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SAMMANFATTNING 

Många system för småskalig avloppsrening (OWT) i Sverige är inte hållbara 
när det gäller reningsseffektivitet, näringsåtervinning och ekonomi. Milstolpen 
för att uppnå pålitlig och hållbar teknik för OWT kräver noggranna 
undersökningar av prestandan för att en ny och förbättrad teknik ska kunna 
utvecklas inom området. Denna studie har syftat till att bidra med kunskap 
och erfarenhet genom att undersöka prestandan för en ny teknik för OWT 
genom undersökningar av funktionen i verklig fältmiljö. Det studerade 
systemet integrerar behandlingsteknik med klassisk slamavskiljning följt av 
minireningsverk med filtermaterial (PTP) och sist ett poleringssteg med 
våtmark som drivs med sekventiell påfyllnad av vatten (SBCW).  

Studien kombinerade tre tillvägagångssätt: fältövervakning, 
kolonnexperiment i laboratorieskala och processbaserad modellering. Syftet 
var att ge bättre förståelse för systemets prestanda och förutsäga 
föroreningarnas avskiljning i olika delar av anläggningen samt testa svaren från 
systemet på olika miljöfaktorer, utförd konstruktion och driftsförhållanden 
under olika årstider. De sammanvägda resultaten indikerade att hela systemet 
är mer effektivt för behandling av total-fosfor (83%), biologiskt syretärande 
ämnen (BOD7 , 99%) och E. coli-bakterier (89%) och mindre effektiv för total 
borttagning av oorganiskt kväve (22%). Medelkoncentration av fosfor i det 
renade avloppsvattnet efter SBCW var 0,96 mg / L  och pH 8,8 vilket ligger 
under det svenska rekommenderade värdena för enskilda avlopp. Detta är en 
indikation på att denna systemlösning kan vara en tillförlitlig och hållbar 
teknik för OWT under kalla klimatförhållanden. 

En kompletterande tredimensionell (3D) -modell som utvecklades med 
COMSOL Multiphysics®-programvara befanns vara ett användbart verktyg 
och snabb metod för att förutsäga beteendet hos komplex hydraulisk dynamik 
och insikter erhölls om den rumsliga och temporära variationen i 
sorptionsprocesser orsakade av förändring av olika designscenarier, 
miljöfaktorer och driftssätt. Genom processbaserad modellering identifierade 
studien framgångsrikt reaktiva filtermaterials (RFM) livslängd och 
konstruktionsscenarier där SBCW kan omformas för ökad hållbarhet i OWT-
systemet. Denna studie drar slutsatsen att den långsiktiga prestandan och 
livslängden hos de reaktiva filtermaterialen i PTP-systemet kan uppnås om 
avloppsvattnen påfylls intermittent i en låg koncentration (<3 mg / L). Ett 
konstruktionsscenario visade att avskiljningen av fosfor och kväve i SBCW 
kan förbättras genom att dräneringsrör och tillförsel av avloppsvatten ändras 
i förhållande till befintlig lösning 
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ABSTRACT 

Many on-site wastewater treatment systems in Sweden are not sustainable in 
terms of treatment efficiency, nutrient recycling and economics. Achieving 
reliable and sustainable systems to meet on-site wastewater treatment 
demands requires comprehensive field investigations of the performance of 
novel technologies. This thesis investigated the performance of a new leading-
edge technology for on-site wastewater treatment in a real field environment 
in northwest of Baltic Proper Sea, Sweden. The system integrates septic tank 
treatment technology with a package treatment plant (PTP) and a sequencing 
batch subsurface flow constructed wetland (SBCW). The investigation 
combined three approaches: field monitoring, laboratory-scale column 
experiments and process-based modelling, to provide a better understanding 
of system performance, predict contaminant retention and test system 
response to various environmental factors, design scenarios and operational 
conditions.  

The overall results indicated that the entire system is efficient in removing 
total phosphorus (83%), biological oxygen demand (BOD7, 99%) and 
Escherichia coli bacteria (89%). It is less efficient in total inorganic nitrogen 
removal (22%). Mean concentration of phosphorus (0.96 mg/L) and pH (8.8) 
in effluent from the entire system were found to be below the Swedish 
threshold values for on-site wastewater discharge. This indicates that the 
system could be reliable and sustainable technology for on-site wastewater 
treatment in cold climate conditions.  

A complementary three-dimensional (3D) model developed using 
COMSOL Multiphysics® software proved to be a useful and rapid tool for 
predicting the behaviour of complex hydraulic dynamics. It provided valuable 
insights into the spatial and temporal variability in sorption processes caused 
by changes in different wastewater treatment system design parameters, 
environmental factors and modes of operation. Through process-based 
modelling, a reactive filter material with longer lifetime and a SBCW design 
that improved the sustainability of on-site wastewater treatment system were 
successfully identified.  

It was concluded that long-term performance of reactive filter materials in 
PTP systems can be achieved when the system is loaded intermittently with 
low influent contaminant concentrations (<3 mg/L). Optimum phosphorus 
and nitrogen removal in SBCW can be achieved by manipulating drainage pipe 
placement and feeding mode, to enable longer contact time and artificial 
aeration conditions. 
 

Key words: Constructed wetland; design optimization; phosphorus; 
nitrogen; porous media; reactive modelling 

1. INTRODUCTION 

The significant contribution of this thesis lies in improving 
knowledge and experiences by providing in-depth investigations on 
the performance and design possibilities for better sustainability of 
on-site wastewater treatments (OWT) in Sweden. To fully facilitate 
a better understanding of the performance and functions of OWT 
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systems, a newly designed full-scale OWT was installed in the field 
and monitored for six months. Different design scenarios were 
evaluated and the response of the system was studied in column 
laboratory-scale experiments. The long-term sorption capacity and 
longevity of reactive filters was examined in modelling studies. The 
principles of filtration material properties and contaminant 
transport and adsorption were applied to investigate the 
performance and fate of pollutant removal, with the overall 
intention of improving the sustainability of OWT in Sweden.  
 
This first chapter in the thesis provides a brief overview of the fate 
and impacts of discharging undertreated wastewater to the 
environment and describes the legislation implemented to protect 
water quality and the environment. The aim of the present work, the 
research questions evaluated in each of Papers I-IV and the 
structure and delimitation of the work are also presented in this 
chapter. Chapter 2 reviews the sustainability of various filtration 
technologies for OWT and their underpinning processes for 
nutrient (phosphorus and nitrogen) and pathogen removal. Chapter 
3 describes the methodological approaches used to monitor and 
model the performance of the full-scale OWT system and set-ups 
of the replicate column experiments in the laboratory. Chapter 4 
presents the results and discusses the practical implications in reality. 
The lessons learnt, conclusions and suggestions for future work that 
could lead to reliable and sustainable designs of OWT in Sweden 
are presented in Chapter 5. The four scientific papers on which the 
thesis is based (Papers I-IV) are appended at the end of this thesis. 

1.1. Problems of pollution from on-site wastewater treatment 

In Sweden, wastewater treatment facilities that serve up to 200 
person-equivalents (p.e.) in small communities are referred to as on-
site wastewater treatment (OWT) systems (Swedish EPA, 2016). 
There are over 700 000 single households in Sweden with an OWT 
system and 26% of these systems are operating below Swedish 
standards for effluent discharge to the environment (Swedish EPA, 
2009). Discharge of untreated wastewater from OWT facilities have 
been acknowledged as the major point source of  contamination of 
groundwater and surface water in Sweden (HELCOM, 2014). 
Discharges of untreated wastewater are the source of various 
problems in surrounding environments, including excessive 
enrichment of nutrients to lakes and seas, so-called eutrophication, 
and transport of pathogenic contaminants (bacteria and virus) and 
other persistent organic pollutants such as polyaromatic 
hydrocarbons, pharmaceuticals, polychlorinated biphenyls and 
personal care products to the groundwater (Clement et al., 1997). 
There are different pathways by which these pollutants can be 
transported from the OWT system through unsaturated soil to the 
groundwater and recipient river, lakes and seas. There are short 
pathways where the pollutants percolate directly to the groundwater 
and longer pathways where the pollutants are filtered by being 
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adsorbed and intercepted in the pores of soil media before reaching 
the recipient waters. The rates of filtration of these pollutants 
depend on the hydraulic conductivity of the soil medium and 
interactions between the groundwater and transported pollutants. 
The challenge is that when the groundwater level is shallow, the 
infiltrated pollutants can be re-infiltrated back to the surface 
through base flow. It is worth noting that the threats to the 
environment posed by poorly functioning OWT systems may vary 
significantly with the hydraulic properties of the filter medium, 
weather conditions and distance between the polluter OWT system 
and recipient waters. An OWT system located close to water bodies 
and shallow groundwater may have the greatest impacts in causing 
waterborne diseases and elevating the problem of eutrophication of 
surface waters. The rates of pollutant transport from an OWT 
system that is built in the shallow groundwater layer may be 
completely influenced by changes in weather condition, especially in 
rainfall, but injections of waterborne diseases to the deep 
groundwater aquifer will be quite low and probably stable, because 
most pollutants are chemically adsorbed and attached to the soil 
profile during transport. This is the reason why drinking water from 
deep groundwater aquifers is pure and safe for human consumption 
and water taken from lakes, rivers and streams is not. 
 
According to the World Resources Institute (WRI), eutrophication 
is a global problem that is affecting more than 500 coastal and 
estuary areas around the world (WRI, 2013). Of these, the Baltic Sea, 
Gulf of Mexico and coastal areas of Eastern China are the most 
affected areas (Levin et al., 2009; Diaz & Rosenberg, 2008; Galloway 
et al., 2008). An alarming trend in nutrient enrichment in the Baltic 
Sea was noticed to be a serious problem during the mid-20th century 
(1950s), when the use of mineral fertilisers to increase agricultural 
productivity was extensive. The excess nutrients and organics that 
drained to the Baltic Sea during this period accelerated growth of 

Figure 1. Inputs of nitrogen and phosphorus from the Baltic Proper basin in Sweden to 
the Baltic Sea. Source: SMED, according to HELCOM calculation for PLC-5 report. 



