

(SLU 2022) 

(Malnes et al. 2020) 

5 Viktoria pond 2014 1 12924 (Bergström 2014) 

Groundwater [ng/l] 

1 Uppsala-Ärna 2013-2014 4 5/10004/ 

28000 

(Johansson & Helldén 

2015) 

2 Viktoria 2014  12 <1.13/1451/ 

15000 

(Bergström, 2014; Bjerking 

AB, 2014) 

3 Hovgården 2017 10 524 (Bonnet 2017) 

4 Uppsalaåsen 2012-2014 103 474 (Gyllenhammar et al. 

2015) 

Leachate/wastewater [ng/l] 

1 Kungsängsver

ket 

2015-2021 Monthly 8/18/60 (Uppsala Vatten och 

Avfall-a 2022) 

2 Ärna pumping 

station 

2013 1 19000 (Johansson & Helldén, 

2015) 

3 Hovgården 2017 14 954 (Bonnet 2017) 

Sediment [µg/kg dry sediment] 

1 Vreta Udd 2017 1 2.093 (Tjensvoll 2018) 

Soil [µg/kg dry sediment] 

1 Uppsala-Ärna 2014 7 <10/31/94 (Johansson & Helldén, 

2015) 

2 Viktoria 2014 4 1.6/172/486 (Bergström, 2014) 

1Samples taken at depths of (0.5 m, 15m and 30 m) 
2Samples taken depths of (0.5 m and 30 m).  
3Concentration in sediment at depth 0-2 cm.  
4Average Concentration Values.  
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Table 2. Summary of measured PFHxS within the study area of Lake Ekoln. 

SN Location Period No. of 

samples 

Resolution PFHxS 

Min/Average/

Max 

Sources 

Surface water [ng/l] 

1 Fyrisån outlet 2013 1 12  (Ahrens et al. 2014) 

2 Örsundaån outlet - 1 1.8 (Personal 

Communication, 

Frida Ekman, March 

2022) 

3 Vreta Udd 2017 - 2018 

2019 - 2020 

81 

32 

1.1/2.46/3.1 

1/1.73/3.5 

(SLU, 2020) 

(Malnes et al. 2020) 

4 Viktoria Pond 2014 1 303 (Bergström 2014) 

Ground water [ng/l] 

1 Uppsalaåsen 2012-2013 103 834 (Gyllenhammar et al. 

2015) 

Leachate/wastewater [ng/l] 

1 Kungsängsverket 2015-2021 Monthly 12/9.74/30 (Uppsala Vatten och 

Avfall-a 2022) 

1Samples taken at depths of (0.5 m, 15m and 30 m). 
2Samples taken depths of (0.5 m and 30 m).  

3.2.1 Point and Diffuse Sources 

A high concentration of PFAS has been identified at different point in Uppsala. WRRF at 

Kungsängsverket, Uppsala-Ärna airport, Viktoria firefighting site and the landfill site of Hovgården 

are mainly considered as the point sources of PFAS in Uppsala (shown in Figure 2)(Josefsson & 

Hansson 2021). WRRF at Kungsängsverket regularly measures the monthly concentration of PFAS in 

the effluent. Based on the monthly measured data of the effluent, the average concentration of PFOS 

and PFHxS were found to be 17.43 ng/l and 8.62 ng/l from 2015 to 2021 and the average outflow at 

that time was 0.57 m3/s. PFAS concentration in WRRF at Kungsängsverket comes from household 

wastewater and industrial wastewater. Uppsala-Ärna airport is another source of PFAS in the 

groundwater of Uppsalaåsen and Fyrisån. A high concentration of PFOS of 28,000 ng/l has been 

measured in the sample of groundwater at the site (Johansson & Helldén 2015). Also, the stormwater 

from Ärna airport runoffs to the Fyrisån results in contamination in the river water. A sampling of 

surface water in Fyrisån indicates that there is the contamination of river water by PFAS in the section 

of the river when it passes along the Ärna-airport. Likewise, the wastewater is pumped from Ärna to 

Kungsängsverket and the concentration of PFOS in the wastewater from Ärna is 19000 ng/l 

(Johansson & Helldén 2015). 
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    Another point source of PFAS in the study area is the Victoria firefighting site. The sampling of 

groundwater at the site indicated a high concentration of 15000 ng/l of PFOS(Johansson & Helldén 

2015). Also, the concentration of PFOS at the sedimentation pond was 1292 ng/l as per  the sampling 

by (Bergström 2014). The groundwater flow in the site is considered towards the Uppsalaåsen, which 

can transport the PFAS into lake Ekoln. Also, the water from the sedimentation pond is discharged to 

Sävaån which flows towards Fyrisån and acts as a source of PFAS contamination. Similarly, the 

Hovgården landfill site located around 12 km north of Uppsala city is considered another point source 

of PFAS. Bonnet (2017) performed the sampling at the site and found a high concentration of PFAS in 

landfill leachate and groundwater. The sludge and landfill leachate are passed through the treatment 

facility and is discharged to small streams that flow to Sävaån (Bonnet, 2017). Sampling in those 

stream and mass flow estimations was performed by Bonnet (2017) to determine the impact of 

Hovgården on the surrounding environment which indicated that Hovgården has a smaller impact. 

    PFAS concentration in the atmosphere is considered as one of the diffuse sources. During the 

precipitation event, the PFAS in the atmosphere is transported to the lake directly or indirectly through 

stormwater runoff, groundwater, or surface waters as an atmospheric deposition. The average 

concentration of PFOS in precipitation was measured as 0.15 ng/l at Uppsala (Fredricsson et al. 2017). 

Another possible diffuse source is on-site sewage treatment facilities (OSSFs). Previous studies have 

found that OSSFs is a diffuse source of PFAS and there are around 7000 private sewer in Uppsala 

Municipality (Svensk Avloppsrening n.d.). A sampling of wastewater from 12 OSSFs performed by 

Gross et.al., (2017) was analyzed for different PFAS and was found to be of similar magnitude to 

effluent in different WRRF in Europe and U.S. Similarly, Industrial activities is another diffuse source 

of PFAS Two industrial sites at Librobäck and Fyrislund in Uppsala could be a possible site for the 

diffuse spread of PFAS. Johansson & Helldén (2015) mentioned that the investigation of possible 

sources of PFAS is lacking information with no sampling of PFAS in soil and groundwater in these 

areas. Besides that, landfill sites are other diffuse sources. There are many landfill sites in Uppsala in 

addition to Hovgården and the sludge and leachate from these landfills can be a potential source of the 

spread of PFAS in the environment. 

3.2.3 Mass flow of PFOS and PFHxS 

Mass flow estimation of PFOS and PFHxS were performed for analyzing the impact of different 

sources. Mainly the mass flow was calculated at Fyrisån and the outflow of Kungsängsverket for 

analyzing the impact of mass flux concentration from the Fyrisån and Kungsängsverket. The mass 

flow estimations in the Fyrisån were based on the sampling of PFOS made by Gago-Ferrero et al. 

(2017) between 2014 and 2015, Norström et al. (2015) in 2013-2014 and Fyrisåns Vattenvårdsförbund 

(2020) in 2019 and 2020. Gago-Ferrero et al. (2017) had 4 samples of 3 months resolution during 

2014 and 2015 while Norström et al. (2015) had 14 samples between 2013 and 2014 of month 

resolution. Likewise, Fyrisåns Vattenvårdsförbund (2020) had five samples of monthly resolution. The 
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flow in the river for the sampling date at different sampling locations was obtained through modelled 

discharge of SMHI. Mass flow for the day was obtained by multiplying the sampled concentration of 

PFOS by the flow of the river. Since the samplings were made in different periods and the 

concentration measured was different and the median of the mass flow estimated was calculated for 

different periods. Finally, the final median mass flow of PFOS for Fyrisån was calculated by 

calculating the median of three different median mass flow values obtained from different sampling 

sets. Like the calculation of PFOS mass flow, the mass flow for PFHxS for Fyrisån was calculated. 

However, the mass flow estimation was based on sampling made by Gago-Ferrero et al.( 2017)and 

Fyrisåns Vattenvårdsförbund (2020) with 4 and 2 samples respectively. Like PFOS mass flow 

calculation, the concentration of PFHxS was multiplied by flow for the sampling date to obtain the 

mass flow for the day. The final mass flow of PFHxS was obtained by calculating the median mass 

flow observed from two sampling sets. 

    Similarly, the mass flow of PFOS and PFHxS from the Kungsängsverket was estimated based on 

the measured concentration of PFOS and PFHxS in the monthly collected samples at 

Kungsängsverket. Since the samples are collected every month, the samples from Kungsängsverket 

represent the monthly average concentration. So, the mass flow was estimated for PFOS and PFHxS 

for Kungsängsverket by multiplication of the average concentration by the average monthly flow. 

Likewise, the mass flow through the Uppsalaåsen was calculated based on a constant flow of 0.05m3/s 

and the concentration of PFOS of 5ng/l and for PFHxS it was assumed to be 40 ng/l (Beal Eric, 

Personal Communication,3 March 2022). The mass flow estimation for precipitation was carried out 

by multiplication of concentration of PFOS in precipitation by the average precipitation and surface 

area of the lake.  

