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Abstract 

Remote Icelandic communities are often characterized by limited information about 

composition, distribution and volume of wastewater. This study used an experimental 

wastewater treatment plot and measured changes in the concentrations of pollutants entering 

the port area of the Bolungarvík municipality from wastewater outlets. Concentrations of total 

phosphorus (TP), total nitrogen (TN), total organic carbon (TOC), and total suspended solids 

(TSS) were the indicators for the quality assessment of the port waters of Bolungarvík, which 

serve as a receiving water body for the town’s wastewater. 

A cultivation system with attached algae was deployed in front of one of the effluent outfalls 

in an attempt to reduce concentrations of the aforementioned pollutants. Pollutants were 

measured at four designated sample sites: sites number 1 and 2 were assigned for the tested 

outlet (test pipe) and sites number 3 and 4 were assigned for the control outlet with no plot in 

its direct vicinity (control pipe). Volume and discharge of wastewater of domestic origin was 

calculated for the catchments of test and control pipes, as well as the anthropogenic load of the 

pollutants from each of the catchments. Results on pollutants concentration changes were 

analyzed using a non-parametric Wilcoxon rank sum test. The results showed no significant 

differences between site 1 and 2 for TP, TOC, and TSS. A significant difference was found 

between TN at site 1 and site 2 on the test pipe. No significant differences existed between sites 

3 and 4. The test pipe contributes to the largest total water discharge of 8.99 l/s, while the 

discharge from the control outlet is 3.95 l/s, which corresponds to the third largest in the 

municipality. Average annual total load from households varies significantly between the 

catchments of the test pipe and control pipe, which in conjunction with different total 

wastewater volume determines the differences in concentrations of the pollutants. The results 

addressed in this Master’s thesis can be considered as a supplement to the developing technical 

knowledge base of Icelandic remote communities, with the expansion of which the proportion 

of treated sewage can be increased. 
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Útdráttur 

Afskekkt samfélög hér á landi einkennast af takmörkuðum upplýsingum um samsetningu, 

dreifingu og rúmmál fráveituvatns. Þessi rannsókn notaði tilrauna fráveituvatns meðferðarreit 

og mældi breytingar á styrk mengunarefna sem berast inn í hafnarsvæði sveitarfélagsins 

Bolungarvíkur frá skólprörum. Styrkur heildarfosfórs (TP), heildarköfnunarefnis (TN), heildar 

lífræns kolefnis (TOC), og heildar fastra efna í upplausn (TSS) voru vísar fyrir gæðamat á 

hafnarsvæðum í Bolungarvík, sem hafa þjóna hlutverki sjávarhlots sem tekur við fráveituvatni 

kaupstaðarins. 

Ræktunarkerfi með áföstum þörungum var notað fyrir framan eitt af frárennslisræsunum í 

viðleitni til að minnka styrk fyrrnefndra mengunarefna. Mengunarefni voru mæld á fjórum 

ráðgerðum söfnunarstöðum: staðir númer 1 og 2 voru settir undir prófað úttak (prófunarrör) og 

staðir númer 3 og 4 voru settir undir viðmiðunarúttak með engum reit í alveg næsta nágrenni 

(viðmiðunarrör). Rúmmál og losun fráveituvatns sem upprunnið er frá heimilum var reiknað 

fyrir sjávarsvæði prófunar- og viðmiðunarröra, sem og álag mengunarefna vegna mannvistar 

frá hverju sjávarsvæði. Niðurstöður fyrir breytingar á styrk mengunarefna voru greindar með 

stikalausu Wilcoxon prófi á summum sætistalna. Niðurstöðurnar sýndu engan marktækan mun 

milli staða 1 og 2 fyrir heildarfosfór (TP), heildar lífrænt kolefni (TOC), og heildarmagn fastra 

efni í upplausn (TSS). Marktækur munur fannst milli heildarköfnunarefnis (TN) á stað 1 og 

stað 2 á prófunarrörinu. Enginn marktækur munur var til staðar milli staða 3 og 4. Prófunarrörið 

á sinn þátt í stærstu heildarvatnslosun upp á 8,99 l/s, meðan losunin frá viðmiðunar úttakinu er 

3,95 l/s, sem samsvarar þriðju stærstu losuninni í sveitarfélaginu. Meðal árlegur 

heildarframburður frá heimilum er marktækt breytilegur milli sjávarsvæða prófunarröranna og 

viðmiðunarröranna, sem í tengslum við mismunandi heildarrúmmál fráveituvatns ákvarðar 

mismuninn á styrk mengunarefnanna. Niðurstöðurnar sem tekist er á við í þessari 

meistararitgerð má líta á sem viðauka við vaxandi tæknilegan upplýsingagrunn um afskekkt 

samfélög hér á landi, með stækkun hvers má auka hlutfall meðhöndlaðs skolps. 
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1 Introduction 

The growth of economic and industrial activities of various directions today leads to the 

development of urbanized territories. This growth is accompanied by a significant pressure on 

the environment in which human beings are placed. The dynamics of human activity in an 

urbanized area directly affects the ecological state of natural objects that are in direct or indirect 

contact with the urban area. The coastal area is a zone of specific interaction between land, sea 

and human, which is placed between these two natural entities. Environmental impact that is 

created due to the socioeconomic activity of people on the coast today is one of the key objects 

of discussion in the scientific, business and political clusters of various scales, whether it is a 

municipal meeting at which local stakeholders are represented, or an international scientific 

workshop. There is a significant variety of subjects and tools in these discussions to address 

different impacts of human activity on the environment. One of these subjects is wastewater. 

The quality of the water that people consume and discharge is essential to physical and mental 

well-being, social and economic growth, and the thriving environment of ecosystems (United 

Nations, 2022). Over recent years, industrial growth has been limited by societal and 

environmental pressures. The process of acknowledging the importance of improving the water 

quality and its treatment is still under development in many parts of the planet. The changing 

power of this process is embodied in growing necessity for people and industry to reduce their 

wastewater, while increasing the rate of its treatment (United Nations, 2022). In the field of 

water resources management, wastewater has become a tangible subject that is researched as a 

resource for environmental state improvement and source for economic growth. This trend is 

visible in the Arctic, where the subject of wastewater treatment is considered at the international 

level of importance along with marine litter, resilience of the Arctic communities, Sustainable 

Goals achievement, biodiversity conservation and many other agendas (Arctic Portal, n.d.). 

Despite the huge potential of water resources, wastewater management is a topic of priority for 

one of the Arctic Council and EEA Member States, Iceland, especially for regions remote from 

capital. Geographical patterns in the location of towns and villages also determine the nature of 

sewage disposal in these areas, where sewage is basically discharging into the ocean. Following 

the EU Water Framework Directive, Iceland is obliged to achieve good ecological and chemical 

status of its water bodies within a timeframe of fifteen years. In particular, the decision of the 

EEA Joint Committee No 125/2007 implies the achievement of the given goals by Iceland no 

later than the year 2022 (EEA Joint Committee, 2007). The implementation of the amendments 
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of the given decision in small municipalities, which also includes Bolungarvík, is currently 

hindered due to a number of factors, including reduced funding, lack of knowledge, as well as 

local features that affect executive procedures. The knowledge that already exists is often 

neither sufficient nor standardized (Helgason et al., 2002). 

1.1 Justification 

The Westfjords region, especially its northern areas, is characterized by little hydrological 

knowledge. Nevertheless, with the development of urban areas, mastering of water resources 

by humans continues here. Information on the composition, distribution and volume of 

wastewater in the urban area of Bolungarvík today can be considered obsolete, since the latest 

comprehensive studies on this topic were carried out in 2002 (Helgason et al., 2002), and the 

statistics for 2013 are not elaborated (Environment Agency of Iceland, 2013). The EU Water 

Framework Directive defines that member states are required to ensure “good environmental 

status” for all water bodies (EEA Joint Committee, 2007), and one of the key goals is the 

consistent reduction of pollutant discharges into natural water bodies in conjunction with the 

provision of space for public interaction with other stakeholders as part of the decision-making 

process for all types of water problems. 

New qualitative data on the characteristics of the sewerage network of the town will 

complement the existing information and will create an opportunity for further, more 

comprehensive study of impact of wastewater on coastal environment. In case of a positive 

outcome of the experiment, information on the quality of wastewater from Bolungarvík will be 

improved, and bioremediation plants will be able to become an additional method of wastewater 

treatment, thereby contributing to compliance with EU Water Framework Directive. In the case 

of satisfactory results of applied calculations of modern volume of wastewater from an 

urbanized area, it will be possible to compare current findings with future discoveries, as well 

as conduct a similar study in other municipalities who experience lack of modern knowledge, 

thereby improving the ground for future research on urban hydrology and sewage treatment in 

Iceland. 

The main wastewater receiver of Bolungarvík are coastal waters (Helgason et al., 2002). The 

adjacent sea areas are characterized by a high degree of dilution and dispersion of pollutants 

coming from the urban runoff, therefore a considerable amount of wastewater has been 

considered as not having a significant effect. However, this information has not been updated 

for a long time, and the amount of information about the volume of runoff from the urbanized 
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territory is still neither complete nor proven. In this regard, at one time it was suggested that if 

wastewater inflows in areas with deep and strong currents, and the length of the pipes is big 

enough, the environmental impact will be negligible (Helgason et al., 2002). At the same time, 

all the measurements necessary for this conclusion were carried out onetime and in single points 

as part of the preparation of the aforementioned report, due to the absence of a node of the 

hydro-ecological monitoring network. Thus, an acute lack of data does not guarantee that the 

wastewater treatment system in the town of Bolungarvík is functioning properly. Thus, based 

on the results of this research, local authorities will have the possibility to consider a new cost-

effective wastewater treatment solution, update and supplement the town’s database on 

wastewater system, and improve water quality in the framework of urban runoff territory, 

complying with all necessary international and local regulations. 

1.2 Research frame 

The research conducted in the framework of this Master's thesis took place in Bolungarvík. This 

is a town in the northern part of the Westfjords region of Iceland. The city coordinates are 

66.1518° N, 23.2617° W. As of 2021 year, the population of Bolungarvík is 958 people 

(Statistics Iceland, 2021). The load on urban drainage systems created by the household and 

industrial activities of this town is equivalent to 5000 people (Environment Agency of Iceland, 

2013). The generated pressure is approximately 5.2 times bigger than the population of the 

town. The main recipient of the wastewater is the coastal waters of Bolungarvík, within which 

the port infrastructure of the town is located (figure 1). 
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Figure 1 Bathymetric map of port and coastal waters of Bolungarvík 

Several wastewater outlets are concentrated in the port, each of which is responsible for the 

flow of sewage from a certain district. The anthropogenic load created in the receiving waters 

of the port is formed due to several factors. These factors are defined as the volumes of water 

involved in the wastewater system of the city, the morphometric and social configurations of 

the wastewater districts, industrial activity, and the intensity of pollutants from point sources of 

pollution. The above factors, causing the anthropogenic load, have a pivotal influence on the 

concentration of pollutants entering port waters from point sources of pollution. 

The potential negative impact of pollutants on the environmental state of the receiving water 

body is determined by complex patterns. In the coastal zone, water quality is determined in a 

complex way due to the volume of discharge, the chemical composition of wastewater and the 

concentration of pollutants (Akpor & Muchie, 2011). The features of effluent also have a 

significant influence. In this regard, the methods in common practice are the determination of 

the concentrations of total suspended solids, organic matter, or hazard substances, including 

heavy metals and pesticides (Owili, 2006). Pollution of coastal waters enables many physical, 

chemical and biological processes that lead to the deterioration of the ecological state of 

receiving water bodies. In particular, increased concentrations of dissolved organic matter 

contribute to a decrease in dissolved oxygen concentrations in water, leading to hypoxia of 
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aquatic organisms (Krogh et al., 2018). Changes in the quality of coastal waters due to incoming 

pollutants from wastewater contribute to the processes of changing nutrient levels, reducing the 

abundance and biodiversity of aquatic organisms, bioaccumulating organic and inorganic 

compounds, and changing the structure of trophic relationships between species (Owili, 2006). 

The negative impact of pollutants can vary depending on a set of parameters of the receiving 

water body. In particular, coastal waters, subject to the active influence of sea currents and wind 

waves, have an increased flushing capacity. This feature results in high dilution rates for the 

most common pollutants, however persistent pollutants and hazards in conjunction with 

pathogens will always be resilient to it, and thereby will remain subjects of significant concern. 

1.3 Research aim and objectives 

The purpose of this study was to identify changes in the concentrations of pollutants entering 

the port from wastewater outlets and test the effectiveness of an experimental plot for primary 

wastewater treatment. The implementation of this aim was achieved by comparing the results 

of the hydrochemical analysis of samples from the area of impact of the experimental plot for 

primary wastewater treatment to samples in the vicinity of the control outlet where the change 

in concentrations was not affected by the plant. A combined method for calculating the volumes 

and discharges of surface wastewater from domestic sources of wastewater was also introduced. 

Based on the proposed calculation, an assessment was made of the anthropogenic load on the 

receiving waters of the port of Bolungarvík. 

To achieve the stated aim of the study, the corresponding objectives of the applied and 

analytical format were: 

1. To conduct a comprehensive description of the research area 

2. To introduce a simple and feasible method of calculation of wastewater volume for the 

designed area 

3. To identify the main pollutants in the wastewater of Bolungarvík and their quantitative 

patterns 

4. To design and build the experimental plot for primary wastewater treatment with 

selected species of macroalgae 

5. To evaluate the changes in concentrations of the considered pollutants between the test 

pipe and control pipe 

6. To evaluate the effectiveness of the plot from the perspective of current anthropogenic 

pressure 

The structure of this paper consists of three parts. The first part is a literature review on the 

topic of this research. The literature review delineates the scope of resource management and 
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to what sector of it the topic of this thesis is related. It also sets the context and geography of 

the topic as well as legal aspects related to it. The literature review ends with the analysis of 

existing methods of wastewater management. The second part of the paper consists of an 

information base compiled on the object of study. The information base is compiled using 

concepts that are used in the geosciences. Findings and tangible outcome of this thesis are 

presented in the third part. It consists of a description of the experiment, methods and results of 

the study. The discussion was carried out with the focus on the following research questions: 

1. How does the experimental plot affect the change in the concentrations of TP, TN, TOC, 

and TSS in the port waters of Bolungarvík? 

2. How do the concentrations of TP, TN, TOC, and TSS change with increasing distance 

from wastewater outlets? 

3. What is the volume and discharge of wastewater in the research area? 

4. How does precipitation affect the concentration of pollutants in wastewater and what is 

their share in the total volume of wastewater? 

This paper concludes with reflections on the possibility of applying the experience and 

knowledge from this research to other parts of Iceland, as well as what is the meaning of the 

findings for Bolungarvík municipality, the Westfjords region, and for the country. 
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2 Literature review 

2.1 State of knowledge about wastewater management 

As from the perspective of nature sectoral management, extraction, utilization and processing 

of water resources represents integral part of the process of human development. In the todays, 

when the world encounters with unprecedented challenges, one of the most sensitive resources 

affected by human development remains natural water resources. Results, consequences and 

outcomes of people’s economic development can be characterized as traceable and their 

traceability sometimes can be reflected in the state of bodies of water resources. 

In the today’s, specialists in the field of water resource management (in particular, wastewater 

management) are facing with the complex problem of determining the trajectory of 

development of these areas of human economy. The definition of these trajectories is 

determined by 4 fundamental challenges (Daigger, 2007). The first challenge lies in the 

assumption of individual groups, involved in the water use cycle, that the global problems of 

water pollution and water quality deterioration are resolved. This view is supported by a 

comparison of the rates of development of water and wastewater management between the early 

20th century and today (Daigger, 2007). The second problem is caused by the exponential 

growth of the world's population and the resulting additional pressure on water resources. The 

third problem is related to the optimization of water supply and wastewater service in those 

areas of the world where the demand for water resources is most acute. In addition, the need to 

reduce various environmental impacts caused by the use of water systems is urgent (Daigger, 

2007). The fourth problem is the professional self-determination of experts in the field of water 

resources management: there is a dilemma of the attitude of oneself either to be classified in a 

broad spectre of water managers versus more specific wastewater management. 

The feature of the problem of the development of wastewater management as a professional 

discipline lies in the need to frame its vision. In this regard, some experts (Daigger, 2007) 

emphasize the importance of taking steps to improve the existing Vision 2050 concept. One of 

the important ideological challenges is to develop a vision of urban water management systems 

that would provide higher productivity with less environmental impact, as well as greater 

financial inclusion for a wider group of users (Daigger, 2007). 

Experts (Daigger, 2007) offer two quality solutions to achieve the desired goal for Vision 2050. 

The first solution is the need to refine the basic approach in the methodology practiced in water 
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and wastewater management systems. In this regard, experts (Daigger, 2007) emphasize the 

importance of understanding natural processes as interdependent and non-discrete (as they 

might often be described by the results of sampling, which are discrete). In this regard, the 

author of this Master’s thesis agrees with the importance of ensuring a continuous and 

integrated approach in the study of water systems, and therefore the results of field studies in 

this work are described in terms of their seasonal variability and heterogeneity. The second 

decision is based on the need to expand the specter of stakeholders involved in the planning 

process, since the inherent crucial decisions require inclusiveness. 

The search for reasonable solutions associated with an increasing population and regularly 

increasing demand for water is conditioned by two measures. The first measure is to understand 

the dynamics and magnitude of the pressure that is caused by the population growth. The second 

measure is the selection of such solutions that would qualitatively mitigate to the emerging 

pressure on water resources. 

In historical aspect, practical applications wastewater management have undergone profound 

changes over the millennia, ranging from early history of human race and up to age of stringent 

environmental standards (Lofrano & Brown, 2010). The problem of water treatment is directly 

related to the pressure on water resources created by population growth. Despite the fact that 

over the thousand-year history of water resources development, treatment methods have 

repeatedly undergone qualitative changes, today these methods are still in the nature of a "single 

use" and in many systems wastewater is a "final" resource, the reuse of which is not provided 

(Daigger, 2007). This approach comes into conformity with today's trends and the need for 

redistribution and reuse of wastewater is becoming more and more in demand, especially in 

urban agglomerations located on the coast. 

From the point of view of consumers, the availability of water resources is one of the key 

indicators of the efficiency of the water system to which they belong. In turn, there are different 

groups of consumers, and this difference is directly determined by the economic and social 

context. Therefore, it is critically important for experts in the field of water resources 

management to competently assess the socio-economic profile of water users and provide 

appropriate solutions. For water user groups that are already equipped with healthy water 

supplies and surrounded by a clean environment, a key emphasis in water supply and 

wastewater management should be on maintaining and enhancing the already achieved 

environmental standards as well as seeking the approach to reduce the consumption rates 

(Daigger, 2007). For less affluent water user groups with a lower state of environment, it is 
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essential to develop approaches for water supply and wastewater management, taking into 

considerations the scarcity of water infrastructure and resource-constrained environment. 

The problem of wastewater treatment is also characterized by geographical features. In 

particular, specialists working in the Arctic need their own approach to water resources 

management and wastewater management. This is due to extreme climatic conditions, and in 

this regard, the use of generally accepted or universal methods of wastewater treatment becomes 

impractical for both economic and technical reasons (Daley, 2017). Urbanization patterns in 

conjunction with the administrative measures from local authorities in a large extent preset the 

development of wastewater treatment and sanitation practices (Daley, 2017). Positive effect of 

the development on the health status of the population on Arctic territories, where for a long 

time the morbidity due to sanitation exceeded the national average by 40 times (Daley, 2017). 

The components contained in sewage sludge contribute to the development of eutrophication 

processes in the marine environment. These processes are influenced by various groups of 

factors that differ in the magnitude of the impact. A typical influence is exerted by a regional 

group of factors, which includes the type of soil cover and the precipitation regime. Regional 

factors have a strong influence on the process of eutrophication of the marine environment and 

climate change (Yoshida et al., 2018), and the dynamics of the processes of eutrophication and 

climate change will depend on the chosen conditions. In this regard, studies are relevant, in 

which the emphasis is on a detailed analysis of the patterns of nitrogen distribution in the natural 

environment, since in almost all processes of non-toxic exposure, nitrogen emission is the main 

factor (Yoshida et al., 2018). 

In wastewater management, there are several generally accepted engineering solutions that are 

placed in the centre of the debate over future water management problems. These technical 

areas include three directions: rainwater management, domestic wastewater management, and 

water and waste re-use (Burkhard et al., 2000). The emerging problems and the developed 

approaches to their solution led to the need to operate with water resources, in particular 

wastewater management, inseparably with the principles of sustainability (Burkhard et al., 

2000). Ensuring sustainable development and functioning of water systems is recognized as a 

precondition for those responsible for water resources management. Today, one of the most 

relevant is the following definition of sustainable development, set out in the Brundtland Report 

(WCED, 1987): "Sustainable development is development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs." 
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Rainwater management represents one of the three key areas of urban water systems planning. 

This direction includes a number of technical solutions, each of which is represented by 

different technical configurations. According to the classification (Burkhard et al., 2000), 

traditional storm drainage systems include inlet structures and drainage pipes. Inlets are usually 

presented by gully-pots or catch-basins, and pipes carry out the function of carrying water to 

designated discharge points. The basic configuration can be equipped with additional units such 

as silt traps, storage tanks and various control facilities. Traditional systems of storm drainage 

are characterized by the largest spillage (Burkhard et al., 2000). 

Including a set of the above units, traditional sewer systems can be represented in two typical 

configurations: combined and separate. Combined Sewer Systems are responsible for 

transporting both wastewater and storm runoff. In such systems, the sources of wastewater are 

represented by facilities from industrial and domestic sectors. Separate collection systems are 

equipped with at least two pipe networks and are responsible for collecting and transferring 

wastewater and wastewater to separate collection facilities. 

Infiltration and collection systems serve as an alternative to traditional systems (Burkhard et 

al., 2000). Despite their historical prevalence, the use of this type of system has been minimized 

in the last century due to the colossal rate of urbanization (Burkhard et al., 2000). Nevertheless, 

the relevance of this type of systems is experiencing a rebirth nowadays, and today their use 

can be seen more and more often (Lloréns et al., 2020; Jia et al., 2019). 

A special feature of infiltration and collection systems is their ability to limit the peak load of 

runoff in sewers. This reduces the risk of overflow in combined networks. The design of such 

systems may vary depending on geography (Vialkova & Glushchenko, 2021), but their main 

feature is that they are equipped with storage facilities that can withstand the volume of water 

for a given supply (Burkhard et al., 2000). Specific storm collection units are also provided for 

individual planes and elements of the urban environment. For example, permeable pavement is 

used in parking lots and lanes in residential areas (Burkhard et al., 2000). 

As follows from the example above, individual structural units represented in an urban 

environment can determine the selection of appropriate infiltration systems solutions. In areas 

with a stable vegetation cover, infiltration basins have a certain distribution. Such areas are 

characterized by their flooding exposure during peak precipitation values, and the processes of 

water infiltration into the soil are key here. When designing such basins, the determining factors 

are the maximum design depth, distance to groundwater level, layout and type of vegetation 

cover (Burkhard et al., 2000, WEF, 1998). 
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Swales can also serve as receivers of runoff from roads and parking lots. They ensure the runoff 

of runoff through the grass cover and its further infiltration into the ground. When designing 

such systems, it is imperative to take into account the morphometric characteristics of the 

channel, the slope of the earth's surface, the maximum runoff rate, the roughness factor, as well 

as the maximum flow depth (Burkhard et al., 2000; WEF, 1998). 

Soakways are comprised by circular shafts or trenches, which are located below the ground 

surface (Burkhard et al., 2000). The wastewater discharged into them passes through round-

shaped cesspools and fall into areas filled with gravel. Wells are usually made of reinforced 

concrete and can be perforated from below (Burkhard et al., 2000). Various configurations of 

interconnected trenches adjacent to the absorbent channels can be used in the design. The main 

design components of soakways and infiltration trenches are soil permeability, maximum 

design depth, configuration of layout and distance to seasonal high water tables (Burkhard et 

al., 2000; WEF, 1998). 

A number of factors have a determining influence on the quantitative drainage of storm runoff 

from urbanized territories. The contributing factors are the designed return period storm, 

imperviousness of the catchment, slope and catchment exposure, characteristics of the surface 

and subsurface layers on which the design of structures is applied, vegetation cover, the 

intended use of the catchment and the available areas (Burkhard et al., 2000). 

The traditional approach that defines the process of collecting wastewater and transferring it to 

wastewater treatment plants determines domestic wastewater management in modern urban and 

semi-urban Europe (Burkhard et al., 2000). In parallel, decentralized collection methods have 

become widespread, used in remote, as well as rural and suburban areas. Such methods, 

combined with environmental solutions, provide easy to implement and inexpensive cleaning 

methods (Burkhard et al., 2000). 

Septic tanks also serve as underground wastewater collectors. They are characterized by the 

presence of two chambers separated by a membrane. In the first chamber, wastewater is affected 

by gravitational processes of sedimentation, in the second chamber, secondary treatment takes 

place. This engineering solution is characterized by a satisfactory cleaning result, low 

maintenance costs and the possibility of combining with other cleaning systems (Burkhard et 

al., 2000; Burchart-Korol & Zawartka, 2019). 

The list of methods applied in domestic wastewater management is presented by centralized 

conventional sewage treatment, decentralized conventional systems and ecological treatment 
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methods (Burkhard et al., 2000). Centralized traditional wastewater treatment works include 

primary, secondary (and in some cases tertiary) stages. Before the first stage, the waste water 

undergoes a filtration process. After passing through the filters, the wastewater enters the 

created sedimentation zone, in which the gravitational settling of solid particles, which were 

small enough not to be filtered out during the preparation stage, takes place. At this stage, fats, 

oil and greases are removed from the water (Burkhard et al., 2000). 

Centralized conventional systems can be represented by a number of engineering 

configurations, such as activated sludge (Fatone et al., 2011), percolating filters (Bali et al., 

2010), rotating biological contractors and oxidation ponds (Burkhard et al., 2000). Settlement 

tanks perform similar functions to septic tanks, but are much smaller. Their low construction 

and maintenance costs are offset by the cost of sludge extraction and disposal. 

Decentralized wastewater treatment practices include practices such as non-biological 

treatment, package biological plants, and leach fields (Burkhard et al., 2000). The first group 

of these methods includes the configuration of cesspools, septic tanks and settlement tanks. 

Cesspools are self-contained underground plastic storage facilities where wastewater is 

collected and emptied. This solution is characterized by high maintenance and 

transport/disposal costs (Burkhard et al., 2000). 

Characteristics features are also inherent to methods for ecological wastewater treatment, which 

also represent another group of decentralized systems (Burkhard et al., 2000). The methods of 

this group are comprised mainly by constructed wetlands, living machines, aquaculture 

facilities and sand filters. The main purpose of constructed wetlands is to perform secondary 

wastewater treatment. They are discrete containers inhabited by aquatic plants capable of 

growing in a water-saturated root zone (Burkhard et al., 2000). Living machines are 

characterized by the complexity of their structures and aerobic water purification mechanisms 

with the direct participation of living organisms. After settling in the waste water, the processes 

of BOD and TSS removal, as well as nitrification of volatile compounds, take place (Burkhard 

et al., 2000). Automatic quality control is based on the assessment of the life cycle of the fish 

in the final receiving pond. 

The use of the constituent components of aquaculture frames another way of treating 

wastewater. In Europe, one of the oldest aquaculture farms with a secondary treatment function 

is located in the Munich Basin (Burkhard et al., 2000). In the scientific community, there is also 

a list of works in which the effectiveness of this method has received a comprehensive 

assessment (Akinbile & Yusoff, 2012; Marinho-Soriano et al., 2011). 
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Among sand filters, two configurations are distinguished with vertical flow direction and 

pressure filters (Burkhard et al., 2000). For their intended purpose, these types of systems are 

characterized as the treatment of tertiary wastewater. The main indicators of the effectiveness 

of practiced wastewater treatment systems are their pollutant removal potentials. The physical 

and physicochemical components presented in wastewater can vary significantly in their 

structure, and the nature of the processes taking place. Realizing that the number of criteria can 

be adjusted depending on the project and the expected results, the minimum set of performance 

indicators includes the potential to remove Total Suspended Solids (TSS) and Biochemical 

Oxygen Demand (BOD) (Burkhard et al., 2000). The specificity of this study involves assessing 

the efficiency of wastewater treatment by indicators such as total-Nitrogen, total-Phosphorus, 

Total Organic Carbon (TOC) and TSS. From a social science perspective, wastewater treatment 

systems can be characterized by criteria similar to those used to assess rainwater management 

(Burkhard et al., 2000). 