 

     Rajabu Hamisi                                                                                                   TRITA-ABE-DLT-1930

 

4 

 

 

macroalgae and reduced water clarity (oligotrophic) to more turbid 
and less oxygenated (eutrophic) conditions. These problems have 
been resulting in death of fish and toxic algal blooms, reducing the 
recreational appeal of the water along coastal areas and increasing 
the risks of waterborne diseases. Diaz and Rosenberg (2008) 
reported the threshold oxygenation value for the survival of aquatic 
organisms to be greater than 2 mgO2/L in seawater and greater than 
5 mgO2/L in freshwater.  
 
The main diffuse source of riverine transport is agricultural runoff 
(46%) and the leading point sources are discharges from municipal 
sewage treatment plants (24%) and on-site treatment systems (12%) 
(Figure 1). Although the percentage of phosphorus (P) loads from 
households is small, the gross contribution of untreated wastewater 
from these systems can pose a more severe threat to the 
environment than the total discharge from municipal wastewater 
treatment plants (WWTP). This is because the discharge wastewater 
from on-site treatment facilities always has high concentrations of 
pollutants, but the flow fluctuates according changes in weather 
condition and number of persons served in the household. The 
latest evidence from Vidal et al. (2018), who surveyed the treatment 
performance of OWT systems in Sweden, shows that old septic tank 
systems supplemented with sand filters have high total phosphorus 
(Total-P) concentrations that range between 6 and 29 mg/L, 
depending on the number of person-equivalents in the household 
and the sources of phosphorus pollutants. In the USA, McCray et 
al. (2005) have reported that poorly functioning OWTs system with 
septic tanks are one of the leading point sources for groundwater 
pollution. The combined effects of pollutant leaching to the 
groundwater and surface water have prompted the introduction of 
new, more stringent legislations and commitments by all Baltic Sea 
member states to establish more cohesive mitigation measures. 

1.2. Legal action for water quality protection 

In order to achieve the Swedish environmental quality objective of 
zero eutrophication and good quality groundwater, the Swedish 
government has devised several pieces of legislation and identified 
the most sensitive areas where cohesive measures should be 
implemented. The current legislation (Naturvårdsverkets 
författningssamling, ISSN 1403-8234, NFS 2006:7) requires 
nutrient removal from OWTs to be greater than 90% for PO4-P, 
70% for Total-P, 50% for nitrogen (N) and 90% for biological 
oxygen demand (BOD), and pH in effluent to not exceed 9 in 
sensitive or protected areas (Swedish EPA, 2018). These values 
correspond to water quality discharge criteria of less than 1 mg/L 
for PO4-P, 3 mg/L for Total-P, 40 mg/L for nitrogen and 30 mg/L 
for BOD7. The EU Bathing Water Directive (2006/7/EC) requires 
excellent quality of discharged of on-site wastewater, with <200 
intestinal enterococci colony-forming units (CFU) per 100 mL and 
<500 Escherichia coli CFU/100 mL. The Swedish water management 
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plans (2016-2021) and commitment of the Swedish government to 
the Baltic Sea Action Plan are available at 
(http://www.vattenmyndigheterna.se). The Swedish government 
has committed to implementing these measures as cross-sectoral 
issues in accordance with the EU Water Framework Directive 
(WFD) under the Baltic Sea Action Plan (HELCOM, 2007). The 
target is to achieve good ecological status of the Baltic Sea by 2021. 
Assessment of these measures is evaluated based on the amounts of 
nutrient inputs to the Baltic Sea.  
 
The measures involving OWT systems demand replacement of all 
poorly functioning septic tanks with new systems or re-fitting of 
existing systems with add-on treatment technology of high 
efficiency. From a sustainability point of view, the required add-on 
technologies concern those technologies capable of satisfying the 
established standards and providing the economic benefits of 
treating wastewater throughout the year, without increasing the 
costs to the owner of energy consumption, operation and 
maintenance. The Swedish Agency for Marine and Water 
Management (SwAM) has been commissioned to supervise all 
national commitments to the Baltic Sea and to implement various 
legislation envisaged to reduce nutrient loads, based on EU WFD 
(2000/60/EC) and the EU Marine Strategy Framework Directive 
(2008/56/EC). The main responsibility for issuing permits for 
OWT construction, follow-up and monitoring of the standards of 
water discharged to the environment rests with the environmental 
inspectors at the local municipality level. The County 
Administration Boards in Sweden have the responsibility for 
coordinating water management plans and monitoring mitigation 
programmes at the county level. Research institutions, universities 
and private companies have the responsibility for researching and 
investigating different technologies and providing invaluable 
knowledge to the public and to assist decision makers to make 
meaningful decisions from among a range of alternative solutions. 
In general, Sweden follows the European standards (EN 12566-3) 
on monitoring and overseeing the quality of effluents from OWT 
systems. 

1.3. Research motivation 

This thesis work was motivated by the need to develop a leading-
edge technology that can improve the performance of OWT 
systems in Sweden. Previous research has not identified reliable and 
sustainable technology for efficient removal of the multiple 
contaminants from domestic wastewater. As mentioned previously, 
the flow and contaminant concentrations in domestic wastewater 
often fluctuate with changes in season and number of persons 
served by the system. To date, it has proven difficult to achieve the 
treatment standards for phosphorus removal from OWT systems 
which use only a septic tank, or a septic tank supplemented with 
sand filters, as the means of treating wastewater (Wu et al., 2015; 
Arias et al., 2001). However, septic tanks are generally acknowledged 
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to be a feasible solution for fulfilling the requirements on removal 
of BOD and suspended solids (SS) in rural areas (Jenssen et al., 
2010; Vymazal, 2018). In recent years, there has been a marked 
increase in the number of studies investigating the adsorption 
capacity of reactive filter materials (RFM) for use in OWT systems 
(Herrmann et al., 2014; Johansson Westholm, 2006; Renman & 
Renman, 2010; Drizo et al., 2002). Many of these studies have 
reported difficulties in predicting how long RFM can operate 
efficiently before medium replacement is needed (Nilsson et al., 
2013; Cucarella et al., 2009).  
 
Estimation of the lifespan of RFM is crucial to many household 
owners who use these materials for wastewater treatment in rural 
areas, because too early replacement means more costs to the 
household for filter replacement and too late replacement leads to 
risks of pollutant leakage to the environment.  Therefore, there is an 
urgent need to develop a much more reliable and economically 
feasible solution for solving the problem of undertreated wastewater 
from poorly functioning OWT systems.  
 
In order to reliably develop sustainable technology for improved 
OWT and understand the fate and dynamics of pollutant transport 
and sorption in porous media, in this thesis priority was given to 
monitoring the performance of OWT systems in the field and using 
the data obtained as input in developing a three-dimensional (3D) 
process-based model. The model was intended for use in 
investigating the effect on the system of various factors in system 
design, mode of loading, operation and changes in weather 
conditions.  

1.4. Aims and objectives 

The overall aim of this thesis was to obtain knowledge and 
experiences for improving the reliability and sustainability of OWT 
systems in Sweden by conducting in-depth investigations on the 
performance and design possibilities.  

1.4.1. Specific objectives  

Specific objectives were to: 

• Develop a mechanistic model in the COMSOL Multiphysics 
platform to predict phosphorus sorption kinetics and then 
compare the lifetime and sorption capacity of three commercial 
RFMs under a range of initial phosphorus concentrations and 
loading regimes, i.e. continuous and intermittent (Paper I). 

• Investigate the treatment performance of an entire OWT system 
in the field and assess whether it meets the standards for 
wastewater discharge (Paper II). 

• Examine the performance and possibilities for design 
optimisation of sequencing batch subsurface flow constructed 
wetlands (SBCW) through modelling changes to design 
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configuration, management and environmental factors (Paper 
III). 

• Evaluate the phosphorus sorption capacities and risks of 
phosphorus leaching from sand column experiments mimicking 
the response of SBCW when loaded with wastewater from a 
septic tank, biofiltration tank and Polonite® bag and with 
rainwater (Paper IV). 

1.4.2. Research questions 

Comprehensive knowledge and experience of entire OWT system 
function were gained through studying the following empirical 
research questions. In the modelling studies (Papers I and III), the 
guiding research questions were: 

• To what extent do the physicochemical properties of the RFM 
and the loading regime affect spatial sorption kinetics and OWT 
lifetime? 

• Which design parameters are most effective in optimising 
OWT?  

The primary scientific questions guiding the field study (Paper II) 
and replicate column experiment (Paper IV) were: 

• Does adding a SBCW improve the performance of the entire 
OWT system? 

• Do rainwater and snowmelt mobilise phosphorus and nitrogen 
desorption from the sand filter in the SBCW system? 

1.5. Structure and delimitation of the work 

The thematic structure of this thesis and the factors addressed in 
Papers I-IV are illustrated in Figure 2. The main focus in the work 
was to design an OWT and investigate its treatment performance in 
reducing the concentration of the main wastewater parameters: total 
suspended solids (TSS), BOD7, ammonium-nitrogen (NH4-N), 
TIN, phosphate-P (PO4-P), Total-P, waterborne bacteria and pH. A 
newly designed full-scale OWT was constructed in a real Swedish 
environment as an add-on-filter technology and its potential for 
improved sustainability of on-site wastewater treatment in Sweden 
was analysed. The analyses combined three approaches: process-
based modelling, field monitoring and laboratory-scale column 
experiments, to gain knowledge and experience on the dynamics 
and performance of the complex systems involved. The 
combination of these three approaches facilitated a better 
understanding of the complex internal processes of pollutant 
adsorption and hydraulic water flows. It also provided rational 
knowledge on causality, trends in treatment efficiencies and future 
predictions of how long the RFM can remain efficient. The 
application of system was delimited to treating raw domestic 
wastewater from two households in Sweden over the course of four 
seasons (spring, summer, autumn and winter).  
 