3.3 Previous modelling in Lake Ekoln 

Tyréns AB (2018) developed a model for Lake Ekoln using MIKE 3 FM with the primary intention of 

simulating the effect of flow from Fyrisån which contained effluent from Kungsängsverket into the 

lake for determining the appropriate location of a potential raw water intake. Many studies have used 

the model and even updated the model according to the objective of the study. (Lindqvist 2019) used 

the model in her study to simulate and analyze the mixing pattern of the lake based on the future 

climate change scenario. The model from Tyréns AB was adapted and calibrated by Lindqvist for the 

simulation of temperature profiles of the lake and a longer simulation period of a year compared to 

three months simulation time of the original model of Tyréns AB. Parameters of the hydrodynamic 

module were calibrated by Lindqvist for the year 2018. This model was able to describe the seasonal 

variation in spread patterns because of the longer simulation period. 

    Further, Ekman (2021) in a study coupled the EcoLab module with the existing hydrodynamic 

module of the lake for simulating water quality as per the concentration of natural organic matters and 

PFAS. The model was simulated for 1.2 years for covering the water retention period of the lake. 



17 

Because of limited available data sources, Ekman simulated the model including Kungsängsverket and 

precipitation as the sources of PFAS, and the result of the simulations was able to describe 40% of the 

PFAS in the lake. The study concluded with the possibility of other sources in the surrounding areas 

that would be contributing to the PFAS spread in the lake.  

    Based on the developed model and study by Ekman, (Josefsson & Hansson 2021) performed a study 

investigating the spread of PFOS in the lake identifying pathways of PFOS to the lake, major sources 

of PFOS, and processes that affect the fate and transport of PFOS. Besides that, the study also 

simulated current and future spread scenarios of PFOS in the lake considering climate change and 

socio-economic development. A mass balance approach was adopted in the study for identifying the 

major source of PFOS in the lake. The study results from Josefsson & Hansson (2021) have identified 

the major sources of PFOS in the lake, and that processes such as sedimentation and bio-accumulation 

have a high impact on the fate and transport of PFOS in the lake. 

3.4 Model setup and update 

The model setup was divided into two parts: The hydrodynamic module and the EcoLab module. 

Parameter values for the hydrodynamic module were calibrated by Lindqvist (2018) for the year 2018. 

The same values for parameters of the hydrodynamic model were adopted for this project. The 

simulation period of 3 was adopted for this study considering that the model will describe the water 

circulation of the lake and the seasonal variability of the spread of both PFOS and PFHxS in the lake. 

The period of interest for simulation was considered between 2017-02-20 and 2020-02-20 for 

understanding the effect of different hydrodynamic processes and seasonal variability. For this study, 

the model was set up with available sampling data of PFOS and PFHxS in the EcoLab module for 

analyzing and comparing their spread in the lake.  

3.4.1 Hydrodynamic Module 

The hydrodynamic module simulates water flow in Lake Ekoln and shows how water mixes or 

remains stagnant in the lake. The hydrodynamic module is driven by data on inflows, meteorological 

data, water level data at the outflow and initial conditions regarding water temperature and water level 

in Ekoln. As mentioned previously, the inflows considered in the model are from Fyrisån, Örsundaån, 

Sävaån, Hågaån, and Uppsalaåsen. Lindqvist (2019) mentioned in her study that 95% of the inflow 

into the lake is through these sources while 5 % is through various diffuse sources. Flow from 

Kungsängsverket is added as an additional inflow as it is considered as a point source of PFAS. 

Discharge and water temperature data from rivers and Kungsängsverket were included in the model as 

time series. The measured data of discharge and water temperature was not available for rivers, so 

modelled discharge, and temperature data from Swedish Meteorological and Hydrological Institute 

(SMHI) were used. Figure 2 shows the computational mesh, inflows, outflow, and bathymetry of the 

modelled area.  
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Figure 2. Map of mesh, bathymetry, inflows, and outflows of modelled area. 

    The meteorological data included air temperature, wind speed, wind direction, relative humidity, 

clearness coefficient and precipitation. All meteorological data was downloaded from SMHI for 

station Uppsala Aut except for clearness which was downloaded from station Uppsala Airport. 

Likewise, ice coverage was also included in the model as a uniform ice thickness of 0.1 m for the 

number of days of ice coverage in Lake Ekoln. However, the data for ice coverage was not available 

for Lake Ekoln. So, data of ice coverage days for Lake Skarven, another subbasin of Lake Mälaren, 

located approximately 13 km south-east of Lake Ekoln was used. The ice coverage in the lake was 

found between 2017-01-04 and 2017-03-27 and between 2018-01-10 and 2018-04-18 (SMHI, n.d.). 

Table 3 presents the summary of input data for the hydrodynamic module. 

    The initial conditions of the lake included water level and temperature. The average water level in 

Lake Mälaren from the simulation starting date was used as the initial water level. Likewise, the initial 

conditions for the water temperature in Ekoln were based on the measurement at 26 different depths at 

Vreta Udd on the simulation starting date. The vertical temperature variation was assumed in the 

whole lake while no horizontal temperature variations were assumed. In the model, the density is 

defined as the function of temperature, and the parameterization of the temperature and heat exchange 
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was based on a calibrated model by Lindqvist (2019) and the calibrated parameters adopted were 

0.0011 m-1 for transfer coefficient of heating, 0.0002 m-1 for transfer coefficient of cooling and 1 

m-1 for light extinction factor. 

Table 3. Summary of input data for the hydrodynamic module (from compilation in Josefsson & Hansson 2021). 

Parameter Resolution Station/Location Source 

Meteorology Wind speed 

Wind direction 

Relative humidity 

Air temperature 

Clearness 

Precipitation 

1 h 

1 h 

1 h 

1 h 

1 h 

24 h 

Uppsala Aut 

Uppsala Aut 

Uppsala Aut 

Uppsala Aut 

Uppsala Airport 

Uppsala Aut 

SMHI1 

SMHI1 

SMHI1 

SMHI1 

SMHI1 

SMHI1 

Discharge Fyrisån 

Örsundaån 

Hågaån 

Sävaån 

Uppsalaåsen 

Kungsängsverket 

24 h 

24 h 

24 h 

24 h 

Constant 

24 h 

Outlet 

Outlet 

Outlet 

Outlet 

Interface Ekoln-Uppsalaåsen Outlet 

Outlet 

SMHI2 

SMHI2 

SMHI2 

SMHI2 

E Beal3 

UVA4 

Water 

temperature 

Ekoln 

Fyrisån 

Örsundaån 

Hågaån 

Sävaån 

Kungsängsverket 

6 times/year 

24 h 

24 h 

24 h 

24 h 

24 h 

Vreta Udd 

Outlet 

Outlet 

Outlet 

Outlet 

Outlet 

SLU5 

SMHI2 

SMHI2 

SMHI2 

SMHI2 

UVA6 

Other Ice coverage 

Water level Erikssund 

24 h 

24 h 

Mälaren Skarven 

Mälaren 

SMHI7 

SMHI2 

1(SMHI-a n.d.) 
2((SMHI-b n.d.))  
3(Eric Beal, personal communication, 3 March, 2022) 
4((Uppsala Vatten och Avfall-b n.d.) 
5(SLU, n.d.)  
6((Uppsala Vatten och Avfall-c n.d.))  
7((SMHI-c n.d.))  

3.4.2 Water Quality Module – EcoLab Module 

The EcoLab module requires input data of PFOS and PFHxS concentration in an EcoLab template 

which was added to the flows calculated from the hydrodynamic module to simulate the spread of 

PFAS in the lake. Only dissolved phase PFOS and PFHxS were considered for modelling as the 

available measurement data of PFOS and PFHxS in the lake and rivers were limited and found to be in 

the dissolved phase only. Kungsängsverket, Fyrisån, Uppsalaåsen and Örsundaån were added as 

sources for PFOS in the model. The measurement of PFOS concentration in Örsundaån was found 

below the detection limit and was not included as a source. Similarly, PFOS concentration was not 

detected in Hågaån and Såvaån, so they were also not included as sources in the model. Likewise, 

there was no data for a concentration of PFOS in the outflow, thus the concentration at Erikssund was 

set the same as that of the lake i.e., with zero gradients. Similarly, for PFHxS the same sources added 
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for PFOS were added as the sources. The concentration of PFHxS was not detected in the sources 

Hagaån and Såvaån. But a small concentration of PFHxS has been observed in Örsundaån. 

    PFOS and PFHxS concentration from Kungsängsverket and Fyrisån was included in the model as 

time series. Although the concentration of PFOS and PFHxS in Fyrisån included the concentration of 

PFOS and PFHxS from Kungsängsverket, it was determined as a point source because the 

measurement data of Fyrisån was sporadic while Kungsängsverket had better quality data of monthly 

frequency. For accessing the contribution of PFOS and PFHxS from Fyrisån, the concentration from 

Kungsängsverket was subtracted. Based on the available sampling data of PFOS, median mass flow of 

PFOS for Fyrisån was calculated to be 72.68 μg/s and Kungsängsverket was 11.17 μg/s. Thus, the 

median mass flow of Fyrisån without Kungsängsverket contribution was calculated as 61.51μg/s. 