In the wastewater treatment process, the key problem lies in reduction of the incoming waste, 

which determines the concentration of nutrients and BOD in the wastewater. In this regard, the 

cyclic use of solid and liquid wastes is most helpful in reducing this load (Burkhard et al., 2000). 

Separate storage of human waste away from wastewater treatment plants provides tremendous 

removal efficiency, commensurate with systems that remove 60% TOC, 99% Total Nitrate and 

72% Total Phosphate (Burkhard et al., 2000). Thus, wastewater, which does not include human 

waste (greywater), has significantly lower levels of nutrients than blackwater. 

Summing up the analysis of existing methods adopted by experts in the field of water and 

wastewater management, it is very important to outline two emphases. The first emphasis is 

that broad public participation in planning process provides a guarantee of a holistic planning. 

At the same time, it is important to understand what the structure of the planning system itself 

is. An integral part of the planning system is the functions provided by land use planning and 

control legislation (Burkhard et al., 2000). In this regard, land use planning and control 

legislations will limit the choice of techniques aimed at reducing and preventing environmental 

impacts from pollutants. Thus, the key to achieving sustainability in water and wastewater 

management will be competent land planning and a strong legislative framework, which 

together will predetermine the set of the most effective methods for managing water resources 

and wastewater in a particular area. Often the difficulty lies in the need for a comprehensive 

assessment that visually represents public opinion (Burkhard et al., 2000). The author also 

emphasizes that the problem of integrating all the above methods and approaches to water and 
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wastewater management is determined by the need to develop a tool that can consolidate all 

aspects of water and wastewater management. 

Integrated water and wastewater management is a complex and time-consuming process. 

Therefore, decisions made at various stages of planning should be thoughtful. The central 

planning unit can then be defined as a catchment. The successful implementing of watershed 

management does not seem possible without comprehensive understanding of the hydrological, 

hydrodynamical, hydrochemical and hydrogeological patterns of watershed. At the same time, 

land productivity in conjunction with the surface ecosystem functions are considered to be 

integral parts of the given type of resource management (Brooks et al., 2003). The system of 

land and water in the framework of the watershed plays also the important role of the subject 

of logical and practical applications, planning, strategic assessment and management. 

The application of management procedures at different watersheds is always determined by the 

tasks arisen to the community planners, social and economic demands. It would be logical to 

assume that these tasks vary in a wide range depending on the location of the area of 

management. The complexes of procedures applied in the course of the water management in 

different areas can be determined as nonstructural (vegetation management) and structural 

(engineering) (Brooks et al., 2003). Integral tools of water resource management include soil 

conservation practices, land use planning activities, construction of hydroengineering facilities, 

establishing protected areas, establishing of legal framework for road-building, timber-

harvesting, agriculture and agroforestry applications, wastewater treatment and many other 

types of activities. The key natural resource spotlighted in every kind of these activities is the 

water. In this regard, water plays the role of the common denominator for every unit involved 

in process of planning and management (Brooks et al., 2003). 

There are several approaches of different kinds to qualitatively describe the structural features 

of water resource management. According to one of the perspectives (Brooks et al., 2003), the 

given type of natural resource management represents an integrative way of characterizing the 

human activities on a certain area of land framed in the watershed that have direct and indirect 

effects on water (or are affected by it). At the same time, the opposite feature of the watershed 

management is reflected in a set of tools or applications from different spheres of human 

activity – the physical, regulatory, or economic. Main objective of those means is to provide 

solutions to potential or real issues involving the relationship between water and land uses 

(Brooks et al., 2003). 
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Being the integral part of the water management, watershed represents a complex system of 

different human activities. Thus, the given natural object may be the subject of collision of 

different applications and interests supported by different edges of human activities. 

Consequently, physical properties of watersheds are mutually determined by the political and 

economic realities, and this determination is the core subject of the integrated watershed 

management (Brooks et al., 2003). The integrity of the water management is determined by 

joint and coordinated use of its units both on the surface and underground (Ross, 2014). 

Different types of natural water can be assigned as the subjects of the water management based 

on the origin of the water resources. Thus, the management of the water resources can be 

applied to the surface water groundwater which can be physically connected or unconnected to 

each other (Ross, 2014). The feature of the surface water as the subject of management is in its 

visibility and relative accessibility, although the supplies can vary in a wide scale. At the same 

time, groundwater has lower visibility and accessibility, however it represents a more 

continuous and lasting source of supply and extraction (Ross, 2014) 

An integral part of integrated water resources management appears in a multi-level analysis and 

assessment of water reserves concentrated around objects of human economic activity. The 

methods for assessing water resources that are currently available to specialists are based on 

the duration of a set of observations within the framework of the national hydrometeorological 

service (Vinokurov et al., 2018). In this regard, hydrological posts, river basins and water 

management areas are singled out as subjects on which systemic observations are carried out. 

The limiting factor that determines the features of water resources management in a particular 

territory is the mutual arrangement of various elements of the landscape structure of a given 

territory (Vinokurov et al., 2018). The formation of water resources is associated with the 

patterns of hydrological and climatic processes occurring within these territories. In addition to 

natural processes, the formation and dynamics of the state of water resources are influenced by 

municipalities, where water use cycles take place. Therefore, the complex task of water 

management planning includes a combination of landscape, basin and administrative-territorial 

approaches (Vinokurov et al., 2018). 

Often the basis for effective water resources management lies in knowledge about the properties 

of the basins within which water use bodies are concentrated. The main tool for this type of 

research is morphometric analysis (Simonov, 2009). The problem of the methodology inherent 

in this type of research is that morphometric assessments of the relief of basins are often 

geomorphologically inconsistent. Some authors (Simonov, 2009) justify the lack of complexity 

by the fact that in this type of analysis, the main task is still to determine the age and history of 
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the development of the relief in the catchment. Within the framework of the geographical 

discipline, along with the geomorphological approach, there also takes place a hydrological 

approach to the research of catchments: and one of the main tools for solving hydrological 

issues is hydrometric observations. A characteristic feature of the landscape approach to water 

resources management is the allocation and ranking of various elements of geographic 

complexes. According to the classification (Vinokurov et al., 2018), gradation is carried out 

from zonal areas (on the scale of countries and regions) to provincial and topological structures 

(of the main river basins and their tributaries). The effectiveness of this approach lies in its 

availability to interdisciplinary specialists (Meyer et al., 2014), in the possibility of its 

application in scoping research (Iversen et al., 2016), as well as when summarizing information 

on the study area (Simonov, 2009). However, despite the characteristic advantages of the 

landscape approach, there is still a lack of generalizing works in the field of basin analysis 

theory (Simonov, 2009). The lack of generalizing works does not allow geomorphologists in 

sufficient extent to refer to the methods of basin analysis. The scarcity of summarizing works 

determines the problem of formatting the research results obtained using the basin approach 

under the standard scheme of geomorphological analysis (Simonov, 2009): identification of 

morphological features - determination of the origin of the form - determination of the age and 

development history of objects of geomorphological research. Despite the unfeasibility of 

extrapolating the results of the basin approach to the landscape approach, the properties that are 

inherent to the basin approach make it the most efficient and comprehensive way to manage 

water resources. 

The Northern Hemisphere, the Arctic region in particular, is characterized by such global 

processes as population growth and increasing rates and shifting patterns of consumption of 

natural resources. This leads to a steady growth in the demand for water resources. Changes in 

rainfall patterns due to climate change can exacerbate the situation in vulnerable areas. Iceland 

is one of the key players in the Arctic region. Ensuring improvement of wastewater treatment 

is still a topic of priority for Iceland, especially for remote areas. Geographical patterns in the 

location of towns and villages that are not part of the capital area also determine the nature of 

sewage disposal in these areas, where sewage is basically discharging into the ocean. 

Nevertheless, the existing trends in wastewater disposal do not have a problematic impact on 

the coastal areas, and there is no obvious threat of eutrophication of coastal waters 

(Environment Agency of Iceland, 2013). 

A couple of years ago Icelandic parliament approved the contribution amendment, and will 

increase support for municipal sewage treatment projects developing in next 10 years by 20% 
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(Umhverfisstofnun, 2020). In compliance with the United Nations Global Goals Iceland has 

agreed to ensure a progress in clean water and sanitation practices (Prime Minister’s Office, 

2019). To achieve these goals by 2030 Iceland sets the plans to increase water quality by 

reducing pollution, optimizing waste disposal and minimize hazardous emissions 

(Umhverfisstofnun, 2020; Prime Minister’s Office, 2019). Under the same goal national 

authorities set the target for reduction of untreated wastewater and raw sewage by half. 

Regarding the wastewater treatment Icelandic government defines the general requirement for 

wastewater treatment as a two-stage works, given that there have been receptors defined as 'less 

sensitive' or the sewage discharges into a sensitive receptor (Umhverfisstofnun, 2020). 

The total area of Iceland is 103,000 km2 (Environment Agency of Iceland, 2013). The 

population of the country at the beginning of 2021 is 368,792 people (Statistics Iceland, 2021b). 

90% of the population is concentrated on the coast, 88% of the population lives in areas 

generating more than 2000 p.e. (population equivalent) of wastewater. Under p.e. is understood 

the amount of organic matter in wastewater that can be biodegradable with 60 g oxygen per day 

determined over a period of 5 days (Environment Agency of Iceland, 2013). 

The research object of this Master’s thesis is located in the northern part of Iceland, in the 

Westfjords region, in the town of Bolungarvík. Table 1 presents the results of calculations of 

personal units released by each urban area of the Westfjords for the period from 2010 to 2018 

(Umhverfisstofnun, 2020). The values for the selected periods are characterized by a high 

interannual amplitude. The high differences are determined by the availability of data in 

different municipalities, as well as changes in the economic sector, in particular the inclusion 

of fisheries in the statistics. Despite the obvious uncertainties, estimates collected from official 

reports are an important component in determining wastewater treatment requirements that are 

mandatory for each urban area (Umhverfisstofnun, 2020). 

Table 1 Sewage volume in municipalities in the Westfjords region (Umhverfisstofnun, 2020). 

Municipality 
Sewage volume 

in 2010, p.e. 

Sewage volume 

in 2014, p.e. 

Sewage volume 

in 2018, p.e. 

Ísafjörður 15,090 2,500 2,908 

Bolungarvík 5,284 890 <2,000 

Suðureyri 2,407 278 <2,000 

Hnífsdalur 6,012 194 <2,000 

Hólmavík 27,880 496 <2,000 

Total 56,673 4,358 <5000 

The assessment showed that in 2018 the municipalities Bolungarvík, Suðureyri, Hnífsdalur, 

Hólmavík emitted less than 2,000 p.e., and therefore no precise figures are provided for this 
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period. Ísafjörður is the only municipality whose release volume today exceeds 2,000 p.e. Of 

the small municipalities with a population of less than 1000 people, the largest volume of 

wastewater for 2014 was produced by Bolungarvík and was estimated at 890 p.e. 

Figure 2 shows the share of the regions equipped with any means for wastewater treatment for 

2014 (Environment Agency of Iceland, 2013). A feature of remote areas, which also include 

the Westfjords, as in 2014 was the minimum percentage of wastewater treated. In the 

metropolitan area, as of 2014, all wastewater that discharges in that region was subjected to at 

least primary treatment. 

 

Figure 2 Distribution of wastewater treatment methods in regions of Iceland in 2014 

(Environment Agency of Iceland, 2013). Applied for agglomerations that generate >500 p.e. 

Equipment of the population with various wastewater treatment facilities plays role of an 

important indicator which can be used in performance assessment of wastewater management 

applications. According to these statistics, in 2014, 75% of residents in remote areas of Iceland 

were equipped with septic tanks or coarse cleaning facilities. In small urban areas, this share 

did not exceed 24%. In the assessment, it is assumed that the proportion remains relatively 

unchanged in small urban and rural areas in 2018 (Umhverfisstofnun, 2020). 

The proportion of the population equipped with any means of wastewater treatment remained 

relatively unchanged in the 90s of the last century. Between 1998-2000, this share has more 

than doubled. Since the 2000s, the growth rates have become even more significant, and by 

2010, the degree of equipping with treatment facilities was more than 70%. Over the last 
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estimated interval (2018), the total share of equipment increased by 2%, which is determined 

by the launch of new wastewater treatment plants in two significant urban areas - Borgarnes 

(population 1,875) and Akranes (population 7,411) (Umhverfisstofnun, 2020). 

In order to ensure the compliance of wastewater treatment systems with the established 

requirements and regulations, various measures have been introduced on the territory of Iceland 

to control and monitor pollutants according to established indicators. Such indicators allow to 

determine in a timely manner whether the functioning systems meet the set goals and 

requirements. These measurements include at least 4 general indicators: BOD5, COD, TOC 

and TSS (Umhverfisstofnun, 2020; Helgason et al., 2002). Wastewater treatment systems, 

involving more than 2 stages of cleaning, are also recommended to measure the concentration 

of total nitrogen and phosphorus. 

BOD5 refers to the need of microorganisms in sewage to break down organic matter with the 

limiting influence of oxygen. During the day, one person forms organic material, the breakdown 

of which requires 60 g of BOD5 (Helgason et al., 2002). The definition of p.e. is therefore 

determined as 60 g of BOD5/day. COD (Chemical Oxygen Demand) measurement is always 

more accurate than BOD 5, where biochemical breakdown occurs only on biodegradable 

organic substances in the sample, plus it is able to detect both degradable and decomposable 

organic matter (Umhverfisstofnun, 2020). 

In the framework of the wastewater management in the remote Icelandic communities, for over 

the past twenty years there were identified some significant objectives. Applied and 

administrative implications are expected to supplement existing coarse filtration systems, as 

well as establish stronger grounds for more structural waste sorting and re-use practices 

(Helgason et al., 2002). In order to ensure improvements, it seems scientifically relevant to 

update the existing knowledge which could help to assess the state of compliance of Icelandic 

municipalities with national legislation. 

Summing up the overview of wastewater management at the country level, it can be concluded 

that Iceland is taking active measures to achieve availability and sustainable management of 

water resources and sanitation for all (Prime Minister’s Office, 2019). The key challenges in 

wastewater management for Iceland are: 1) an increase in proportion of sewage that is treated, 

2) complete implementation of international agreements and obligations. 
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2.2 The EU Water Framework Directive 

2.2.1 International agreements 

The EU Water Framework Directive serves as the main international legislation that defines the 

integrated river basin management on the European continent. This directive was approved by 

the EU member states on October 23, 2000 and has been augmented with amendments several 

times since then. The functions of this document include the legislative definition and 

identification of key problems related to the organization of river basin management in Europe, 

the establishment of the decision-making process, as well as the establishment of a timetable 

for the implementation of the EU WFD provisions, which means the setting up the limited 

deadlines and milestones. The applied results of this legislation are described as the 

establishment of the Common Implementation Strategy, supported by relevant Implementation 

Reports from the participants. 

To ensure compliance with the provisions of the EU WFD, a proper commission has been 

formed. The key priority of this commission is the protection of water resources in Europe. The 

precondition for the establishment of the main water legislation in Europe was the formulation 

of appropriate standards for the use of drinking water in European rivers and lakes in 1975 

(Surface Water Directive, 1975). The practical conclusion of the legislative process was the 

establishment of binding quality goals for the drinking water in 1980 (Drinking Water 

Directive, 1980). Other sectors covered by this legislation were fisheries, shellfish waters, water 

recreation and groundwater sources. A recognized milestone in the development of European 

water legislation was the holding of a seminar in Frankfurt in 1988 (European Commission, 

1988), which identified gaps in existing legislation and identified ways to improve it. The 

practical implementation of the analysis was the Urban Waste Water Treatment Directive 

(UWWTD, 1991) and Nitrates Directive (Nitrates Directive, 1991) adopted in 1991. The area 

of responsibility of the UWWTD included providing for secondary wastewater treatment, and 

enhancing treatment processes in the areas required for this. The defining function of the 

Nitrates Directive was addressing water pollution by nitrates in Europe, the sources of which 

were agriculture. 

By mid-1995, it was already understood in Europe that, despite the relatively successful 

implementation of water policy on the ground, it was still fragmented in terms of goals and 

means to achieve them (Directorate-General for Environment, 2022a). As a result, the Member 

States agreed that it was necessary to develop a single legislative body, which would integrate 

a more global approach to water policy. Thus, the main goals defining the functionality of the 
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new Water Framework Directive are: expanding the protection policy for all types of water 

resources, achieving a “good status” for all water bodies by the established date, implementing 

water resources management based on the basin approach, determining the maximum emissions 

and quality standards by applying a “combined approach”, adjusting pricing policies, 

integrating civil society into the planning and management process, and improving existing 

legislation (Directorate-General for Environment, 2022a). 

In the scope of the EU WFD, water quality protection is achieved through established goals. At 

the European level, the key areas of protection are the general protection of aquatic ecosystems, 

the protection of unique and valuable habitats, and the protection of drinking and recreational 

water resources (WFD, 2000). This set of goals is specific to each individual river basin, while 

there is a differentiation of these goals depending on the water body included in the basin. For 

surface water resources, according to the EU WFD (WFD, 2000), the following targets are 

defined: “good ecological status” and “good chemical status”.  

The ecological status is monitored by a number of defining indicators, which include the quality 

of the biological community, qualitative hydrological and chemical assessments. It should be 

noted that biological parameters are characterized by high variability and conditionality by local 

factors. In this regard, control measures assume only minor deviations in indicator values within 

biological communities under conditions of minimal anthropogenic impact (Directorate-

General for Environment, 2022a). The structure of the Water Framework Directive provides an 

established set of procedures for determining the values of “minimum anthropogenic load” at 

the scale of specific elements of the catchment, and also fixes specific chemical and 

hydromorphological standards for this value. In order to be able to compare measurement 

results, each Member State is obliged to use a single system of interpretation of results (WFD, 

2000).  

Good chemical status, according to the directive (WFD, 2000), is defined as the compliance of 

the water body with all the quality standards that are predetermined for chemicals at the 

European level. This legislation also provides a procedure for updating these standards and 

adding new ones. New standards are being integrated through a process for identifying and 

prioritizing hazardous chemicals. This approach ensures that at least the minimum chemical 

quality for extremely toxic compounds is met throughout the given legislation (WFD, 2000).  

Another important function of the EU WFD is the identification of specific water protection 

zones in the river basins of the European continent. Such water protection zones are assigned 

according to the purposes of water resources use and are spread over specific territories. 
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Following the provisions of the directive, in addition to ensuring minimum environmental and 

chemical protection in the territory of river basins, member states are obliged to ensure more 

stringent requirements in areas where specific uses of nature are designated (WFD, 2000). 

Within the framework of this legislation, a special category for the use of water resources is 

also distinguished. A characteristic feature of this category is the negative impact on the state 

of water bodies, but the categories are identified as essential (Directorate-General for 

Environment, 2022a). Their importance is expressed in prevalence over political goals. The list 

of such targeted development of water resources includes, first of all, flood protection and life-

supporting drinking water supply. In the case of the above measures, the legislation provides 

for derogation from the requirements of achieving a good status (WFD, 2000). This exception, 

however, is only available after all mitigation measures have been considered and approved. 

Shipping and hydropower are other examples of these kinds of activities. If it is impossible to 

replace water transportation by on-land alternative, as well as the impossibility of using 

alternative energy sources, the effective deviations from the standards are subject to multiple 

steps of control. These steps include technical feasibility assessment, economic analyzes and 

environmental impact assessment (WFD, 2000). 

The implementation of the provisions adopted in the water framework directive is guaranteed 

through a combined approach. The subjects of this approach, according to the EU WFD 

legislation, are the river basin, the sources of pollutants, as well as the procedure for the 

development of control and monitoring tools for the hydrographic catchment network. In 

relation to the sources of pollutants, at the legislative level, there is a requirement that on a river 

basin scale in relation to sources of pollution, all existing technological control measures must 

be taken, focused on the sources of pollution themselves (WFD, 2000). In turn, the procedure 

for the development of control and monitoring tools is provided by the directive through the 

creation of a special structure, which includes several stages. Among these stages, the EU WFD 

singles out the development of a list of priority substances at the EU level. The priority is 

assigned based on the results of the risk assessment (WFD, 2000). Based on the results of the 

risk assessment, the development of a set of measures to reduce the load of priority substances 

begins. In the development process, the limiting decision-making factors are: the highest 

profitability; substances' sources and process sources (EU WFD, 2000). 

Tangible outcome of the EU WFD can be defined as river basin management plan. As the final 

product of the systems analysis driven by the requirements in the EU WFD, the plan is a detailed 

account of how the targets set for the river basin are to be achieved within the required time 
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frame (Directorate-General for Environment, 2022b). Objectives are understood as ecological 

status, chemical status, protected area objectives and quantitative status (WFD, 2000). Thus, 

the structure of the plan will consist of a characterization of the river basin, an analysis of the 

impact of human activities on the state of natural waters in the basin, a characteristic assessment 

of the impact of the current legislation and identification of the remaining void in it with a list 

of measures designed to fill the gaps. The river basin management plan also includes an 

economic analysis (WFD, 2000) with the aim of achieving rational cost-effectiveness of the 

various possible solutions. A key condition comprises the full involvement of all stakeholders 

in the discussion of individual stages of planning, as well as the preparation of a river basin 

management plan as a whole. 

The Water Framework Directive provides clear deadlines for each of the requirements. The 

roadmap of the EU WFD requirements is presented in table 2 (Directorate-General for 

Environment, 2022b). 

Table 2 The EU Water Framework Directive timetable for implementation (Directorate-

General for Environment, 2022b) 

Year Event 

2000 Directive entered into force 

2003 Transposition in national legislation 

2004 Characterization of river basin: pressures, impacts and economic analysis 

2006 
Establishment of monitoring network 

Start public consultation (at the latest) 

2008 Present draft river basin management plan 

2009 Finalize river basin management plan including program of measures 

2010 Introduce pricing policies 

2012 Make operational program of measures 

2015 

Meet environmental objectives 

First management cycle ends 

Second river basin management plan 

2021 Second management cycle ends 

2027 Third management cycle ends 

2033 Revision of river basin management plan (and every 6 years thereafter) 

Thus, a total of 33 years will be spent on the creation and systemic implementation of the 

integrated river basin management plan on the territory of the member countries. 
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Being a member of the EEA, Iceland follows a separate timetable for the implementation of the 

Water Framework Directive (Directorate-General for Environment, 2022b). Based on the 

Agreement on the European Economic Area (EEA, 2021), the plans for 2022-2027 represent 

the second cycle of formal WFD commitments for Iceland (Directorate-General for 

Environment, 2022b). 

2.3 The Urban Waste Water Treatment Directive 

2.3.1 International agreements 

On 21 May 1991, the Urban Waste Water Treatment Directive (UWWTD) has come into a 

legal force on the basis of the Council Directive 91/271 / EEC concerning urban waste-water 

treatment (UWWTD, 1991). The main function of this legislation was to ensure environmental 

protection from the negative impact of wastewater, the discharges of which are concentrated in 

the urban environment. This regulation also provides for procedures for the collection of 

wastewater from domestic sources, mixed sources and industrial sectors of urban environment. 

According to this legislation (UWWTD, 1991), the Member States are assigned with 

responsibility for conducting activities in the field of waste water management. These activities 

include: collection and treatment of waste water in places where the discharge exceeds 2,000 

p.e.; secondary treatment of discharges exceeding 2,000 p.e. and improved treatment of 

discharges exceeding p.e. 10,000. As part of these discharges, advanced treatment is extended 

to areas designated as sensitive areas on a catchment scale (UWWTD, 1991). Also, according 

to this directive (UWWTD, 1991), discharges of municipal wastewater, discharges from the 

food and industrial industries to city collection systems must be subject to prior authorization. 

According to the international agreement, the Member States are also responsible for 

monitoring the performance of treatment facilities, the condition of receiving water bodies, as 

well as for monitoring procedures for sewage sludge disposal and application of waste water 

re-use practices. 

One of the key international agreements in the framework of the UWWTD is the identification 

of sensitive areas by Member States. This legislation (UWWTD, 1991) identifies the following 

hydrographic elements as most affected by waste water discharges: freshwater bodies, estuaries 

and coastal waters, which are affected by eutrophication processes or which may become 

eutrophic due to absence of protective measures; surface reserves of drinking water, the content 

of nitrates in which exceeds 50 mg/l; areas characterized by advanced treatment in compliance 

with Bathing Water Directive (2006) or any other Council Directives. The identification and 
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delineation of the aforementioned water use areas is stipulated as a priority task to be 

undertaken under the UWWTD. The highest priority of this task limits the selection of 

appropriate wastewater treatment methods in these areas, and also defines the stringency 

requirements for these methods (Directorate-General for Environment, 2022c).  

Strict adherence to the provisions set out in the UWWTD is associated with significant costs. 

An investment assessment carried out by the commission in 2014 (European Commission, 

2014) indicates that investments made by the EU member states for the implementation of this 

directive are estimated at 22 billion euros. In addition to investments in compliance with the 

UWWTD, participating countries are also spending funds to upgrade, maintain and expand 

existing wastewater treatment infrastructure in Europe. According to (Directorate-General for 

Environment, 2019) estimates, between 2015 and 2018, the total annual investment in European 

wastewater treatment infrastructure was 25 billion euros per year. 

In 2021, a systematic assessment of the effectiveness of the UWWTD was carried out through 

the launch of the Online Public Consultation (Directorate-General for Environment, 2022c). 

According to the European Commission's assessment report (Pistocchi et al., 2019), the current 

legislation is characterized as extremely effective. Compliance with legal requirements has led 

to a reduction in pollutants and organic matter, which subsequently leads to improved water 

quality throughout the European Union (Pistocchi et al., 2019).  

An assessment review that was carried out by the European Commission supported by the Joint 

Research Center, highlighted the key compliance issues of the WFD that some member 

countries encounter. The main challenges following the (Pistocchi et al., 2019) assessment were 

not meeting deadlines assigned for the implementation of UWWTD agreements, storm water 

overflows, operation failures within certain and individual and centralized collection facilities, 

added pressures on surface water units, caused by small agglomerations and remote 

communities (Pistocchi et al., 2019). 

Statistics signify that remote European communities, which are characterized mainly by 

decentralized wastewater treatment systems, place an additional burden on 11% of all water 

bodies in the European Union (Pistocchi et al., 2019). In conjunction with other systems, they 

add up to 15,000,000 p.e. for each of the indicators, namely BOD, Nitrogen, Phosphorus and 

Coliforms. Today, the total generated wastewater in Europe is estimated at 612,000,000 p.e. 

(Pistocchi et al., 2019). A significant problem with the directive today is its inability to fully 

address emerging challenges such as pollution of water bodies with pharmaceuticals 

(Rodriguez-Mozaz et al., 2020) and microplastics (Uddin et al., 2020). Consideration of the 
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possibility of using wastewater to track the COVID-19 virus deserves special attention within 

the framework of the directive. The reporting procedure also needs updating, given the pace of 

modern development of information technology and communications (Pistocchi et al., 2019). 

Since the emergence of the COVID-19 pandemic, European wastewater has proven itself to be 

a reliable and inexpensive means of detecting the presence of the virus (Directorate-General for 

Environment, 2022c; Randazzo et al., 2020). Consequently, wastewater can be viewed as 

another significant indicator of the spread of the virus, along with other sources of this 

information, such as smear tests, blood tests, tracking applications, and QR codes in particular. 