The thesis presents and discusses the results from the process-based 
modelling (Papers I, III and IV), monitoring of the field 
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experiment (Paper II) and laboratory column experiment (Paper 
IV). The model developed in Paper I was modified in Paper III 
and used as a specific tool and quick method for predicting the life 
span of the RFM, describing the behaviour of the complex internal 
processes of P-sorption and the hydraulic dynamics of filter 
materials. The adsorption capacity and life span of the RFM were 
evaluated based on the breakthrough of the bed volume and the 
time of reaction needed to attain the maximum phosphorus 
sorption on the adsorbents (i.e. P-saturated). The maximum 
apparent sorption capacity of the adsorbent was delimited by the 
specific properties of the binding sites (i.e. charged free sites), 
temperature, chemistry (pH and concentration) and flow of the 
wastewater to be treated. The flow fluctuated according to the 
number of persons served by the OWT system and with changes in 
weather conditions. All possibilities that could lead to improved 
treatment efficiency of the entire OWT system and reduce the risks 
of leaching in the SBCW are discussed in Papers II and IV.  
 
Because of time and resource constraints, the performance of the 
OWT system was monitored for only six months, from June 2018 

Figure 1. Structure of the thesis and the issues addressed in Paper I (grey section), 
Paper II (orange), Paper III (blue) and Paper IV (green). 
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until December 2018, and pumping tests were carried out on 
different occasions from August 2018 to November 2018. The three 
replicate columns in the laboratory experiments were tested for only 
three months, from October 2018 and January 2019.  These periods 
are too short for accurate forecasts of the long-term performance 
from the field measurement and removal capacity of the engineered 
system. 

 

2. BACKGROUND 

This chapter reviews different innovation and sustainable 
technologies for OWT. It lists the advantages and disadvantages of 
different technology, filter materials and design criteria of 
subsurface flow constructed wetlands (SSF-CW) in Europe. It also 
summarises the models and the underlying processes for modelling 
hydraulic dynamics, sorption kinetics, longevity and transformation 
processes of nitrogen and phosphorus sorption under time-
dependent conditions. 

2.1. Challenges and needs of innovative technologies for OWT 

2.1.1. Current challenges for innovative technologies  

Research interest in identifying affordable adsorptive materials and 
effective designed technology to improve the performance of OWT 
has increased markedly over the past two decades. The current 
concern is to develop a green technology that purifies wastewater 
without adding chemicals. Previous studies have investigated the 
adsorption capacity of RFM in field trials and laboratory-scale 
studies (e.g. Herrmann et al., 2014; Renman & Renman, 2010; 
Johansson Westholm, 2006; Drizo et al., 2002; Brix et al., 2001). 
Other studies have sought to enhance the sustainability of 
constructed wetland technology by reliable means (Nivala et al., 
2007; Kadlec & Wallace, 2009; Kadlec et al., 2000, Vymazal 2014). 
These works have resulted in the identification of RFM with the 
greatest potential for retaining phosphorus (Yan et al., 2018; Bunce 
et al., 2018; Vohla et al., 2011). Based on the current literature and 
experiences from previous research, the main challenge to 
successful application of RFM is high-pH effluents (>pH 9). In the 
worst case scenario, high-pH effluents from RFM affect the growth 
and survival of the most sensitive biota in surface water bodies 
(Mayes et al., 2009; Roadcap et al., 2006). For this reason, many 
environmental authorities, e.g. in Europe, the USA and Canada, 
have set the pH discharge criterion for OWT facilities to between 6 
and 9.5 (Bove et al., 2018). In Sweden, it is recommended to reduce 
pH below 9 before discharge from the OWT unit. 

2.1.2. Need for innovative and sustainable technologies  

There is a great need to develop an integrated natural system with 
far-reaching effectiveness that optimises nitrogen and phosphorus 
removal and also neutralises high-pH effluents from package 
treatment plant (PTP) facilities. The recent advances in RFM 
technology show that many studies have attempted to solve this 
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problem of high-pH effluents. The most recent attempts have 
investigated different methods of material manufacturing to lower 
the pH. Other researchers have investigated the effects of heating, 
cooling and coating on steel slag filter materials (Blanco et al., 2016; 
Park et al., 2016; Barca et al., 2013). Some studies have tested the 
use of different concentrations of CO2-enriched air (Bove et al., 
2018) from biodegradable organic compounds (e.g. COD), sand or 
peat in constructed wetlands (CWs). The recent development of 
innovative technologies has dramatically increased the transition 
from passive to more advanced intensified system. Many studies 
have investigated the performance of single-cell CWs (Vymazal, 
2005, 2018; Brix et al., 2001), compact layered CWs (Nakamura et 
al., 2017), multistage wetlands with a series of wetland cells, artificial 
aerated wetlands (Nivala et al., 2019) and submerged membrane 
bioreactor (MBR) units (Perera et al., 2017). These technologies 
have been tested for treating a wide range of wastewater from single 
households, industries, agricultural runoff, stormwater from roads,  
pharmaceutical industries and emerging organic contaminants 
(EOC) (Nivala et al., 2019; Rostvall et al., 2018; Kahl et al., 2017). 
Despite these scientific efforts, there is still a need to develop more 
reliable and sustainable technologies for operating throughout the 
year in cold countries. 

2.2. Filter substrates for treatment of on-site wastewater  

2.2.1. Reactive substrates  

There are many natural, porous materials found in nature, but not 
all are suitable for filtering the dissolved pollutants from wastewater. 
Reactive porous substrates are defined in this research field as 
materials capable of holding dissolved pollutants in their pore 
spaces through chemical reactions. The holding affinity of these 
materials may depend primarily on the mineral content of the 
reactive metal elements (e.g. calcium, iron, aluminium and 
magnesium), the hydraulic properties of the substrate (particle size 
distribution, porosity and water flow) and the volume of wastewater 
load. Most of the spontaneous reactions that occur on these 
substrates to hold pollutants involve the use of free oxygen as an 
electron acceptor to oxidise contaminant compounds and increase 
their surface charge by forming metal oxides or hydroxides. The 
mechanism of pollutant retention in these substrates can be 
precipitation, adsorption, ion exchange and complexation. These 
materials have attracted huge scientific interest since they have been 
proven to be efficient in achieving the quality requirements for 
wastewater treatment in OWT facilities. Review studies have 
summarised these materials in three groups: natural, industrial by-
product and man-made materials, based on their originality and the 
manufacturing processes (Wu et al., 2015; Vohla et al., 2011; 
Johansson Westholm, 2006). Selection of an appropriate substrate 
plays an important role in enhancing the performance of OWT 
systems. The man-made substrates that have been produced so far 
are Polonite®, Filtra P, FiltralitePTM, LECA (light expanded clay 
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aggregates) and Top16 (Herrmann, 2014; Jenssen et al., 2010; 
Renman & Renman, 2010; Gustafsson et al., 2008; Heistad et al., 
2006). 
 
The main advantage of man-made substrates is that they are highly 
effective in phosphorus sorption, while the main disadvantages are 
that they demand high energy consumption during the 
manufacturing process and that majority produce high-pH 
effluents. The natural substrates studied for use in OWT are bauxite, 
wollastonite, limestones, zeolite, sand, granitic gravel and shell sand 
(Brix, 2005). The advantage of natural substrates is that they are a 
good environment for growth of microorganisms and generally 
show high removal efficiency of nitrogen and phosphorus. 
However, the P-binding capacity in natural substrates only lasts for 
a short period (Yang et al., 2018; Arias et al., 2001; Brix et al., 2001). 
The industrial substrates frequently studied are by-products from 
the iron industry such as blast furnace slag (BFS), electric arc furnace 
(EA) and basic oxygen furnace (BOF) slag (Blanco et al., 2016; 
Barca et al., 2014). The advantage of the steel slag substrates is that 
they are abundantly available, because most of them are rejects from 
the iron industry, and they contain many phosphorus sorption sites.  

2.2.2. Emerging substrates - feedstocks and sewage sludge 

Filter substrates produced from organic feedstocks and sewage 
sludge have emerged as potential alternative substrates for treating 
wastewater and improving soil health (Jung et al., 2017; Novak et 
al., 2016). These substrates include the biochars, cashewnut shells, 
bark, wood chips, bone chars, tyre chips and rice husks. They differ 
from the reactive substrates in that they have high effective porosity 
and high contents of carbon as the main components in their 
chemical structure. Nowadays, they are used as substrates in some 
of the most attractive solutions for treating the reject water from pig 
farms, breweries, industries, greywater and pharmaceutical-
containing wastewater from hospitals (Dalahmeh et al., 2019; Kizito 
et al., 2015). The increasing multi-functional application of 
feedstock substrates can be attributed to the fact that they are cheap 
to use and that they have low solubility and can hold nutrients for a 
long time and prevent the risks of pollutant migration to the 
groundwater (Atkinson et al., 2010).  
 
For the same reasons, feedstock substrates are widely recommended 
as potential soil amendments in boosting soil fertility for sustainable 
food security and soil carbon sequestration for climate change 
mitigation (Trupiano et al., 2017; Cao et al., 2011). Their main 
drawback is their low rate of nutrient adsorption compared with the 
reactive filter substrates. Moreover, their availability may be limited 
to a season (e.g. season of rice harvesting) or collection can be 
laborious or pose a risk of toxin exposure. Much energy is needed 
to produce biochars through thermal pyrolysis or hydrothermal 
carbonisation (Kinney et al., 2012). The problem with sewage sludge 
substrates relates to the fate and risks of transferring heavy metal 
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residues to the environment. Detailed investigations of the sorption 
capacity of organic feedstocks and sewage sludge substrates were 
beyond the scope of this thesis. 