Time series of concentration of PFOS in Fyrisån was used in the model and for converting into the 

time series of concentration, the median mass flow was divided by the daily flow of Fyrisån. Table 4 

shows the data used for modelling PFOS. 

Table 4. Data used for modelling of PFOS spread in Lake Ekoln (from compilation in Josefsson & Hansson 
2021). 

Location Resolution Depth [m] Source 

Ekoln Vreta Udd 11 times 0.5, 30 (SLU 2020) 

9 times 15 

Fyrisån outlet 23 times (2013-2015 and 

2019-2020) 

- (Norström et al. 2015; Gago-

Ferrero et al. 2017; Fyrisåns 

Vattenvårdsförbund 2020; 

Malnes et al. 2020) 

Kungsängsverket Monthly - (Uppsala Vatten och Avfall 

AB, n.d-a) 

Uppsalaåsen Constant value - (E.Beal, personal 

communication, 17 March- 

2022) 

Precipitation Constant value - (Fredricsson et al., 2017) 

    Similarly, the median mass flow of PFHxS based on the available sampling data for Fyrisån was 

found to be 55.07 μg/s. The median mass flow of PFHxS from Kungsängsverket was calculated to be 

5.31 μg/s. Hence, the average mass flow of PFHxS for Fyrisån without the contribution of 

Kungsängsverket was found to be 49.76 μg/s. As the concentration of PFOS, the PFHxS concentration 

was used as a time series in the model and for converting the mass flow into time series of 

concentration, it was divided by the daily flow. Table 5 shows the data used for modelling PFHxS. 
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Table 5. Data used for modelling of PFHxS spread in Lake Ekoln. 

Location Resolution Depth [m] References 

Ekoln Vreta Udd 11 times 0.5, 30 (SLU 2020) 

8 times 0.5, 15, 30 

Fyrisån outlet 6 times (2013-2015 and 2019-

2020) 

- (Gago-Ferrero et al. 2017; Fyrisåns 

Vattenvårdsförbund 2020; Malnes et 

al. 2020) 

Kungsängsverket Monthly - (Uppsala Vatten och Avfall AB, n.d-

a) 

Örsundaån Constant value - (F.Ekman, personal communication, 

March 2022) 

Uppsalaåsen Constant value - (E.Beal, personal communication, 17 

March- 2022) 

Precipitation Constant value - (Fredricsson et al. 2017) 

    PFOS and PFHxS concentrations at sampling station Vreta Udd at depths of 5, 15 and 30 m were 

set as the measured concentration of the starting simulation date. These measured values were linearly 

interpolated and assumed to be varied vertically in the lake. Scaled eddy viscosity formulation with a 

constant value of 1 for horizontal and 0.01 for vertical dispersion was used for describing the 

dispersion of PFOS.  

    Besides the simulation of PFOS and PFHxS for water quality in the lake, an additional water quality 

simulation was performed with the conductivity observation in the lake and the inflows into the lake. 

The purpose of the simulation of conductivity in the lake was to have a better understanding of the 

water circulation and water quality in the lake. A separate custom EcoLab template was created for 

conductivity with separate sources. The template was used with the flows calculated from the 

hydrodynamic module for simulation of the spread of conductivity in the lake. Conductivity in 

Fyrisån, Uppsalaåsen, Örsundaån, Hågaån, Precipitation and initial conductivity in Ekoln were used as 

the sources for the simulation of Conductivity. In the model for conductivity, the conductivity of 

Fyrisån is used as the time series while conductivity for Örsundaån, Hågaån, precipitation and 

Uppsalaåsen was used as a constant source. Units of observation data of conductivity for Fyrisån were 

converted from mS/m to μS/cm for consistency. A constant average source of 20 μS/cm was assumed 

for the conductivity in precipitation. Similarly, constant conductivity of 226 μS/cm and 457 μS/cm 

was assumed for Örsundaån and Hågaån. For Uppsalaåsen, a conductivity value of 660 μS/cm was 

used.  Table 6 shows the data used in the modelling of conductivity. 
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Table 6. Data used for modelling of Conductivity in Lake Ekoln 

Location Resolution Depth [m] Source 

Ekoln Vreta Udd 40 times (2015- 2021) 0.5, 15, 30 (SLU, 2021) 

Fyrisån Monthly (2014-2021) 

15 minutes (2016-2021)  

- (S. Kohler, personal 

communication, 25 March 

2022) 

Hagaån Constant value - (S. Kohler, personal 

communication, 25 March 

2022) 

Uppsalaåsen Constant value (Aastrup & Thunholm 2001) 

Örsundaån Constant value (Kaunisto et al. n.d.) 

Precipitation Constant value (Zdeb et al. 2018) 

3.5 Modelled scenarios 

Different scenarios were set up for studying the effect of variation of concentration of PFOS and 

PFHxS in the source. Based on the mass flow calculated from the available sampling data, the 

contribution of PFOS and PFHxS are observed high for Fyrisån compared to other sources. However, 

the sampling data available is limited and during some specific periods which cannot explain the 

variation of the PFOS and PFHxS flux throughout the year. For analyzing this uncertainty of PFOS 

and PFHxS flux in Fyrisån, an approach of different scenarios to represent different mass flow in 

Fyrisån was adopted. Two scenarios were set up to represent the current scenarios with two possible 

outcomes. The scenarios were set up based on the assumptions of possible mass flux in the Fyrisån 

and Kungsängsverket. 

    Firstly, Scenario A was set up where flux from Fyrisån for PFOS and PFHxS were assumed from 

the available sampling of PFOS and PFHxS concentration. Median mass flow calculated from the 

available sampling datasets for Fyrisån were used in Scenario A for representation of overall mass 

flow observed in Fyrisån between 2013 and 2021. In Scenario B, the concentration of PFOS and 

PFHxS from the most recent sampling was used for the representation of the current trends of PFOS 

and PFHxS concentration in the Fyrisån.  Table 7 shows the description of different scenarios adopted 

for uncertainty analysis. 
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Table 7. Description of simulated scenarios. 

Description Year Mass Flow of 

PFOS (μg/s) 

Mass flow of 

PFHxS (μg/s) 

Scenario A 2017-2020 61.51 49.76 

Scenario B 2017-2020 18 26.46 
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4. Results

4.1 Temperature Variation in Lake Ekoln 

The temperature variation in the lake was observed throughout the year in Lake Ekoln along with the 

depth. The analysis of the temperature profile in the lake was performed to ensure that the model can 

simulate the water mixing pattern close to the observed mixing pattern. Observed and simulated 

temperature profiles of the lake for the years 2017, 2018 and 2019-2020 are shown in Figure 3. 

    From Figure 3 (a), (b), and (c) the variation in temperature profile according to depth was observed 

during simulated years from 2017 to 2020. Every year during July, August, and September, the 

temperature variation at different depths was observed. The temperature at the surface was found high 

compared to the temperature at the bottom of the lake during this period. Difference in water 

temperature along the depth in the lake indicated about the stratification in the lake as water densities 

changes according to the corresponding change in water temperature. Conversely, the temperature 

variation along the depth was not observed for February, April, and May for all simulation years and 

was observed to be similar. The similarity of temperature profiles for different depths in the lake 

indicated the mixing of water in the lake at the time. Likewise, from Figure 3 (a), (b), and (c) the 

simulated temperature profiles were seen slightly low compared to the observed temperature profiles 

but the pattern of the simulated temperature profile followed the trend of observed temperature 

profiles. Further, for analyzing the prediction error between the simulated and observed temperature 

profiles, root-mean-square-error (RMSE) was calculated. RMSE values for the years 2017, 2018 and 

2019 were found at the range of (0.162-2.821), (0.747-11.458) and (0.809-2.616) (from Table 8) 

respectively. Based on the RMSE values and the plots, the model was seen to describe the temperature 

profile variation of the lake satisfactorily.  
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Figure 3. Simulated (Solid lines) and Observed (Dotted lines) Temperature profile of Lake Ekoln 
for the years 2017 (a), 2018 (b) and 2019-20 (c). 

(b) 

b)

(c) 

(a)
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4.2. Observed and Simulated PFOS and PFHxS 

The simulated and observed concentration of PFOS and PFHxS at the lake for the simulation period of 

3 years from 2017-02-20 to 2020-02-20 for scenario A and scenario B are shown in Figure 4 and 

Figure 5. 

Figure 4. Simulated and Observed concentration of PFOS in Scenario A (a) and Scenario B (b) at Vreta Udd 
station in Lake Ekoln at depth of 0.5m (light green line), 15m (Orange line), 30m (Brown line) along with the 
discharge (dotted blue line) in the Fyrisån river for the year of 2017, 2018 and 2019-2020. Mass flux of PFOS for 
Fyrisån without the contribution of Kungsängsverket during scenario A was assumed as 61.51 μg/s and during 
scenario B the mass flux from Fyrisån was assumed as 18 μg/s. 