Information about the spread of the virus from wastewater analysis contributes significantly to 

a set of public health indicators, and based on this tool it is possible to develop and make 

adjustments to public health management strategies (Directorate-General for Environment, 

2022c). Taking into account the patterns of the spread of the virus, the European Commission 

(Directorate-General for Environment, 2022c) characterizes the use of wastewater as indicators 

of infection as follows: the use of wastewater in monitoring is characterized as a preventive or 

early warning tool, a management tool, a safety net, support for epidemiological data. 

Due to the proven effectiveness of using wastewater as an additional method for determining 

the epidemiological situation, in March 2021, the European Commission adopted a 

corresponding recommendation, the purpose of which is to provide updated independent 

information on the presence of Covid-19 and its strains in wastewater in the European Union 

(Directorate-General for Environment, 2022c). This recommendation encourages Member 

States to establish wastewater surveillance systems to ensure timely provision of intelligence to 

the responsible health authorities (European Comission, 2021). In order to ensure the 

comparability and reliability of the collected data, the recommendation also outlined general 

sampling strategies and protocols. This recommendation is part of the COVID-19 response set 

by the Commission under the European HERA Incubator programme (European Commission, 

2021). 

2.4 Implementation into Icelandic national law 

2.4.1 EU WFD Challenges 

The provisions of the Water Framework Directive for the countries of the European Economic 

Area were officially legitimized in 2009 (Halleraker et al., 2013). In Iceland, which is also a 

member of this association, these provisions were formally legalized at the state level in 2011. 

The de jure acceptance of these provisions was ensured by Act No. 36/2011 in conjunction with 
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Regulation 535/2011 and Regulation No. 935/2011. Act No. 36/2011 provides provisions on 

water management. The accountable subjects of Regulation No. 935/2011 include national 

water management, distribution of inputs from involved stakeholders, NGO’s and research 

institutes who can represent contractors for parametrization and classification works on water 

bodies. Regulation No. 535/2011 provides for the regulation of monitoring works on water 

bodies, according to the factors of their typology, as well as the procedure for classifying and 

characterizing these objects. For land objects, the factors by which classification is made, 

according to the scientific institutes Veðurstofa Íslands and Veiðimálastofnun (2013), include 

latitude, geology, morphometry and hydrographic profile of the catchment, as well as its slope 

and aspect. For coastal areas, Eydal et al. (2013) defines parameters such as salinity, 

temperature, and closed or open boundaries in the land-sea system. According to the Water 

Framework Directive, the European Surveillance Authority acts as the body to which Iceland 

is accountable for its obligations. 

The Icelandic government's long-term effort to implement the provisions of the Water 

Framework Directive has resulted in the adoption of the Water Management Act. The main 

goal of this act is the protection of Iceland's water resources, preventing further deterioration of 

water quality, improving the conditions of aquatic ecosystems, as well as ensuring the 

sustainable use of water resources in the long term (Umhverfisstofnun, 2021). An integral part 

of this plan is to conduct a comprehensive assessment of the environmental impact emerging 

from the implementation of action plans, which represent an applied outcome of water 

management act. The legal justification of the evaluation is ensured by Article 19 Act No. 

36/2011 on water management as well as by the Act on Environmental Assessment Plans No. 

105/2006 (Umhverfisstofnun, 2021). In legislative terms, water management laws are enforced 

in conjunction with other legislation, addressing water protection issues. The list of related 

legislation includes: sewers and sewage are introduced by Regulation No. 798/1999, prevention 

of water pollution is introduced by Regulation No. 796/1999, drinking water standards are 

prescribed by Regulation No. 536/2001, ground water pollution is addressed by Regulation No. 

797/1999; wastewater treatment procedures are governed by Regulation No. 799/1999, 

pollution and emission control operations are regulated by Regulation No. 550/2018, mitigation 

of water pollution caused by nitrogen compounds is presented by Regulation No. 804/1999. 

Following the provisions outlined in the EU Water Framework Directive, Iceland represents a 

single water district, which is subdivided into 4 water sectors (Umhverfisstofnun, 2021). On a 

water sector scale, each river basin is the responsibility of the appropriate river basin committee. 

River Commissions serve as the administrative elements of government, members of which 



 28 

account municipalities and health committees. Tangible product of management applications 

here is identified as the water plan. Thus, being an applied embodiment of the Water 

Management Act, the water plan covers the territory of the entire country and its validity 

accounts six years, which is equal to one “water cycle”. After one cycle, the water plan is being 

revised and recommenced. The constituent parts of the water plan, within the framework of the 

Water Management Act, are monitoring plans and action plans, which are designed for each of 

the 4 water sectors. The area of responsibility of the monitoring plan encompasses coordination 

of the executive agencies for the collection of hydrometeorological and water quality data. The 

area of responsibility of the action plan lies in characterizing specific measures across the water 

sectors aimed at improving or maintaining water quality (Umhverfisstofnun, 2021). 

While making a conclusion of the analysis of the structure of the Icelandic water plan, it makes 

sense to list the components of which this water plan is recommended for compilation. 

According to (Umhverfisstofnun, 2021), a water plan in Iceland must include: a descriptive 

characterization of the water area in subject; classification of water bodies; a description of the 

load created by enterprises, businesses and other human activities on the water bodies of the 

region; a list of protected zones and a register of all water bodies classified as drinking water 

supply; data and results of the monitoring network of the water district; target environmental 

indicators for each type of water body for the future; information on the action plan; summary 

information on the results of collaboration with the public, business representatives, NGO's and 

other stakeholders. 

In the today’s, taking into account modern estimates (Umhverfisstofnun, 2021), the government 

identifies 6 main problematic objectives that are addressed by the current version of the national 

water plan. The majority of problems are aimed at continuing measures to optimize the 

mechanism of water resources management, optimize existing agreements, integrate new 

methods and components of monitoring, etc. The remaining direction implies full compliance 

with the requirements for wastewater treatment (Umhverfisstofnun, 2021). Within the 

framework of this direction, according to modern estimates, there are up to 7 urban 

environments in Iceland, the discharge of wastewater in which is defined as "uncertain". This 

ambiguity must be eliminated based on the provisions adopted in Regulation No. 798/1999 on 

sewers and sewage. The list of major issues addressed by water plan in Iceland is listed in table 

3 (Umhverfisstofnun, 2021). 
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Table 3 The list of objectives of the water plan based on the issues elaborated in the action plan 

(Umhverfisstofnun, 2021) 

Objectives Current water cycle works 

Sewage 

Discharges from seven urban areas into 

water bodies are defined as “uncertain”. 

Urban areas are obliged to eliminate the 

uncertainty in accordance with the 

requirements of Regulation No. 798/1999 on 

sewerage and sewerage. 

Water bodies at risk 

Areas include Tjörnin in Reykjavík and 

Rosmhvalanes 2. The measures represent 

the solution of administrative tasks and the 

reduction of pollutants release. 

Implementation of water management tasks Administrative and research project. 

Water resources monitoring Administrative and research project. 

Education and guidance Administrative and research project. 

Compliance with regulations, supervision 

and operation of licenses 
Administrative and research project. 

Icelandic water bodies are officially classified on the subject of infringement of the achieving 

the environmental goals of the water plan (Umhverfisstofnun, 2021). In the water bodies 

themselves, the problem is caused by the created load on the receiving waters as a result of 

wastewater discharges, while in the municipalities in charge - in non-compliance with the 

requirements provided for by the Regulation on sewers and sewage. 

One of the subjects of uncertainty is located in the Westfjords, Skutulsfjörður. Skutulsfjörður 

is located in an adjacent fjord from the study area. In this area, discharge of untreated sewage 

could cause local stress due to the accumulation of organic matter. Port operations and shipping 

can contribute to chemical load. Chemical measurements made in 2019-2020 and showed that 

the water body is not in danger due to the chemical condition. The urban area of Ísafjörður 

discharges untreated sewage into the coastal waters. In the event of a systematic violation of 

legal requirements, the negative consequences will have a cumulative effect. Within the 

framework of this thesis, the author understands that the water body on which the experiment 

is taking place differs from Skutulsfjörður in its scale and characteristics. Nevertheless, in the 

case of a successful result of approbation of the methods, the obtained experience can be 
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extrapolated to the problem area, thereby contributing to the development of measures aimed 

at achieving compliance with all legal requirements. 

The solution of problems in the basin areas directly affects the achievement of Iceland's global 

goals included in the UN program, as well as international agreements within the EU WFD. In 

addition to addressing the uncertainty of water bodies regarding their compliance with 

Regulation No. 798/1999 on sewers and sewage, Iceland must implement a number of measures 

addressed in the current action plans in order to successfully comply with the provisions of the 

Water Framework Directive. The extent to which these measures are implemented may vary 

depending on the basin area. The list of these problems includes prioritization of waste water 

construction projects by 2030, providing updates for treatment license that are currently in use 

and issuing new licenses to unlicensed treatment facilities, develop criteria for sensitive areas 

to meet relevant regulations, establish guidelines for work on vulnerable areas for 

municipalities (Umhverfisstofnun, 2021). For the area in the direct vicinity of the experiment, 

sewerage policy is expected to be prepared and the action plan will be implemented for the next 

10 years. 

2.4.2 UWWTD challenges 

In order to implement the Water Framework Directive, as well as its derivative Urban Waste 

Water Treatment Directive, Iceland has launched a corresponding national program (Regulation 

No.798 / 1999). Responsibility for the implementation of this program fell on a national 

organization called The Environment Agency of Iceland, one of the main functions of which 

was to ensure the provisions of Directive 91/271 / EU of the European Union. National 

legislation provides for the establishment of treatment measures in accordance with the quality 

criteria of receiving water bodies. However, as noted in previous studies (Thompson, 2020), 

many areas accountable to the water plan are characterized by little hydrological and 

hydrochemical knowledge, hence, it becomes difficult to determine the threshold of acceptable 

values in the receiver. Lacking knowledge of the characteristics of the receiving system, 

municipalities often dump raw waste water masses into the environment. 

Recent assessments (Umhverfisstofnun, 2020) show that the state of wastewater treatment 

systems in the country has remained practically unchanged over the last evaluation interval. 

From 2014 to 2018, the share of the population supplied with treatment facilities increased by 

2% from 74 to 76%. While municipalities must meet previously established requirements, this 

specific rate of growth is responsible for the slow pace of development in the treatment systems 

(Umhverfisstofnun, 2020). Among the existing problems, the following discrepancy is also 
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outlined: despite the existence of regulatory requirements that predetermine what the state of 

receiving water bodies should be, there are still no uniform standards for monitoring the 

effectiveness of treatment systems, and for assessing the ecological state. The procedure for 

determining the sensitivity of receiving systems also needs to be revised (Umhverfisstofnun, 

2020). 

As an incentive measure, the Icelandic government is willing to contribute to municipalities in 

developing sewerage projects, which will cover up to 20% of their total cost (Umhverfisstofnun, 

2020). However, in remote communities with a population of less than 1,000, this support is 

often considered as insufficient due to the limitations of the municipal budget. Along with 

financial support, the government also plans to provide administrative assistance related to 

water plan for municipalities (Umhverfisstofnun, 2020). The purpose of this support is to 

improve sewage systems, wastewater treatment facilities and help comply with regulations on 

sewers and sewage. 

Accounting for greenhouse emissions accumulated in the sea due to waste water discharges is 

also a kind of problem in the field of wastewater management in Iceland. Wastewater 

discharges into the marine environment contribute to the creation of anaerobic conditions in the 

marine environment, and the processes of methane and N2O emissions occurring under these 

conditions (Umhverfisstofnun, 2020). Unfortunately, current estimates are not able to fully 

quantify the scale of these emissions, which are in a large extent influenced by local factors. In 

this regard, coastal areas, which represent Iceland's main wastewater receiver, are largely 

characterized by uncertainty of emissions. Perspective estimates have also been conducted for 

waste water re-use practises. It has been calculated that if all agglomerations with discharges 

of more than 2,000 p.e. were equipped with at least coarse cleaning systems, the amount of 

BOD5 and particulate matter in the sewage sludge decreased by more than 8 times from 1,300 

tons to 10,400 tons of dry matter/year (Umhverfisstofnun, 2020). Such measures would also 

significantly affect the reduction of greenhouse gas emissions up to 3,100 CO2 equivalent / 

year, if the extracted sludge were redistributed for meliorative purposes. Supplying all 

municipalities with secondary wastewater treatment systems would reduce emissions to 11,700 

tons of CO2 equivalent per year (Umhverfisstofnun, 2020). 



 32 

2.5 State of knowledge about macroalgae cultivation 
systems 

2.5.1 Bioremediation 

Environmental pressure, that is caused by contamination of natural water bodies due to waste 

water discharges, emerges significant concerns for authorities. Treatment methods that are 

existing in the todays are characterized by great variety of design options. In particular, treating 

wastewater via aquatic organisms represents a group of quite demanded treatment methods. 

One of the aquatic organism groups that is available for engagement in wastewater treatment is 

presented by algae. This group consists capable for photosynthesis organisms of unicellular and 

multicellular beings. Unicellular forms are presented by microalgae, and multicellular ones are 

macroalgae. For both types of seaweed, the natural habitats include freshwater and marine 

environments (Arumugam et al., 2018). 

Treating wastewater using seaweed involves many varying mechanisms. One treatment 

mechanism that has been proven to be an effective way of treating wastewater is the absorption 

method. The absorption method is currently used by multiple industries because of its relatively 

low cost, easy availability and higher efficiency. On the other hand, extraction and enable into 

the treatment cycle of naturally grown seaweed has established itself as an effective tool for 

removal of different categories of pollutants (Arumugam et al., 2018). The driving process in 

the course of using a wild grown seaweed in wastewater treatment is defined as biosorption.  

Diverse biological and chemical properties of seaweeds make it possible to apply them in 

different industrial processes. The number of studies confirm their value in such developments 

like ecosystem balancing, management of nutrients, alleviation of eutrophication due to the 

bioremediation of water systems (Arumugam et al., 2018; Neveux et al., 2018). In other spheres 

of human economy seaweeds are common for application in agriculture as bio-based fertilizers, 

while in energy production they are demanded due to their ability to produce biogas. 

This study explores the potential of local macroalgae species to conduct wastewater treatment 

by emerging processes of bioremediation and adsorption in the receiving waters. Specific 

chemical composition of macroalgae predetermines the conditions for these processes. Cellular 

walls of macroalgae are characterized by concentration of sulphated polysaccharides. The 

residence of fucoidans (this is another designation of sulphated polysaccharides) in intercellular 

spaces limits the ability to capture trace metals, nutrients and pollutants on the surface of 

macroalgae (Arumugam et al., 2018). 
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Typical wastewater can be characterized by variability of pollutants of different nature and 

origin. The list of organic pollutants that can be traced in the wastewater includes various 

configurations of pesticides, fertilizers, hydrocarbons, phenols, oils, greases, detergents, 

pharmaceuticals, benzene and dyes (Arumugam et al., 2018). Common group of inorganic 

pollutants consists of heavy metals, arsenides, fluorides and can be tremendously toxic. 

In the treatment cycle of wastewater red, brown and green seaweed represent the most common 

species groups for cleaning. In the littoral region of the Westfords, the most common species 

are brown and red algae (Gunnarsson, 1991; Vidal, 2019), namely Alaria esculenta, 

Ascophyllum nodosum, Fucus vesiculosus, Laminaria digitata, Palmaria palmata, and 

Saccharina latissima (Vidal, 2019). These and other kind of seaweeds have been tested for 

adsorption in the conditions of both real and simulated wastewater discharges. 

Serving as a vivid example of sustainable method for wastewater treatment, bioremediation is 

defined as a set of processes that address the impact of wastewater pollution and engage 

biological organisms in the marine environment in order to neutralize contagious elements. 

Seaweeds as subjects of applied cultivation systems have proven themselves as capable for 

remediation of nutrients and metals of various land-based origins (Neveux et al., 2018). 

Representing one of three main groups of algae, brow algae species are characterized by their 

ability to remediate organic nutrients in the coastal environment as well fixate dissolved metals 

from effluents of industrial origin. 

In the course of bioremediation processes the dissolving and degrading of metals and nutrients 

happen with limiting input of either naturally occurring organisms (biostimulation) or added 

indigenous or exogenous organisms (bioaugmentation) (Neveux et al., 2018). Local aquatic 

species found a diverse application in treatment of contaminated sites, given that the state of 

their natural habitats is able to provide their growth with limiting influence of nitrogen and 

phosphorus. 

It was noted that the increased growth rate of seaweeds in different part of the world represents 

a natural response of the environment to anthropogenic pressure that is being created in the 

vicinity of natural outlets of water bodies and in coastal waters in general (Neveux et al., 2018). 

Structural features of seaweed cultivation systems, in their turn, require a controlled condition 

for bioremediation by providing a physical support for cultivated structures in the vicinity of 

pollution sources. These systems can be characterized by wide range of design solutions and 

common bioremediation seaweed-equipped systems account artificial ponds (Gutiérrez et al., 
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2016), bioremediation tanks (Handå et al., 2013), various scrubbers (Craggs et al., 1996), 

cultivation ropes (Forbord et al., 2012) and other offshore structures. 

Bioremediation processes conducted due to presence of brown algae are delineated by two 

major drivers. These drivers are both strongly linked with environmental-administrative 

objectives in marine coastal areas and defined as aquaculture and eutrophication. To the extent 

of aquaculture development, the relevance of kelp bioremediation is defined as increasing 

demand of balancing the volume of nutrients that were produced by non-cultivated species with 

the nutrients that are generated by cultivated species, which include fish and prawns (Neveux 

et al., 2018). In the framework of eutrophication, it is understood that coastal ecosystems 

experience significant pressure due to the continuous excess of nutrients (Smith et al., 1999) 

which in conjunction with other factors causes eutrophication, which directly determines the 

development of strategies for water quality recovery, such as the European Water Framework 

Directive. 

The nutrient remediation capacity of brown algae is determined by their morphology and life 

cycle patterns. In the current practice, juvenile species or kelp spores are seeded on to ropes 

which serve as substrate for their growth and left on them for up to 15 months in upper layers 

of the water column (Neveux et al., 2018). During their growth, seaweed plays role of a scrubber 

while assimilating inorganic nitrogen and phosphorus. The nutrient remediation capacity of 

macroalgae is limited by the removed concentrations of nitrogen and phosphorus from the sea, 

which is measured in the course of harvesting the biomass (Neveux et al., 2018). 

Nutrient uptake potential by seaweed species can vary due to the chemical patterns of their 

tissues. In general, natural concentrations of nitrogen and phosphorus do not exceed 3.5-5% N 

and 0.3-0.9% P respectively (Neveux et al., 2018). At the same time, some species' features can 

be naturally higher than in the other ones, like in Saccharina latissima, where nitrogen contents 

may take up to 6.7% of the total dry tissue weight. Higher natural concentrations are often 

explained from the perspective of high eutrophication state of the water bodies (Zhou et al., 

2020; Neveux et al., 2018). Critical nutrient contents for growth vary in range from 1.7-1.9% 

and 0.2% of N and P respectively. The biomass yields of cultivated seaweed is also determined 

by geographical zoning. For example, in the Arctic latitudes, fresh weight of Saccharina 

latissima may reach up to 100 tonnes FW ha-1 y-1 (Neveux et al., 2018). Biomass yield is also 

directly limited by the nutrient concentrations in its tissue. This circumstance has a crucial 

impact on cultivation strategies, for example, by the time when kelp reaches its peak biomass 
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production, the majority of internal nutrient reserves that serve for sustaining growth will be 

expended (Neveux et al., 2018). 

Biomitigation of coastal eutrophication is also known purpose of application of kelp cultivation 

systems in point-source pollution management. An example from Denmark provides quite 

useful insights on how kelp cultivation helps to mitigate highly eutrophied water bodies and 

contribute to the compliance with EU Water Framework Directive (Neveux et al., 2018). 

Bioremediation capacity of locally cultivated S. latissima was estimated as capable for removal 

of 6kg of phosphorus per ha (Seghetta et al., 2016). Further calculations showed that in 

theoretical short-term perspective application of kelp culture would contribute to reduction of 

7 and 25% of the annual nitrogen and phosphorus discharges respectively within the researched 

river basin districts (Seghetta et al., 2016). 

Despite the recognizable benefits from the application of seaweed cultivation systems, kelp in 

particular, this direction of wastewater management yet still has to overcome through various 

emerging challenges. Commonly identified list of the challenges include: optimizations of 

cultivation technology; changing management structures with qualitative reconsideration of 

seaweed potential for cleaning; evaluative supplementation of the related ecosystem services 

provided by brown algae cultivation, including carbon sequestration, local biodiversity 

enhancement and coastal protection; improving the utilization procedures of valuable 

compounds and thus optimizing the total biomass value; scale management of kelp production 

and mitigation of potential risks, like spreading of diseases and loss of genetic diversity of 

aquatic communities (Neveux et al., 2018). 

2.6 Wastewater volume assessment 

2.6.1 Wastewater modelling 

Modeling of urban wastewater systems is carried out on the basis of specific components that 

are integral parts of wastewater systems. All processes occurring in these systems can be 

somewhat conventionally divided into several categories. According to the classification 

(Schütze et al., 2002), the list of processes that determine the movement and state of water 

within the sewer system includes surface runoff and washoff, flow, pollutant and sediment 

transport, biochemical processes, processes in storage tanks. 

The contributing factor of surface runoff in urban areas is precipitation. The varying volumes 

of water supplied to the urban surface as a result of precipitation are limited by certain losses. 



 36 

These include losses due to moistening at the start of rain, losses due to filling land curves and 

depressions, as well as losses due to evaporation. The factors influencing the evaporation 

process are characterized by variability over time depending on the season, time of day and 

climatic conditions (Schütze et al., 2002). An additional factor that directly affects the change 

in water volumes from precipitation on the urban surface is infiltration. The above processes 

are taken into account in hydrological calculations by constantly subtracting from the amount 

of precipitation at the time of the beginning of rainfall event. 

The processes of water infiltration into the ground also significantly affect the dynamic patterns 

of water distribution in the simulated system. One of the methods for quantitatively describing 

infiltration processes was proposed by Horton (Schütze et al., 2002). The essence of this method 

is to determine the capacity of infiltration layer. This parameter is variable over time and is 

limited by the intensity of precipitation. The relationship between infiltration capacity and 

rainfall intensity is inversely proportional. 

After considering the losses due to infiltration and other losses, precipitation is distributed along 

the surface. Access into sewage systems is the final stage of transport (Schütze et al., 2002). In 

modeling, the process of sediment transport has become widespread on the scale of both a 

single-linear and non-linear reservoir. Parametrization of precipitation transport can also be 

represented by consolidating these systems in conjunction with a unit hydrograph (Schütze et 

al., 2002). Modeling of reservoirs of variable linearity is also relevant for flows in small pipes 

that connect to major aquifers at the sub-basin scale. Modeling of surface washoff is based on 

several approaches, one of which is the numerical solution of the equation of the Advection-

Dispersion (Schütze et al., 2002). Solving the equations for the surface washoff can also be 

done by empirical adjusting of coefficients. 

In the course of simulation, the patterns of water movement in wastewater systems are described 

in accordance with the configurations of water containing systems. The general design types of 

these configurations have been outlined in the section 2.1 of the literature review. Concurrently, 

flooding events of a certain frequency are also subjects of modelling. The simulation of water 

flow in sewage systems is based on solving of the full system of SaintVenant equations for 

unsteady one-dimensional flow (Schütze et al., 2002). The fundamental solution to this system 

of equations lies in the integration by depth of the Navier-Stokes equations. 

The system of Navier-Stokes equations explains the relationship of velocity, pressure, 

temperature and density in a moving fluid, and looks as follows (NASA, 2021): 
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Equation 1 characterizes the law of conservation of mass during the movement of water. 

Equations 2, 3 and 4 demonstrate the laws of conservation of the moment in the considered 

coordinate system along the corresponding axes. Equation 5 defines conservation of energy. 

The components of the Navier-Stokes system of equations are defined as (NASA, 2021): 

 x, y, z – spatial coordinates of theoretical dimension where water is moving 

 t – time 

The above-mentioned variables are independent. The list of dependent variables of the equation 

system consists of: 

 p – pressure 

 ρ – density 

 T – temperature, expressed through the total energy (ET) in 5 equation 

 u, v, w – three corresponding components of velocity vector, assigned for x 

direction, y direction and z direction respectively 

 τ – stress tensor, generated from multiplying of two vectors 

 q – heat flux 

 Re – Reynolds number that defines the ratio of inertia of the flow to the flow 

viscosity 

 Pr – Prandtl number that defines the ratio of viscosity stresses to the thermal 

stresses 

SaintVenant equations provide solution for Navier-Stokes equations in the shallow water 

conditions and are widely used in modelling of water flows in drainage systems and channels. 

One of the core purposes of SaintVenant equations is the description of a general one-
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dimensional flood wave. The structure of these equations is comprised of equations describing 

continuity momentum (6) and the momentum (7) (Schütze et al., 2002). 
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Variables in SaintVenant equations are defined bellow (Schütze et al., 2002): 

 A – cross section of channel segment, m2 

 Q – flow discharge, m3/s 

 x – longitudinal distance, m 

 t – time, s 

  ql – lateral inflow per unit length, m2/(m*s) 

 So – bottom slope 

 Sf – friction slope 

 y – channel depth, m 

 g – gravitational constant, m/s2 

 Vl – longitudinal parameter of the water inflow velocity, m/s 

The derivation of the SaintVenant equations from the Navier-Stokes system of equations is 

based on a number of natural hypotheses and assumptions. The list of these assumptions 

includes the following (Abduraimov et al., 1998; Schütze et al., 2002): flow in the channel is 

unsteady and one-dimensional; the fluid of the flow is homogeneous and incompressible; the 

distribution pattern of the pressure in the flow is defined by hydrostatic law; morphometric 

characteristics of the channel are defined as straight-lined and prismatic; the channel slope is 

negligibly small, channel bottom is fixed and processes affecting the flow routing are assumed 

as negligible; fluid friction obeys steady-state resistance laws, described, for example, by the 

Manning equation. 

Storm events can have significant impact on wastewater systems. One of the potential impacts 

that are being modelled in the current practice are so-called "first flush" events. First flush often 

occurs at the start of the rainfall event and determines a highly dynamic increase in the 

concentration of solid matter in the sewer system (Schütze et al., 2002). This effect can be 

observed and gauged in conjunction with the erosion event that takes place on the particulate 

matter which was accumulated on the surface over the dry-weather flow time. There are several 

factors affecting the pattern of first flush event. Simultaneously with the properties of 
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precipitation regime, such factors like slope and morphometry of the sewer systems, basin 

configurations of the system, and frequency of cleaning events are also affecting the rates of 

first flush event significantly (Schütze et al., 2002). 

As it comes to the nature of the first flush event, its pattern is a subject of dispute. In the today's 

there are several mutually controversial approaches that attempt to characterize this process. 

Based on the description of Thornton and Saul (1986), it is understood that first flush 

phenomenon is observed at the beginning of storm rainfall event, where the concentration of 

pollutants is considerably higher than in other periods of precipitation. Saget in collaboration 

with other experts (1996), provides a more complex description. According to them, the pattern 

of the first-flush is determined by pollutant load-flow volume curves, that can be designed based 

on the equation below (Schütze et al., 2002): 

𝑌 = 𝑋𝑎 (8) 

The components of the equation above are described as follows (Schütze et al., 2002): 

 X - fraction of flow volume discharged; 

 Y - corresponding fraction of pollutant volume; 

 a - coefficient of ratio of pollutant load to the conveyed flow volume 

The equation above describes that first flush effect will happen if ratio between pollutant load 

and flow volume will become less than 0,185, which means that the transport of 80% of the 

pollutant load is carried out in the first 30% of the flow volume (Schütze et al., 2002). One of 

the main concerns, addressed by Saget et. al (1996) was that the frequency of the first flush 

phenomenon was not enough to be considered as significant. This conclusion is based on the 

analysis that was conducted for almost 200 precipitation events from 14 watersheds in France. 