2.3. Innovative and sustainable bioprocess technologies for OWT 

2.3.1. Integrated natural technology 

A wide range of technologies have been tested for the treatment of 
secondary or tertiary on-site wastewaters. Reviews have been 
conducted on the sustainability of these technologies, particularly 
on their stability, flexibility, affordability and efficiency in treating 
wastewater to the required standards or coping with the diurnal 
fluctuations in water flow hydrographs and concentrations (Bunce 
et al., 2018; Yang et al., 2011). The technologies tested include CWs, 
biological filters, conventional activated sludge, sand filtration beds 
and package treatments for reactive P-filters, and also some more 
advanced filtration techniques such as membrane bioreactors. The 

Figure 2. Conceptual diagram of the on-site wastewater treatment (OWT) system 
investigated in this thesis. The system includes two add-on treatment units after the 
septic tank (ST). These units are (i) a package treatment plant (PTP), which combines 
a biofiltration tank (BF) and reactive P-filter material and (ii) a sequencing batch flow 
constructed wetland (SBCW).  



Filtration system for on-site wastewater treatment–experiences from modelling and experimental investigations 

 

13 

 

 

recent advances in CW technology mean that it is now one of the 
most stable and affordable systems for wastewater treatment in rural 
areas.  
 
To increase the performance of treatment wetlands, recent studies 
have shown that an integrated natural system that combines more 
than one add-on unit, connected in series or parallel, is more broadly 
sustainable and flexible for treating multiple pollutants in rural areas. 
For the purposes of this thesis, such a system integrating a septic 
tank with two add-on advanced treatment units, a PTP and a SSF-
CW, was developed and installed in the field. Its performance in 
treating household wastewater was then monitored, in order to 
obtain novel information on the long-term trends and mechanisms 
of its performance. The PTP consists of a series of aerobic 
biofiltration tanks and a bag of RFM, and is designed for removing 
organic matter (BOD) and nitrogen (in the biofiltration tanks) and 
to enhance phosphorus and pathogen removal (in the RFM bag).  
 
A system such as this is commonly used in Norway (Jenssen et al., 
2010; Adam et al., 2007), the USA (McCray et al., 2005) and 
Australia (Beal et al., 2008), due to its multifunctional roles of 
removing multiple pollutants and recycling nutrients for soil health 
improvement in agriculture. The system has started to be widely 
adopted throughout the Nordic and Baltic countries (e.g. Lithuania), 
because it seems to be more efficient in enabling water reuse and 
nutrient recycling and in enhancing wastewater treatment in cold 
geographical environments (Mažeikienė, 2019). In the full-scale 
system examined in this thesis, the SSF-CW was intended as a 
tertiary treatment unit for further removal of nitrogen through 
nitrification and denitrification processes, and phosphorus removal 
via plant uptake (by Typha sp.) and adsorption processes on the sand 
filters. Figure 3 presents a conceptual diagram of the decentralised 
treatment system investigated. The main drawback of this 
technology is that it requires some additional space, which can be a 
problem if the residential area is small. 

2.3.2. Application and classification of  subsurface flow wetland  

The SSF-CW technology is reported to be one of the most 
sustainable (green) and affordable technologies for enhancing 
natural removal of pollutants from wastewater in rural areas (<5000 
p.e.) (Vymazal, 2018; García et al., 2010). It has been widely used 
for treating domestic wastewater, industrial effluents, landfill 
leachate, mining drainage, urban stormwater and agricultural runoff. 
The popularity of SSF-CW derives from the intuitive appeal that it 
is economically feasible and simple to construct anywhere in the 
world and can be easily operated and maintained without much 
addition cost or energy requirement (Vymazal, 2014; Kadlec, 2000). 
The advantage of this technology is that it treats a wide range of 
wastewater pollutants by combining simultaneous and mutual 
interrelated processes of biological, chemical and physical removal 
of nitrogen, phosphorus, BOD, TSS and pathogens (bacteria and 
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viruses). The most interesting feature of the SSF-CW technology is 
its capacity for treating everything under the ground surface, 
without adding any chemicals or emitting an unpleasant odour. A 
SSF-CW can be built anywhere in the environment where land 
availability is not an issue. 
  
The most common problem associated with poor performance of 
SSF-CW technology is clogging. This usually happens when the 
wetland is overloaded with wastewater of high organic mass and 
high hydraulic load. High hydraulic loading has the effect of 
reducing the retention time, thus reducing the reaction time of the 
pollutants in the filter medium. With high organic loads, a biofilm 
can develop on the pore space and increase episodic events of 
hydraulic water flow failure, such as short-circuiting or preferential 
water flow. Low hydraulic loading can prolong the retention time 
and increase the treatment efficiency of the system (Beal et al., 2008; 
Rodgers et al., 2005). There are two types of SSF-CW design, 
subsurface horizontal flow constructed wetlands (SSHF-CW) and 
subsurface horizontal flow constructed wetlands (SSVF-CW). The 
classification is based on the water flow direction or descriptive 
criteria based on the number of person-equivalents in the 
household. In terms of phosphorus and nitrogen removal, SSVF-
CWs are mostly designed as an appropriate solution for nitrogen 
removal, because they operate more under oxidising conditions 
(unsaturated conditions) that are created during intermittent loading 
(i.e. fill - break - drain) with wastewater flows. The SSHF-CWs are 
considered better for phosphorus removal, because they operate 
under permanent saturation (Vymazal, 2014; Cooper, 2009; Healy 
et al., 2007; Brix & Arias, 2005).  

2.4. Sustainable design and operation of constructed wetlands  

2.4.1. Subsurface flow constructed wetland technology 

The SSF-CW is a complex engineered system that is built on-site as 
a natural-based technology for wastewater treatment. It is 
constructed by digging a pit 0.7-1.4 m deep, lining it with thick 
polyethylene sheeting (2-4 mm) and filling it with granular material 
(sand) with particle diameter 2-8 mm. The wetland is then planted 
with assemblages of emergent macrophytes such as common reed 
(Phragmites australis), cattail (Typha latifolia) or sweet mannagrass 
(Glyceria maxima). The bed is dosed with wastewater with low 
organic content emerging either from the primary septic tank, a 
secondary treatment or a tertiary treatment facility. From a 
sustainability point of view, a reliable and effective wetland design 
should not be economically expensive in terms of construction 
capital, operating costs, energy consumption or land acquisition, and 
should be able to provide high treatment efficiency, ecological 
benefits of nutrient recycling and social benefits of environmental 
harmonisation (Wu et al., 2015).  
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The SSF-CW technology was introduced in the 1950s by the 
German scientist Käthe Seidel and his co-workers at the Max Planck 
Institute. Seidel developed the wetland when investigating the 
performance of macrophytes in treating phenol and dairy 
wastewater (Vymazal, 2005; Cooper, 2009). Two decades later, 
another Germany scientist, Reinhold Kickuth from Göttingen 
University, came up with a new technique, the root zone method, 
for treating wastewater. After the successful application of that 
method in wastewater treatment, many water authorities, including 
the British Water Research Centre, became interested and started to 
apply the technology as a low-cost, low-maintenance solution for 
the treatment of wastewater from rural communities. Over the past 
few years, the SSF-CW technology has rapidly progressed from 
passive wetlands to more advanced engineered wetlands, defined 
nowadays as intensified or artificially aerated wetlands (Nivala et al., 
2019). Many researchers have been studying this technology, 
because it is believed to be one of the greenest and most sustainable 
methods for treating multiple pollutants in a natural way. The 
challenges today as regards the optimal design of sustainable SSF-
CW are mainly related to the need for a size reduction, selection of 
filter materials that provide the highest hydraulic performance and 
treatment efficiencies, depth, configuration and position of the inlet 
and drainage supply pipes, feed characteristics and loading regimes. 
To date, only a few studies have addressed design issues of SSF-CW 
(Healy et al., 2007; Brix & Arias, 2005). 

Figure 3. Biological oxygen demand (BOD) mass loading chart for a small-scale 
subsurface horizontal flow constructed wetland (SSHF-CW) design for aerated 
and nonaerated wetlands (source: Wallace et al., 2008).  
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2.4.2. Design approaches and operating criteria for OWT 

There are different approaches that can be used to design SSF-CW. 
The most common approaches for sizing SSVF-CW are prescriptive 
(rule-of-thumb), regression equations, plug-flow k-C*, p-k-C* and 
mass loading charts (IWA Task Group, 2017). The last two 
approaches are more advanced and consider the factors volumetric 
hydraulic loading rate (HLRv), background concentration and 
organic loading rate (OLR). The more advanced approach of 
process-based models derived from field experiments has been used 
to support the design of more robust wetlands (Meyer et al., 2015; 
Meyer & Dittmer, 2015; Kumar & Zhao, 2011). In the prescriptive 
approach, the design is given in terms of area requirement (m2) per 
person equivalent and the OLR of BOD or COD to be removed 
(Kadlec & Wallace, 2009; Vymazal & Kröpfelová, 2008). Table 1 
summarises the design criteria for SSF-CW in European countries 
(France, Austria, UK, Sweden, Norway, Germany, Denmark) where 
SSF-CWs have been widely researched. 