(b) 

(a)
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(a) 

(b) 

Figure 5. Simulated and Observed concentration of PFHxS in Scenario A(a) and Scenario B (b) at Vreta Udd 
station in Lake Ekoln at depths of 0.5m (green line), 15m (orange line), 30m (brown line) along with the 
discharge in the Fyrisån river for the year of 2017,2018 and 2019-2020. Mass flux of PFOS for Fyrisån without 
the contribution of Kungsängsverket during scenario A was assumed as 49.76 μg/s and during scenario B the 
mass flux from Fyrisån was assumed as 29.46 μg/s. 

(b)
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    From the figure 4 and figure 5, for both scenarios, the simulated concentration of PFOS and PFHxS 

in the lake was observed to be correlated with the discharge in the Fyrisån. The increased flow in the 

Fyrisån was observed with a corresponding decrease in the concentration of both PFOS and PFHxS in 

the lake and vice versa. From the figures, during June, July, September, and October low flow in the 

Fyrisån was observed and the corresponding concentration of PFOS and PFHxS was seen to increase 

and when the flow in the Fyrisån is high the PFOS and PFHxS concentration was seen to decrease. As 

the Fyrisån shares a large portion of inflow into the lake and is the major source of PFOS and PFHxS 

to the lake, the influence of flow in Fyrisån was seen high in a variation of PFOS and PFHxS 

concentration in the lake. Similarly, Figure 4 and Figure 5 show that in both scenarios, the simulated 

concentration for PFOS and PFHxS increased along the surface first which was then followed by the 

increased concentration with the increasing depth. The simulated concentration was observed to peak 

in August at the Surface, in September in the middle and in October at the bottom of the lake in the 

year 2017. A similar trend of increase and decrease in simulated concentrations for PFOS and PFHxS 

was seen during the years 2018 and 2019-2020. Mainly, the increase in simulated concentration at the 

surface was observed in the beginning as the inflow into the lake was through the surface in the model 

due to which the concentration increased initially at the surface and the hydrodynamic and 

environmental conditions transport the PFOS and PFHxS along with the depth of the lake which 

resulted in respective increase in concentration at the middle and bottom of the lake. 

     In scenario A, the simulated and observed concentration of PFOS at the surface, middle and bottom 

of the lake in 2017 were found comparable but the simulated concentration overestimated the observed 

concentration in the lake at the surface and bottom in 2019-2020. On the contrary, the simulated 

concentration underestimated the observed concentration in 2017 while it was seen to be comparable 

in 2019-2020 in scenario B. Like the spread pattern of PFOS, the simulated PFHxS concentration in 

scenario A and scenario B followed the similar trend of comparable simulated and observed 

concentrations in 2017 and over estimation of concentration in 2019-2020 in Scenario A and opposite 

trend in scenario B. Mass flux of Fyrisån assumed in scenario A was a median mass flux for 

concentration observed between 2013 and 2021. As most of the sampling were from the years 2013 

and 2014, the assumed flux in scenario A represented better for 2017 while the mass flux assumed in 

scenario B was from the sampled concentration for 2020. Thus, the mass flux in scenario B 

represented the flux from 2019-2020. 

4.3 PFOS and PFHxS from different sources 
The results of the simulated PFOS and PFHxS concentration in the lake at a depth of 0.5m from 

different sources and the distribution of the concentration of PFOS and PFHxS from those sources are 

shown in Figure 6 and Figure 7.  



29 

Figure 6. Simulated and Observed concentration of PFOS in Scenario A(a) and Scenario B (b) at Vreta Udd 
station in Lake Ekoln for a depth of 0.5m for different sources like Kungsängsverket (solid yellow line), Fyrisån 
(solid red line), Uppsalaåsen (solid maroon line), Precipitation (solid sky blue line), Initial concentration in 
Ekoln (dotted green line) and total PFOS concentration represented by the solid dark blue line. 

(b) 

(a) 
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(a) 

(b) 

Figure 7. Simulated and Observed concentration of PFHxS in Scenario A (a) and Scenario B (b) at Vreta Udd 
station in Lake Ekoln for a depth of 0.5m for different sources like Kungsängsverket (solid yellow line), Fyrisån 
(solid red line), Uppsalaåsen (solid maroon line), Precipitation (solid sky blue line), Initial concentration in 
Ekoln (dotted green line) and total PFOS concentration represented by the solid dark blue line. 
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    PFOS and PFHxS are transported into Lake Ekoln through different sources and based on the 

different hydrological and environmental conditions, the variation in the concentration of PFOS and 

PFHxS at depths of 0.5m, 15m, and 30m were observed during the whole simulation period. The total 

concentration of PFOS and PFHxS at all depths were estimated by the sum of PFOS concentration of 

all different sources. Figure 6,  Figure 7,  Figure 11, and Figure 12 from the appendix, shows that the 

PFOS and PFHxS concentration from Uppsalaåsen and precipitation have negligible contribution 

toward the total concentration of PFOS at depth of 0.5m, 15m and 30m in the lake during the 

simulation period for both scenarios. While the contribution of PFOS concentration from Fyrisån is 

seen to be the most significant followed by the contribution from Kungsängsverket.  

    From the figures, the concentration of PFOS and PFHxS from Fyrisån is found as the major 

contributor. So, the average simulated concentration of PFOS and PFHxS during the simulated period 

from each source and the total concentration in the lake from both scenarios were used for calculating 

the contribution of different sources in the lake. Contribution from Fyrisån was observed to be 81.35% 

and 43.21% in scenario A and scenario B respectively of total PFOS contribution in the lake. 

Likewise, the contribution from Kungsängsverket in scenario A is 14.23% and scenario B is 28.18%. 

Like the PFOS contribution, the contribution of PFHxS from Fyrisån and Kungsängsverket was 

observed as a major contributor for both scenarios. Similarly, the initial concentration of PFOS and 

PFHxS in the lake had significant impact on the determination of total PFOS and PFHxS 

concentration in the lake. However, the impact of the initial concentration of PFOS and PFHxS in the 

lake was observed to decrease by the end of the simulation period. The dotted green line in the figures 

indicates the initial concentration of PFOS and PFHxS in the lake which were represented based on 

the observed concentration of the lake at the starting date of the simulation. The initial concentration 

line indicates how the concentration in the lake without any inflow concentration would dissipate with 

time. At all depths in both scenarios, the concentration of initial conditions was observed to decrease 

with time for PFOS and PFHxS. 

4.4 Observed and Simulated Conductivity 
The observed and simulated Conductivity in the lake at depths of 0.5m, 15m, and 30m for the 

simulation period of 3 years from 2017-02-20 to 2020-02-20 is shown in Figure 8. The simulated 

conductivity at the depth of 0.5m, 15m and 30m in the lake are observed to be slightly lower than the 

observed conductivity in the lake. As Fyrisån is the major source of inflow to lake Ekoln, the flow in 

the Fyrisån influenced the conductivity in the lake. Higher inflow in the lake caused in dilution of 

conductivity in the lake as the conductivity was found to decrease. Besides that, conductivity in lake 

Ekoln varied due to the influence of different sources. Different environmental and hydrodynamic 

conditions in the lake cause changes in conductivity in the lake during the whole simulation period. 

    Figure 15 from the appendix, shows the variation of conductivity in the lake throughout the whole 

simulation period and the distribution of sources of conductivity. From the figure, the Fyrisån was 

observed to be the major contributor of conductivity to the lake which was followed by the 
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conductivity from Örsundaån and Hågaån. Also, the conductivity contribution from precipitation and 

Uppsalaåsen was observed to be negligible. 

Figure 8. Simulated concentration and observed Conductivity at Vreta Udd station in Lake Ekoln for depths of 
0.5m, 15m and 30m for the simulation period from 2017 to 2020. 
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5. Discussion

5.1 Analysis of simulated PFOS, PFHxS and Conductivity 
One of the main objectives of this study was to apply hydrodynamic modelling for the fate and 

transport of PFAS in the lake. Based on different sources of inflows, environmental conditions and 

hydrodynamics of the lake, the water quality model for PFAS was set up and was used for 

understanding the fate and transport in the lake. Two PFAS namely PFOS and PFHxS were used in the 

hydrodynamic model of the lake.  Figure 4 and  Figure 5 show the variation in the spread of PFOS and 

PFHxS which was seen because of the flow pattern and hydrodynamics of the lake. Mainly, the inflow 

from the river into the lake had a significant influence on the change in concentration of PFOS and 

PFHxS. During the low flow period in the rivers, the water flowing in and out through the lake was 

low i.e., the water exchange in the lake was minimum. Conversely, during the high flow period in the 

river, when the water exchange observed in the lake was relatively high. In their study, Zhang et al. 