One of the main criteria for the effectiveness of the model under consideration is its ability to 

perform calculations based on provisions of an Integrated Modeling Approach. One of the first 

messages highlighting the importance of this approach was made in the mid-70s of the last 

century (Schütze et al., 2002). By that time, the inclusion of all components of the drainage 

system in the modelling supplied the goal to give a comprehensive assessment of the 

performance of the drainage systems. Towards the beginning of the 90s, a new emphasis was 

created on the so-called "system input generator" (Schütze et al., 2002). The conceptual basis 

of this approach was understood to be the execution of modeling over time intervals, with the 

use of precipitation and river runoff as input parameters, while lateral and treatment plant 

inflows were set as output parameters. 
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Currently, the successful management of urban water resources cannot be imagined without the 

concept of Integrated Urban Water Management. The framing of this concept was completed 

by the end of the 20th century, and today it includes the management of water resources 

simultaneously in several categories. Therefore, being an integral part of the practice of Water 

Resources Management, modern modeling is also performed based on these categories. Mosleh 

and Negahban-Azar (2021) have summarized these categories as follows: Drinking Water 

Management, Wastewater Management, Storm Water Management, Water Balance, Energy, 

Water Quality, Cost, Social factors, Flood Management and Policy. 

It is worth noting that the research on tangible application of IUWM has also been successfully 

implemented within Iceland in 2015. The study took place within the country's capital 

Reykjavik. The MIKE URBAN model was used to undergo a flood hazard assessment in a 

combined sewer system within the city's centre (Hlodversdottir et, al, 2015). 

2.6.2 Traditional approach 

In modern practice of water management calculations, methods for calculating sewerage 

systems are common. These calculations serve the purpose of an applied basis for the design 

and further maintenance of water systems, including urban sewerage. The function of such 

calculations is the distribution of water volumes integrated into the natural attributes of the 

urban area for ultimate needs. Traditionally, the following purposes are distinguished, in 

relation to which the calculation is carried out (Steel & McGhee, 1979): domestic, commercial, 

industrial, public use, as well as loss and waste. Under domestic needs, water is diverted for 

households in which is being consumed for sanitary, culinary, drinking, washing, bathing, and 

other domestic purposes. On a city scale, up to half of the total volume of water in the system 

can be used for household needs. In remote communities characterized by small urban 

populations, systems are designed for much larger proportions (Steel & McGhee, 1979). 

The opposite unit from water disposal in its sense is the volume of wastewater. Wastewater (or 

sewage) is defined as a combination of the wastes in a liquid form that are transported away 

from residences, businesses via ground, surface and storm water to the points of their discharge 

(Steel & McGhee, 1979). The systems that conduct the transport of wastewater are categorized 

according to its type. Thus, water load from households is identified as domestic sewage, while 

industries generate industrial sewage. In this regard, sanitary wastewater systems are 

responsible for the transport of domestic and industrial liquid wastes, produced by the 

community, storm sewers are designed to provide the transport of the surface and storm water 
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which runs off on the sewer catchment area. Combined sewers are responsible for carrying all 

types of wastewater in the same conduits (Steel & McGhee, 1979). 

The key factor that quantifies the volume of storm water is precipitation. In applied calculations, 

techniques are widely used to estimate the volume and flow of storm water, based on implicit 

or explicit use of the rainfall data (Ocampo-Martinez & Puig, 2009, Steel & McGhee, 1979). 

In this regard, the calculation of storm waters by the rational method has its own peculiarities. 

One of these features is the timing of the emerging volume of water to various hydrological 

parameters. These parameters include (Steel & McGhee, 1979): rainfall intensity, the tributary 

area, and runoff coefficient that defines ponding, percolation, and evapotranspiration. The total 

volume of water Q, which, under the influence of rain of a certain intensity i, falls on a certain 

area F per conventional unit of time, is defined as (Steel & McGhee, 1979): 

𝑄 = 𝑖𝐴  (9) 

It is understood that over some time this volume experiences various kinds of losses. The 

proportion of losses is characterized by variability and is set on the basis of specific conditions 

of temperature, soil moisture and the duration of precipitation. Thus, the real volume of water 

Q, formed during a rain of a certain duration i, and remaining on the surface F after taking into 

account all the losses provided by the runoff coefficient C, is defined as (Steel & McGhee, 

1979): 

𝑄 = 𝐶𝑖𝐹 (10) 

In the structure of the storm water calculation method, the factor of concentration time is 

essential for the designed sewer lines. The concentration time refers to the precipitation input. 

This parameter logically connects time, volumetric, temporal and remote components of 

precipitation relative to the length of a sewer line (Steel & McGhee, 1979). The time of 

concentration is influenced by several factors. One key is the slope of the sewer line, which is 

correlated to the general slope of the ground surface of the sewer. With respect to inlet units, 

the concentration time can be obtained using a number of assumptions. Often it is taken to be 5 

or 10 minutes (Steel & McGhee, 1979), or can be obtained using the calculation of overland 

flow via Izzard's method (Steel & McGhee, 1979, Izzard, 1944). Thus, to calculate inlet time it 

is critical to know the rainfall intensity, information about which is derived from time of 

concentration. 

On the basis of meteorological data, theoretical curves of intensity-duration-frequency are also 

compiled. The data structure of the theoretical curves is the rainfall intensity-duration which is 
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considered as equal or expected to be exceeded once in 30, 20, 15, 10 or 5 years. An alternative 

to curves are the formulas for calculating intensity-duration (Steel & McGhee, 1979): 

𝑖 =
𝐴

𝑡+𝐵
  (11) 

Where: 

 i – precipitation rate, mm/hour 

 A, B – empirical constants 

 t – rainfall duration, mins 

As a rule, this alternative is applied locally for lack of better information. Intensity-duration 

calculation is characterized by significant variation of results that can be explained by 

heterogeneity of rainfall events within different areas of the country. 

Summing up the review of the method for calculating one of the types of wastewater using the 

rational method, it is important to note that the specifics of the application of this method in 

Iceland were influenced by the recent recalculation of precipitation return levels in the country 

(Massad et.al, 2020). Reassessment showed that the factor of orography and air humidity affects 

the return periods much more significantly than it was assumed before. Thus, the optimization 

of daily precipitation return level, due to complex terrain, is of increased relevance for the 

Westfjords region, where local natural conditions create increased risks for floods (Massad 

et.al, 2020). 
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3 Research area description 

3.1 General information about Bolungarvík 

The object of scientific research in this master's thesis is located in Bolungarvík. This is a town 

in the northern part of the Westfjords region of Iceland. The city coordinates are 66.1518° N, 

23.2617° W. As of 2021 year, the population of Bolungarvík is 958 people (Statistics Iceland, 

2021). The migration dynamics of the city is low, and it is generally not common for residents 

of other municipalities to move to Bolungarvík for work or on a permanent basis. The time 

component of work on land and at sea, attributed to the Bolungarvík, according to the estimate 

(Línuhönnun hf., 1997) is about 500 man-years.  

A relatively low population number juxtaposes a high degree of employment of residents. The 

main employment sectors are the fishing industry, service and commerce. The density of urban 

development is on average about 10 apartments per hectare of land. The total area of the urban 

environment is about 1.2 km2 (Línuhönnun hf., 1997). According to an estimate (Línuhönnun 

hf., 1997), employment in the fishing industry is up to 50% of all man-years. 

3.2 Meteorology 

Bolungarvík is located in the area of influence of the cold maritime climate with the 

predominant effect of the North Atlantic current. In the Westfjords region, the waters of the 

East Greenland Current also have a strong local influence on climatic conditions. The nature of 

the weather is formed due to the Arctic air masses combined with oceanic waters from the 

tropics and subtropics. 

For a comprehensive description of the system within which this study was carried out, below 

is a description of the main climatic parameters for the study area. The list of these parameters 

included average monthly air temperature, average monthly and annual precipitation, average 

monthly and annual relative air humidity, average monthly and annual wind speeds, as well as 

the frequency of wind directions by 8 points. For such parameters as temperature, relative air 

humidity and wind speed, an analysis of long-term meteorological observation data was carried 

out, covering the period from 1999 to 2022. Precipitation data at the weather station are 

available starting from 2005. All climate data was provided for analysis at the Westfjords 

division of Veðurstofa Íslands (Appendix D). 
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Figure 3 graphically shows the monthly distribution of the average air temperature at the 

Bolungarvík meteostation. 

 

Figure 3 Distribution of average monthly air temperature (°C) at the Bolungarvík 

meteostation for 23 years 

The warmest months of the year in Bolungarvík are July and August. The coldest months are 

February and March. A three-month cooling period, which begins in January, usually transfers 

into an increase in temperature in April, and reaches its maximum values by July-August (table 

4). The warm period, on average, lasts from April to November. The cold period usually lasts 

from December to March. The average maximum air temperature usually does not exceed 10.1 

°C. The average minimum air temperature is estimated at -0.1°C. 

Table 4 Numerical values of average monthly temperatures at the Bolungarvík meteostation 

(1999-2022) 

Month J F M A M J J A S O N D 

Average t, 

°C 

0.2 -0.1 0.1 1.9 4.6 8.4 10.1 9.9 7.6 4.0 1.6 0.4 

The annual air temperature amplitude is 10.2 °C. The absolute temperature minimum was 

recorded at the Bolungarvík weather station at -14.2 °C. The absolute maximum temperature is 

24.2 °C. 
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The main factors affecting the quantitative distribution of precipitation in the study area are the 

features of the relief and proximity to the sea. Average total annual precipitation is 949 mm 

(figure 4). 

 

Figure 4 Average monthly distribution of precipitation at the Bolungarvík meteostation 

(2005-2021) 

The distribution of precipitation during the warm period (from April to November) is 

fluctuating. The decrease in total values in April is accompanied by a consistent decrease in the 

sum of monthly values in May, and by June reaches the minimum values of the year. This 

month, on average, no more than 24.3 mm is being recorded. The June minimum is further 

replaced by an increase in values in July and August. A smooth increase in the summer period 

ends with an almost double increase in values with the arrival of the autumn period. Toward 

the end of the warm period in Bolungarvík, the monthly distribution of precipitation is more 

uniform. During the warm period, an average of 554 mm of precipitation falls in Bolungarvík. 

The distribution of precipitation during the cold period (from December to March) is 

characterized by significant amounts in the winter months with a gradual decrease in these 

values. The minimum precipitation during the cold period is usually observed in March and is 

84.5 mm. In total, during the cold period in Bolungarvík, an average sum of 395 mm of 

precipitation falls. 

The air humidity in all seasons of the year is significant. Table 5 shows the average monthly 

and annual relative humidity in %. 
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Table 5 Monthly and annual relative humidity in % 

Station 
Month 

Annual 
J F M A M J J A S O N D 

2738 79 78 78 76 74 74 78 79 77 78 78 78 77 

Average monthly values for the warm period are about 77%. In the cold period, this figure is 

about 78%. The intra-annual distribution of relative air humidity is uniform. The minimum 

values fall on May-June and amount to at least 74%. The maximum air humidity is usually 

observed in January and is about 79%. The annual amplitude fluctuates within 5%. 

The features of the wind regime in the study area are determined by the Icelandic baric center, 

which is called Icelandic low. It is a static area of low pressure and has a critical impact on wind 

patterns. The influence of Icelandic low is especially active in winter, and is one of the most 

important climate-forming factors in Western Europe. Figure 5 graphically presents the average 

annual wind frequency in Bolungarvík in %. 

 

Figure 5 Wind frequency in 8 main directions (in %) and average wind speeds in Bolungarvík 

(1999-2022) 

During the cold period, strong winds are observed in the coastal zone, within which 

Bolungarvík is located. Their intensity is mainly explained by the significantly increasing 

horizontal pressure gradients, which are formed due to the collision of Arctic air masses from 

Greenland and atmospheric gradients from the southwest of the country. During the warm 
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period, there is a weakening of the wind, which is caused by a decrease in the activity of 

circulating air masses and a shift in emphasis towards the western part of the country. 

Table 6 provides information on average monthly and annual wind speeds. 

Table 6 Average monthly and annual wind speed in Bolungarvík (1999-2022) 

Station 
Month 

Annual 
J F M A M J J A S O N D 

2738 5.6 5.5 5.4 4.7 4.2 3.6 3.2 3.2 4.2 5.1 5.4 5.6 4.6 

The summer period in Bolungarvík (from June to August) is characterized by minimum wind 

speeds, which vary between 3.6-3.2 m/s. The end of the summer period is marked by an increase 

in average monthly velocities, the maximum of which occurs in winter and is 5.6 m/s. A long-

term assessment indicates the prevailing of northeasterly winds in the area. 

3.3 Geology 

The area within which the city is located was formed as a result of natural processes of the post-

Ice Age. Bedrocks act as the foundation for common post-glacial formations. Most of the 

residential and commercial areas of the city are concentrated within the marine terrace that was 

formed opposite the glacial platform. This platform lies in the area between Tungudalur and 

Hlíðardalur (Línuhönnun hf., 1997). The lower part of the terrace adjoins the sea shelf. The 

main industrial and fishing enterprises are concentrated within this area of the coastal plain. 

Service enterprises and residential areas are located above it. These areas have spread to 

Hlíðardalur and are locked by the foot of the slopes of Traðarhyrna. 

3.4 Wastewater system of Bolungarvík 

The main and only recipient of wastewater from Bolungarvík is the coastal waters of 

Ísafjarðardjúp. Most of the elements of the drainage network facilitate in an interconnected 

structure of nodes, pipes and channels, which establishes the free flow of wastewater. In the 

maritime area, the receiving components for sewage are the port of the city and the area outside 

the harbor. The prevailing majority of drainage network elements are equipped with septic 

tanks, which are regularly emptied. When released into the marine environment of the port, 

wastewater undergoes an intensive dilution process. 

The wastewater system of the town has a mixed structure. Thus, the same sewers provide 

transportation of domestic and industrial wastewater, as well as stormwater and surface water. 



 48 

More recent urban areas are equipped with combined waste systems configured with septic 

tanks as well. These systems provide separate transportation of sewage and storm water. 

The majority of the city's sewage system elements is comprised on concrete pipes. The 

formation of the structure of the sewage system of the city began in the 50s and was completed 

by the 80s. Currently, individual sections of the system are periodically updated. The main 

driving force for this is the expansion of business, in particular the fishing industry. Specifically, 

in the port vicinity, the last maintenance work on the pipe section was carried out in December 

2021 (Jón Páll Hreinsson, personal communication). 

The figure 6 schematically displays the boundaries of urban areas connected to the city 

sewerage system (Línuhönnun hf., 1997). This division is made in accordance with the location 

of wastewater systems, as well as the type of buildings in each of the districts. Thus, nine 

districts are distinguished in the wastewater system of Bolungarvík. 

 

Figure 6 Areas of impact related to the sewer system of Bolungarvík (Línuhönnun hf., 1997) 

Each of the nine districts is characterized by its own features, which affect the load on the 

wastewater system to varying degrees. Table 7 shows a summary of these features for each of 

the districts according to quantitative criteria: area, population, economy, number of releases. 

It is possible to assess the variability of these indicators over the past 23 years. 
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Table 7 Socioeconomic description of areas of impact related to the sewer system of 

Bolungarvík (Línuhönnun hf., 1997) 

Area 
Area, 

ha 

Number 

of 

residents 

Number 

of 

businesses 

Population 

density, 

people/ha 

Average number of 

inhabitants working 

within the district 

Number of 

outlets for 

sewage flow 

I 7.3 240 3 33 6 1 

II 2.4 10 >2 4 120 2 

III 8.8 200 >2 23 50 1 

IV 16.1 510 >2 31.7 65 1 

V 10.3 180 >5 17.5 215 1 

VI 0.9 10 >2 11.1 15 1 

VII 7.5 50 >2 6.7 45 1 

VIII 7.1 0 2 0 40 2 

IX 4.7 140 0 29.8 0 2* 

*This is a double system where sewage from the area is first led to a septic tank and from 

there to Hólsá. 

According to estimates (Línuhönnun hf., 1997) approximately 235 liters of wastewater per day 

enter the sewers from each inhabitant of districts I-IX. The main factors in generating this load 

are the use of hot and cold water. The consumption of hot water per day is 60 liters per 

inhabitant per day, cold - 175 liters per inhabitant per day, respectively. In terms of 1000 

inhabitants, the total consumption of hot and cold water is estimated at 5 liters per second. Thus, 

the average net flow reaches values of 0.0027 liters per second * population. The calculated 

maximum flow rate is assumed to be almost 2 times higher than the regular one and equal to 

0.0049 liters per second per population. The calculated critical flow rate is estimated to be 

slightly more than 3 times the regular flow rate, which equals 0.0086 liters per second per 

population. For the educational institution (public school) Bolungarvík, the experts calculated 

that on average 55 liters of wastewater per day per student. For enterprises specializing in 

fisheries, this indicator is assumed to be 50 liters per day per employee. 

The quantitative component of wastewater in the network of the town is significantly affected 

by the flow of water generated from precipitation. The estimated water discharges were 

calculated by experts (Línuhönnun hf., 1997) based on the following inputs: average annual 

precipitation, Wussow ratio, estimated rainfall in the relevant area for different recurrence times 

of precipitation event with the consideration of its duration. Thus, following the national 

standards, the Bolungarvík sewage system is designed for a precipitation event which lasts 10 

minutes for 2 years of return period. The table below gives an example of calculating 

precipitation in Bolungarvík (l/s*ha) for 1997 (Línuhönnun hf., 1997). 
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Table 8 Precipitation flow in Bolungarvík for different rainfall durations and return periods 

(Línuhönnun hf., 1997) 

Rainfall duration, min Return period, years Precipitation concentration, l/s*ha 

10 2 56.9 

5 2 80.5 

10 5 88.2 

5 5 124.9 

10 10 105.9 

5 10 149.9 

For the calculation of precipitation flow, flow losses due to evaporation and infiltration were 

also considered. As a result, 3 different runoff factors have been introduced to account for these 

losses and determine the amount of runoff (Línuhönnun hf., 1997). Table below shows the 

different types of surfaces considered for the town and their respective runoff flow coefficients. 

Table 9 Empiric flow rates for different types of surfaces in Bolungarvík (Línuhönnun hf., 1997) 

Surface type Flow coefficient, ψ 

Roofs 0.8 

Pavements 0.7 

Green areas 0.1 

Based on all the above inputs and the measurements taken, the experts compiled a calculation 

table for the quantitative assessment of wastewater flow in the Bolungarvík system 

(Línuhönnun hf., 1997, table 10). This assessment was carried out for each of the nine 

calculation areas. The quantitative characteristics given in this table are navigational solutions 

for determining various parameters and configurations of the sewer network of the town. 
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Table 10 Summary of inputs and designed pipe flow from impact areas I-IX (Línuhönnun hf., 1997) 

District Residents Employees 
District 

area, ha 

Area of 

houses 

and 

streets, ha 

Open 

surfaces 

area, ha 

Average 

sewage 

discharge, 

l/s 

Maximum 

discharge, 

l/s 

Maximum 

surface 

discharge, l/s 

Designed 

pipe 

discharge, 

l/s 

Leakage 

loss, l/s 

I 240 6 7.3 2.4 4.9 0.7 1.3 132.1 19.8 0.7 

II 10 117 2.4 1.2 1.2 0.3 0.5 58 8.7 0.2 

III 200 50* 8.8 3.5 5.3 1.1 2 180.3 27.1 0.9 

IV 510 65** 16.1 8 8.1 2.2 3.9 389.1 58.4 1.6 

V 180 215*** 10.3 4.1 6.2 2.5 4.5 211 31.6 1 

VI 10 15 0.9 0.4 0.5 0.1 0.2 21.7 3.2 0.1 

VII 50 45 7.5 3.7 3.8 0.2 0.4 181.2 27.2 0.8 

VIII 0 40 7.1 2.8 4.3 0.1 0.2 145.4 21.8 0.7 

IX 140 0 4.7 2.3 2.4 0.4 0.7 113.6 17 0.6 

Total 1340 553 65.1 28.4 36.7 7.6 13.7 1318.8 197.8 6 

*Of which 25 hospital beds at the hospital 

**Of which 45 places at the daycare center 

***Of which 180 students in the primary school 
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The bathymetric map of the port of the town was demonstrated in the Chapter 1 as figure 1. 

This map has been created based on the results of a bathymetric survey conducted by Sjótækni 

engineers. Processing was performed on 809274 survey points. The distance between the survey 

points is 0.5 m. After several trials, the most optimal interpolation radius was selected, which 

was 1 meter. The size of each interpolated cell was taken equal to the distance between the 

measurement points - 0.5 m. 

The main legislative document that regulates the discharge of sewage into the marine area is 

Pollution Prevention Regulation no. 48/1994. One of the key provisions of this legislation is 

Act 13.1. This provision prescribes the discharge of wastewater from the urban environment at 

least 5 meters below the average high-current shoreline, or 20 meters from the average high-

current shoreline (Línuhönnun hf., 1997). 

The port area of Bolungarvík has a stretched shape, oriented from northeast to southwest. The 

total depth difference in the port area is 9 meters, while in the open part of the sea it is up to 

10.5 meters. The central navigable fairway is an elongated area with depths of 7-9 meters. In 

the middle, the port is divided by a pier with a fuel station on a pontoon. On the right border of 

the port there is a loading area with cranes, the depth of which varies from 4-6 to 8-9 meters. 

The central pier divides the port into two areas. The left area is wider and deeper than the right 

one. Depths in the left area before reaching the fairway vary from 1 to 6 meters. More than half 

of the left area is occupied by relatively homogeneous areas with the main depth marks of 3 

meters. Depths are evenly distributed. The bottom is mostly rocky. The town’s river flows into 

the port. The place of its confluence is located in the upper right corner of the left area. The 

incoming volumes of fresh water contribute to the formation of brackish ice in this area. Ice 

cover is observed from January to April.  

The object of study is located on the right side from the central pier. The object is located in the 

area enclosed between the wall of the central pier and the left wall of the concrete ramp closer 

to the upper right edge of the port area. Two outlets of the town’s sewerage system are 

concentrated in this area. The wastewater flows coming from these outlets are mixed. The area 

in which the outlets are concentrated is a flat and shallow slope of the eastern exposure. The 

main depth marks do not exceed 2 meters. Half of this area has a sandy bottom, which becomes 

rockier with the distance from the coast. The right area of the port is much more affected by sea 

waters, so there is no stable ice cover in this area. According to Annex 2 of the Pollution Control 

Regulation, the recipient waters of Bolungarvík port were classified as “less sensitive” 

(Línuhönnun hf., 1997).  
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4 Methods 

In order to achieve the goal formulated in this research project, several common methods of 

environmental sciences were used. The set of methods used in this thesis is conditionally 

divided by the author to analytical and applied groups of methods. Analytical methods include 

procedures related to planning the development of field work, monitoring the area of the 

experiment using data loggers, sampling strategy, and processing field observations. At the 

same time, the set of field work tasks was solved by applied methods. This group of methods 

extended directly to the collection of raw materials, the installation of data loggers, the 

installation of an experimental cultivation plot and the attaching of macroalgae on it. 

Mandatorily before the start of each cycle of field work, the author was instructed on safety 

from the thesis advisors. 

4.1 Preliminary fieldwork 

4.1.1 Selection of the location for the experiment 

The possibility of installing an experimental plot was limited by a number of factors. These 

factors included the intensity of maritime traffic in the port area, the location of key port 

infrastructure facilities (such as harbor cranes, fuel station, concrete and wooden pontoons), 

tidal regime, wind and wave regime, and distance from wastewater outlets. All of the 

aforementioned factors combined were a critical driver in deciding the location of the plot. 

Considering these factors, it was decided to place the plot in front of the test pipe at a distance 

of 15 meters. 

After reviewing the scientific literature and scoping of the research problem, a meeting was 

organized at Bolungarvík City Hall. After the presentation of the scientific project, the proposed 

location of the experiment has received an approval. There are 2 wastewater outlets in this area. 

Their location is presented in figure 7. Coordinates of the first pipe is 66°09'25.7"N 

23°14'48.0"W. Coordinates of the pipe number 2 are 66°09'28.3"N 23°14'45.6"W. The pipes 

are located on the coastal zone which is composed of large boulders, the average diameter of 

which is 1.5 meters. The nature of the bottom under pipe 1 is sandy, under pipe 2 is sandy-

stony. The bottom under both pipes is homogeneous, the depth range is insignificant. Both 

outlet pipes carry out the transporting function for mixed sewage volumes to the port area, 

where they are exposed to intensive mixing and dilution. 
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In the course of this research, it was decided to assign different categories to the field data. 

Thus, pipe number 1 was designated as a subject of treatment, and it was decided to install the 

experimental plot in its immediate vicinity. In turn, pipe number 2 was designated as control. 

The result of this separation is the ability to compare scientific data on the change in the 

concentration of pollutants near the test pipe, the wastewater of which interacts with the 

experimental installation, and near the control pipe, the wastewater of which is measured in the 

system without taking into account the interaction with algae. 

 

Figure 7 Location of the two wastewater outlets that are the subjects of this research 

4.1.2 Installation of HOBO pendant data loggers and their setup 

In order to provide a comprehensive description of the system within which the experiment was 

carried out, it was decided to install water temperature and turbidity loggers. The loggers were 

placed at four locations on the right side of the port: one logger near the test pipe, one logger in 

front of the control pipe, and the last two sensors opposite the eastern wall of the port.  

Field work on the installation of HOBO Pendant data loggers took place on January 22, 2021 

in the port area of the of Bolungarvík at 9:00. On the first day of work, 3 out of 4 loggers were 

installed. The installation of logger 4 had to be postponed to the next day due to deteriorating 

weather conditions. In total, two schemes for installing sensors were developed. According to 

scheme 1, with the help of a rope, the sensor is fixed directly to the anchor (photos 1-2). 
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Photo 1 Data logger prepared for 

the installation according to the 

Scheme 1 

 

Photo 2 Field view of the data logger that was 

installed with the use of the Scheme 1 

Each of the loggers was placed in the small pipes made of plastic. As an anchor for each logger, 

it was decided to use a metal disk from a car tire. For convenience, a short piece of pipe was 

welded to several disks, to which the loggers were attached. Similarly, a rope with a buoy at 

the end was tied to each anchor, as well as a safety rope. The loose ends of the safety ropes 

were attached to large boulders on the coast. Loggers with this configuration are located along 

the north coast, opposite the wastewater test and control pipes. The frequency of recording 

observations in each of the loggers was configured as once every 30 minutes.  

Before installing the loggers, with the using of a rail, the water level was measured. The optimal 

area for deployment was considered in the immediate vicinity of the outlets, with a depth range 

of 0,9-1,1 m. The distance from the coastline during the deployment did not exceed 6-7 m. The 

bottom substrate of the pipes was different. The bottom at the test pipe was sandy. The bottom 

in front of the control pipe consisted more of rocks. In the area of outlets, the transparency of 
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water was visually lower than in the main part of the port, and waste products were periodically 

observed on the water surface. 

Another pair of sensors was installed in accordance with Scheme 2 (photo 3). According to 

Scheme 2, the loggers were located in the deep water area of the port, in front of the eastern 

wall. Configuration number 2 involved holding the position of the logger in the middle of the 

water column. The length of the rope cable to the anchor was 2 meters. The length of the buoy 

cable was 2,5 meters. The water level in the area where the sensor was placed was 8,5 m. At 

the beginning of the field work, the water level in the port corresponded to the low tide phase. 

The duration of the work on the first day was 3,5 hours. The duration of work on the second 

day was 1,5 hours. 

 

Photo 3 A view of the data logger assembled in accordance with the Scheme 2 

4.2 Work on the experimental plot 

4.2.1 Design and construction 

The set of works on the design and assembly of the experimental plot began with a review of 

guidelines for the cultivation of macroalgae (Bruhn et al., 2020; Marinho et al., 2015) and from 
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the consultation with one of the curators of the local seaweed cultivation company Eldey Aqua 

- Hr Gunnar Olafsson (Djúpið, 2018). 