 

The design criteria that need to be taken more seriously during 
design of an SSVF-CW are surface area (As), OLR, hydraulic loading 
rate (HLR), hydraulic retention time (HRT), condition of media 
saturation (saturated or unsaturated), temperature, concentration of 
dissolved oxygen and period of dosage. As can be seen in Table 1, 
most of these criteria vary considerably between the systems due to 
the variation in quality requirements, use of a pre-treatment and 
climate conditions. The importance of these parameters varies 

Table 1. Design criteria of subsurface vertical flow constructed wetlands (SSVF-CWs) 
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depending on the design approach, but the OLR, media saturation 
and HRT are three determining factors that control the efficiency 
of the wetland for nitrogen and phosphorus removal. The OLR is 
reported to range from 3.75 gBOD5/m2d in Denmark to 13-26 
gBOD5/m2d in the UK, 27-70 gBOD5/m2d in Germany, 55-250 
gBOD5/m2d in France, 9 gBOD7/m2d in Sweden and 174 
gBOD5/m2d in Norway. Depth of the designated sand filter also 
varies greatly, from 0.7 m in the French CW system to 0.8-1.4 m in 
the SSVF-CW system.  The conservative approach for SSVF-CW 
design involves using a coarse sand (2-3 mm) and applying a mass 
loading chart (Günter Langergraber et al., 2008).  
 
For simplicity, the conservative approach was used in this thesis to 
size the surface area of the SBCW installed in the field, which was 
filled with sand of 0.8 mm mean particle size. The SBWC system 
was intended to treat a maximum inflow of 1.7 m3/d from two 
households (10 p.e.), assuming an average flow of 170 L/p.e and per 
capita organic load generation rate of 70 gBOD7/p.e./d  (Swedish 
EPA, 2006, NFS 2006:7). The SBCW area was sized by choosing 
the 90% confidence interval in the mass loading chart (Figure 4) to 
estimate an effluent OLR of 9 gBOD7/m2d, compared with a 
guideline threshold of 30 mg BOD7/L for OWT discharge (Swedish 
EPA, 2018). An influent BOD7 of 95 mg/L, as measured in 
September 2018, was assumed. The SBCW surface area needed to 
achieve the required detention time for influent was estimated by 
dividing the organics load (Qi*BOD7 mg/L effluent from septic 
tank) by the OLR. Alternatively, the surface area of the SBCW could 
have been calculated according to the p-k-C* approach (Eq. 1), using 
the target BOD concentration of 30 mg/L (Kadlec & Knight, 2006). 
Although the method is formulated for designing SSHF-CW, it can 
be used in SSVF-CW design for wastewater of the same 
composition and in the same geographical climate. The main 
advantage of this approach is that it takes into account the influence 
of HLR, the area required per p.e., the real reaction rate coefficient 
and the temperature correction factor (kT=k20θ

(T-20)) for pollutant 
degradation in the wetland (where kT is rate coefficient at the 
measured water temperature, k20 is rate coefficient at water 
temperature 20oC, T is water temperature measured at a specific 
time and θ is the Arhenius temperature factor).  
 
The equation used in the p-k-C* approach is:  

 

𝐴𝑠 =
𝑃𝑄𝑖

𝑘𝐴

[(
𝐶𝑖 − 𝐶𝑜

𝐶𝑒 − 𝐶𝑜

)

1
𝑃

− 1 ]                                     (1)   

 

where Qi is the influent flow rate, (m3/d), Co is the background 
concentration (mg/L), Ci is the outlet concentration (mg/L), Ce is 
the outlet concentration (mg/L), P is the apparent number of tanks 
in series (TIS), estimated from the surface area required per persons 
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equivalent, As is the surface area of the wetland (m2) and kA is the 
first-order areal rate coefficient (m/year).  
 
The data needed to size the area of the SBCW investigated here 
using this approach were: Number of p.e to be served = 10 (i.e. the 
two households have 10 p.e); background concentration (Co) of 
BOD7 = 2 mg/L; influent concentration (Ci) of BOD7 = 95 mg/L; 
target effluent concentration (Ce) of BOD7 = 30 mg/L; average 
inflow = 170 L/p.e/d (Swedish EPA, 2006); apparent number of 
TIS = 4; length to width ratio (L:W) = 2:1; and kA = 25 m/yr. 
 

2.4.3. Hydraulic performance of  the sequencing batch constructed 
wetland 

The hydraulic performance of the filter materials in the SBCW was 
investigated through hydraulic detention (residence) time (i.e. HRT). 
The HRT is the time in which the volume of pollutants remains in 
the system, allowing chemical reaction and microbial transformation 
to take place. A shorter detention time of the pollutants in the filter 
materials can lead to lower removal of pollutants, due to incomplete 
reaction and nutrient transformation.  However, these processes are 
directly connected to the particle size distribution of the filter 
medium. A filter material with large particle size has faster transport 
of water volume and less surface area for the solid particles to hold 
the water molecules flowing through the pore space. The HRT in 
the filter medium can be measured through a tracer test. The HLR 
is calculated as: 
 

𝐻𝐿𝑅𝑠 =
𝑄𝑖

𝜀. 𝐴𝑠

;   𝐻𝐿𝑅𝑣 =
𝑄𝑖

𝜀. ℎ. 𝐴𝑠

;   and 𝐻𝑅𝑇𝑣  =   
𝜀. 𝑉

𝑄𝑖

=
1

𝐻𝐿𝑅𝑣

               (2) 

 
where HLRs  is the surface hydraulic loading rate (m3/(m2.d), HLRV  
is the volumetric hydraulic loading rate (m3/(m3.d), HRTV is the 
theoretical hydraulic retention time (d), Qi is the  influent flow rate, 
(m3/d), V is the volume of the constructed wetland (m3), As is the 
surface area of the wetland, (m2), h  is the  wetland water depth, (m) 
and Ø  is the porosity. 
 
As seen from equation (2), the HRT of pollutants at a specific depth 
in the wetland is inversely proportional to the HLR. This 
relationship shows that there is a great trade-off between HRT and 
HLR, and thus the amount of pollutants removed (Knight et al., 
2000; Kadlec & Wallace, 2009). In general, removal of pollutants in 
the filter depends on how long the contaminants remain in the filter 
medium. However, longer HRT can increase biofilm growth, 
especially in ageing SSHF-CW where problems of hydraulic failure 
such as clogging and short-circuiting are very common (Vymazal, 
2018; Nivala et al., 2012). Many studies dealing with the hydraulic 
performance of CWs have used breakthrough as a graphical tool 
representing the time and distribution (hydrodynamic dispersion) of 
a specific pollutant travelling from the inlet to the outlet (Boog et 
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al., 2019; Ranieri et al.,  2013; Zahraeifard & Deng, 2011). Through 
breakthrough curves, it is possible to illustrate the behaviour of 
pollutant displacements and reaction in the medium and identify the 
behaviour of adsorption sites or any complicated flow conditions 
within the porous matrix. High displacement of immiscible 
pollutants (unmixed solutes), incomplete reaction or less exchange 
between the transported solute and solid materials are common 
problems in systems with high hydraulic loading rates and large-
pored filter medium.  

2.5. Forms of phosphorus, nitrogen and pathogens 

2.5.1. Forms of  phosphorus in wastewater 

Phosphorus is a limited and non-renewable resource that plays a 
crucial role in the growth of all living matter and is used in the 
manufacture of mineral fertilisers. This element was first discovered 
by Hening Brandt in 1669, during the process of urine separation. 
It is a crucial inorganic element in the backbone structure of DNA, 
bones, teeth and metabolic and energy transfer for cell growth 
(adenosine triphosphate, ATP). It is a highly reactive element that 
forms different kinds of multiple covalent bond with non-metals. 
Phosphate exists in the environment in three forms: 
orthophosphate, polyphosphates and organophosphate. The 
reactivity and mobility of phosphorus compounds in wastewater is 
governed by biotic factors such as pH, redox condition, salinity and 
temperature. Phosphorus reacts spontaneously with alkaline metal 
oxides and in warm environments.  
 
The most common form of phosphorus found in dissolved form is 
orthophosphate (PO4

3-), which generally occurs at pH above 9 and 
can be detected in filtered (0.45 µm) wastewater samples. The 
phosphorus dissolved in alkaline wastewater solution may exist in 
different forms, from the most reduced states PH3 (-4) and P2H4 (-
2) to elemental phosphorus (0), H2PO2

- (1) HPO3
2- (3) and the most 

oxidised state, PO4
3-(5). The most interesting feature of phosphorus 

is that in the highest oxidisation state (5) and highly alkaline solution 
(pH >9), PO4

3- is more reactive and less mobile. In acid solution 
(pH <4) and reducing conditions, most of the phosphorus co-
precipitate compounds are usually dissolved back to solution and 
become more mobile to the environment. So, a suitable 
environment for phosphorus removal is alkaline conditions. At 
neutral pH around 7, orthophosphate occurs in the form of H2PO4

- 
and HPO2

-. Total reactive phosphorus (TRP) is an accumulation of 
the soluble reactive phosphorus (SRP) fractions and total particulate 
phosphate (PP) (Kadlec & Wallace, 2009). The SRP is removed by 
plant uptake and retained to solid filter materials by chemical 
adsorption and precipitation processes.  There also two main groups 
of organic phosphorus, easily degradable and slowly biodegradable 
organic matter. The organic matter is removed through the 
mineralisation process, in which microbial organisms decompose 
organic phosphorus into dissolved inorganic phosphorus (DIP). 
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Immobilisation is the opposite process, in which microbes convert 
DIP into dissolved organic phosphorus (DOP). 