(2020) have found that the increase and decrease in water level in the lake due to increased and 

decreased flow from the rivers results in increased and decreased outflow from the lake. As Fyrisån is 

the major source of inflow into Lake Ekoln, the influence of varying flow in the Fyrisån was observed 

with the corresponding variation in the simulated concentration of PFOS and PFHxS in the lake. 

    Likewise, during the wet season, the inflows from the rivers into the lake were increased due to an 

increase in rainfall and melting of ice. High flows in the rivers caused the entry of a high volume of 

water into the lake with the relatively constant mass flux of PFOS and PFHxS. This resulted in the 

dilution of the concentration of PFOS and PFHxS in the lake. During the dry period, there was 

reduction in the inflow into the lake which resulted in a lower water dilution and increased 

concentration in the lake. Dilution of nutrients and other pollutants were observed in the Murchison 

bay in Lake Victoria and Nakivubo channel due to daily and sub-daily variation in water level 

resulting in water exchange (Luyiga et al. 2015). Thus, water exchange during these high flow and low 

flow periods causes the dilution of PFOS and PFHxS in the lake to high and low concentrations 

respectively.  

    Conductivity from different sources was used as a passive tracer and was simulated for improving 

the understanding of the water circulation in Lake Ekoln. The simulated conductivity was found to be 

slightly less than the observed conductivity in the lake. The conductivity in the lake was mainly 

observed to be influenced by the inflows in the lake. An increase in water exchange in the lake due to 

increased inflow and a corresponding decrease due to lower inflow in the lake was one of the reasons 

for the increase and decrease of conductivity in the lake. A slight decrease in conductivity was 

observed at 0.5m, 15m, and 30m depth from 2017 to summer 2018 (Figure 8) for the corresponding 

flow in the Fyrisån. This showed that the “water dilution” worked in the model for the simulation of 

conductivity. Seasonal variation in conductivity was influenced by the water temperature and flow. 

During the wet seasons, due to rainfall, dilution of water sources occurs resulting in decreased 
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concentration of conductivity (Pal et al. 2015). Several spikes in the seasonal variation in electrical 

conductivity were observed in Rudrasagar lake because of flooding from heavy rainfall. Besides that, 

dry salt ions can enter the lake from the nutrient-rich flood plain area during flooding (Pal et al. 2015). 

The simulated conductivity at the depth of 0.5m was observed to be spiky while at the deeper depths 

were observed to be smoother. Mostly, the variation in the inflow from different sources influences the 

flow in the surface as the inflow into the lake in the model is from the surface which gets distributed to 

deeper depth according to the lake hydrodynamics. Also, the influence of the wind resulting in mixing 

at the surface have significant impact. Thus, the influence of inflow is higher at the surface compared 

to deeper depths resulting in spiky simulation at the surface.  

    Figure 4 and Figure 5 show the simulated concentration of PFOS and PFHxS which were observed 

to vary along with the depth of the lake. The simulated concentration was seen to peak initially along 

the surface which was followed by the concentration at the middle and bottom of the lake respectively. 

As the inflow to the lake enters the lake through the surface, the concentration of PFOS and PFHxS in 

the lake is first observed along the surface of the lake which then spreads along with the depths of the 

lake. The spread of PFAS concentration was observed mainly due to the mixing in the lake. Mixing in 

Lake Ekoln is observed twice a year (Lindqvist 2019) and during this period, the concentration of 

PFOS and PFHxS was observed to spread along with the depth of the lake. Figure 10 from Appendix 

A, showed the temperature profile in the lake and every year in the Autumn and Spring, the 

temperature profile along the depth of the lake becomes similar. So, at this time, the mixing of water 

along the whole section of the lake was observed. During this phenomenon of mixing, the water from 

the surface with a higher concentration of PFAS are mixed causing the concentration across the 

various depths of 0.5m, 15m and 30m to be similar as seen in Figure 10. Likewise, during summer and 

winter, the temperature profile in the lake varies resulting in water with different water densities and 

the denser water is layered at the bottom of the lake with the lighter water at the surface. This layering 

of water with different densities results in stratification in the lake and at that time, the concentration 

of PFAS entering the lake through surface gets accumulated at the surface resulting in peak 

concentration at the surface.  

    When the lake was stratified in summer and winter, the observed concentration for PFOS was found 

high at the bottom of the lake compared to the middle and surface (Figure 4) while the simulated 

concentration was found to be high for the surface than at the middle and bottom of the lake at the 

same time. Possible reason for obtaining higher concentrations at the depth of the lake than in the 

surface could be accounted due to the density flow in the confluence of the Fyrisån and Lake Ekoln. 

Ryu et al. (2020) explained that the density current is developed at the confluence of river and 

reservoir when the density of water in the river and reservoir is different. Similarly, Serruya (1974) 

found that the mixing pattern of the Jordan river flowing into the bottom of Lake Kinneret was 

observed due to variations in temperature, salinity and suspended material. The difference of 

temperature observed during summer and winter in the Fyrisån and Lake Ekoln results either buoyant 
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or deep flow. The water in the lake heats up due to high incidence of solar radiation in summer 

resulting in increased water temperature than the water flowing in from the Fyrisån. The colder water 

from Fyrisån with higher density flows to the bottom of the lake while during winter when the water in 

the lake is colder compared to water from the Fyrisån, the warmer water flows at the surface. Thus, the 

concentration of PFOS and PFHxS also gets distributed according to the density current. Although the 

model could simulate the temperature distribution in the lake, it could still not properly describe the 

density flow regime in the lake and the model was not able to capture this distribution.  

    Beside that the simulated concentration of PFOS and PFHxS were both observed to be spiky at the 

surface. The influence of the wind along the surface area of the lake induces turbulence in the top 

layer which results in the mixing of the water at the surface. However, the impact of the wind forcing 

could not induce mixing over the deeper layers because of which the simulated concentration is 

observed to be varied frequently along the surface while the variation in concentration is relatively 

stable for middle and bottom of the lake. Thus, under the influence of hydrodynamics and different 

forcings, the variation in distribution of PFOS and PFHxS as seen in (Figure 4 and  Figure 5) a 

seasonal trend with increased concentration of simulated PFOS and PFHxS was found every year from 

May to October at the surface which was followed by the middle and bottom of the lake while the 

simulated concentrations were observed to decrease from October to February. 

5.2 Effect of mass flux from Fyrisån and different processes
Similarly, the majority of PFAS flux inflow into the lake was observed from the Fyrisån river while 

other inflows were observed to have minimum and no PFAS flux. Figure 6, Figure 7,  Figure 11, and 

Figure 12 from Appendix show the distribution of PFOS and PFHxS from different sources in the 

lake. It shows that PFOS and PFHxS flux from the Fyrisån and Kungsängsverket are major sources 

while the contributions from other sources were comparatively low. Fyrisån and Kungsängsverket 

were found as the major source of PFOS to lake Ekoln (Josefsson & Hansson 2021). Since Fyrisån 

river and Kungsängsverket are two major sources of PFAS for lake Ekoln, the mass flux from these 

sources has a significant effect on the determination of PFAS concentration in the lake. 

Kungsängsverket has PFAS sampling data of monthly resolution which provide a reliable estimate of 

mass flux for the model. However, the available sampling data for Fyrisån were random and fewer. 

Although there will be a significant impact on the outcome of the model because of the assumption of 

Fyrisån mass flux, the lack of sampling data of good resolution makes it difficult to select of proper 

mass flux for the model. In this study, two assumptions for Fyrisån mass flux were assumed as 

described in the methods section. However, the result of the output showed that both assumptions 

were not able to describe the measured concentration for the whole simulation period properly. As can 

be seen from Figure 4, Scenario A with median mass flux for Fyrisån from the year 2014 to 2020 was 

found to be overestimating the concentration in the lake for later years of the simulation period while 

scenario B simulated concentrations were underestimating the concentration for the year 2017. 
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    In scenario A, the median mass flux of Fyrisån was calculated with sampling datasets from the 

years 2014, 2015, and 2019 and these datasets are mostly do not represent the concentration from the 

simulation period. From Figure 9 decreasing trend of concentration was observed for Fyrisån during 

these periods. So, the median mass flux obtained from the sampling data was not able to define the 

concentration of Fyrisån for the years 2018 and later. Thus, an overestimated concentration in the lake 

was observed for the period. Similarly in Scenario B, the assumed concentration was based on the 

sampling made in the year 2019 which suited the concentration of the year 2019 but was not a good 

representation of mass flux from the year 2017. Thus, the results from Scenario B ended up with a 

good description of the simulation period of 2019-2020 but underestimated the concentration for the 

initial simulation period of 2017. Thus, it is important to have a good estimate of mass flux for Fyrisån 

to have a good model for the description of the fate and transport of PFAS in lake Ekoln.  