Considering the available area for the experiment and the features of this area, it was concluded 

that it is impossible to provide the full compliance with the recommendations proposed in the 

literature. Therefore, it was proposed to design an alternative configuration of the installation, 

the functioning of which would be hypothetically feasible under the current conditions. The 

proposed installation project received the following configurations: the experimental plot 

comprised of a floating structure with a PVC pipe frame. Pipe diameter - 90 mm. Cultivation 

lines are stretched at equal distances and tied to a pipe on one side and to coastal boulders on 

the other. Diameter of cultivation lines - 12 mm. Cultivation verticals are pulled on each of the 

lines, which consist of ropes of smaller diameter. The diameter of such verticals is 7,5 mm. At 

both ends of the frame tube, anchors are attached to the ropes, thereby providing a stable 

position of the plot on the water surface. As an anchor, cuttings of chains of various lengths and 

diameters were used. The weights on each of the ends was distributed evenly. To provide 

additional buoyancy to the cultivation lines, floats were installed at regular intervals. The angle 

of the cultivation lines relatively to the wastewater flow was approximately 90 degrees. To 

provide additional visibility and buoyancy, medium-sized inflatable buoys were attached to 

both ends of the tube. Below is a summary table that lists the main parameters of the 

experimental setup. 

Table 11 Summary of the main parameters of the experimental plot 

Item Parameters Values 

Plot 
Length, m 22 

Width, m 24 

Pipe 
Length, m 20 

Diameter, mm 90 

Cultivation 

lines 

Length, m 22 

Diameter, mm 12 

Count 5 

Cultivation 

ropes 

Length, m 0.6-1.2 

Diameter, mm 7.5 

Count of verticals 50* 

Total count 50 

Anchors 
Total weight, kg 700 

Count 8 

Anchor ropes 

Length, m 4.5 

Diameter, mm 12 

Count 8 

Floats 
Count per line 5 

Total count 25 
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Item Parameters Values 

Buoys Count 4 

*5 verticals were left unoccupied for Djúpið as part of agreement 

for providing the raw materials for this project 

The figure below schematically shows the design of the experimental plot. The mutual 

arrangement of the main elements of the installation in the figure is given in a simplified way. 

The main elements are listed under the labels 1-7. 

 

Figure 8 Schematic design of the experimental plot 

1. Floating buoys 

2. PVC pipe frame 

3. Anchor ropes 

4. Anchors 

5. Cultivation line 

6. Floats 

7. Cultivation ropes with attached species 

The following distances were considered in the plot design: 

 Distance between the cultivation lines – 4,5 m 

 Distance between the cultivation verticals – 2,0 m 

 The floats were pulled on the cultivation lines through every 4,0 m 

 Length of the buoy ropes – 6,4 m 
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Along with the design of the installation, the collection of necessary raw materials was carried 

out. To do this, it was decided to contact several enterprises in the Westfjords. Most of the 

ropes, buoys and cables for the project were donated by Eldey Aqua and Djúpið. The materials 

for the cultivation verticals were purchased from HAMPIÐJAN. This company also donated 

25 floats for cultivation lines. Chains of various lengths and diameters were found in sufficient 

quantities in a wasteland on the outskirts of Isafjordur. In total, 4 months (from June to October) 

were spent on the design, collection and preparation of materials for the experimental plot. 

4.2.2 Deployment 

Work on the installation of the experimental plot began on June 30, 2021 with the preparation 

of its components. In June, a suitable piece of PVC pipe was found near an industrial area on 

the outskirts of Bolungarvík. After adjusting the pipe along its length, it was marked and 

fastening loops were tied according to the benchmarks (Appendix B). The next day, plastic caps 

were crafted for the pipe. The caps were cut out of plastic using equipment at FabLab. In total, 

2 main and 2 spare caps were prepared. 

After the completion of the preparatory work, the cultivation lines were assembled (Appendix 

B). With the help of knots, floats and verticals were connected with the cultivation lines. 

Further, the assembled lines were transferred to the port, where they were subsequently attached 

to the coastal zone according to the preliminary marking of the area. Marking was carried out 

using a measuring tape. One of the loose ends was fixed at the foot of the boulders in the coastal 

zone. The remaining loose ends were lifted up ashore and left to be further attached to the loops 

on the pipe. Work on the placement of cultivation lines was carried out on 08.22.2021 at low 

tide and lasted one day. 

After the completion of all preparatory work on 10.01.2021, the plot was deployed on the water 

surface and installed at the designated location. A forklift, port cranes and a plastic boat with a 

motor were used for the work. Field work on the installation was carried out in several stages: 

1. Loading the anchors of the plot and their release (photo 4). 

2. Tying of cultivation ropes and buoys on the shore to the pipe frame according to 

the benchmarks. 

3. Deployment of cultivation lines and pipe frame from the coast on the water surface 

(photo 5). 

4. Stretching the cultivation lines, fastening the pipe frame to the anchors (photo 6). 

5. Final adjustment and leveling of cultivation lines. 
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Photo 4 Loading works of the anchors for the plot 

 

Photo 5 Deployment of the pipe frame with attached 

lines on the water surface 

 

Photo 6 Stretching the cultivation ropes and fastening the pipe frame to the anchors 

After the boat was deployed, loading works began with the use of port equipment. The anchors 

were firstly loaded into the boat. Control over the progress of loading was carried out from two 

sides: one person was in the boat and received the chains, while the second one, operating the 

port crane, was carrying out the loading on board. In total, 8 pieces of chains were prepared, 

which were subsequently equally distributed at the drop points. The total weight of all the chains 

was about 700 kg, so the loading, delivery and dumping of the chains at the points had to be 

done in several passes. 
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 The cultivation lines were connected to the frame on the shore. The lines were tied to the loops 

on the frame with a fisherman's knot. The other ends of the lines were previously fixed at the 

foot of the boulders. The deployment that followed the attaching of the lines to the pipe was 

carried out step by step. Two more students from the University Center of the Westfjords 

participated in the deployment of the installation. After the successful deployment of the pipe 

with attached lines into the water, both ends of the pipe were transported to the anchors, thereby 

stretching the cultivation lines. The stretching of the lines was carried out with the coordinated 

work of two people using a boat (photo above). 

Field work on the installation of the experimental plot lasted all day on 10.01.2021 from 10 am 

to 19 pm. The weather was overcast with high clouds. Wind waves in the port were 

insignificant. At the time of the start of work in the port, there was a low tide, the level of which 

reached 0,8 m. Two hours before the end of field work, a high tide was observed in the port, 

the level of which was 1,8 m. Toward the end of field work, precipitation increased, as well as 

wind waves. The installation of an experimental plot in the port of Bolungarvík was recognized 

as accomplished. Photo 7 is an assembled view of the experimental wastewater treatment plot 

at the port of Bolungarvík. 

 

Photo 7 Assembled view of the experimental wastewater treatment plot at the port of 

Bolungarvík 
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4.3 Water quality analysis 

4.3.1 Description of the sampling strategy 

The qualitative assessment of sea water in the receiving water body of the port of Bolungarvík 

was carried out on the basis of a hydrochemical analysis of the main components that are 

commonly found in wastewater. In addition to the analysis of the concentration of Total 

Nitrogen and Total Phosphorus, the list of works also included sampling for the analysis of the 

content of Total Organic Carbon and Total Suspended Solids in water. The sampling strategy 

consisted of a preliminary assessment of the concentrations of the aforementioned substances 

in the port area, as well as a specific assessment of the change in the concentrations of these 

pollutants in the area of treatment and control outlets. A pre-assessment was performed 

10.10.2021 before planting the macroalgae into the plot. Specific observations were carried out 

with a given frequency and covered the time period from December to February. The selection 

of this time period is determined by the goal of trying to assess the intraseasonal dynamics of 

the concentration of pollutants coming from treatment and control sewage outlets. A number of 

natural factors influenced the formation of the sampling schedule. The list of these factors 

includes: the temperature regime of port waters, changes in water turbidity, as well as the tidal 

regime of the port area. The sampling progress is presented chronologically in the table below. 

Table 12 Sampling calendar 

Date Sampling number 

10.10.2021 1 

24.12.2021 2 

19.01.2022 3 

16.02.2022 4 

18.02.2022 5 

4.3.2 Description of the sampling process 

Preliminary sampling was carried out on October 10, 2021 at 13:00. The number of sampling 

points and their location relative to the experimental plot and wastewater outlets is presented 

on the map below. 
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Figure 9 Location of sample points for preliminary assessment 

Preliminary sampling was carried out at 12 points using a motor boat. The day of sampling was 

cloudy. High tide was observed in the port at the time of work. Sampling was carried out on the 

surface. Each sample was assigned its own individual number. 

Experimental sampling was carried out at 4 points directly in front of the test and control 

wastewater outlet. Regarding the test pipe, it is possible to compare the concentrations of 

contaminants before contact with the installation and after. The distance between the sampling 

points on the control pipe is similar. The location of seasonal sampling points is presented on 

figure 10. 
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Figure 10 Location of the main field data collecting sites in the Bolungarvík port 

Seasonal water sampling was carried out on the surface. In order to trace the seasonal dynamics 

of the concentration of pollutants, the samples were carried out in different months and seasons 

of the year. Thus, 1 selection was made in autumn, 4 selections in each of the winter months. 2 

samplings were carried out in February. As a result of seasonal sampling, 5 replicates were 

obtained, consisting of 24 measurement points. Data obtained from 5 replicates and included in 

the statistical sample were analyzed using statistical methods, which are described in more 

detail in section 4.5. 

4.3.3 Description of lab protocols 

For laboratory analysis of water samples, a contract was signed with Matís. Under this contract, 

the company received samples at a specified frequency. Matís prepared the samples for 

transport and laboratory analysis was performed by ALS Sweden. The analysis was performed 

according to the requested parameters using relevant methods of analytical chemistry. The list 

of measured variables, their detection limits, and their corresponding laboratory method 

abbreviations are listed in the table below. 
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Table 13 List of parameters for lab analysis 

Parameter Unit Detection limit, mg/l Method 

Total Phosphorus as P mg-P/l 0.030 W-PTOT-SPCL 

Total Nitrogen as N mg-N/l 1.0 W-NTOT-CC 

Total Organic Carbon mg/l 0.50 W-TOC-IR 

Suspended Solids dried 

at 105 °C 

mg/l 2.0 W-TSS-GR 

According to the comments of the laboratory, individual samples required preliminary 

preparation. In particular, samples taken in December were characterized by high salt content. 

Therefore, dilution was required for TOC analysis and the threshold of detection was adjusted 

accordingly. Several factors had a significant influence on the detection of thresholds. These 

factors included matrix effects which required additional dilution of samples, and limited 

sample quantity. A brief description of the methods involved in the analysis of each component 

and references to the technological standards of these methods are given in the table below. 

Table 14 Description of methods for each lab analysis and their standard references 

Method Standard references Brief method description 

W-PTOT-

SPCL 

CSN EN ISO 6878, CSN ISO 15681-1 Determination of total phosphorus of low 

detection limits by discrete 

spectrophotometry 

W-NTOT-CC CSN EN ISO 11732, CSN EN ISO 

13395, CSN EN ISO 16192, SM 4500-

NO2(-), SM 4500-NO3(-) 

ΣNH4
+, ΣNO2

-, ΣNO3
- by discrete 

spectrophotometry; nitrite, nitrate, 

ammonia, inorganic, organic, total 

nitrogen, free ammonia and 

dissociated ammonium ions by 

calculation from measured values 

including the calculation of total 

mineralization 

W-TOC-IR CSN EN ISO 1484, SM 5310 Determination of total organic carbon 

(TOC), dissolved organic carbon (DOC), 

total inorganic carbon (TIC), and total 

carbon (TC) by infrared detector 

W-TSS-GR CSN EN ISO 872, CSN 757350, SM 

2540 D 

Dry suspended solids and annealed 

suspended solids were measured by 
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Method Standard references Brief method description 

gravimetry and calculation of loss of 

ignition of suspended solids and total 

solids from measured values. Glass 

microfiber filter had porosity of 1,5μm 

Each measured indicator was presented in the form of the required value plus its measurement 

uncertainty (MU). According to the Joint Committee for Guides in Metrology (2008), the 

uncertainty is presented as an extended result of calculation with a coverage factor of 2, which 

represents 95% of accuracy level. Measurement of uncertainty was provided only for detected 

substances with levels exceeded the limits of detection. 

4.4 Work with macroalgae 

4.4.1 Description of selection of species 

Fieldwork on the selection of algae began after the experimental plot has been deployed. A 

suitable site for seaweed harvesting was located on the rocky shore of Arnanes (GPS 

coordinates: N66° 5' 49.904" W23° 2' 25.482"). Based on the review of the literature, the 

species Saccharina latissima, the occurrence of which is common in Arnanes peninsula, was 

chosen as the optimal species for the experiment. The potential growth rate of this species is 

0.29 kg dw m-1 (Vidal, 2019). The reproductive period of this species extends to all seasons of 

the year. The intra-annual variability of the bioproductivity of this species is characterized by a 

decrease in growth from June, reaching a minimum in late summer (Handå et al., 2013). The 

concentration of nitrates (Jevne et al., 2020) has a limiting effect on the decrease in growth in 

summer. Individuals of this species reach maturity by 15-20 months. In the Arctic region in 

particular, this species is able to produce gametophytes in all seasons of the year, which is 

ensured by the ability of Saccharina latissima to preserve sori in its sporophytes throughout the 

year (Makarov et al., 1999, Sjøtun & Schoschina, 2002). Algae collection works were carried 

out at 14:00 on 11.05.2021. A low tide was observed at the time of the start of work. Sampling 

was carried out on the basis of 4 specimens per one cultivation vertical. Thus, taking into 

account the involvement of 45 cultivation verticals in the experiment, 180 samples of 

Saccharina latissima were selected (photo 8). 
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Photo 8 Saccharina latissima before attaching to the cultivation verticals 

Sampling was done by cutting off the holdfast of algae at the foot of its attachment to the 

substrate and placing a freshly taken sample in a ten-liter plastic bucket filled with seawater. In 

total, 4 buckets were used for transportation. The sampling work lasted 1 hour and 20 minutes. 

After completion of the collection work, the buckets with samples were stored closed in a dry 

and cold place. 

4.4.2 Installation on the experimental plot 

Fieldwork on attaching the selected algae species to the cultivation verticals was carried out in 

the afternoon of November 08, 2021. The phase of the water in the port corresponded to low 

tide, and the level reached 0,2 m. Before attaching the samples to the cultivation verticals, the 

algae were knotted on the pieces of the rope with a cross section of 12 mm and a length of 20-

30 cm. The attachment scheme was taken from the work of Peteiro et. al. (2013) (Appendix B). 

The attaching of algae on the cultivation verticals was carried out sequentially. A plastic boat 

was used to access the cultivation lines. During the field work, the weather was dry and partly 

cloudy. The total duration of the installation work was 1.5 hours. 
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4.5 Data analysis 

4.5.1 Statistical analysis of concentrations of TP, TN, TOC, and TSS in R 

Statistical processing of concentrations of nutrients and solids was carried out with the use of 

the statistical software R (R Core Team, 2022). Before starting work in R, preliminary data 

preparation was made. It was based on the results of laboratory analyses of the concentrations 

of total phosphorus (TP), total nitrogen (TN), total organic carbon (TOC), and total suspended 

solids (TSS) collected on the sampling points (Appendix C). In the course of preliminary data 

processing, the difference in the concentrations of each of the studied parameters at the 

sampling points was calculated. For the test pipe, these were points 1 and 2; for the control pipe, 

these were points 3 and 4. The difference was obtained by subtracting the concentrations of the 

second point from the first, and the fourth from the third. It is worth noting that some 

concentrations found during the laboratory analysis were below the detection limit. The 

detection limit was set by the laboratory. Thus, these concentrations were designated as <0.030 

for phosphorus, <1.0 for nitrogen, <2.50 for carbon, and <2.0 for TSS. Due to the impossibility 

of determining concentrations below the limits of detection, such concentrations were 

nominally equated to the value of the detection limit. 

Work in R started with exporting data into a program. The initial data comprised of the values 

of the change in concentrations between sampling points. After being exported, the data set was 

evaluated for three assumptions: independence, normality, and equal variance. Independence 

was assumed by running Pearson's Chi-squared Test for Count Data (“chisq.test”). Normality 

was estimated by several approaches, including visual (Quantile-Quantile Plots and Density 

Plots) (Wickham et al., 2022; Kassambara, 2020), as well as Shapiro-Wilk Normality Test 

(“shapiro.test”). Equal variance assumption was checked via F Test to Compare Two Variances 

(“var.test”) with the following Null hypothesis: “Results from the Test Pipe have equal variance 

with the Results from the Control Pipe”. 

Initially, considering the aforementioned assumptions, it was decided to use two-sample t-test. 

However, one of the assumptions of parametric test was not met. The assumption that was failed 

to be met was the assumption of equal variance. Thus, instead, it was decided to apply non-

parametric Wilcoxon rank sum test (“wilcox.test”). 

4.5.2 Processing of spatial data in Geographic Information System 

Spatial processing of data obtained during field work, as well as the results of laboratory 

analysis, was performed using the geoinformation software package QGIS Desktop 3.16.10 
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Hannover (QGIS.org, 2022). Spatial data interpolation was performed in the SAGA GIS 7.8.2 

software environment (Conrad et al., 2015). Before importing into QGIS, the preliminary 

preparation of data for data loggers was performed in Microsoft Excel 2016 (16.0.4266.1001). 

The created project was assigned CRS: ESPG: 5325 - ISN 2004 / Lambert 2004. After the 

results of the laboratory analysis were received, a vector layer with point features was created. 

Next, this layer was drawn, and the obtained concentrations of total phosphorus, nitrogen, 

carbon, and TSS were filled in the attribute table. A satellite image from Google Satellite (2015) 

was used as a basemap. 

After creating a vector layer with sample points and assigning concentration values to them this 

layer was exported into the SAGA GIS program, where the obtained concentrations were 

interpolated to the port area under study. For interpolation, a tool from the Grid category - 

Multilevel B-Spline (SAGA, 2018) was used. When the grid parameters were considered, the 

cell size during interpolation was taken equal to the detection limit set by the laboratory for 

each of the parameters. After building the grid for each of the parameters, the construction of 

isolines was carried out (Conrad, 2001). The contour line configuration also used the command 

to create polygons delimited by contour lines. 

The resulting files with interpolated values were exported back to QGIS in .shp format. This 

was followed by uploading and geoprocessing of the created vector layers in the workspace. 

The loaded vector layers of isolines (lines) and concentrations (polygons) were clipped to the 

size of the study area according to a previously created mask polygon. Further, for the polygons, 

coloring was used according to the concentration intervals. In particular maps indexing was 

applied to the isolines. The concluding stage of GIS processing was the labelling of isolines and 

the layout of the final map in the layout manager. 

4.5.3 Combined method of wastewater volume assessment 

The calculation of average annual volumes of wastewater was carried out on the basis of 

national and international guidelines, the applied methods of which are common in hydrological 

practice. The calculation was based on the idea to update the quantitative characteristics of 

wastewater volumes for the districts of Bolungarvík, last analysis of which was in 1997. To do 

this, a proper algorithm was developed. The following were identified as the main steps of the 

algorithm: 

1. Using relevant guidelines and information resources, to calculate the average 

annual volumes of water that are considered during the designing of sewers. 
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2. Using a modern meteorological database, calculate the average annual volumes of 

water, the main factor in the formation of which is rainfall and snowmelt water. 

3. Using the data on the concentrations of TP, TN, TOC, and TSS in the areas of test 

and control wastewater outlets, as well as the calculated volumes of surface 

wastewater, calculate the average annual load of TP, TN, TOC, and TSS, which is 

generated within the districts number three and four. 

4. To characterize the calculated values of wastewater and surface waters, as well as 

the pollution they create at the outlets. 

The calculation of the average annual volumes of water taken that is considered in the design 

of sewerage was carried out on the basis of the calculation recommendations prescribed in the 

practical guide LAV-501-14.0 (Veitur, 2020). According to this manual, the average volume of 

domestic sewage depends on the population and is determined by the parameters indicated in 

the table below. 

Table 15 Average flow of domestic sewage and sewage volume per person. Source: LAV-501-

14.0 (Veitur, 2020) 

Population 
Multiplication factor, 

Fmax 

Sewage volume 

per person, 

l/s*person 

<1000 5 0.0156 

1000-5000 -0.0005*population+5.5 0.0094-0.0156 

>5000 3 0.0094 

Basic value 1 0.0031 

Detailed data on the inner distribution of the population are not given in modern estimates. In 

this regard, it was decided to introduce a conditional dimensionless coefficient that would 

assume the rate of population change. It was obtained by dividing the population in 1997 by the 

town's population in 2021. According to the report of Línuhönnun hf., (1997), the population 

in 1997 was 1340. Thus, the coefficient of population change was 1.40. As a result, the assumed 

population of each of the nine districts of Bolungarvík in 2021 was obtained by dividing the 

population for 1997 by 1.40. Average volume of domestic sewage was defined as the product 

of the population in each of the nine districts multiplied the volume of sewage per person. 

The average annual volumes of surface sewage of Bolungarvík were determined by the 

calculation method according to the formula (Abramov & Petrash, 2009): 

𝑊𝑟 = 𝑊𝑑 +𝑊𝑡 +𝑊𝑚 (9), 
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Where: 

 Wd – average annual volumes of rainfall water 

 Wt – average annual volumes of snowmelt water 

 Wm – average annual volumes of water for street cleaning 

The average annual volume of rainfall water Wd and snowmelt water Wt flowing through the 

urban area was determined by the formulas (Abramov & Petrash, 2009): 

𝑊𝑑 = 10ℎ𝑑𝜑𝑑𝐹𝑛 (10) 

𝑊𝑡 = 10ℎ𝑡𝐾𝑦𝐹𝑛 (11) 

Where: 

 hd, ht – precipitation layer for the warm and cold periods of the year respectively 

 φd – rainwater runoff coefficient 

 Ky – complex runoff coefficient, assuming the rate of snow plowing and the 

intensity of runoff during the snowmelt period (Abramov & Petrash, 2009) 

 F – outlet catchment area 

Assuming the size of the settlement, and that during the summer period water is practically not 

used for street cleaning, it was decided to consider the volume of street cleaning water volumes 

negligible. The coefficient assuming the snow removal and intensity of runoff during the 

snowmelt period was assumed to be equal to 0.8. Monthly and annual precipitation averages 

were calculated during the processing of a series of meteorological observations at the 

Bolungarvík meteostation. Data series were provided by Veðurstofa Íslands and are available 

in the Appendices E and F. In the course of defying the average annual volume of rainwater 

flowing on the surface of the town, the total runoff coefficient φd was assumed based on 

different urban surfaces according to the LAV-502-9.0 (Veitur, 2018) (table 16): 

Table 16 Flow coefficients based on the type of surfaces. Source: LAV-502-9.0 (Veitur, 2018) 

Type of surface 
Flow 

coefficient, ϕ 

Roofs 0.9 

Heating pipes 0.6 

Open areas and gravel 0.3 

Green areas 0.2 

To convert volumetric units of water from the SI system to the metric system, a conversion 

coefficient of 3.1798*10-5 was assumed. The calculation of the average annual load of TP, TN, 



 72 

TOC, and TSS generated by the test and control wastewater outlets from the districts 3 and 4 

was made by multiplying the average concentration of each of the parameters from the test and 

control pipe by the average house sewage volume. The individual load (per capita) that is 

defined as generated by each resident, calculated by dividing the average annual district load 

by the number of residents in districts III and IV. 
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5 Results 

5.1 Thermal regime of the port 

As a result of the processing of meteorological and logger datasets, the daily fluctuations of 

light intensity, as well as air and water temperatures in the port area of Bolungarvík, was built. 

Temperature units are in °C, solar intensity in lux. Each of the loggers had an individual 

number, which is displayed in the chart header. Loggers numbered 300 and 301 were located 

directly in front of the Test and Control outlets. Loggers numbered 299 and 302 were located 

at the eastern wall of the port next to the fairway. 

The depth ranges for each of the loggers are different, as can be seen on the bathymetric map 

in section 3.4. Loggers 300 and 301 are located in shallow water at the depth of 0.5 meters. 

Water depth for loggers 299 and 302 is 7.5-8.0 meters. 

The observation period for logger 301 turned out to be somewhat longer than for loggers 299, 

300 and 302. Recording of values for logger 301 took place from January 2021 to February 

2022. Observations for loggers 299 and 302 began one month later than for shallow-water 

loggers, and proceeded from February 2021 to February 2022. The difference at the start of the 

observation period is determined by the complexity of the installation process of the loggers in 

the deep-water area, as well as by the length of the trial period, during which the position of the 

loggers in the water was subject to changes. Observations for logger 300 turned out to be 

available only for the period from January to June 2021. Further records were not available due 

to the fact that, presumably in February 2022, the logger was carried away by waves from the 

place of anchoring. Its further location cannot be identified. Synchronized recording of all four 

loggers began in February 2021. The seasonal variations of light intensity, as well as air and 

water temperatures, is presented in the graphs below (figure 11). 
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Figure 11 Thermal regime in the port waters of Bolungarvík. The line graphs above represent the fluctuations of light intensity (lux), and water temperature (°C) based on the observations 

from four HOBO pendant loggers. Data on the air temperature was obtained from Bolungarvík meteostation and provided by Veðurstofa Íslands in Ísafjörður 
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At the beginning of observations, the fluctuations in water temperature near the test and control 

pipes had a similar amplitude and varied in the range from 0 to 3 °C. The spasmodic change in 

water temperatures in these areas correlates with the change in air temperatures, and for the 

logger near the test pipe, this change is most significant. Sharp fluctuations in the annual 

temperature course are determined by the continuous exposition of the data logger at the test 

pipe to colder air temperatures. In the intra-annual distribution of temperatures for the coastal 

zone, a general decrease is observed, which lasts from January to March with a smooth and 

joint increase in air and water temperatures. Growing warmth proceeds continuously, starting 

from mid-March and reaching peak values in August-September. The summer-autumn 

maximum is shifted by a relatively sharp cooling. Acquiring a stable pattern by the end of 

September, the cooling period lasts until late February, and the water temperature often takes 

values below 0°C. With regard to light intensity, the graphs indicate that its intra-annual 

distribution is expressed unevenly. The period of maximum solar intensity recorded by sensors 

is registered in the end of March-beginning of April. Single spikes of intensity are also observed 

in mid-May, early June, and late September, but their highest values are only 5th part of the 

April maximum. 

A similar picture is observed for loggers located in the deep water areas of the port. Winter 

fluctuations between 1 and 3 ° C are replaced by a progressive and steady increase in water 

temperatures from late March to September. The maximum values occur in August, when the 

water in the port warms up to 12 °C. The decrease in water temperatures in September occurs 

more evenly than the decrease in air temperatures. After the summer maximum, the values of 

water temperatures decrease by about 2 times by the end of September, and then the decrease 

becomes stable and lasts until February. The minimum values are observed in winter, but do 

not fall below 0 °C. Peak light intensity in the deep-water part of the port happens in May. 

Presumably, sensor 299, located north of sensor 302, has a more significant shadow effect, and 

the maximum values of solar intensity between sensors differ by 3000 lux. In the intra-annual 

distribution, light activity is most intense in the spring-summer months, as well as in September. 

In the rest of the months, activity is reduced to a minimum. Table below provides a quantitative 

description of the thermal regime of the port waters of Bolungarvík. 
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Table 17 Monthly and annual mean water temperatures on 4 loggers in the port waters of 

Bolungarvík. Logger 301 was above the water surface most of the time in a year. Information 

about temperature and light intensity of the water is incorrect. Logger 300 was lost in February 

2022. Further data extraction was unavailable. 

Logger 
Month 

Annual 
J F M A M J J A S O N D 

299 3.0 1.9 2.2 2.7 4.8 7.1 9.3 10.6 10.3 6.4 4.9 4.0 5.6 

300 1.0 1.7 2.1 2.9 5.1 6.7 - - - - - - - 

301 1.7 1.2 1.6 2.6 5.1 7.4 9.8 11.0 9.9 4.9 3.7 3.0 5.2 

302 3.0 1.9 2.1 2.8 4.8 7.1 9.4 10.7 10.3 6.4 4.8 3.9 5.6 

As part of the general trend, the average annual water temperature in the research area varies 

within relatively narrow limits. It varies from 5.2°С in the west (logger 301) to 5.6° in the east 

(loggers 299, 302). The eastern part of the port is warmer than the western part by 0.4°С on 

average. In the winter months, the water warms up more slowly in the coastal part of the port, 

while in summer the air temperature is approximately the same throughout the region. 