2.5.2. Forms of  nitrogen in wastewater 

Nitrogen is the most abundant element on the earth and an 
extremely reactive element. It occurs in wastewater in three major 
forms, as dissolved inorganic nitrogen, particulate nitrogen and 
organic nitrogen. The reactivity and mobility of nitrogen in 
wastewater are very similar to those described above for P, in that 
they are controlled by oxidation state. The most highly reduced 
nitrogen compound is ammonium NH4

+(-3) and the most oxidised 
compounds are nitrate NO3

-(5) and nitrite NO2
-(3). The rate of 

mobility of nitrogen in wastewater depends on three factors: 
temperature, water content and aeration conditions. In reducing 
conditions, the most mobile compound is NH4

+(-3), while in 
oxidising conditions the dominant form is NO3

-(5). The reactivity 
of nitrogen is spontaneous at high temperature, where the element 
combines very rapidly to form a bond (covalent bond with non-
metal and ionic bond with metals). Fresh organic nitrogen is 
obtained from plant residues and microbial biomass in filter soils. 
The ability of microbial organisms such as bacteria, fungi and 
earthworms to mineralise and immobilise organic nitrogen from 
plants residues depends on the carbon:nitrogen (C:N) ratio. 
  
If the C:N ratio is greater than 30, immobilisation of organic 
nitrogen dominates the process of converting total inorganic 
nitrogen (TIN) into organic nitrogen. If the C:N ratio is below 20, 
the mineralisation process dominates by converting organic 
nitrogen into TIN. Thus the TIN concentration can increase in 
solution when the mineralisation rate exceeds the immobilisation 
rate. This situation occurs when less carbon is available as a source 
of energy for growth of microorganisms. To achieve a good 
environment for TIN removal, organic matter can be added, as a 
source of energy and carbon for bacterial growth and denitrification 
(Healy et al., 2007). However, the negative side-effect of adding 
extra organic matter is that it increases the risks of clogging and 
episodic hydraulic failure (e.g. short-circuiting and preferential 
flow). 

2.5.3. Pathogens in wastewater 

Pathogens are organisms that have long been used as the key 
parameter for monitoring the quality of effluent wastewaters.  The 
pathogens associated with domestic wastewater are classified into 
five groups, namely bacteria, viruses, fungi, protozoans and 
helminths (Gassie & Englehardt, 2017; García et al., 2010;  Knight 
et al., 2000). The populations of these pathogens in wastewater vary 
greatly with environmental conditions and the source of the 
wastewater (e.g. households, summer cottages, industries etc.). An 
example of this influence is the lower incidence of faecal bacteria in 
the highly alkaline solution (pH > 9) from  RFM filter units (Nilsson 
et al., 2013). There is also substantial evidence that organic matter 



Filtration system for on-site wastewater treatment–experiences from modelling and experimental investigations 

 

21 

 

 

decomposes more slowly in acidic conditions (pH<4) than in the 
pH range 5<pH<9 (Tindal & Kunkel, 1999). Many studies have 
used faecal coliform bacteria as an indicator to monitor or model 
the quality of wastewater (García et al., 2010; Clement et al., 1997). 
The faecal coliform bacteria that are used most often as first-choice 
indicator organisms in  domestic wastewater are Escherichia coli and 
intestinal enterococci (Nilsson et al., 2013; Renman et al., 2004). 
This is because these organisms represent strains causing many 
waterborne diseases in humans. Moreover, the high concentrations 
(106-108 CFU/100 mL) of these organisms in wastewater mean that 
they can be more easily detected compared with other faecal groups 
(e.g. faecal streptococci concentration is 104-106 CFU/100 mL).  

2.6. Modelling of multi-component transport, sorption kinetics 
and longevity of filter materials  

Process-based models that describe the fate of several interacting 
pollutants within wastewater treatment systems are a useful tool to 
gain insights into the dynamics, investigate the function of the 
system and investigate parameters for design optimisation. The 
interest in developing process-based models has increased strongly 
in recent years, for the reasons that they can handle multiphysics 

Figure 5. Modelling spiral of different stages of model development processes. 
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problems, avoid the costs of conducting experiments, solve novel 
problems and predict the future performance and response of the 
system. These models solve many complex processes that are 
mutually affecting each other.  

 

A series of steps are required in order to develop the most reliable 
and robust models, as shown in Figure 5. Model development 
begins with identifying the problem in the real environment and 
then involves developing the conceptual models, identifying the 
governing equations and forcing variables, developing the geometry 
and finally executing the model. The reliability of the models 
produced is assessed by their ability in fitting measured data from 
experiments or feedback from stakeholders. HYDRUS and 
COMSOL Multiphysics® are currently the simulation software types 
widely used for developing process-based models (Murphy et al., 
2016; Rajabzadeh et al., 2015; Morvannou et al., 2014; Samso & 
Garcia, 2013; Langergraber et al., 2008). The interesting features in 
the COMSOL software is that it has many Multiphysics® platforms 
where the user can develop mathematical equations, geometry, 
couple the software with other programming language (e.g. 
MATLAB) and model the chemical reaction kinetics in a more 
creative manner.  

2.6.1. Modelling hydraulic dynamics of  solute transport 

In Papers I, III and IV, the hydraulic dynamics of water 
movements in unsaturated filter media were modelled using the 
Richards equation. The effective hydraulic conductivity of water 
movements and retention in unsaturated media is nonlinear, 
because the pore spaces are filled with mixture of water and air. So, 
the change of phase transfer between the solid and aqueous phase 
or solid and gas phase is the factor that influences the reactivity, 
surface area of the adsorption sites and effective porosity of the 
filter. The effective hydraulic conductivity of pollutant transfer in 
saturated filters is much more stable, because all the pores are filled 
with water phase only. Owing to the heterogeneity of unsaturated 
media, pollutant transport in unsaturated filters is highly complex 
and sensitive to changes in the following factors: filter properties 
(porosity, particle size distribution), environmental conditions 
(oxygen concentration, pH, redox potential and temperature) and 
water characteristics (influent concentration, loading rate and 
organic matter content) (Kumar & Zhao, 2011; Brovelli et al., 2009; 
Langergraber, 2008).  
 
The Richards equation takes the form: 
 

∂θ(h)

∂t
=

∂

∂xi

[K(h) (Kij
A

∂h

∂xj

+ Kiz
A  ) ] − S(h)                        (3) 

 

where θ is the volumetric water content [m3 m-3], h is the hydraulic 

head (m), K(h) is the unsaturated hydraulic conductivity [m s-1], Kij
A 
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is the components of anisotropy [-] and S(h) is the storage from 
water uptake by roots [s-1]. The water movements in the unsaturated 
medium are driven by water content (θ), matric (capillary) potential 
(Ψm), capillary pressure head (h) and capillary conductivity K(h). 
The term capillary potential is used to describe the adsorptive force 
of the solid materials to hold water (Kirkham, 2005). The hydraulic 
conductivity is akin to the rise of capillary water content K(θ) in 
porous materials and is described by two equations: the Brooks and 
Corey (1964) equation and the Van-Genuchten equation written in 
its original form (1980). The Van-Genuchten equation is the most 
famous because it describes the degree of media saturation based on 
the water-filled porosity.  
 
The Brooks and Corey (1964) equation takes the form: 
 

K(h) = Ks (
θ − θr

θs − θr

 )

2
n

+l+2

                                                          (4) 

 
and the Van-Genuchten (1980) equation is written as: 

K(h) = Ks (
θ − θr

θs − θr

 )

1
2

[1 − (1 − ((
θ − θr

θs − θr

)

1
m

)

m

)]

2

      (5) 

 
The effective water component is calculated as: 

Se =
θ − θr

θs − θr

      and        m = 1 −
1

n
                                          (6) 

     

and the water-filled porosity as: 

θ(h) = θr +
θs − θr

[1 + |αh|n]m
;   m = 1 −

1

n
                                  (7) 

 

where Kij
A is the components of anisotropy tensor (dimensionless), 

Se is the effective water content (dimensionless), θr is the residual 

water content [m3 m-3], θs is saturated water content [m3 m-3], n is 

the empirical parameter for pore size distribution (dimensionless),  l 
is the empirical parameter for pore connectivity [-], α is the 

parameter for inverse air entry (bubbling pressure head [m-1] m is 
the empirical parameter [-]. 
 
The concept that the finer materials have higher hydraulic 
conductivity and longer detention time than coarser materials is 
explained by the trade-offs between capillary conductivity and 
matric potential in the hysteresis curve. The higher the hydraulic 
conductivity, the longer the detention in finer materials due to the 
increase in matric potential (suction). The suction potential keeps 
on increasing with increasing water content. Another physical 
mechanism that contributes to pollutant mobility between the 
mobile water and immobile solid phases is diffusion. In local 
conditions, diffusion is divided into hydrodynamic (mechanical) 
dispersion (DH) and molecular (Dm) diffusion. Mechanical 
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dispersion (DH = (α.V+ Do(θ)) dominates at high water flow 
velocities, where the degree of pollutant mixing to undergo 
complete chemical reaction depends on the direction in which the 
pollutant is travelling (transverse or longitudinal) and the length of 
pollutant pathways. Molecular diffusion, on the other hand, 
dominates at low fluid velocities where the molecules move from 
high to low concentrations along a gradient of concentration. Both 
molecular and mechanical diffusion as the processes for spreading 
pollutants in filters are best described using Fick’s first law of 
diffusion.  

2.6.1. Modelling multi-component solute transport and sorption 

A non-conservative system that incorporates the interaction of 
multiple fluxes within the system is modelled by a coupled process-
based model. The governing differential equation is derived from 
Fick’s second law as the framework for modelling most of the 
coupled processes of solute transport, chemical reaction and 
adsorption in the filters: 
 

 
∂(θCi)

∂t
+ (ρbKp,i)

∂(Ci)

∂t
+ (ρbCp,i)

∂(Øp)

∂t
+ v ∙ ∇Ci − ∇. JT = Ri + Si    (8) 

 
The first three terms on the left side of this equation describe the 
process of solute adsorption in the solution phase, solid filter media 
and absorption in porous filters, where Ø𝑝 is the porosity [-] and t is 

the time [s]. The last term on the left side represents the transport 
of diluted species due to advective pore water velocity V [m s-1] and 

the total flux JT [kg m-2 s-1] due to mechanical and molecular 
diffusion. The two terms on the right side represent the chemical 
reaction rate during the biogeochemical transformation of organic, 

microbial and root plant uptakes from the sources, where Ri [kg m-

3 s-1] and  Si [kg m-3 s-1] is the source and sink term for root water 
uptake, respectively.  
 