    In this study, for the simulation of PFOS and PFHxS, no processes that influence the spread and 

transport of PFAS were accounted due to the lack of sufficient data set to relate and induce the 

processes in the model. Bioaccumulation and Sedimentation are two processes that would be relevant 

for the modelling of fate and transport of PFAS. In the aquatic environments, long-chain PFAS tend to 

bond strongly with the particles in the surrounding area while short-chain PFAS are found in the 

dissolved form due to their physiochemical properties (Ahrens et al. 2010). Hydrophobic properties of 

long-chain PFAS cause it to remain in particulate form in the water which then binds to particles in the 

surrounding (Phong Vo et al. 2020). Sediments in the aquatic environments act as the sink for long-

chain PFAS. Besides that, these long-chain PFAS have a tendency for bioaccumulation. While short-

chain PFAS have hydrophilic nature and are found in a dissolved state (Phong Vo et al. 2020). 

Introducing these processes in the model will help in improving the understanding spread of PFAS in 

the aquatic environments for both dissolved and particulate forms in the lake. Also, the process of 

sedimentation and bioaccumulation will help in identifying the fate and transport of PFAS from 

various sources into the lake. Identification of the fraction of PFAS consumed in sedimentation, 

bioaccumulation, and dissolved phase would be helpful to provide insight into PFAS transport in lake 

Ekoln. 

5.3 Model performance and uncertainties in modelling. 
Calibration and validation of the model used in this study were not performed mainly due to the 

limitation of the available dataset. The hydrodynamic model used in this study was calibrated by 

Lindqvist (2019) for the year 2018. The hydrodynamic model developed by Tyréns AB was revised to 

a coarser mesh for smaller computational time and was successfully calibrated and improved for the 

simulation of the temperature profile. Figure 3 shows the plot of simulated and observed temperatures 

profile along with the depth of the lake at Vreta Udd and based on the graph, the performance of the 

model was good for all three-simulation years. The model was able to describe the water mixing in the 

lake. Similarly, the plot of simulated temperature along the depths in the lake in Figure 10 shows that 

the temperature across different depths was observed to converge to the same temperature during the 
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time of mixing in the lake. So, it can be considered that the model captured the mixing in the lake 

relatively well for all three years of simulation.  

    Modelling of PFOS and PFHxS was carried out with two scenarios. The difference while using 

these scenarios was the assumption for the mass flow from the Fyrisån. The available sampling data of 

PFOS and PFHxS concentration in the Fyrisån was limited and assuming a mass flow for the Fyrisån 

river to describe the spread of PFOS and PFHxS in the lake was difficult. A constant median mass 

flow from the observation of PFOS and PFHxS sampling was assumed for the input concentration in 

Fyrisån. Although the concentration in Fyrisån was derived from the variation of flow, it is still not the 

representation of how the concentration of PFOS and PFHxS varies. Similarly, the simulated 

concentration of PFOS and PFHxS were compared with the observed concentration outside of the 

simulation period. However, only 4 observed concentrations of PFOS and 2 observed concentrations 

of PFHxS at Vreta Udd were from the simulation period for PFOS and PFHxS respectively. Thus, 

having limited observation values from the simulated period introduces certain uncertainties in the 

evaluation of the results.  

    Similarly, Figure 9 shows that the observed concentrations in the Fyrisån river were not found to 

follow any seasonal trend. The dilution of water due to increase and decrease in flow influences the 

concentration as the observed concentration during high flow periods was low and vice versa. 

However, during the winter of 2013, winter and spring of 2014 and spring of 2015 the observed 

concentration values were found high although the water flow in the river was higher than the median 

flow in the Fyrisån. This indicates that variation of PFOS and PFHxS concentrations in Fyrisån. It 

might be due to the addition of PFOS and PFHxS from another additional source into the river. 

Johansson & Helldén (2015) in their study mentioned that the concentration of PFOS in Fyrisån 

increases in the section passing along the Arna airport. Similarly, Bergström (2014) found that PFOS 

from the Victoria firefighting site spreads to Sävjaån. PFOS contribution from Hovgården to Sävjaån 

was observed to be relatively low (Bonnet 2017). As Sävjaån flows into Fyrisån, the increased 

concentration might be due to any of these sources. Particularly, during the event of rainfall and ice 

melting surface runoff can carry a huge amount of mass flux into the Fyrisån, sampling performed 

when the flow is particularly high in Fyrisån might indicate that there is possible rainfall or ice melt 

event which can take higher inflows into the lake. These uncertainties even in sampling can have a 

huge impact on understanding the concentration in Fyrisån. Besides that, different diffuse sources can 

add to the concentration of Fyrisån as well which was not considered in this study.  
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Figure 9. Concentration of PFOS (green dots) and PFHxS (red dots) in ng/L against the discharge of Fyrisån on 
specific PFOS and PFHxS sampling date and average monthly discharge of Fyrisån. The dashed black line 
represents the median discharge of Fyrisån (7.4 m3/s) between 2013 and 2020. 

5.4 Suggestions for future study 

A future study about the fate and transport of PFOS and PFHxS can be conducted by introducing 

different processes of sedimentation and bioaccumulation for a better understanding of variation in the 

spread of PFOS and PFHxS in Lake Ekoln. As the physiochemical properties vary for long-chain and 

short-chain PFAS, different PFAS are found in either particulate or dissolved form in an aqueous 

environment. Long-chain PFAS has hydrophobic properties due to which it remains in particulate 

form in the water which then binds to particles in the surrounding (Phong Vo et al. 2020). Also, a 

study by Tjensvoll (2018) found the concentration of PFOS in the sediment in Lake Ekoln. So, it 

would be interesting to determine the influence of different processes on the fate and transport of 

PFAS in lake Ekoln. From the dataset, the concentration of PFAS in Fyrisån and Kungsängsverket 

was found to decrease in the last few years. However, still, the contribution of PFAS from 

Kungsängsverket is significant and it is necessary to study the impact of different remediation 

measures adopted for PFAS. With short-chain PFAS replacing long-chain PFAS in commercial and 

industrial use and the transformation of different precursors to resistant terminal forms, there is even 

more need to adapt different remediation measures (Phong Vo et al. 2020). So, it would be interesting 

to study the impact of different remediation measures adopted in the remediation of short-chain and 

long-chain PFAS at Kungsängsverket and its effect in the PFAS concentration in the effluent. 

However, more measurement with regards to concentration in the dissolved phase, particulate phase 

and sediments are necessary for the study.  

    A sampling of PFOS and PFHxS concentration in different inflows in the lake and at different 

locations in the lake would be necessary for improving the modelling of fate and transport of PFOS 

and PFHxS in the lake. Similarly, including all the possible sources of PFAS into the lake in the model 
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would in the evaluation of PFAS spread. As can be seen from this study, the accurate measurement of 

concentration from the Fyrisån is highly important for improving the performance of the model, it is 

necessary to have a continuous measurement in the river. Continuous or good resolution 

measurements will help in understanding the variation in the concentration of PFAS in the river. 

Likewise, continuous measurement in other inflows like Hagaån, Sävaån, Savjaån, Örsundaån, 

Uppsalaåsen and other diffuse sources would be important for understanding the fate and transport of 

PFAS. 
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6. Conclusion

In this study, the fate and transport of PFOS, PFHxS, and conductivity as a passive tracer from 

different sources into Lake Ekoln were studied. The major contributors of PFOS, PFHxS and 

conductivity to the lakes were identified and factors that affect the concentration and spread pattern 

were studied. Simulation of conductivity as a tracer showed that the model could describe the water 

dilution in the lake as it is one of the key factors for the fate and transport of PFOS and PFHxS in the 

lake. Similarly, seasonal variation in the spread of PFOS and PFHxS was studied for understanding 

the spread pattern in the lake. Mainly, the seasonal variation and the spread pattern for PFOS and 

PFHxS relied on the nature of the hydrodynamic processes and the influence of water inflow from the 

Fyrisån, and water exchange and temperature variations in the lake profile were found to have a 

significant impact on the determination of the spread pattern. Further, uncertainty about the PFAS 

inflow into the lake was identified. Fyrisån river is one of the main contributors of PFAS to the lake 

and uncertainty in the mass flux of PFAS from the Fyrisån induced higher uncertainty in the 

performance of the model. Hence, a need for a better estimate of mass flux from the Fyrisån was 

identified as a need for having a better model for describing the spread of PFOS and PFHxS in Lake 

Ekoln. Besides that, the simulated PFOS and PFHxS spread in the lake were found similar as only 

hydrodynamic processes influenced the spread. So, including processes such as bioaccumulation and 

sedimentation in model for analysis of spread of PFAS with different physio-chemical properties were 

found necessary. 
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Appendix A: Temperature Profile 

(a) 

(b) 

(c) 

Figure 10. Simulated water temperatures at different depths for the years 2017(a), 2018 (b) and 2019-2020 (c). 
The green areas represent the periods when mixing takes place in the lake. The solid line represents simulated 
temperature profile while dots represent observed temperature profile with blue line at 0.5m depth, orange line 
at 15m depth and green line at 30m depth. 
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Figure A1 shows the simulated and observed water temperature at different depths for the year 2017, 

2018, 2019 and the beginning of 2020. The green rectangles indicate the period of mixing in the lake 

in different years. Mixing in the lake is observed twice a year for all three years. The Spring mixing 

(During March-April) was longer compared to Autumn mixing (During October-November) in 2017. 