5.2 Concentration changes of pollutants and their 
spatial distribution 

Based on the results of laboratory analysis of the samples collected for the period from 

10/10/2021 to 02/18/2022, a summary table of concentrations of TP, TN, TOC, and TSS in the 

port waters of Bolungarvík was compiled (table 18). The concentrations of defined indicators 

and their detection limits are given in mg/L. This table served as the source material for the 

statistical and geoinformational processing. 
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Table 18 Measured concentrations of Total Phosphorus, Total Nitrogen, Total Organic Carbon, and Total Suspended Solids in the port waters of 

Bolungarvík 

Sample 

No. 
Date 

Total Phosphorus as P, mg/l Total Nitrogen as N, mg/l Total Organic Carbon, mg/l Total Suspended Solids, mg/l 

Value μ 
Detection 

limit 
Value μ 

Detection 

limit 
Value μ 

Detection 

limit 
Value μ 

Detection 

limit 

1 

10.10.2021 0.412 ±0.082 0.030 4.70 - 1.0 5.09 ±1.02 0.50 34 ±8.2 2.0 

24.12.2021 0.236 ±0.047 0.030 1.90 - 1.0 <2.50 - 0.50 36.4 ±3.8 2.0 

19.01.2022 0.222 ±0.044 0.030 2.77* - 0.1 3.07 ±0.61 0.50 19 ±4.6 2.0 

16.02.2022 0.288 ±0.058 0.030 3.21* - 0.1 3.62 ±0.72 0.50 370 ±89 2.0 

18.02.2022 1.480 ±0.296 0.030 10.80* - 0.1 32.20 ±6.45 0.50 220 ±53 2.0 

2 

24.12.2021 0.225 ±0.045 0.030 1.70 - 1.0 <2.50 - 0.50 22.8 ±2.4 2.0 

19.01.2022 <0.030 - 0.030 0.22* - 0.1 <2.50 - 0.50 9.5 ±2.3 2.0 

16.02.2022 <0.030 - 0.030 0.42* - 0.1 <2.50 - 0.50 27 ±6.5 2.0 

18.02.2022 <0.030 - 0.030 0.48* - 0.1 <2.50 - 0.50 16 ±3.8 2.0 

3 

10.10.2021 0.094 ±0.019 0.030 <1.0 - 1.0 <2.50 - 0.50 8.1 ±1.9 2.0 

24.12.2021 0.056 ±0.011 0.030 <1.0 - 1.0 <2.50 - 0.50 17.2 ±1.9 2.0 

19.01.2022 0.138 ±0.028 0.030 2.09* - 0.1 6.43 ±1.29 0.50 49 ±12 2.0 

16.02.2022 0.089 ±0.018 0.030 1.58* - 0.1 <2.50 - 0.50 13 ±3.1 2.0 

18.02.2022 0.047 ±0.009 0.030 0.94* - 0.1 <2.50 - 0.50 12 ±2.9 2.0 

4 

10.10.2021 <0.030 - 0.030 <1.0 - 1.0 <2.50 - 0.50 <6.7 - 2.0 

24.12.2021 0.036 ±0.007 0.030 <1.0 - 1.0 <2.50 - 0.50 7.9 ±0.9 2.0 

19.01.2022 <0.030 - 0.030 0.21* - 0.1 <2.50 - 0.50 <6.7 - 2.0 

16.02.2022 <0.030 - 0.030 0.56* - 0.1 <2.50 - 0.50 <6.7 - 2.0 

18.02.2022 0.049 ±0.010 0.030 0.73* - 0.1 <2.50 - 0.50 14 ±3.4 2.0 

Symbol * succeeding any result indicates laboratory or subcontractor non-accredited test 
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5.2.1 Total Phosphorus 

The non-parametric Wilcoxon rank sum test was used to statistically characterize phosphorus 

concentrations in the port water of Bolungarvík. The results of this test showed that there is no 

statistical difference between the changing concentrations of phosphorus at sampling points in 

the area of the test and control pipes. For both pipes W = 15, and p-value > 0.05. 

The figure below demonstrates the variability of changes phosphorus concentrations on the test 

pipe before and after contact with the experimental setup (figure 12). The graph also allows to 

compare the spread of concentration differences for the control pipe. The concentration 

difference is expressed as delta P and is obtained by subtracting the concentration at sampling 

point 2 and 4 from the concentration at sampling points 1 and 3, respectively. 

 

Figure 12 Concentration changes of Total Phosphorus at the Test pipe and Control pipe 

As it follows from the distribution, despite the absence of statistical significance of the 

differences, the concentrations of phosphorus in the area of the experimental plot have a larger 

range of values, while the concentrations of phosphorus in the area of the control pipe vary in 

a tight range. The median value of the difference in phosphorus concentrations for the test pipe 

is 0.225 mg/l, while the average decrease in this section is estimated at 0.478 mg/l. The median 

difference in phosphorus concentrations for the control pipe is close to the threshold detection 

limit and does not exceed 0.039 mg/L. 

The figure below displays the spatial distribution of phosphorus concentrations in the area of 

the test and control wastewater outlets (figure 13). The distribution is given by seasons and 

covers the period from October 2021 to February 2022. 
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Figure 13 Seasonal variations of concentration of Total 

Phosphorus (mg/l) in the port waters of Bolungarvík 
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Spatial distribution of phosphorus is characterized by interseasonal heterogeneity. The first half 

of winter is characterized by a decrease in maximum concentrations compared to the values in 

October. A relatively long decline is characterized by an increase in phosphorus concentrations 

towards the end of winter and is marked by the highest concentrations in mid-February. The 

maximum concentrations at the end of observations exceed the minimum observed 

concentrations in January by 5 times. In general, over the entire sampling period, phosphorus 

concentrations in the area of the test pipe turned out to be greater than the concentrations near 

the control pipe. The average value of phosphorus concentrations for the entire observation 

period was 0.148 mg/L. The maximum measured value was recorded in February and was 1.48 

mg/l. The highest concentrations of phosphorus tend to spread in the first 30 meters and 

decrease with the raising distance from the coast. An exception is the distribution of phosphorus 

in December, when the decrease in concentrations occurred not from west to east, as in all other 

months, but from south to north. 

5.2.2 Total Nitrogen 

A significant difference was found between Total Nitrogen concentrations at Site 1 on the Test 

pipe and Site 2 on the Control Pipe (W = 16, p-value < 0.05). The figure below shows the 

variability of nitrogen concentrations on the test pipe before and after contact with the 

experimental plot (figure 14). The concentration difference is expressed as delta N, mg/l. 

 

Figure 14 Concentration changes of Total Nitrogen at the Test pipe and Control pipe 

The distribution shows that, while being statistically significant, nitrogen concentrations 

decrease more significantly in the area where the algae plot is located than in the area without 
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the plot (Control pipe). The median difference in nitrogen concentration for the test pipe is 2.67 

mg/l, while the average decrease in this section is estimated at 3.96 mg/l. This is comparable to 

the average decrease in nitrogen concentrations in the control pipe - 0.78 mg/l, while the median 

value in the zone without the plot is 0.61 mg/l. Thus, the median decrease in nitrogen 

concentrations in water in the area of the experimental plot is approximately 338% more 

intense. 

The figure below shows the spatial distribution of nitrogen concentrations in the area of the test 

and control wastewater outlets (figure 15). The distribution is given by season and covers the 

period from October 2021 to February 2022. 
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Figure 15 Seasonal variations of concentration of Total Nitrogen (mg/l) 

in the port waters of Bolungarvík 
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The spatial distribution of nitrogen is characterized by interseasonal heterogeneity. The 

concentrations of this component in the autumn period are characterized by increased values 

compared to the beginning of the winter period. After the December decline, a continuous 

increase in concentrations is noted, the maximum values of which are found in late winter. The 

maximum concentrations at the end of observations exceed the minimum concentrations in 

January by almost 11 times. In general, over the entire sampling period, nitrogen concentrations 

in the area of the test pipe were significantly higher than concentrations near the control pipe. 

The average value of nitrogen concentrations over the entire observation period was 1.9 mg/L. 

The maximum measured value was recorded in February and was 10.8 mg/l. The highest 

concentrations of nitrogen usually spread in the first 30-40 meters and decrease with distance 

from the coast. After contact with the experimental plot, nitrogen concentrations in water are 

on average reduced by about 4.6 times. The lines of equal concentrations are predominantly 

oriented from west to east, except for December. The main accents this month shifted along the 

coastline from west to north. 

5.2.3 Total Organic Carbon 

The results of the Wilcoxon rank sum test showed that there was no statistical difference 

between the varying TOC concentrations at sampling points near the test (W = 14, and p-value 

> 0.05) and control pipes (W = 10, and p-value > 0.05). 

The figure below shows the variability of TOC concentrations on the test pipe before and after 

contact with the experimental plot (figure 16). The graph also allows to compare the spread of 

concentration differences for the control pipe. The concentration difference is expressed as delta 

TOC, mg/L. 

 

Figure 16 Concentration changes of Total Organic Carbon at the Test pipe and Control pipe 
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It can be seen from the distribution that, despite the absence of statistical significance of the 

differences, the changes of TOC concentrations in the area of the installation have a larger range 

of values, while the TOC concentrations in the area of the control pipe barely change. The 

median difference in TOC concentrations for the test tube is 0.84 mg/l, while the average 

decrease in this section is estimated at 7.85 mg/l. 

The figure below shows the spatial distribution of TOC concentrations in the area of the test 

and control wastewater outlets (figure 17). The distribution is shown by season and covers the 

period from October 2021 to February 2022. There is no map for December due to the fact that 

the concentration of TOC in this month was <2.5 mg/l at all sample points. 
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Figure 17 Seasonal variations of concentration of Total Organic 

Carbon (mg/l) in the port waters of Bolungarvík 
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The spatial distribution of TOC is characterized by interseasonal heterogeneity. The inter-

seasonal distribution shows that carbon concentrations in the area of the test pipe are higher 

than in the area of the control pipe. However, the reverse picture is observed in January, when 

the highest concentrations are recorded at the level of 6.5 mg/l in the area of the control outlet. 

The absolute maximum of carbon content in water occurs in mid-February immediately before 

the test point of release and is 32.2 mg/L. This exceeds the value of detection limit by 13 times. 

The average value of carbon concentrations over the entire observation period was 4.5 mg/L. 

The lines of equal concentrations are predominantly oriented to the east towards the middle part 

of the port. An exception is the distribution of carbon in January, when the decrease in 

concentrations occurred not from west to east, as in all other months, but from north to south. 

5.2.4 Total Suspended Solids 

The results of the Wilcoxon rank sum test showed that there was no statistical difference 

between the varying concentrations of TSS at sampling points in the area of the test and control 

pipes (W = 14, and p-value > 0.05). 

The figure below shows the variability of reduction of TSS concentrations on the test pipe 

before and after contact with the experimental plot (figure 18). The boxplot also allows to 

compare the spread of concentration differences for the control pipe. The concentration 

difference is expressed as delta TSS, mg/l. 

 

Figure 18 Concentration changes of Total Suspended Solids at the Test pipe and Control pipe 

The distribution demonstrates that, despite the absence of statistical significance of the 

differences, the reduction of TSS concentrations in the area of the installation have a larger 
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range of values, while the TSS concentrations in the control pipe area have a smaller spread of 

concentration changes. The median TSS concentration difference for the test tube is 108.8 mg/l. 

In the area of experimental plot, this parameter decreases on average by 142.5 mg/l. For the 

control pipe, the median difference in concentration is 7.8 mg/L, while the average reduction is 

15.0 mg/L. 

The figure below shows the spatial distribution of TSS concentrations in the area of the test and 

control wastewater outlets (figure 19). The distribution is given by season and covers the period 

from October 2021 to February 2022. 

The spatial distribution of TSS is characterized by interseasonal heterogeneity. The inter-

seasonal distribution shows that TSS concentrations in the port are characterized by a steady 

increase at the beginning of winter. TSS concentrations reach their peak values in mid-February 

at 370 mg/l. For most of the measurement period, the concentration of TSS in the area of the 

test tube is higher than in the area of the control one. However, the opposite picture is observed 

in January, when the highest concentrations are recorded at the level of 49 mg/l in the area of 

the control release. Peak concentrations of TSS exceed the threshold detection limit by 14900%. 

The average value of TSS concentrations over the entire observation period was 47.2 mg/L. 

The lines of equal concentrations are predominantly oriented to the east in the middle part of 

the port. An exception is the distribution of carbon in January, when the decrease in 

concentrations occurred not from west to east, as in all other months, but from northwest to 

southeast. 
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Figure 19 Seasonal variations of 

concentration of Total Suspended Solids (mg/l) 

in the port waters of Bolungarvík 
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5.3 Wastewater volume and pollutants load 
assessment 

5.3.1 Wastewater discharges calculation 

As a result of the calculations, a summary table was created, which allows to quantitatively 

characterize the volume and runoff of surface wastewater within the sewerage network of 

Bolungavík (table 19). The calculation was made for each of the nine areas of collection of 

surface runoff into the network. Values are presented in the table in SI derived units for 

measuring water volume flow, as well as in the metric system. The accuracy of the calculation 

was determined by simplifications and assumptions that were adopted in the algorithm at 

different stages. One of these assumptions implies that the calculation was made only for 

domestic sources of wastewater and excluded industrial and other sources. 

The test and control outlets of wastewater considered in this thesis serve different areas of the 

town. The test outlet facilitates district IV. The outlet control point discharges wastewater 

generated in the territory of district III. 
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Table 19 Summary of assumptions on surface wastewater volume and discharge in different wastewater districts of Bolungarvík 

District Population 
Area 

size 

Houses 

and 

streets 

Open 

areas 

House 

sewage 

average 

discharge 

House 

sewage 

average 

volume 

Surface 

rainwater 

volume 

(roofs) 

Surface 

rainwater 

volume 

(open 

areas) 

Surface 

snowmelt 

water 

volume 

Annual 

surface 

water 

volume 

Average 

annual 

water 

discharge 

Total 

wastewater 

discharge 

Total 

wastewater 

volume 

  people ha ha ha l/s m3/year 
m3/warm 

season 

m3/warm 

season 

m3/cold 

season 
m3/year l/s l/s m3/year 

I 172 7.3 2.4 4.9 2.7 84412 11967 8144 23069 43180 1.37 4.05 127591 

II 7 2.4 1.2 1.2 0.1 3517 5983 1994 7584 15562 0.49 0.60 19079 

III 143 8.8 3.5 5.3 2.2 70343 17451 8809 27809 54069 1.71 3.95 124412 

IV 365 16.1 8 8.1 5.7 179375 39889 13462 50878 104229 3.31 8.99 283604 

V 129 10.3 4.1 6.2 2.0 63309 20443 10305 32549 63297 2.01 4.01 126606 

VI 7 0.9 0.4 0.5 0.1 3517 1994 831 2844 5670 0.18 0.29 9187 

VII 36 7.5 3.7 3.8 0.6 17586 18449 6316 23701 48465 1.54 2.09 66051 

VIII 0 7.1 2.8 4.3 0.0 0 13961 7147 22437 43545 1.38 1.38 43545 

IX 100 4.7 2.3 2.4 1.6 49240 11468 3989 14853 30310 0.96 2.52 79550 

                            

Total 958 65.1 28.4 36.7 14.9 471299 141605 60997 205724 408326 12.95 27.89 879626 
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District IV is characterized by the largest area which accounts 16.1 hectares. It also has the most 

residents, which comprises around 365 people. This means that the volume of domestic 

wastewater from this area is the largest. The calculation shows that the average annual volume 

of water from houses in this area is about 180,000 m3/year, which corresponds to an average 

flow of 5.7 l/s. The largest area of the region determines the largest amount of rain and melt 

waters that are accumulated on its territory. The average discharge of surface waters discharging 

from the territory of region IV is 3.31 l/s. At the same time, the ratio of open areas and houses 

with streets is almost the same. The greatest number of residential sectors in the territory of this 

district, limited by its size, contributes to the flow from the test pipe to the port of the largest 

average annual volumes of surface wastewater, total average discharge of which is about 9 l/s. 

District number III is the third largest, while its population is 2.5 times less compared to district 

IV. In the formation of surface runoff from the territory of this region, melt waters contribute 

most significantly, what makes up about half of the annual surface water volume, and accounts 

1.71 l/s on average. The population density of districts III and IV is also different. This 

determines the difference in wastewater generated within each of the areas. On average, on the 

territory of region III, it is formed by about 160,000 m3/year less than in region IV. Pivotal 

features are also observed in the distribution of precipitation. Most of the precipitation in the 

town flows from districts III, IV, V, which collect pollutants from the streets and are discharged 

through pipes to the port. The total average discharge of surface wastewater from these areas is 

16.95 l/s, which is approximately 61% of the discharge from all districts of the town. 

Among other features, it can be noted that despite the assumed absence of residents in region 

VIII, the runoff from its territory is still more significant than from regions II and VI combined. 

Presumably, this is due to the significant influence of the area size of the region, the growth of 

which is directly proportional to the growth of surface waters formed in its boundaries. Also, 

despite the equal values of domestic discharges and equal population, the total discharge of 

surface wastewater from region II is greater than in region VI, since the area of the region is 

larger. 

5.3.2 Concentrations of TP, TN, TOC, and TSS 

To calculate the anthropogenic load created by the population on the receiving waters of the 

port of Bolungarvík, sea water samples were taken at test and control outlets. Sampling was 

carried out directly under the place of water discharge in a shallow area. The sampling was 

carried out at the water surface, and the depth did not exceed 10 cm. On this basis, it was 



 92 

assumed that the concentrations obtained during the analysis reflect the actual concentrations 

of TP, TN, TOC, and TSS in the wastewater (table 20). 

Table 20 Statistical summary of concentrations of TP, TN, TOC, and TSS at the test and control 

outlets 

Sample Site Date 
TP, 

mg/l 

TN, 

mg/l 

TOC, 

mg/l 

TSS, 

mg/l 

Test Pipe 

10.10.2021 0.412 4.7 5.09 34.0 

24.12.2021 0.236 1.9 2.50 36.4 

19.01.2022 0.222 2.8 3.07 19.0 

16.02.2022 0.288 3.2 3.62 370.0 

18.02.2022 1.48 10.8 32.20 220.0 

Control Pipe 

10.10.2021 0.094 1.0 2.50 8.1 

24.12.2021 0.056 1.0 2.50 17.2 

19.01.2022 0.138 2.1 6.43 49.0 

16.02.2022 0.089 1.6 2.50 13.0 

18.02.2022 0.047 0.9 2.50 12.0 

Min 
Test 0.222 1.9 2.50 19.0 

Control 0.047 0.9 2.50 8.1 

1st Quartile 
Test 0.236 2.8 3.07 34.0 

Control 0.056 1.0 2.50 12.0 

Median 
Test 0.288 3.2 3.62 36.4 

Control 0.089 1.0 2.50 13.0 

3rd Quartile 
Test 0.412 4.7 5.09 220.0 

Control 0.094 1.6 2.50 17.2 

Max 
Test 1.480 10.8 32.20 370.0 

Control 0.138 2.1 6.43 49.0 

Mean 
Test 0.528 4.7 9.30 135.9 

Control 0.085 1.3 3.29 19.9 

Range 
Test 1.258 8.9 29.70 351.0 

Control 0.091 1.2 3.93 40.9 

In the previous sections of the results of this thesis, it was demonstrated that, in general, the 

concentrations entering the port from district IV through the test pipe are characterized by 

higher values than the concentrations that enter the port from district III through the control 

outlet. The concentrations averaged over the sampling period for each of the indicators on the 

test pipe also exceed the control ones. 

The laboratory detection limit for TP was defined as 0,030 mg/l. Test pipe is characterized by 

a wider spread of concentration values in comparison with the control pipe. The range of the 

values here is 1,258 mg/l. The median value of TP concentration on test pipe is 0,288 mg/l. 

Among the values included in the sample, this area is characterized by the highest concentration 

of TP in water compared to others, and the 3rd quartile is 0,412 mg/l. Control pipe is 
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characterized by the most uniform spread of concentration values, the median value of which 

is 0.089 mg/l.  

The detection limit for TN was defined by lab as 1,0 mg/l. The lowest concentration observed 

on control pipe is 0,9 mg/l also occurs below the detection limit. Test pipe is considered to have 

the widest spread of values in the dataset with the range of 8,9 mg/l. Median value of 

concentration of nitrogen at the test pipe is 3,2 mg/l. It is possible to see the reduction of 

variability of nitrogen concentrations between test pipe and control pipe. Median nitrogen 

concentration on control pipe is 1.0 mg/l. On control pipe, concentration of nitrogen in the first 

quartile is equal to the threshold value of detection of 1,0 mg/l. 

The detection limit of TOC was defined by lab as 0,50 mg/l. Some variety of concentrations is 

observed only in front of the test pipe. Concentrations at control vary insignificantly. The results 

of five out of four samplings at control pipe did not exceed 2,50 mg/l, when the only different 

measured value of 6,43 mg/l was considered as an outlier for the given sampling area. Median 

concentration of TOC at test pipe is 3,62 mg/l, while the highest measured concentration – 

32,20 mg/l. Such insignificant variability between the sites might determine the secluded 

pattern of distribution of TOC in the research area. 

Threshold concentration of TSS was defined by lab as 2 mg/l. Control pipe is characterized by 

the most intensive mixing, and the range of concentrations of TSS is 40.9 mg/l. The exponential 

increase of intensity of mixing is steadily observed from west to north-east. While representing 

the most western point of the research polygon, test pipe is characterized by the highest range 

of TSS values – 351.0 mg/l. The median concentration of TSS at this site is 36,4 mg/l. The 

maximum concentration of TSS at the test pipe is 370.0 mg/l, which is 18400% greater than the 

detection limit. The median concentration of TSS at the control pipe is 13.0 mg/l which 

corresponds to the minimal concentration value at test pipe – 19 mg/l. 

5.3.3 Average annual load of TP, TN, TOC, and TSS 

Based on the concentration of TP, TN, TOC, and TSS in the receiving port, the pollution load 

was calculated (table 21). The pollution load calculation is a quantitative characteristic of the 

average annual loads of the considered parameters from households and flushing from the soil, 

roofs, roads and pavements that are located within the districts. Considering the data on the 

population of the districts, it was also calculated how much TP, TN, TOC, and TSS enter the 

port waters from each inhabitant. The calculation was performed for two pipes - test and control. 
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The average annual concentration of each substance was accepted with a sufficient degree of 

cautiousness, since concentrations were not measured in other seasons. 

Table 21 Average annual load of TP, TN, TOC, and TSS from households and residents of 

districts III and IV 

Source 

of load 

Average annual load 

TP TN TOC TSS 

Per 

household, 

kg 

Per capita, 

kg/person 

Per 

household, 

kg 

Per capita, 

kg/person 

Per 

household, 

kg 

Per capita, 

kg/person 

Per 

household, 

kg 

Per capita, 

kg/person 

District 

III 
6.0 0.04 93.0 0.65 231.1 1.62 1397.0 9.8 

District 

IV 
94.6 0.26 838.8 2.30 1667.5 4.57 24373.5 66.9 

Different loads are observed in different districts, therefore the concentrations on the test and 

control pipes are also different. The key factors determining the load intensity in the port waters 

are the concentrations of pollutants, the population of each of the districts, as well as the 

quantitative features of runoff formation in the district territories. Since there was no 

precipitation in a liquid form during the measurement period, the obtained concentrations 

characterize only the load from residents. Therefore, the calculated load assumes only the 

pollutants flushing into the sewer system from households, while the total volumes of surface 

wastewater during the cold period considers the snowmelt water discharge. In comparison 

between districts, the average annual load from district IV is significantly higher than the load 

from district III for all indicators, since more people live there. The total TP load from 

households of both districts is estimated at 100.6 kg/year, while TN is 931.8 kg/year and TOC 

is 1898.6 kg/year. Among the individual loads, the TSS load is the largest in District IV, and 

on average per year, each inhabitant discharges about 67 kg of TSS into the receiving waters. 

The total individual loads for TOC from both areas exceed the individual loads for TP by 21 

times and amount to 6.19 kg/person. 
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6 Discussion 

There are a number of environmental and anthropogenic factors that have a pivotal influence 

on the change in the concentrations of pollutants discharged into the port area. This research 

provides an interpretation of how these concentrations change in the vicinity of wastewater 

outlets under the influence of the experimental plot with the consideration of the above-

mentioned factors. At the same time, it is understood that the quantitative characteristic of 

pollutants obtained during the sampling in the receiving waters complements and relates to the 

volumetric component of wastewater, which was obtained by the proposed calculation method. 

In order to assess temporal variability, a comparison with retrospective data is provided. 

Comparison of the volumetric component of wastewater was also carried out through the 

comparison of the estimated individual and household loads in Bolungarvík with some foreign 

examples. 

6.1 Spatial and temporal variations of concentrations of 
TP, TN, TOC, and TSS 

The receiving port waters of Bolungarvík are considered as an open system that is connected to 

the sea. The area in which the test and control outlets are located is morphometrically 

characterized by shallow water and significantly exposed to the tidal influence. The water mass 

in the port is impacted by a continuous mixing. This is evidenced by the even distribution of 

sea water temperatures, which is observed both in the deep-water part of the port and in shallow 

waters. The even distribution of water temperatures in different parts of the receiving waters is 

determined by the activity of wind waves in the port, as well as the current from the open part 

of Isafjardardjup. 

The effect of intensive mixing of the water mass in the receiving water body, created due to the 

action of natural factors, has a critical influence on the changing concentrations of pollutants 

from wastewater outlets, the formation of which is mainly facilitated by anthropogenic factors. 

The list of anthropogenic factors includes the population of the districts and the number of 

houses. There is also the factor of the area modified for the population. District number IV is 

served by a test outlet. It is also the largest in terms of area and number of residents. This means 

that the concentrations of pollutants from this outlet will be significantly higher than from the 

control outlet, which serves District number III. 

The test pipe was represented as more significant contributor of TP and TN in the receiving 

waters compared to the control pipe throughout the measurement period. This is expressed both 
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in the quantitative difference in concentrations from both outlets and in their distribution 

pattern. The maximum concentrations were observed at the end of the sampling period. In 

particular, this research showed that a 0.1 mg increase in phosphorus was comparable to a 10-

times increase in nitrogen concentration. From this it can be concluded that the proportional 

growth of both indicators observed throughout the entire sampling period indicates the presence 

of a relationship between their concentrations, which is common in the natural environment. 

The existence of a connection between the above components makes it possible to outline 

several remarkable conclusions regarding the bioremediation of wastewater affected by the 

treatment of the experimental plot. The key factor in the statistical evaluation of concentration 

variability is the size of the series of observations. The number of samples taken makes it 

possible to demonstrate a statistically significant difference in TN concentrations before and 

after contact with the experimental plot. However, this difference has not been found for 

phosphorus. From the perspective of statistical test, it is assumed that if the study had a greater 

number of replicates, then, considering the relationship of phosphorus and nitrogen, there could 

have been found a statistically significant difference in concentrations for phosphorus. Thus, in 

the realm and timing of this study, the experimental plot has demonstrated itself to be effective 

in reducing nitrogen concentrations, which, together with phosphorus, represents the main 

factor in eutrophication of coastal water bodies (Wurtsbaugh et al., 2019). 

Seasonal changes in TSS and TOC concentrations in the port have their own inherent features. 