The amount of solute adsorbed on the solid filter media is 
formulated as the function of influent concentration:  
 

 q = CP,i =
bKLCi

(1 + KLCi)
                                                                                         (9) 

The components of total fluxes (JT) transported during the 

mechanical (DH) and molecular diffusion (Dm) are described by: 
 

Kp,i =
∂(Cp,i)

∂(Ci)
 =>

KLb

(1 + KLCi)
2

                                                                        (10) 

 
Total flux transport due to mechanical and molecular diffusion is 
calculated as: 
 

JT = JH + Jm = −(DH + De,j)∇Ci = −((α. v) + De,j)∇Ci                       (11) 
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The expression for effective diffusion is expanded to: 
 

De,j =
Øp

τF,i

. Dm                                                                                                    (12) 

 

In all equations (8)-(12), Ci is the concencentration of dissolved 

species in the liquid [kg m-3], Cp,i is the amount of species sorbed to 

solid particles (kg m-3), Kp,i is the adsorption isotherm term [L kg-1] 

measure of the adsorption intensity of adsorbent, DH is 

hydrodynamic dispersion [m2 s-1], De,j is effective dispersion [m2 s-1], 

α is the dispersivity [m], τF,i is the tortuosity (describes the transport 

pathway of pollutant through the porous media), v is the average 

advective pore water velocity [m s-1], b is the maximu adsorption 

capacity of the filter media [g kg-1], KL is the Langmuir adsorption 

constant [L kg-1] and ρb is the bulk density of the solid filters [kg m-

3]. 

2.6.2. Modelling longevity and sorption kinetics of  filter materials  

The longevity and recovery of filter materials is an important 
research question to address for sustainable design of on-site 
treatment systems. Many previous studies have proposed different 
methods to estimate the longevity of filter materials, but a limited 
number of them have predicted the recovery capacity. Some studies 
have extrapolated the sorption capacity of filters from column 
experiments to estimate the longevity of the materials in the real 
environment (Herrmann et al., 2014). However, such extrapolation 
of results is not realistic due to the change of environmental 
conditions between laboratory and field. Alternatively, models that 
deploy the technique of reaction kinetics to predict the 

breakthrough curves of change in pH, availability of calcium (Ca) 
ions or phosphorus saturation of P-filters have emerged as the 
quickest method of estimating the longevity of filter materials 
(Claveau-Mallet et al., 2018, 2014; Kadlec, 2000; Barca et al., 2014).  
 
Reaction kinetics modelling is a useful tool in understanding the 
longevity and recovery of filter materials for increasing the 
sustainability of OWT systems. Due to the difficulties in estimating 
the longevity of filter materials in the full-scale system based on 
findings in laboratory-scale batch experiments, the modelling 
approach has become the appropriate method for predicting the 
kinetics, longevity, design optimisation and mass sorbed on filters 
(Claveau-Mallet et al., 2018; Barca et al., 2013; Saeed & Sun, 2011; 
Langergraber, 2008). The accuracy of kinetics models in predicting 
the reaction kinetics and longevity of the filter materials always relies 
on the mathematical formulation of the reaction rate equations. 
Most of the chemical rate equations for chemical and biological 
degradation in constructed wetland module no.2 (CW2D) in the 
HYDRUS software have been formulated based on stoichiometric 
and monod kinetic parameters derived from Activated Sludge 
Model No.1 (ASM1) (Henze et al., 2006).  
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However, the chemical rate equations can generally differ due to a 
range of factors, including the order of the chemical reaction (first-
order or second order), reversible and irreversible reactions and 
types of the volumetric reactors (i.e. intermittent - plug flow, batch 
flow and continuous stirrer tank reactor)(Claveau-Mallet et al., 2014; 
Kadlec, 2000). To better understand the reaction kinetics within the 
system, breakthrough curves have been found to be a useful 
approach for describing the fastest and slowest chemical reaction or 
the time the reaction takes to achieve equilibrium (Boog et al., 2019; 
Bove et al., 2018). The time that the rate reaction takes to reach 
equilibrium (saturation conditions of the filter materials) is of the 
most interest in this thesis, because it describes the time in which 
the material is active before becoming exhausted. The perfectly 
mixed and ideal plug flow reactor condition has been an effective 
approach to modelling the exact condition of reactor configuration 
(Perera et al., 2017).  

2.7. Mechanisms of nitrogen, phosphorus and pathogen removal  

Much research in recent years has studied the mechanisms of 
nutrient and pathogen removal in RFM beds and constructed 
wetlands (Boog et al., 2019; Tran et al., 2017; Gustafsson et al., 2008; 
Clement et al., 1997). The fundamental mechanisms for nitrogen, 
phosphorus and pathogen removal are physicochemical and 
biological processes (Bove et al., 2018; Claveau-Mallet et al., 2018; 
Barca et al., 2014; Gustafsson et al., 2008). The biogeochemical 
processes for phosphorus, nitrogen and pathogen removal in RFM 
and sands in SSF-CWs are discussed in the following sections. 

2.7.1. Physicochemical processes for phosphorus removal 

The physical and chemical mechanisms responsible for particulate 
solid phosphorus (PP) and dissolved reactive phosphorus (DRP) are 
filtration, precipitation and sorption. The physical process of 
phosphorus removal happens when the negatively charged anions 
in the solution are attracted to the positively charged particles by 
relatively weak Van Der Waals forces1 or electrostatic forces2. 
However, filtration is a size-dependent process between the pore 
space and transported PP. These two processes usually form a weak 
bond of monolayer that is easily disturbed under the high loading 
rate of water in the system. Minor substitutions can also occur and 
cause a change of charge imbalance on the adsorbent. On the other 
hand, the organics that develop during mineralisation contain 
functional groups (hydrous oxides, hydroxides and oxyhydroxides) 
that can ionise (charge the surface) and have highly reactive surfaces 

 

 

 
1Force due to the interaction of closely approaching particles. 
2Force of attraction between the opposite charge of ions in the aqueous phase 
and adsorbent solid media phase. 
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to form strong complexes with both organic and inorganic ions in 
the solution. It has been also observed that an important mechanism 
of phosphorus removal in RFM and sand filters is through chemical 
precipitation and sorption with calcium, aluminium (Al) and iron 
(Fe) (Gustafsson et al., 2008) at different ranges of pH. The 
phosphorus retained during chemical precipitation is characterised 
by multilayer and strong complexes. At high-pH (>9) alkaline 
conditions, chemical precipitation is sparingly dominated by calcium 
phosphates. At low-pH (<4), acidic conditions, the process of 
phosphorus removal is facilitated by aluminium and iron (Arias et 
al., 2001). The limitation of sorption process is that it is very difficult 
to distinguish the sorption on the surface (adsorption) and that 
within the pore space (absorption) (Figure 6).  

2.7.2.  Biological processes for nitrogen and pathogen removal 
Nitrogen is basically removed by biotic processes connected to 
microbial activities, biofilm development, plant uptake and 
predation (Vymazal, 2014; García et al., 2010). A summary of the 
different processes involved in nitrogen degradation and 
transformation in wetlands is given in Figure 7.   

Figure 4. Biogeochemical processes of phosphorus adsorption and transport in 
reactive filter materials. Modified from Tran et al. (2017). 
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These processes are nitrification, denitrification, microbial uptake, 
mineralisation, mobilisation, anaerobic ammonia oxidation 
(annamox), volatilisation, nitrogen fixation and plant uptake. The 
quantity of nitrogen removed varies greatly between SSHF-CW and 
SSVF-CW, due to variations in oxygen concentration for supporting 
microbial activities. For instance, a greater quantity of nitrate is 
removed in the SSVF-CW than in the SSHF CW (Murphy et al., 
2016). The nitrification is conducted through two stages, by 
nitrifying bacteria that biodegrade ammonium (NH4-N) through 
nitrite (NO2-N) to nitrate (NO3-N). The most conducive 
environment for nitrifying bacteria to transform ammonium 
effectively is at oxidising conditions and high organic carbon 
content (Tanner, 1996).  
 
There is evidence to show that, in order to achieve good nitrogen 
removal, the C:N ratio should be greater than 30 (e.g. Tarayre et al., 
2016). As outlined in section 2.5.2, carbon is the most importance 
source of energy for microbial activities and growth. However, 
carbon substrate cannot be consumed by these bacteria alone, 
because they specifically depend on oxygen as a mandatory element 
for their growth. Applying a fill-drain process to operating SSVF-
CWs can be a good approach for increasing free oxygen 
concentration in the filter beds. There is no free oxygen 
concentration (i.e. anoxic condition prevails) in SSHF-CWs, 
because all the pore spaces are saturated with water. The process of 
nitrogen removal in SSHF-CWs is carried out through 
denitrification, where heterotrophic bacteria gain access to 

Figure 5. Biogeochemical processes of microbial nitrogen transformation in the 
sequencing batch flow constructed wetland (SBCW) sand filter.  
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chemically bound oxygen from NO3-N and transform it to nitrogen 
gas. Another interesting mechanism of decomposing the organically 
bound ammonium into nitrogen gas is the anammox. The anammox 
has gained more popularity nowadays because has the shortest 
pathways for ammonium decomposition into nitrogen gas. 

2.8. Evaluating performance, modelling validity and reliability  

2.8.1. Performance of  the system for nutrients removal 

The treatment performance of the entire on-site wastewater 
treatment (SBCW) examined in this thesis was evaluated by its 
ability for reducing the influent concentrations of nutrients and 
pathogens. The target was to reduce the influent concentrations to 
the required water quality standards. These standards are 1 mg/L 
for Total-P, 30 mg/L for BOD7 and 40 mg/L for total nitrogen 
(Tot-N).  
 