However, for the years 2018 and 2019, the duration of Autumn mixing was longer than the Spring 

mixing. 

Table 8. Calculation of Root-mean-square-error for analyzing the prediction error between the simulated and 
observed temperature profiles 

SN Date RMSE Remarks 

Year 2017 

1 2017-02-20 0.162 

2 2017-04-27 0.400 

3 2017-05-15 1.421 

4 2017-07-20 2.328 

5 2017-08-15 2.821 

6 2017-09-14 0.827 

Year 2018 

7 2018-02-12 0.747 

8 2018-04-27 0.86 

9 2018-05-14 1.616 

10 2018-07-19 2.613 

11 2018-08-21 2.574 

12 2018-09-13 11.458 

Year 2019-2020 

13 2019-02-21 0.986 

14 2019-04-23 0.809 

15 2019-05-22 1.660 

16 2019-07-18 2.616 

17 2019-08-12 1.934 

18 2019-09-25 3.437 

19 2020-02-06 0.552 
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Appendix B: PFOS from different sources 

      (a) 

(b) 

Figure 11. Simulated and observed PFOS concentration at the depth of 15m for the Scenario A(a) and Scenario 
B (b) of the years 2017, 2018 and 2019-2020 for the Scenario A. at Vreta Udd station in Lake Ekoln for 
different sources like Kungsängsverket (solid yellow line), Fyrisån (solid red line), Uppsalaåsen (solid maroon 
line), Precipitation (solid sky blue line), Initial concentration in Ekoln (dotted green line) and total PFOS 
concentration represented by the solid dark blue line. 
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(a) 

(b) 

Figure 12. Simulated and observed PFOS concentration at the depth of at the depth of 30m for the Scenario 
A(a) and Scenario B (b) of the years 2017, 2018 and 2019-2020 for the Scenario B. at Vreta Udd station in Lake 
Ekoln for different sources like Kungsängsverket (solid yellow line), Fyrisån (solid red line), Uppsalaåsen (solid 
maroon line), Precipitation (solid sky blue line), Initial concentration in Ekoln (dotted green line) and total 
PFOS concentration represented by the solid dark blue line. 
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Appendix C: PFHxS from different sources 

(a) 

(b) 

Figure 13. Simulated and observed PFHxS concentration at the depth of at the depth of 30m for the Scenario 
A(a) and Scenario B (b) of the years 2017, 2018 and 2019-2020 for the Scenario B. at Vreta Udd station in Lake 
Ekoln for different sources like Kungsängsverket (solid yellow line), Fyrisån (solid red line), Uppsalaåsen (solid 
maroon line), Precipitation (solid sky blue line), Initial concentration in Ekoln (dotted green line) and total 
PFHxS concentration represented by the solid dark blue line. 
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(a) 

(b) 

Figure 14. Simulated and observed PFHxS concentration at the depth of at the depth of 30m for the Scenario 
A(a) and Scenario B (b) of the years 2017, 2018 and 2019-2020 for the Scenario B. at Vreta Udd station in Lake 
Ekoln for different sources like Kungsängsverket (solid yellow line), Fyrisån (solid red line), Uppsalaåsen (solid 
maroon line), Precipitation (solid sky blue line), Initial concentration in Ekoln (dotted green line) and total 
PFHxS concentration represented by the solid dark blue line. 
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Appendix D: Conductivity from different sources 

(b) 

(c) 

Figure 15. Simulated and observed Conductivity at the depth of 0.5(A), 15m (B) and 30m(C) for the years 
2017, 2018 and 2019-2020 at Vreta Udd station in Lake Ekoln for different sources like Kungsängsverket (solid 
yellow line), Fyrisån (solid red line), Uppsalaåsen (solid maroon line), Precipitation (solid sky blue line), Initial 
concentration in Ekoln (dotted green line) and total Conductivity concentration represented by the solid dark 
blue line. 

(a)
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Appendix E: Mass flux calculation 

Table 9. Mass flux calculation for PFOS and PFHxS from Kungsängsverket 

Date Discharge 

(m3/month) 

Q (L/s) PFOS 

(μg/L) 

PFOS 

(ng/L) 

Mass 

flowrate 

(μg/s) 

PFHxS 

(μg/L) 

Mass 

flowrate 

(μg/s) 

Remarks 

2015-01-01 1,696,200 654.398 0.028 28 18.32 0.017 11.12 

2015-02-01 1,825,000 704.090 0.056 56 39.43 0.005 3.52 

2015-03-01 1,791,500 691.165 0.035 35 24.19 0.016 11.06 

2015-04-01 1,449,200 559.105 0.013 12.5 6.99 0.010 5.59 

2015-05-01 1,630,900 629.205 0.016 15.7 9.88 0.011 6.92 

2015-06-01 1,392,900 537.384 0.021 20.7 11.12 0.012 6.45 

2015-07-01 1,371,300 529.051 0.019 19.1 10.10 0.010 5.29 

2015-08-01 1,266,600 488.657 0.018 17.8 8.70 0.014 6.84 

2015-09-01 1,389,200 535.957 0.014 14.3 7.66 0.012 6.43 

2015-10-01 1,253,300 483.526 0.012 12.2 5.90 0.005 2.42 

2015-11-01 1,364,300 526.350 0.010 10.3 5.42 0.011 5.79 

2015-12-01 1,513,000 583.719 0.014 14 8.17 0.010 5.84 

2016-01-16 1,383,000 533.565 0.015 14.8 7.90 0.015 8.00 

2016-02-16 1,545,000 596.065 0.015 14.6 8.70 0.012 7.15 

2016-03-16 1,531,700 590.934 0.012 12 7.09 0.011 6.50 

2016-04-16 1,502,000 579.475 0.011 11.2 6.49 0.005 2.90 

2016-05-16 1,409,000 543.596 0.010 10.2 5.54 0.014 7.61 

2016-06-16 1,310,500 505.594 0.052 51.6 26.09 0.017 8.60 

2016-07-16 1,216,400 469.290 0.060 59.9 28.11 0.017 7.98 

2016-08-16 1,375,500 530.671 0.037 36.7 19.48 0.010 5.31 

2016-09-16 1,326,700 511.844 0.012 12.2 6.24 0.005 2.56 

2016-10-16 1,278,400 493.210 0.005 5 2.47 0.005 2.47 

2016-11-16 1,456,900 562.076 0.005 5 2.81 0.005 2.81 

2016-12-16 1,383,000 533.565 0.005 5 2.67 0.005 2.67 

2017-01-16 1,413,300 545.255 0.005 5 2.73 0.005 2.73 

2017-02-16 1,267,500 489.005 0.005 5 2.45 0.005 2.45 

2017-03-16 1,610,800 621.451 0.005 5 3.11 0.005 3.11 

2017-04-16 1,370,000 528.549 0.005 5 2.64 0.010 5.29 

2017-05-16 1,400,800 540.432 0.025 25.1 13.56 0.013 7.03 

2017-06-16 1,334,900 515.008 0.046 45.7 23.54 0.015 7.73 

2017-07-16 1,130,900 436.304 0.014 14 6.11 0.005 2.18 

2017-08-16 1,272,400 490.895 0.011 10.7 5.25 0.011 5.40 

2017-09-16 1,446,900 558.218 0.014 13.9 7.76 0.005 2.79 

2017-10-16 1,765,700 681.211 0.005 5 3.41 0.005 3.41 

2017-11-16 1,760,600 679.244 0.018 17.9 12.16 0.011 7.47 

2017-12-16 1,952,900 753.434 0.020 19.5 14.69 0.012 9.04 

2018-01-16 1,942,100 749.267 0.033 33.1 24.80 0.030 22.48 

2018-02-16 1,475,300 569.174 0.022 22.1 12.58 0.011 6.15 

2018-03-16 1,535,600 592.438 0.016 15.6 9.24 0.005 2.96 

2018-04-16 1,937,100 747.338 0.020 19.5 14.57 0.005 3.74 

2018-05-16 1,501,900 579.437 0.024 23.9 13.85 0.005 2.90 

2018-06-16 1,255,500 484.375 0.039 38.7 18.75 0.017 8.23 

2018-07-16 1,252,600 483.256 0.023 23.1 11.16 0.005 2.42 
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2018-08-16 1,466,600 565.818 0.049 49.2 27.84 0.005 2.83 