Although District IV has a larger area and population, most of the carbon and solids in January 

came from the control pipe, which serves the District of a smaller area and population. During 

the period when the main concentrations of TOC came from the control pipe, their maximum 

concentrations near the outlet reached 6.43 mg/l. This is 20% of the maximum concentrations 

recorded on the test outlet from the last sampling. During the period when the main 

concentrations of TSS came from the control pipe, their maximum concentrations in the area 

of the control outlet reached 49 mg/l. This is 13% of the maximum concentrations recorded in 

the test outlet at the end of the sampling period. The origin of these contaminants may have 

various sources. Considering the length and realm of the research, it is difficult to identify a 

consistent source of TOC and TSS. Presumably, assuming the configuration of the town’s sewer 

systems, carbon and suspended solids inputs could be sourced by the industrial sector, which is 

more explicit at District III. 
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The available data make it possible to give a retrospective estimate of the distribution of organic 

matter and nutrients in the study area. Table 22 presents the results of measurements of the 

concentrations of organic substances for 2002 (Helgason et al., 2002). 

Table 22 Distribution of organic matter from wastewater in Bolungarvík port waters in 2002 

(Helgason et al., 2002) 

Source Quantity, kg/year COD, mg/l BOD5, mg/l p.e. 

Population    1,000 

Shrimp production 4,800,000  0.069 15,068 

Filleted fish 2,800,000 0.017 0.012 1,553 

Fishmeal production 23,745,000  0.002 2,168 

Total 18,789 

At that period of time, the largest input of wastewater in town’s systems was the fishery sector, 

which is inherent for the Westfjords. Table 23 presents the changes of concentrations of 

nutrients in receiving waters of Bolungarvík between 1997 (Helgason et al., 2002) and 2021-

2022 sample events. Low concentrations for that period could also be due to intense mixing of 

the water mass, especially outside the port area in the open part of the sea. 

Table 23 Differences in concentration of nutrients in port waters of Bolungarvík (Source of 

data for 1997: Helgason et al., 2002) 

Part of 

the port 

Distance 

from 

outlet, 

m 

TP, mg/l TN, mg/l TOC, mg/l 

1997 2021-2022 1997 2021-2022 1997 2021-2022 

South 0  <0.030  <1.0  1.28 

 50  <0.030  <1.0  <2.50 

 200  <0.030  <1.0  <2.50 

North 0  0.047-1.480  0.9-10.8  2.50-32.2 

 50 0.042 0.030-0.049 0.27 0.21-0.73 <0.5 <2.50 

 200  <0.030  <1.0  <2.50 

Open sea 10 0.019  0.21  <0.5  

 250 0.014  0.16  0.7  

The data obtained within the framework of this Master’s thesis indicate that the concentrations 

of phosphorus, nitrogen and carbon in the receiving waters of the port of Bolungarvík have 

demonstrated considerable variation over the past 25 years. The location of the sample points 

for the afore-mentioned timeframe are presented on the figure below (figure 20). In this 
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comparative dataset, sample points for the modern period include both measurements at the test 

and control pipes and several points from the southern part of the port that were picked for the 

trial sampling. 

 

Figure 20 Sample points for TP, TN, and TOC in coastal waters of Bolungavík (Source for 

data from 1997: Helgason et al., 2002) 

Based on a comparison of long-term data, it is particularly observed that the hydrochemical 

profile of the northern part of the port remains relatively constant. Considerably high 

concentrations of organic pollutants in the coastal zone are exposed to dilution during their 

movement toward the deeper parts of the port, which can be explained by the constant inflow 

of a new mass of water from the open part of the marine system. Changes that were observed 

through the comparison also signify that over the last 25 years the anthropogenic features that 

determine the amount of pollutants coming from the outlets have also undergone significant 

changes. These changes are reflected in the volumes of wastewater produced and in the 

resulting anthropogenic load from households and individuals. 
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6.2 Wastewater volume and anthropogenic pressure on 
the receiving waters 

Quantitative properties of the volume of wastewater entering the receiving waters of 

Bolungarvík port are characterized by a significant difference, which can be observed at the test 

and control outlets. This difference is determined by certain factors. The formation of 

wastewater volumes from each of the studied areas is influenced by the characteristics of both 

the urban environment as a whole and the districts that are integral constituents of the town. 

The economic factor has a decisive influence on the growth of water consumption, and as a 

result of the formation of wastewater on a scale of an urban area (Cazcarro et, al, 2013). In the 

scope of the urban, the formation of wastewater volumes is influenced by the population size, 

types of district surfaces, their areas and ratio of these areas, as well as the precipitation regime. 

The complex interaction of these factors leads to the observed difference in the ratio of 

wastewater discharges from people and surface water discharges in the territory of Bolungarvík 

(figure 21). 

 

Figure 21 The ratio of domestic wastewater and surface discharge in sewer system of 

Bolungarvík 

The district of the test pipe is characterized by a larger area and a more equal ratio of different 

types of areas. There is also a larger number of residents in the district. The factor of a larger 
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population leads to the fact that house sewage average discharge formed within its territory is 

three times greater than in the district of the control pipe. On the district III, the total area of 

open surfaces is less than in district IV, which also determines smaller volumes of surface water 

that forms during the warm season. The unequal ratio of areal properties of the areas under 

consideration causes a significant difference in the formation of the average annual surface 

water volume. Therefore, the volume and discharge of water from the district IV is two times 

greater than from the territory of district III. Assuming the absence of precipitation dilution in 

winter, the total wastewater discharge from the test pipe is also two times greater than from the 

control pipe. Similar features are observed on the scale of district I, where the share of house 

sewage discharge is higher. The reverse picture is observed in districts II, VI and VII. More 

than half of the area of each of these districts is concentrated on the coast, and more than half 

of the volume of water carried in the sewers of this districts is represented by surface runoff. 

Regarding the districts VIII, an assumption was made that there are no residential facilities on 

its territory, and, consequently, domestic sources do not participate in the formation of 

wastewater from its territory. 

The assessment of the contribution of precipitation to the formation of wastewater volumes was 

influenced mainly by the time factor of the study. In particular, it was assumed that in the course 

of the calculation of perennial average individual loads, there was no precipitation input in 

winter period. Meteorological trends that were processed for the sampling period and are 

presented in the figure below, however, disapprove this assumption (figure 22). 
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Figure 22 Daily sums of precipitation (mm) and average daily air temperature (°C) in 

Bolungarvík 

The combined distribution of average daily sums of precipitation and average daily air 

temperature signifies that rain runoff may have occurred and precipitation may have been 

presented in a liquid form. The amount of precipitation formed on the research area from 

October to February in the average perennial distribution exceeds the observed average monthly 

precipitation for the intra-annual distribution. It is understood that if the precipitation were 

exclusively liquid, then the concentrations of the measured pollutants would be lower than the 

average for the year. However, the resulting precipitation was mixed, and some of it melted. In 

this regard, it can be assumed that the measured concentrations correspond to the average 

concentrations over the year. However, the exact pattern of changes in pollutant concentrations 

under the influence of stormwater has not yet been determined. It is assumed that during the 

last sampling there was a spike in pollutant concentrations, which could be due to a cumulative 

effect, and water contribution could take place from the snow. 

The uneven volumetric and discharge constituents of wastewater, the formation of which occurs 

within the III and IV districts, leads to a significant difference in the emerging anthropogenic 

pressure on the receiving waters. Realizing that this indicator is significantly affected by 

seasonal variability, one of the limitations of the given research is the generalization of the 

average annual value of concentrations in the area of the test and control pipes. Therefore, the 
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real load for the remaining seasons of the year remains unknown. In addition, this study does 

not take into account the contribution of industrial sources of wastewater, which also generate 

pollution loads. Thus, the obtained results consider specifically the load from the households 

and from each resident living within the study areas. On this basis, it seems possible to 

numerically compare the anthropogenic load created on the scale of Bolungarvík with 

settlements of similar sizes and configurations abroad. 

To compare the results, a municipality in the south-western region of Finland - Kustavi was 

conditionally selected. The choice of this municipality was based on a similar population size: 

as of 2020, the population of Kustavi is 962 (Statistics Finland, 2020). Using the Baltic Sea 

Calculator for personal nutrient footprint (Finnish Environment Institute, 2017), the calculation 

of nutrient loads to the Baltic Sea from the average household of chosen municipality was made. 

The calculation results are presented in the table below for comparison (table 24). 
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Table 24 Average individual annual load of TP and TN in Bolungarvík and Kustavi (Source for 

Kustavi: Finnish Environment Institute, 2017) 

Municipality Population 

Average 

individual annual 

load, kg/year 

TP TN 

Kustavi, Finland 962 0.27 8.78 

Bolungarvík, Iceland 958 
0.26* 2.3* 

0.04** 0.65** 

* Sewer district of the test outlet 

** Sewer district of the control outlet 

The results showed that the average individual annual nutrient load from Kustavi municipality 

is comprised of 0.27 kg of phosphorus and 8.8 kg of nitrogen. In this regard, the average 

individual annual phosphorus load generated in the Bolungarvík municipality is quite similar 

to a municipality of similar size and nature in Finland. At the same time, the calculated nitrogen 

load obtained in this study for Bolungarvík was much lower than in Kustavi and accounted 2.30 

kg/person (which is 283% lower than in Kustavi). It should be noted that wastewater 

management in Kustavi has specific differences from the wastewater management standards 

adopted in Iceland. For example, it is the responsibility of the Finnish municipality to determine 

the status of wastewater whose nature is different from that of the wastewater that appears in 

the town’s sewer system. Once the status of non-domestic wastewater has been identified as 

abnormal, the municipality decides to include the abnormal volumes of wastewater into the 

sewer system, as well as supervises procedures of its disposal and conducts the agreement with 

the operator (Municipality of Kustavi, 2021). 

By transposing the results found in this Master’s thesis into a broader context, the calculated 

average annual loads of phosphorus and nitrogen from domestic sources can be compared with 

international standards. The table below provides general information on the established limits 

for the concentration of total nitrogen, phosphorus and solids adopted in Europe (table 25) 

(UWWTD, 1997; HELCOM, 2007). In the case of the Water Framework Directive, wastewater 

treatment requirements are set based on the size of the settlement (population-equivalent), the 

type and properties of the receiving water body, and its sensitivity to eutrophication. Another 

active regulation in Europe is the Recommendations of the Baltic Marine Environment 

Protection (Comission 28E/5). This legislation is more stringent than the Water Framework 

Directive and obliges Member States to comply with minimum reductions in a number of 

indicators that include phosphorus and nitrogen (HELCOM, 2007). 
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Table 25 European regulations concerning treated wastewater quality parameters 

(Source:UWWTD, 1997; HELCOM, 2007) 

Legislation WWTP Category, p.e. TP, mg/l TN, mg/l TSS, mg/l 

EUWFDa <2,000 - - 35 

  2,000 - 10,000 - - 35 

  

10,000 - 100,000 

2 (for 

sensitive to 

eutrophication 

areas) 

15 (for 

sensitive to 

eutrophication 

areas) 35 

  

>100,000 

1 (for 

sensitive to 

eutrophication 

areas) 

10 (for 

sensitive to 

eutrophication 

areas) 35 

HELCOMb 300 - 2,000 2 35 - 

  2,000 - 10,000 1 30 - 

  10,000 - 100,000 0.5 15 - 

  >100,000 0.5 10 (8c) - 

a. The EU does not establish common standards until 2013. These standards are developed 

by considering the aim of the Directives in the specific water use purposes. 

b. Per capita emissions are not necessary for application in case if the maximum 

concentration on-site WWTP effluent is 5 mg/l for TP, and 25 mg/l for TN. Per capita 

requirements are not mandatory in case if there has been proven the effectiveness of the 

installed Best Available Technology so that the treated concentration does not exceed 40 

mg/l for BOD5 and 150 mg/l for COD in the effluent. 

c. According to the requirements for Saint-Petersburg, Russia 

By comparing the measured concentrations with international standards, it can be concluded 

that the concentrations of phosphorus and nitrogen measured in 2021-2022 in the receiving 

waters of the port of Bolungarvík turn out to be satisfactory to the criteria set by HECLOM in 

case if it would have legal force in Iceland. Compliance with the EUWFD is implicit, due to 

the features of this legislation, expressed in the unification of wastewater standards on the 

territories of its member states (Preisner et al., 2020). Based on the properties of this legislation, 

the efforts to objectively determine the criteria for the required efficiency are expressed in the 

complex assessment of the treatment performance on the intensity of wastewater discharge, the 

size of the settlement, the definition of people-equivalent, as well as on the exposure to self-

purification or eutrophication of receiving water bodies, which are determined by their 

hydrodynamic and hydrochemical properties. However, unfortunately, in some cases, due to 

the incompleteness of the information and the complexity of the study area, the criteria assigned 

locally lead to the application of either too stringent requirements and unreasonably high costs, 

or to insufficient efforts in wastewater treatment (Preisner et al., 2020). 
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The long-term change in the concentrations of TOC in the port of  Bolungavík can be compared 

with the long-term estimates that also took place in the coastal zone of the Baltic Sea (Fleming-

Lehtinen et al., 2014). The study shows that long-term fluctuations in carbon concentrations in 

the Baltic Sea, the measurement period of which accounted 30 years, vary in the range from 3 

to 6 mg/l. It is noteworthy that the long-term variability of concentrations in the port area of 

Bolungarvík turned out to be considerably lower than in the Baltic and ranged from 0.5 

(Helgason et al., 2002) to 2.5 mg/l. In the assessment of perennial changes in carbon 

concentrations, both in the receiving waters of Bolungarvík and in the Baltic Sea, it is 

understood that when released into the marine environment in both cases, carbon undergoes 

intensive transport to deeper layers of the open marine system (Fleming-Lehtinen et al., 2014). 

Within the configuration of the town’s sewer system, the change in TSS concentrations is 

significantly influenced by the local features of the precipitation regime of the catchment. Using 

the example of a study conducted in the French commune of Écully (Hannouche et al., 2013), 

it is concluded that the TSS loads, which are concentrated on the outlet during rain, do not 

correspond to the total concentrations from wastewater and minor surface discharge. Depending 

on the intensity of rainfall, the share of TSS at the wastewater outlet varies in the range of 20-

80%. Regards to changing TSS concentrations, the test and control outlet concentrations 

obtained in the study of this Master’s thesis may also be influenced by the pipe slope factor, the 

importance of which is confirmed in case study of Écully (Hannouche et al., 2013). Returning 

to the figure 22, it can be seen that during the study period, there could be rainfall runoff in the 

urban area and precipitation could fall in liquid form. The actual value of effluent volumes of 

TSS in this regard has to be clarified in the future. 
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7 Practical solutions and policy 
recommendations 

In order to successfully conduct the primary wastewater treatment, the demand for which 

remains high in the remote settlements of Iceland, it is recommended to further explore the 

possibility of involving local resources for local technical solutions. The Bolungarvík case 

showed that the experience gained can be improved by optimizing the design of the treatment 

plot. In particular, to prevent the effect of wave action, which affects the pushing out of algae 

samples from the cultivation verticals, it is recommended to consider protective screens in the 

installation frame. To simplify the maintenance of cultivation lines, it is recommended to apply 

methods that are alternative to transplantation - breeding algae from spores on a pre-prepared 

substrate. 

The negative impact of sewage on the coastal environment in the conditions of the urbanized 

area can be mitigated by combining key elements of the drainage network, using one-stage 

primary treatment facilities and adjusting the sewer pipes length to an area with favourable 

conditions for the dilution of sewage. As part of the restructuring of the town hydrological 

network, the removal or extension of discharge outlets from industrial and recreational areas 

will contribute to reduction of the contamination of the coastline at close quarters of the urban 

and port infrastructure of Bolungarvík and, thereby, increase the cleanliness and hygiene 

conditions not only in the port infrastructure, but also in recreational spots (Environment 

Agency of Iceland, 2013). The installation of local treatment systems in the form of on-site 

septic tanks will also contribute to reducing the load of organic pollutants from households. 

With regard to the procedure for assessing the load of organic pollutants on the environment, 

general considerations are made to improve the existing assessment mechanism. It is 

recommended to determine the limit of pollution of nutrients according to the principle of 

environmental zoning, that would be followed up by the considerations of the specific 

conditions of the receiver, its properties, as well as the category of sensitivity of the ecosystem 

to the loads of specific pollutants. The development of legislative requirements for the discharge 

of organic pollutants should take into account the specific allowable values of their bioavailable 

forms, which, directly affecting the intensity of eutrophication of the receiving waters, will 

determine their eutrophication potential (Preisner et al., 2020). Unreasonable spending on 

wastewater treatment is in conflict with the principles of sustainable development, the definition 

of which was provided in the literature review of this master’s thesis. The adverse impacts of 

energy costs, volumes of sewage sludge, and greenhouse gases emissions need to be carefully 
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considered along with the growth of the complexity of practiced wastewater treatment 

technologies. 
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8 Further research opportunities 

Future research may develop in several directions. Regardless of the direction chosen, it is 

critical to understand that the ability of a system to cope with the dilution of contaminants is 

not unlimited. Therefore, in the future, it is recommended to conduct such studies that would 

develop and supplement the information base that is being formed today on the amount of 

pollutants loaded into the receiver, as well as to objectively assess the performance of the 

municipal wastewater system. For a more precise evaluation of the average annual pollutant 

load from domestic sources, it is recommended to conduct future sampling in different seasons, 

which would also contribute to the increasing of the sample size. The peaks in carbon and TSS 

concentrations observed in this study are difficult to explain taking into account only the 

domestic source of wastewater. In this regard, local interest can be expressed in calculation of 

concentrations from industrial sources using other pipes located in the receiver. Moreover, 

sources and origins of organic matter in the receiving waters can be elucidated with the 

application of bulk organic matter proxies, such as TOC:TN ratio and stable organic carbon 

isotopes (δ13
CTOC) (Maksymowska et al., 2000; Yang et al., 2018). Average annual 

calculations of surface water and wastewater are recommended to be supplemented by 

calculations of maximum discharges with the consideration of the specifics of the precipitation 

regime both in perennial and intra-annual timeframes. Operational monitoring and performance 

evaluation of the Bolungarvík wastewater system may be performed in the future using 

hydrodynamic modelling techniques (Hlodversdottir et, al, 2015). 
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9 Conclusion 

The purpose of this study was to evaluate the ability of the introduced experimental plot to 

perform primary wastewater treatment in the receiving waters of the port of Bolungarvík. Based 

on the statistical analysis of the concentrations of organic pollutants entering the receiver from 

the test and control pipes, it can be concluded that the proposed plot significantly reduced 

concentrations of domestic-sourced nitrogen. No statistical difference was found in the 

concentrations reduction of phosphorus, carbon and suspended solids, which may be due to the 

size of the statistical sample. The results show that during the cold period domestic wastewater 

is diluted with storm water, which is formed from mixed precipitation. The district operated by 

the test outlet is characterized by the largest load from domestic sources, and the share of 

wastewater exceeds the share of storm water within its boundaries. The formation of wastewater 

at the control outlet occurs similarly to the test outlet with a slight exceeding of domestic 

wastewater over storm water. To better understand the patterns of changes of the pollutant 

concentrations in the port, future studies may address the relationship between concentrations 

and storm water in the summer, spring and autumn seasons. From the observed distribution it 

can be presumed that the spike of concentrations of pollutants may be due to the cumulative 

effect of precipitation and the water discharge from snow. The measured concentrations of 

nutrients show that the maximum values do not exceed the internationally established release 

limits. Experience from using a macroalgal cultivation system for wastewater treatment 

confirms the effectiveness of reducing the concentrations of domestic-sourced nitrogen, which, 

together with phosphorus, is the main factor in eutrophication in coastal receivers. New 

estimated volumes, discharges of surface- and wastewater, along with the updated 

concentrations of pollutants identified by the Water Framework Directive as the most 

concerning for coastal systems, fills in the knowledge gap for the municipality that lasted two 

and a half decades. The simple design and the demonstrated effectiveness of the plot signify 

the feasibility to replicate in other municipalities in Iceland. Such outcome can improve the 

developing technical knowledge base of remote Icelandic communities. Acquired knowledge 

and experience can result in an increase of the proportion of treated wastewater in the country, 

further securing the compliance of Iceland with the provisions of the EU Water Framework 

Directive. 
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Appendix B 

 

Photo 9 Fastening loops for cultivation lines, buiys and 

anchors ropes on the pipe 

 

Photo 10 Crafting of the caps for the ends of the pipe 

 

Photo 11 Attachnig the cultivation lines to the rocky 

shore 

 

Photo 12 Lining up of the cultivation lines 
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Figure 23 Attachment scheme 

of Saccharina latissima to the 

cultivation rope (Source: 

Peteiro et al., 2013) 

 

Photo 4 Attaching Saccharina latissima to the cultivation 

verticals of the experimental plot 
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Appendix C 

Figure 24 Laboratory results of water samplings (10.10.2021; 24.12.2021; 19.01.2022; 

16.02.2022; 18.02.2022) 
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Appendix D 

Table 26 Average monthly air temperature (°C) in Bolungarvík, Iceland (1999-2021). Station 

No. 2738 

Year 
Month 

J F M A M J J A S O N D 

1999 - - - - - - - - 4.6 3.6 1.1 -1.1 

2000 0.7 -1.4 -1.1 0.7 4.9 7.6 10.4 9.9 7.7 3.7 1.0 -0.5 

2001 1.8 -0.7 -3.1 0.4 4.7 7.5 9.1 9.4 8.3 4.2 1.2 2.4 

2002 -0.1 -4.8 -2.6 1.5 4.0 8.8 9.3 8.9 8.5 5.4 4.2 3.7 

2003 0.8 1.5 2.0 4.0 4.7 9.2 9.9 11.7 8.3 4.2 2.0 -0.8 

2004 -1.8 0.0 2.7 2.8 4.9 8.7 11.0 11.8 8.2 3.1 0.9 -1.6 

2005 -0.3 0.8 1.7 1.8 4.0 8.3 10.9 8.9 4.8 0.9 0.6 1.6 

2006 0.7 0.9 -0.6 0.6 3.3 7.9 9.7 10.2 7.4 3.3 -0.2 2.2 

2007 -0.8 -0.9 0.5 2.9 2.9 10.1 10.7 9.4 6.8 4.5 1.7 0.8 

2008 -0.3 -1.2 -1.1 1.3 6.3 8.1 11.0 10.5 9.2 2.5 0.9 0.8 

2009 0.6 -1.3 -1.7 1.5 6.0 8.2 9.9 9.1 6.9 3.9 1.7 0.5 

2010 2.2 -1.0 0.7 1.2 5.5 10.0 10.3 10.6 9.5 5.0 0.7 0.5 

2011 0.5 0.9 -2.4 3.1 3.4 5.7 11.0 9.0 7.3 3.2 3.0 -2.2 

2012 0.3 1.5 1.9 1.7 4.9 8.4 11.2 10.7 6.0 3.2 0.2 0.6 

2013 2.0 2.8 -0.7 -0.5 3.4 9.1 10.0 9.3 6.2 3.6 0.8 -1.3 

2014 1.4 -0.1 0.2 2.0 5.8 9.9 9.9 10.1 9.3 3.6 3.9 -0.4 

2015 -0.5 -1.5 0.0 1.1 2.6 7.0 7.7 7.8 8.9 4.7 2.1 -0.5 

2016 0.4 -0.9 1.6 2.7 5.5 9.9 9.4 10.0 7.9 8.1 3.2 2.7 

2017 0.2 2.6 0.6 1.0 6.3 7.3 10.3 9.4 9.4 6.5 0.2 -0.8 

2018 0.0 1.2 0.9 2.5 4.5 8.1 9.1 9.1 6.0 2.9 2.6 2.0 

2019 -0.2 -0.2 -0.3 5.1 5.2 8.4 10.6 8.0 7.4 4.4 2.4 0.3 

2020 -0.5 -0.6 -1.0 2.1 5.4 8.9 8.7 10.2 5.7 5.1 1.4 0.0 

2021 -1.8 1.2 0.7 1.8 3.6 8.1 11.8 12.7 7.6 3.2 1.0 0.9 
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Table 27 Average monthly precipitation sums (mm) in Bolungarvík, Iceland (2005-2021). 

Station No. 2738 

Year 
Month 

J F M A M J J A S O N D 

2005 155.8 57.1 47.2 80.5 14.7 23.9 36.9 41.9 86.6 85.7 78.4 70.8 

2006 122.5 78.9 39.9 89.6 28.3 53.3 63.0 62.3 45.8 82.5 198.3 133.6 

2007 91.9 47.0 132.1 43.3 51.5 8.7 27.1 63.2 84.3 179.0 124.1 149.0 

2008 89.7 122.0 72.1 20.9 26.5 33.6 67.8 53.0 82.3 109.4 81.3 106.1 

2009 169.0 46.0 91.7 38.2 49.0 14.9 34.2 93.7 74.5 63.0 57.4 85.2 

2010 22.3 64.9 95.4 113.1 21.0 6.0 23.4 40.1 40.7 43.5 70.4 55.8 

2011 131.6 81.9 88.2 99.7 39.6 14.2 18.2 88.2 98.6 146.8 74.9 106.3 

2012 134.2 110.3 97.2 45.2 35.5 3.4 23.7 15.1 109.6 73.7 181.4 76.4 

2013 82.6 79.0 113.0 39.2 98.8 13.9 46.8 124.1 99.8 58.8 117.5 145.4 

2014 79.1 107.0 89.8 62.1 32.9 15.9 104.7 21.0 89.3 126.5 67.3 136.0 

2015 148.5 176.2 116.0 58.7 57.8 11.9 50.0 71.8 39.9 154.3 93.3 143.2 

2016 26.6 107.9 58.3 56.0 91.1 27.6 47.0 32.2 130.0 56.8 95.9 151.8 

2017 85.1 60.1 40.4 112.9 77.1 42.2 67.8 39.7 72.4 77.2 133.4 70.6 

2018 112.3 172.1 27.0 22.0 73.4 44.3 76.3 18.9 142.2 197.9 109.4 82.1 

2019 81.9 76.1 60.0 21.6 11.4 9.8 23.2 42.0 125.7 153.5 14.1 170.0 

2020 182.6 162.6 139.9 86.1 45.0 37.9 103.8 106.8 153.6 136.0 172.5 144.0 

2021 76.0 47.9 127.6 87.7 11.2 52.2 49.8 46.3 216.3 136.4 96.7 64.6 
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Table 28 Average monthly air humidity (%) in Bolungarvík, Iceland (1999-2021). Station No. 

2738 

Year 
Month 

J F M A M J J A S O N D 

1999 - - - - - - - - 76 82 77 81 

2000 77 80 80 68 76 71 78 80 76 79 83 81 

2001 75 75 80 79 75 69 76 79 77 81 73 72 

2002 77 79 78 77 74 73 80 80 79 71 77 77 

2003 78 73 76 75 71 76 79 81 73 77 81 80 

2004 81 76 74 79 78 74 73 71 77 75 76 77 

2005 79 76 76 76 66 74 78 77 73 81 77 77 

2006 78 80 79 75 74 76 77 81 79 78 79 78 

2007 79 75 80 73 75 70 74 78 75 77 73 76 

2008 76 80 80 74 78 72 77 75 72 76 75 73 

2009 83 74 82 81 73 73 76 80 75 76 82 80 

2010 75 77 79 72 75 68 77 79 76 77 79 72 

2011 80 79 72 73 80 75 72 79 78 82 79 78 

2012 79 78 75 78 68 71 71 76 76 75 80 81 

2013 78 79 76 76 78 75 75 75 76 80 74 79 

2014 84 85 78 78 73 80 84 76 75 78 78 80 

2015 78 78 74 74 74 74 80 83 78 78 81 80 

2016 77 81 78 77 73 81 82 80 80 75 78 81 

2017 81 81 78 77 82 79 84 81 83 79 76 77 

2018 79 74 76 76 74 79 80 79 80 80 85 79 

2019 78 79 77 73 75 74 80 82 84 77 77 82 

2020 82 82 80 77 70 75 80 79 80 82 79 82 

2021 78 80 80 77 69 73 78 81 79 82 80 80 

 

Table 29 Prevailing wind directions (%) on Bolungarvík meteostation (1999-2021). Station No. 

2738 

Speed N NE E SE S SW W NW 

0-4 m/s 5% 12% 8% 2% 4% 10% 9% 2% 

4-8 m/s 8% 24% 15% 3% 5% 15% 11% 2% 

8-12 m/s 9% 32% 15% 3% 5% 17% 11% 2% 

12-16 m/s 9% 36% 15% 3% 5% 18% 11% 2% 

>16 m/s 9% 36% 15% 3% 5% 18% 12% 2% 
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Appendix E 

Table 30 Average daily seawater temperatures (°C) in the port of Bolungarvík (2021-2022). 

Logger No. 299 

Day/Month J F M A M J J A S O N D 

1 3.0 2.5 1.8 2.8 4.2 6.1 8.5 9.9 11.3 7.5 5.7 4.3 

2 2.8 2.8 1.8 2.3 4.1 6.2 8.8 10.1 11.3 7.4 5.3 4.4 

3 2.8 2.9 1.8 2.2 4.2 6.5 9.0 10.1 11.4 7.3 5.6 4.7 

4 3.5 2.4 2.4 2.0 4.3 6.6 9.3 9.9 11.4 7.3 5.8 4.4 

5 3.9 2.0 2.4 2.0 4.3 6.7 9.2 9.8 11.4 7.2 5.6 4.2 

6 3.8 2.1 2.0 2.1 4.1 6.8 8.8 10.0 11.4 7.2 5.3 4.4 

7 4.0 1.9 1.9 2.2 4.0 6.9 8.9 10.1 11.4 6.7 5.0 4.7 

8 4.1 1.7 1.8 2.1 4.2 6.9 8.9 10.1 11.4 6.3 4.8 4.5 

9 3.9 1.8 1.8 2.3 4.2 7.1 9.2 10.0 11.4 6.5 4.8 4.4 

10 4.0 1.9 1.8 2.4 4.1 7.2 9.1 10.1 11.4 6.8 4.9 4.2 

11 3.4 1.8 1.8 2.6 4.3 6.9 9.4 10.4 11.3 6.8 4.9 4.2 

12 2.8 1.4 2.0 3.0 4.5 6.8 9.3 10.5 11.1 6.9 5.1 4.6 

13 2.4 1.3 2.0 2.8 4.6 6.6 9.1 10.6 10.9 6.8 4.9 4.4 

14 2.3 1.7 1.8 2.6 4.9 6.7 9.1 10.7 10.7 6.8 4.9 4.3 

15 2.2 1.6 2.1 2.5 4.9 6.9 9.1 10.7 10.7 6.8 5.0 4.3 

16 2.0 1.8 3.0 2.3 4.9 6.9 9.2 10.8 10.7 6.7 4.9 4.3 

17 2.6 1.8 2.8 2.3 4.7 6.9 9.3 11.0 10.7 5.6 4.7 4.3 

18 3.3 1.7 2.9 2.3 4.7 7.2 9.4 10.9 10.7 5.7 4.6 4.2 

19 2.7 1.5 3.1 2.4 4.9 7.3 9.4 10.9 10.7 5.8 4.6 4.2 

20 2.8 1.5 2.7 2.7 5.0 7.3 9.7 10.9 10.6 5.9 4.4 4.2 

21 3.3 1.8 2.6 2.8 4.9 7.0 9.7 11.0 10.3 6.2 4.4 4.1 

22 3.2 1.8 2.5 2.8 5.2 7.0 9.8 11.0 10.1 6.1 4.5 4.1 

23 2.6 1.7 2.5 2.9 5.2 7.2 9.7 11.0 9.9 6.1 4.6 4.0 

24 2.4 1.7 2.5 3.0 4.9 7.4 9.6 10.9 9.7 6.1 4.5 3.8 

25 2.5 1.9 2.1 3.1 5.0 7.3 9.8 10.9 9.3 5.9 4.7 3.6 

26 2.9 2.5 1.6 3.5 5.3 7.4 9.6 11.0 8.7 5.9 4.7 3.0 

27 2.8 2.7 1.7 3.7 5.8 7.7 9.7 11.0 7.9 5.8 4.9 3.0 

28 3.0 2.2 1.8 4.0 6.1 8.1 9.8 11.0 7.5 5.8 4.7 2.8 

29 2.6   2.0 4.2 5.6 8.1 9.8 11.1 7.5 5.6 4.5 2.7 

30 3.0   2.3 4.4 5.6 8.1 9.8 11.2 7.6 5.7 4.3 2.6 

31 2.6   2.8   5.9   9.7 11.3   5.9   3.2 
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Table 31 Average daily light intensity (lux) in the port of Bolungarvík (2021-2022). Logger No. 

299 

Day/Month J F M A M J J A S O N D 

1 0.0 0.0 28.3 178.3 154.7 258.1 0.0 0.0 0.0 0.0 0.0 0.0 

2 0.0 0.0 40.8 469.4 594.5 238.4 0.0 0.0 0.0 0.0 0.0 0.0 

3 0.0 0.0 50.5 20.0 506.8 252.7 0.0 0.0 0.0 0.0 0.0 0.0 

4 0.0 0.0 35.2 292.9 353.6 112.6 0.0 0.0 0.0 0.0 0.0 0.0 

5 0.0 0.0 47.8 189.9 224.2 191.5 0.0 0.0 0.0 0.7 0.0 0.0 

6 0.0 0.0 31.2 508.6 180.5 327.9 0.0 0.0 0.0 6.1 0.0 0.0 

7 0.0 0.0 81.2 236.4 299.8 93.6 0.0 0.0 0.0 0.0 0.0 0.0 

8 0.0 0.0 71.1 448.5 404.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

9 0.0 0.0 42.2 828.4 332.6 0.0 0.0 0.0 0.0 0.5 0.0 0.0 

10 0.0 0.0 36.1 485.1 503.4 0.0 0.0 0.0 0.0 1.4 0.0 0.0 

11 0.0 0.7 8.8 366.9 408.1 0.0 0.0 0.0 0.0 2.7 0.0 0.0 

12 0.0 5.7 185.5 892.3 372.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

13 0.0 5.2 254.3 748.1 277.6 0.0 0.0 0.0 0.0 0.4 0.0 0.0 

14 0.0 2.9 363.5 273.6 474.3 0.0 0.0 0.0 0.0 1.6 0.0 0.0 

15 0.0 5.7 313.3 91.7 347.1 0.0 0.0 0.0 0.0 1.8 0.0 0.0 

16 0.0 14.7 382.1 311.9 449.2 0.0 0.0 0.0 0.0 1.1 0.0 0.0 

17 0.0 3.5 327.6 277.6 295.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

18 0.0 14.8 35.4 341.8 537.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

19 0.0 17.7 127.2 699.2 490.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

20 0.0 5.2 154.5 912.5 420.9 0.0 0.0 0.0 0.0 2.7 0.0 0.0 

21 0.0 17.5 84.3 203.6 465.8 0.0 0.0 0.0 0.0 1.3 0.0 0.0 

22 0.0 12.8 133.9 169.1 214.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

23 0.0 54.7 505.7 216.6 195.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

24 0.0 52.7 392.9 281.9 387.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

25 0.0 53.1 283.7 363.5 385.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

26 0.0 21.5 312.8 1103.8 422.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

27 0.0 15.9 421.6 485.3 316.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

28 0.0 25.6 316.4 196.7 279.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

29 0.0   474.1 75.1 179.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

30 0.0   462.6 99.8 114.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

31 0.0   209.4   211.7   0.0 0.0   0.0 0.0   
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Table 32 Average daily seawater temperatures (°C) in the port of Bolungarvík (2021-2022). 

Logger No. 300 

Day/Month J F M A M J J A S O N D 

1 - 1.7 1.9 2.9 3.6 6.2 - - - - - - 

2 - 1.9 2.1 2.5 4.1 6.4 - - - - - - 

3 - 2.0 1.8 2.1 4.6 6.7 - - - - - - 

4 - 1.8 2.4 1.9 4.8 6.9 - - - - - - 

5 - 1.6 2.4 1.9 4.5 6.9 - - - - - - 

6 - 2.1 2.0 2.0 4.3 7.1 - - - - - - 

7 - 2.2 2.0 2.0 3.9 7.2 - - - - - - 

8 - 1.8 1.9 1.9 4.3 - - - - - - - 

9 - 1.1 1.9 2.3 4.2 - - - - - - - 

10 - 0.8 1.3 2.6 4.3 - - - - - - - 

11 - 1.1 1.4 2.7 4.7 - - - - - - - 

12 - 1.6 1.8 3.1 4.9 - - - - - - - 

13 - 1.4 1.8 3.1 4.8 - - - - - - - 

14 - 1.4 1.7 2.7 5.3 - - - - - - - 

15 - 1.4 2.0 2.5 5.2 - - - - - - - 

16 - 1.4 3.0 2.5 5.4 - - - - - - - 

17 - 1.3 2.8 2.5 5.0 - - - - - - - 

18 - 1.4 3.0 2.6 5.1 - - - - - - - 

19 - 1.6 3.1 2.6 5.2 - - - - - - - 

20 - 1.5 2.7 2.9 5.4 - - - - - - - 

21 - 1.7 2.7 3.0 5.5 - - - - - - - 

22 0.7 1.8 2.5 3.0 5.5 - - - - - - - 

23 0.8 1.7 2.6 3.1 5.2 - - - - - - - 

24 1.1 1.6 2.6 3.1 5.2 - - - - - - - 

25 0.6 1.8 1.9 3.4 5.3 - - - - - - - 

26 0.2 2.2 0.9 4.0 6.0 - - - - - - - 

27 0.9 2.7 1.0 4.2 6.4 - - - - - - - 

28 1.4 2.1 1.3 4.9 6.5 - - - - - - - 

29 1.8   1.9 4.5 5.8 - - - - - - - 

30 1.1   2.4 4.2 5.6 - - - - - - - 

31 1.5   2.8   6.0 - - - - - - - 
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Table 33 Average daily light intensity (lux) in the port of Bolungarvík (2021-2022). Logger No. 

300 

Day/Month J F M A M J J A S O N D 

1 - 117.5 21.1 1193.0 110.1 193.7 - - - - - - 

2 - 32.7 27.4 1594.6 244.7 241.3 - - - - - - 

3 - 32.5 15.9 116.8 245.6 248.7 - - - - - - 

4 - 14.8 8.3 636.9 174.0 63.7 - - - - - - 

5 - 15.9 13.9 112.8 113.7 128.1 - - - - - - 

6 - 56.3 8.5 226.3 77.8 224.3 - - - - - - 

7 - 44.9 24.9 446.0 166.2 149.7 - - - - - - 

8 - 42.6 24.0 268.7 257.9 - - - - - - - 

9 - 12.6 17.0 340.9 168.6 - - - - - - - 

10 - 17.0 11.4 507.3 314.8 - - - - - - - 

11 - 17.5 3.4 194.2 271.3 - - - - - - - 

12 - 22.9 2.7 172.5 279.9 - - - - - - - 

13 - 20.0 5.6 296.9 184.3 - - - - - - - 

14 - 173.3 7.0 303.0 367.8 - - - - - - - 

15 - 79.8 5.2 120.9 343.1 - - - - - - - 

16 - 46.4 6.7 328.3 513.8 - - - - - - - 

17 - 0.7 5.2 431.9 230.1 - - - - - - - 

18 - 8.3 1.8 366.6 447.6 - - - - - - - 

19 - 6.5 926.3 458.6 468.5 - - - - - - - 

20 - 2.9 1180.7 426.3 444.0 - - - - - - - 

21 - 6.5 640.0 366.4 440.0 - - - - - - - 

22 12.7 10.3 908.4 344.0 124.7 - - - - - - - 

23 5.8 19.1 3274.0 389.5 150.3 - - - - - - - 

24 29.8 20.2 3345.3 366.6 454.3 - - - - - - - 

25 12.1 33.4 1550.0 399.2 446.0 - - - - - - - 

26 114.1 6.1 821.9 307.2 565.8 - - - - - - - 

27 15.2 7.9 941.6 461.5 1225.3 - - - - - - - 

28 29.2 13.7 387.3 454.8 435.7 - - - - - - - 

29 20.0   982.0 178.5 163.0 - - - - - - - 

30 128.7   1132.0 176.7 54.7 - - - - - - - 

31 70.9   815.8   124.0 - - - - - - - 
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Table 34 Average daily seawater temperature (°C) in the port of Bolungarvík (2021-2022). 

Logger No. 301 

Day/Month J F M A M J J A S O N D 

1 1.0 1.3 1.8 3.2 3.4 6.2 9.2 10.4 11.5 3.8 3.7 2.6 

2 1.6 1.7 1.6 2.8 4.2 6.5 9.6 10.4 11.5 4.4 3.2 3.1 

3 1.7 1.9 1.5 1.9 4.8 6.9 9.6 10.4 11.5 4.6 4.8 3.8 

4 1.6 1.4 2.3 0.6 4.9 6.8 10.2 10.2 11.6 5.1 5.1 3.2 

5 2.7 0.9 2.4 0.6 4.6 6.9 9.7 10.2 11.5 4.7 4.5 3.2 

6 3.1 1.2 2.0 0.7 4.5 7.1 9.0 10.4 11.4 5.3 3.4 3.7 

7 3.3 1.1 2.0 0.3 4.0 7.2 9.3 10.6 11.4 5.2 2.3 4.1 

8 3.2 0.8 1.9 0.8 4.5 7.2 9.4 10.5 11.5 4.7 3.6 3.8 

9 3.2 0.7 1.8 1.5 4.3 7.5 9.5 10.4 11.5 4.9 4.2 3.5 

10 3.6 1.0 1.2 1.8 4.4 7.4 9.6 10.6 11.6 5.3 3.9 3.5 

11 3.0 1.1 0.1 2.2 4.8 6.8 10.0 11.0 11.4 5.6 4.0 3.4 

12 2.5 0.5 -0.5 2.5 5.1 7.0 9.7 11.1 10.5 6.0 4.6 4.0 

13 1.8 0.8 -0.6 3.4 4.9 6.8 9.4 11.1 10.7 5.6 4.1 4.0 

14 2.0 1.1 -0.1 3.4 5.3 7.2 9.3 11.2 10.6 6.2 4.4 3.9 

15 1.7 1.2 -0.4 2.7 5.3 7.5 9.3 11.1 10.7 6.1 4.5 3.7 

16 1.0 1.3 2.3 2.7 5.5 7.2 9.5 11.2 10.8 4.5 4.1 4.0 

17 1.7 1.2 3.5 2.6 5.1 7.5 9.9 11.4 10.7 3.6 3.7 3.9 

18 2.2 1.1 5.3 2.6 5.2 7.7 10.0 11.4 10.7 4.1 3.8 3.5 

19 1.7 1.5 2.5 2.5 5.3 7.8 10.0 11.2 10.7 4.1 3.5 3.7 

20 2.5 1.4 2.6 2.9 5.5 7.8 10.3 11.1 10.3 5.0 3.1 3.2 

21 2.7 1.6 2.5 3.2 5.5 7.3 10.3 11.3 9.9 5.4 3.8 2.3 

22 1.7 1.8 2.2 3.2 5.6 7.2 10.3 11.3 9.3 4.9 3.9 2.4 

23 1.1 1.6 2.5 3.6 5.2 7.7 10.1 11.2 9.3 5.5 2.9 2.7 

24 1.0 1.6 2.4 3.7 5.4 7.7 10.1 11.1 8.8 5.6 2.9 3.3 

25 0.7 1.8 1.3 4.1 5.5 7.7 10.1 11.3 7.9 5.0 3.7 2.7 

26 0.7 2.1 0.4 3.2 6.1 7.8 10.0 11.2 7.2 5.0 3.8 1.5 

27 1.4 2.6 0.5 3.6 6.3 8.2 9.9 11.2 7.0 4.7 4.1 1.4 

28 1.6 2.1 0.2 4.5 6.6 8.8 10.2 11.3 6.3 4.5 4.1 1.0 

29 1.7   0.8 4.4 5.8 8.6 10.3 11.4 5.3 4.2 2.6 0.8 

30 1.6   2.0 4.1 5.6 8.6 10.5 11.4 5.0 4.6 2.5 1.4 

31 1.2   2.8   6.1   10.3 11.5   4.7   2.1 
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Table 35 Average daily light intensity (lux) in the port of Bolungarvík (2021-2022). Logger No. 

301 

Day/ 

Month 
J F M A M J J A S O N D 

1 9.4 29.2 15.9 717.4 47.1 37.2 86.8 7.9 0.9 9.6 14.6 36.6 

2 7.0 27.8 57.6 550.1 123.8 51.6 68.2 12.1 5.8 5.8 13.0 1.1 

3 15.0 26.2 8.1 146.0 132.5 82.1 54.7 29.8 1.8 8.5 42.1 40.1 

4 21.3 31.1 3.6 296.9 133.9 15.3 39.2 64.1 3.4 15.2 7.9 26.0 

5 0.0 6.2 5.8 253.6 49.3 21.1 38.8 23.1 4.7 45.7 13.6 0.0 

6 0.7 38.0 5.2 139.9 27.1 51.4 10.3 72.2 1.8 15.5 52.4 6.7 

7 0.5 12.9 12.1 147.8 43.5 98.8 64.8 20.4 4.5 21.3 34.9 1.1 

8 0.0 82.0 12.1 91.7 59.7 237.5 40.8 31.8 3.1 46.3 8.3 0.7 

9 0.0 19.5 7.6 164.2 38.3 223.4 34.8 7.0 10.3 38.7 2.9 0.2 

10 0.0 19.2 4.9 562.0 70.0 18.8 53.8 45.7 9.0 209.9 2.7 4.0 

11 0.7 14.0 91.9 170.4 98.9 14.4 39.5 41.7 0.0 29.1 13.5 0.2 

12 0.0 6.2 134.6 176.3 126.5 56.3 20.6 54.7 0.0 10.1 10.3 0.0 

13 0.0 8.1 42.8 68.8 59.0 18.8 15.7 58.1 0.0 14.4 6.1 0.0 

14 0.7 14.7 59.7 49.8 91.5 42.2 13.0 54.9 0.0 28.3 5.6 0.0 

15 3.4 13.1 45.1 28.0 65.0 57.4 14.8 25.8 0.9 18.6 4.0 0.0 

16 2.0 22.3 93.1 65.3 95.3 22.7 12.3 24.5 0.2 14.6 4.9 0.0 

17 0.5 17.3 104.1 72.4 60.1 50.5 46.2 8.1 0.0 17.5 22.7 1.8 

18 3.6 36.1 136.6 84.5 108.3 46.9 47.8 20.9 0.0 66.9 19.5 4.9 

19 40.1 1.8 1019.9 65.5 95.5 47.3 21.3 9.2 2.5 37.0 16.1 10.3 

20 4.3 0.2 574.1 113.0 137.0 90.2 36.3 13.0 2.0 14.6 36.6 3.4 

21 0.7 0.9 393.6 48.0 145.1 14.6 43.3 24.0 0.0 156.3 6.3 3.6 

22 44.2 1.8 448.1 46.4 99.3 20.6 38.8 8.5 0.2 20.4 0.2 1.8 

23 1.6 5.2 1038.3 55.6 51.4 65.0 15.2 4.3 0.0 22.2 0.5 2.0 

24 35.5 6.3 746.3 69.1 83.0 35.7 37.2 3.4 0.0 40.1 2.0 0.7 

25 8.9 6.7 863.4 60.3 99.6 34.3 5.6 6.5 0.0 5.4 3.1 0.0 

26 2.9 1.6 1242.6 35.9 132.1 67.5 9.4 3.1 1.8 19.1 7.0 0.0 

27 1.9 2.7 505.9 170.7 104.1 57.4 7.9 2.0 1.8 0.0 1.6 2.2 

28 0.3 4.0 103.8 411.5 89.0 54.7 42.8 7.6 10.1 2.7 1.3 0.2 

29 10.8   524.5 143.7 51.4 41.9 52.9 3.8 5.4 5.6 0.2 0.2 

30 16.9   1060.9 54.9 14.1 63.7 93.7 6.7 3.8 5.8 0.5 0.2 

31 29.2   725.2   34.5   28.5 12.1   20.2   0.7 
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Table 36 Average daily seawater temperature (°C) in the port of Bolungarvík (2021-2022). 

Logger No. 302 

Day/Month J F M A M J J A S O N D 

1 3.0 2.4 1.8 2.8 4.2 6.0 8.7 10.0 11.4 7.5 5.8 4.2 

2 2.7 2.8 1.8 2.3 4.2 6.1 9.0 10.2 11.4 7.5 5.3 4.4 

3 2.7 2.9 1.8 2.1 4.3 6.4 9.2 10.2 11.4 7.4 5.6 4.7 

4 3.6 2.4 2.3 1.9 4.3 6.6 9.4 9.8 11.5 7.3 5.8 4.2 

5 3.9 1.9 2.4 2.0 4.4 6.5 9.2 9.9 11.4 7.2 5.6 4.1 

6 3.8 2.1 2.0 2.1 4.2 6.7 8.8 10.1 11.5 7.1 5.4 4.4 

7 4.0 1.9 2.0 2.1 4.1 6.8 8.9 10.1 11.5 6.7 5.0 4.6 

8 4.0 1.7 1.8 2.1 4.2 6.9 8.9 10.1 11.5 6.3 4.9 4.5 

9 3.9 1.8 1.8 2.3 4.3 7.2 9.3 10.1 11.5 6.5 4.8 4.3 

10 3.9 1.9 1.7 2.4 4.1 7.3 9.1 10.2 11.4 6.8 4.8 4.2 

11 3.3 1.9 1.6 2.6 4.4 6.9 9.5 10.5 11.4 6.8 4.9 4.2 

12 2.7 1.5 1.9 2.9 4.6 6.7 9.3 10.6 11.1 6.8 5.0 4.5 

13 2.3 1.3 1.9 2.9 4.6 6.5 9.1 10.7 10.9 6.8 4.8 4.4 

14 2.1 1.7 1.7 2.6 4.9 6.7 9.1 10.8 10.7 6.8 4.9 4.3 

15 2.1 1.6 1.9 2.4 5.0 6.9 9.2 10.7 10.8 6.8 4.9 4.3 

16 1.9 1.8 2.7 2.4 5.0 6.9 9.2 10.9 10.8 6.7 4.8 4.2 

17 2.7 1.8 2.8 2.3 4.8 6.8 9.4 11.1 10.8 5.8 4.5 4.1 

18 3.3 1.7 2.8 2.4 4.8 7.2 9.4 10.9 10.7 5.7 4.5 4.0 

19 2.7 1.5 3.1 2.4 4.9 7.4 9.5 11.0 10.7 5.8 4.5 4.1 

20 2.8 1.5 2.8 2.7 5.0 7.3 9.8 10.9 10.6 5.9 4.4 4.1 

21 3.2 1.7 2.6 2.9 5.0 7.0 9.7 11.0 10.3 6.2 4.3 4.0 

22 3.1 1.8 2.4 2.9 5.4 7.0 9.9 11.0 10.0 6.1 4.4 4.0 

23 2.5 1.7 2.5 2.9 5.2 7.3 9.7 11.0 9.9 6.1 4.5 3.9 

24 2.3 1.6 2.5 3.0 5.0 7.4 9.7 10.9 9.6 6.1 4.4 3.7 

25 2.5 1.8 1.9 3.1 5.0 7.4 9.9 11.0 9.0 5.9 4.7 3.5 

26 2.8 2.4 1.2 3.5 5.3 7.5 9.7 11.0 8.4 5.9 4.6 3.0 

27 2.8 2.6 1.4 3.7 5.8 8.0 9.8 11.1 7.8 5.8 4.8 2.9 

28 2.9 2.2 1.5 4.2 6.0 8.4 9.9 11.1 7.4 5.8 4.7 2.8 

29 2.5   1.9 4.3 5.5 8.2 9.8 11.2 7.5 5.7 4.4 2.5 

30 3.0   2.1 4.5 5.6 8.1 9.7 11.3 7.5 5.8 4.2 2.6 

31 2.6   2.7   5.8   9.7 11.4   5.9   3.2 
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Table 37 Average daily light intensity (lux) in the port of Bolungarvík (2021-2022). Logger No. 

302 

Day/Month J F M A M J J A S O N D 

1 0.0 0.7 85.4 93.3 354.3 94.2 2.5 19.1 0.0 8.5 2.5 0.5 

2 0.0 2.0 101.1 134.1 653.7 26.9 0.0 68.0 0.0 17.5 6.1 0.2 

3 0.0 6.1 103.6 15.9 776.4 37.5 30.3 73.6 0.0 0.7 9.9 0.9 

4 0.0 4.0 68.6 60.8 804.8 30.0 20.4 249.4 0.0 5.8 13.5 0.0 

5 0.0 0.0 94.6 94.6 277.8 62.3 16.4 208.7 0.0 37.2 11.4 0.0 

6 0.0 0.0 83.0 130.5 183.2 111.7 23.1 316.6 20.6 52.5 1.8 0.0 

7 0.0 0.2 134.8 115.0 317.3 469.7 44.2 261.4 25.6 11.2 5.8 0.0 

8 0.0 0.0 150.7 270.7 450.1 271.1 81.4 201.9 102.0 2.7 5.2 0.0 

9 0.0 2.2 121.5 282.3 267.3 259.8 59.0 106.3 157.0 20.4 0.0 0.0 

10 0.0 0.2 83.9 180.5 379.4 183.7 174.2 287.7 366.2 25.6 0.0 0.0 

11 0.0 24.7 29.6 139.9 664.0 63.5 96.6 276.7 12.3 24.2 0.5 0.0 

12 0.0 63.8 141.1 98.0 557.3 202.3 57.2 150.9 0.0 8.1 3.4 0.0 

13 0.0 35.5 150.0 152.9 353.9 143.1 106.3 86.3 0.0 12.8 4.7 0.0 

14 0.0 26.0 181.6 116.8 533.7 342.7 202.7 46.9 0.0 19.5 0.2 0.0 

15 0.0 31.5 129.8 34.5 321.3 308.1 131.6 20.2 0.0 24.0 0.0 0.0 

16 0.0 30.9 106.1 91.3 345.6 200.9 68.4 19.1 0.0 26.5 0.2 0.0 

17 0.0 15.8 87.9 146.0 307.9 346.0 62.8 3.4 0.0 8.5 1.6 0.0 

18 0.2 37.1 51.2 81.0 399.8 410.4 28.7 2.0 0.0 2.2 0.9 0.0 

19 2.2 73.6 360.6 177.2 285.5 363.1 12.1 7.6 0.0 11.9 1.8 0.0 

20 0.0 30.7 291.1 164.2 271.1 201.8 57.2 303.0 6.1 30.0 1.1 0.0 

21 0.0 54.7 178.7 203.4 321.1 49.6 78.3 222.9 0.0 23.3 0.0 0.0 

22 0.0 51.8 239.7 230.1 298.5 29.8 150.0 96.9 64.6 10.8 0.0 0.0 

23 0.0 111.0 508.8 291.1 250.9 88.4 45.5 76.9 51.8 26.9 0.0 0.0 

24 0.0 124.5 588.7 224.9 473.6 35.9 164.4 35.0 42.6 4.9 0.0 0.0 

25 0.0 100.9 339.7 249.4 482.4 12.8 135.1 6.5 0.2 0.7 0.0 0.0 

26 0.0 55.6 366.9 592.2 545.1 11.7 128.0 11.2 0.4 4.0 0.9 0.0 

27 0.0 37.5 407.7 709.5 417.1 5.2 250.6 0.0 0.0 0.0 0.0 0.0 

28 0.0 52.7 274.9 921.7 270.0 29.4 266.6 0.2 0.0 0.0 0.0 0.0 

29 0.0   324.0 410.6 118.2 27.4 133.0 0.0 0.0 0.0 0.0 0.0 

30 0.0   331.7 275.4 54.3 20.2 101.6 0.0 17.5 0.0 0.0 0.0 

31 0.0   218.4   104.1   34.5 0.0   3.8   0.0 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