2018-09-16 1,416,500 546.489 0.015 15.4 8.42 0.005 2.73 

2018-10-16 1,433,800 553.164 0.034 34.4 19.03 0.009 4.77 

2018-11-16 1,382,200 533.256 0.016 16.4 8.75 0.010 5.44 

2018-12-16 1,586,400 612.037 0.055 54.9 33.60 0.026 15.61 

2019-01-16 1,357,700 523.804 0.021 21.4 11.21 0.010 5.45 

2019-02-16 1,730,600 667.670 0.014 14.1 9.41 0.005 3.34 

2019-03-16 1,980,500 764.082 0.020 19.6 14.98 0.008 5.78 

2019-04-16 1,370,200 528.627 0.020 20.3 10.73 0.007 3.62 

2019-05-16 1,407,200 542.901 0.027 27.4 14.88 0.012 6.68 

2019-06-16 1,287,600 496.759 0.027 27.1 13.46 0.007 3.43 

2019-07-01 1,232,900 475.656 0.022 21.55 10.25 0.006 2.95 

2019-08-02 1,415,900 546.258 0.016 16 8.74 0.006 3.00 

2019-09-03 1,409,900 543.943 0.015 14.5 7.89 0.006 3.29 

2019-10-04 1,595,000 615.355 0.021 21.3 13.11 0.007 4.11 

2019-11-05 1,685,000 650.077 0.012 11.9 7.74 0.004 2.87 

2019-12-06 2,479,100 956.443 0.012 12 11.48 0.007 6.58 

2020-01-01 1,660,500 640.625 0.011 11 7.05 0.007 4.48 

2020-02-01 1,559,200 601.543 0.010 10 6.02 0.007 4.21 

2020-03-01 1,789,200 690.278 0.012 11.8 8.15 0.006 4.45 

2020-04-01 1,401,700 540.779 0.009 9.26 5.01 0.008 4.33 

2020-05-01 1,477,300 569.946 0.010 9.77 5.57 0.005 2.84 

2020-06-01 1,252,600 483.256 0.011 10.6 5.12 0.007 3.22 

2020-07-01 1,269,700 489.853 0.009 9.42 4.61 0.005 2.53 

2020-08-01 1,268,300 489.313 0.010 10.2 4.99 0.006 3.00 

Average 11.17 Average 5.31 
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Table 10. Mass flow calculation of Fyrisån from sampling data from Gago Ferrero(Gago-Ferrero et al. 2017). 

PFAS Fyrisån (Gago Ferrero) 

Sampling point S6 - just before Ekoln 

Concentration (ng/l) 2014-11-14 2015-03-15 2015-06-15 2015-09-15 

perfluorohexanoic acid (PFHxA) 2 1.3 2.7 3.3 

perfluoroheptanoic acid (PFHpA) 0.9 0.6 1 1 

perfluorooctanoic acid (PFOA) 1.8 0.8 2.3 2.2 

perfluorononanoic acid (PFNA) 0.4 n.d. 0.9 0.3 

perfluorodecanoic acid (PFDA) n.d. n.d. 0.8 0.3 

perfluorobutane sulfonic acid (PFBS) 0.9 0.5 1.3 1.4 

perfluorohexane sulfonic acid (PFHxS) 6.5 2.6 7.2 8 

perfluorooctane sulfonic acid (PFOS) 5.4 2.3 7.5 6.5 

perfluorobutanoic acid (PFBA) n.d. n.d. n.d. n.d.

perfluoropentanoic acid (PFPeA) n.d. n.d. n.d. n.d.

Sum PFHxS (ng/L) 6.5 2.6 7.2 8 

Sum PFOS (ng/L) 5.4 2.3 7.5 6.5 

Sum PFHxS (μg/L) 0.0065 0.0026 0.0072 0.008 

Sum PFOS (μg/L) 0.0054 0.0023 0.0075 0.0065 

Flow at date [m3/s]: 15.5 38.3 8.93 2.94 

Flow at date [L/s]: 15500 38300 8930 2940 

Mass flow [μg/s] 

Sum PFHxS 106.18 262.36 61.17 20.14 

Sum PFOS 92.23 227.89 53.13 17.49 

Median PFHxS 83.67 

Median PFHxS 72.68 

Table 11. Total Adjusted Water flow at the selected sampling site S6 from Gago Ferrero's Study obtained from 
SMHI  

Date Total 

vattenföri

ng 

[m³/s] 

Total 

stationskorrige

rad 

vattenföring 

[m³/s] 

Total 

naturlig 

vattenföri

ng 

[m³/s] 

Lokal 

vattenföri

ng 

[m³/s] 

Vattendragstemper

atur 

[°C] 

2014-11-14 14.0 15.5 14.1 0.164 4.4 

2015-03-15 35.3 38.3 34.9 0.221 1.4 

2015-06-15 9.65 8.93 10.1 0.081 13.8 

2015-09-15 2.91 2.94 3.10 0.071 12.8 
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Table 12. Mass flow calculation of Fyrisån from sampling data from the study of (Norström et al. 2015) 

 Date PFOS (ng/L) Flow m3/s PFOS(μg/s) Remarks 

2013-03-13 6.02 4.95 29.799 

2013-04-17 4.65 46.8 217.62 

2013-05-16 3.12 21.3 66.456 

2013-06-14 7.96 5.09 40.5164 

2013-07-18 11.9 1.48 17.612 

2013-08-12 25.8 1.34 34.572 

2013-09-18 23.2 1.29 29.928 

2013-10-15 15.9 1.61 25.599 

2013-11-12 10.7 10.4 111.28 

2013-12-11 10 11.4 114 

2014-01-20 6.84 16.4 112.176 

2014-02-14 9.7 18.3 177.51 

2014-03-18 7.62 21.0 160.02 

2014-04-16 6.69 16.4 109.716 

 Median 8.83 88.086 

Table 13. Total Adjusted Water flow at the selected sampling site S6 from Norström’s Study obtained from 
SMHI 

Date Total 

vattenföring 

[m³/s] 

Total 

stationskorrigerad 

vattenföring 

[m³/s] 

Total 

naturlig 

vattenföring 

[m³/s] 

Lokal 

vattenföring 

[m³/s] 

Vattendrags 

temperatur 

[°C] 

2013-03-13 4.68 4.95 4.41 0.036 0 

2013-04-17 46.8 46.8 46.3 2.24 0.5 

2013-05-16 21.2 21.3 21.6 0.051 12.5 

2013-06-14 5.24 5.09 5.68 0.111 14.6 

2013-07-18 1.83 1.48 2.08 0.003 17.2 

2013-08-12 1.57 1.34 1.75 0.016 15.4 

2013-09-18 1.40 1.29 1.51 0.036 10.9 

2013-10-15 1.53 1.61 1.63 0.027 5.5 

2013-11-12 10.6 10.4 10.6 0.203 2.4 

2013-12-11 12.2 11.4 11.7 0.567 0.1 

2014-01-20 16.9 16.7 16.4 0.151 0 

2014-02-14 18.0 18.3 17.7 0.221 0.1 

2014-03-18 20.7 21.0 20.6 0.145 0 

2014-04-16 16.4 16.4 16.4 0.115 6.0 
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Table 14. Mass flow calculation of Fyrisån from sampling data from the study of (Fyrisåns Vattenvårdsförbund 
2020) 

PFAS Fyrisån (Fyrisåns vattenvårdsförbund) 

Sampling point - Flottsund 

Concentration (ng/l) 2019-10-04 2020-04-17 2020-07-13 2020-08-17 2020-09-14 

perfluorohexane sulfonic 

acid (PFHxS) 

1.6 3.1 15 17 6.1 

perfluorooctane sulfonic acid 

(PFOS) 

3 2 

Sum PFHxS (μg/L) 0.0065 0.0026 0.0072 0.008 

Sum PFOS (μg/L) 0.0054 0.0023 0.0075 0.0065 

Flow at Flottsund [m3/s]: 2.54 6.57 3.42 1.11 1.53 

Mass flow [μg/s] 

Sum PFHxS 12.192 40.734 

Sum PFOS 4.064 20.367 51.3 18.87 9.333 

Median PFHxS 26.46 

Median PFHxS 18.87 

Table 15. Total Adjusted Water flow at Flottsund obtained from SMHI 

Date Total 

vattenföring 

[m³/s] 

Total 

stationskorrigerad 

vattenföring 

[m³/s] 

Lokal 

vattenföring 

[m³/s] 

Vattendragstemperatur 

[°C] 

2019-10-04 3.50 2.54 0.083 3.9 

2020-04-17 7.45 6.57 0.029 6.7 

2020-07-13 3.69 3.42 0.073 13.7 

2020-08-17 1.49 1.11 0.011 18.9 

2020-09-14 1.37 1.53 0.018 12.2 

Table 16. Summary of Mass Flux estimate of PFOS in Fyrisån river 

SN Sources Period No. of 

samples 

Resolution Mass 

Flow(μg/s) 

Remarks 

PFOS 

1 (Gago-Ferrero et al. 

2017) 

2014-2015 4 3 months 72.68 

2 (Norström et al. 

2015) 

2013-2014 14 1 month 88.086 

3 (Fyrisåns 

Vattenvårdsförbund 

2020) 

2019-2020 5 1 month / 1 year 18.87 

Median 72.68 
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Table 17. Summary of Mass Flux estimate of PFHxS in Fyrisån river 

SN Sources Period No. of 

samples 

Resolution Mass 

Flow(μg/s) 

Remarks 

PFHxS 

1 (Gago-Ferrero et al. 

2017) 

2014-2015 4 3 months 83.67 

2 (Fyrisåns 

Vattenvårdsförbund 

2020) 

2019-2020 2 1 month / 

1 year 

26.46 

Median 55.07 
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