The accuracy and the stability of the numerical simulation models 
was assessed by visual inspection or by statistical objective functions 
for fitting the observed measurements. In order to create a reliable 
model, it needs to satisfy certain conditions of simulation 
uncertainty, consistency, stability and convergence over a range of 
input parameters. To achieve this goal, a local sensitivity analysis of 
different parameters was performed one-at-a-time (OAT), to 
identify the influence of different parameters on the simulation 
outputs. In many studies, sensitivity analysis has been used as a 
supporting tool during model calibration, where the accuracy of the 
model to fit the experimental data is maximised to a range of input 
parameters by varying the input parameters OAT, defined here as a 
local sensitivity, and all-at-a-time (AAT), defined here as global 
sensitivity analysis. The influence of the individual parameters, or 
the interaction of the global parameters in amplifying or damping 
the influence of individual parameters, in capturing the response of 
the measured data is considered during model calibration (Dupas et 
al., 2016). Other techniques are to check the sensitivities is through 
the correlation between the simulated outputs and measured 
outputs of statistical residual distributions from numerical results 
against the measured data from experiments.  

2.8.2. Model reliability, uncertainty and parameter sensitivity analysis 

Sensitivity analysis of model sorption kinetics was performed for 
variations in the influent concentration, hydraulic loading rate, 
loading regime and porosity of filters with different particle size 
distributions. Objective functions such as coefficient of 
determination (R2), residual root mean square error (RRMSE), 
variance (s), sum of the square of the error (SSE), local sensitivity 
coefficient (LSC) and p-value were quantitatively measured. The 
results were used to determine the extent of correlation between 
variables, variability, significance and distribution of measured 
samples from the mean values and accuracy of the predicted outputs 
in the process-based model against the measured values from 
experiments. R2 values close to 1, low RMSE values near zero and 



 

     Rajabu Hamisi                                                                                                   TRITA-ABE-DLT-1930

 

30 

 

 

higher LSC values were the objective function criteria for accepting 
model reliability in capturing the response of measured values. The 
mass of sorbed phosphorus and nitrogen on the filter substrates was 
examined using the mass balance approach.  
 

3. MATERIALS AND METHODS 

This section describes the design layout of the pilot-scale OWT 
system that was installed and monitored over the course of six 
months (Paper II). The modelling frameworks for predicting the 
sorption kinetics, longevity of the reactive filters (Paper I) and 
hydraulic dynamics for SBCW optimisation (Paper III) are then 
summarised. Finally, the set-ups of replicate column experiments 
for risk assessment of phosphorus leaching from the SBCW during 
the rainy and snowy seasons are described (Paper IV).   

3.1. P-filter design (Paper I) 

3.1.1. Reactive filter substrates 

 Three commercial or man-made reactive filter substrates 
(Polonite®, FiltraliteP™ and Top16) were selected for modelling 
their long-term sorption capacity and predicting their future 
lifespan. The main reasons for choosing these materials were that 
they have been widely studied and applied for on-site wastewater 
treatment in the Nordic countries (Vohla et al., 2011), there is good 

Figure 8. Maps of the Baltic Sea region showing (left) the topography of the 
landscape and (right) the location of soils with a high percentage of phosphorus 
retention. The red circle indicates the location where the pilot-scale on-site 
wastewater treatment plant is installed. 

.  
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availability of data for modelling (Herrmann, 2014a) and they have 
unique properties for long-term phosphorus sorption. The physical 
appearance of these substrates is presented in Figure 9 and the 
chemical properties are summarised in Table 2. Polonite® is 
manufactured in Poland by heating the sedimentary opoka rock to 
900 oC (Brogowski & Renman, 2004) and was supplied by 
Ecofiltration Nordic AB (Stockholm, Sweden) in 500 kg bags of 
material with particle size distribution ranging between 2 and 6 mm. 
The chemical composition of Polonite® is: Ca 167 g/kg, Al 31.2 
g/kg, Fe 203 g/kg and magnesium (Mg) 4.46 g/kg. Top16 (from 
Envitop Oy, Finland) is produced by heating lime to form a 
granulated material with particle size range 2-4 mm. The main 
chemical elements in Top16 are: Ca (203 g/kg), Mg (12 g/kg) and 
Fe (78 g/kg) (Herrmann, 2014). FiltraliteP™ is manufactured by 
Saint-Gobain Byggevarer AS, Norway, by heating clay to form a 
porous material with particle size ranging between 1.4 and 2.5 mm 
and porosity of 0.65. The important elemental composition for 
phosphorus removal in FiltraliteP™ is: Ca 35.7 g/kg, Al 86.1 g/kg, 
Fe 56.5 g/kg and Mg 28.3 g/kg (Ádám et al., 2007).  
The bulk density of Polonite®, FiltraliteP™ and Top16 is 781 
kg/m3, 500 kg/m3 and 745 kg/m3, respectively. The average specific 

Figure 9. Physical appearance of the reactive filter materials: (a) Polonite, (b) 
FiltralitePTM (c) Top16 and (d) Package Treatment Plant (PTP) with the filter bag 
filled with Polonite®.  
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surface area, measured from nitrogen gas adsorption, was found to 
be 3.8 m2/g for Polonite® and 0.5 m2/g for FiltraliteP™. 

3.1.2.  P-filter design 

Two different P-filter domains designed by circular and spiral 
perforated distribution pipes were used in the modelling. The model 
was intended to predict and compare the spatial distribution of 
phosphorus sorption kinetics and lifespan of Polonite®, 
FiltraliteP™ and Top16. The domain mimicked the large cylindrical 
bag commonly used for the treatment of on-site wastewater in PTP 
systems. The standard dimensions of the bag are 0.9 m diameter and 
1 m height, which represents a volume of about 700 L and a dry 
weight of e.g. 500 kg when Polonite® is used in the bag®. The bag is 
manufactured from round woven polypropylene with an watertight 
inner bag and assembled with a circular perforated pipe for 
wastewater distribution. The pre-treated wastewater dosed to the P-
filter bag is evenly distributed over the bottom surface area of the 
bag through a circular slotted pipe in the existing system. 
Phosphorus sorption takes place when the wastewater infiltrates 
upward in the pore spaces and the treated water finally flows by 
gravitational force to the outlet pipes.  

 

Table 2. Physicochemical properties of the RFM and influent wastewater used to 
model the phosphorus transport, sorption kinetics and lifespan in the P-filter bag. 

Parameter Units Polonite® FiltraliteP™ Top16 

Physical properties of reactive filter materials 
Particle size, dp [mm] 4.3 5.6 6 
Porosity, Ø [-] 0.56 0.65a 0.57 
Hydraulic conductivity, K [m/d] 800 100 500 

Bulk density, b [kg/m3] 781 500 745 

Specific surface area, Sm [m2/g] 3.8b 0.5b n.d 
Pore volume, Pv [ m3/kg] 5.5*10-4 8.14*10-4 5.82*10-4 
Dynamic water viscosity, μw  [Pa*s]  8.43*10-4 
Hydraulic retention time (HRT) [h] 12.6 8.3 12 
Hydraulic loading rate (HLR) [L/(d*m2)] 850 
 
Chemical characteristics of influent wastewater 
PO4-P influent concentration [mg/L] 11.9±1.2 11.4 ±1.3 11.0±1.2 
Total-P influent concentration [mg/L] 12.1±1.2 11.4 ±1.4 12.0±1.5 
Total organic carbon (TOC) 
influent concentration 

[mg/L] 22.2 ±5.3 130±3 22.1±5.7 

pH of virgin material [-] 11.9c 12 - 13d 10.5f 
pH of influent wastewater [-] 7.3±0.4 9.6 ± 0.6 7.6± 0.2 
pH of media saturation [-] 8.1 c 9-10 d 8.9 f 
Molecular diffusion coefficient, 
Dm 

[m2/s] 1.295*10-9 

Longitudinal dispersity, L [m] 2.5*10-3 

Transverse dispersity, T [m] 3.3*10-3 
aFrom supplier data sheet; bFrom (Zang, 2018);  cFrom (Renman & Renman, 2010); dFrom (Jenssen 

et al., 2010) and  fFrom (Herrmann, 2014). 



Filtration system for on-site wastewater treatment–experiences from modelling and experimental investigations 

 

33 

 

 

According to the manufacturer of Polonite®, the lifespan of the filter 
for treating wastewater to below the Swedish standard of 1 mg/L is 
estimated to be one year if the filter bed is constantly loaded with a 
volume of 800 L of wastewater (i.e. HLR of 1250 L/m/d). The HRT 
for FiltraliteP™, Polonite® and Top16 is estimated to be around 8.3, 
12.6 and 12 hours, respectively. The effluent from P-filter bag is 
generally discharged directly to a ditch or infiltrated into the ground. 
In this thesis, the treatment unit was modified by adding SBCW as 
a tertiary treatment for polishing the effluent from the RFM.  

3.1.3. Mode of  P-filter operation 

 The hydrograph of water flows and concentration of on-site 
wastewater fluctuates during the day, with the P-filter bag being 
continuously loaded at peak flow hours in the morning (6:00-9:00 
h), at lunchtime (12:00-13:00 h) and in the evening (18:00-21:00 h) 
and intermittently during low flow for the rest of the day. To 
investigate the response and performance of the RFM to the 
dynamics and spatial distribution of phosphorus sorption in the 
filter, the effects of different HLR (650, 850, 1050, 1250 L/m/d), 
initial phosphate concentrations (1, 5, 9, 13, 17, 21 mg/L) and 
porosity were investigated. According to a previous study (Vidal et 
al., 2018), the pH of effluent wastewater from the RFM is a good 
estimator of the longevity of the P-filter unit. The leading 
assumption in this thesis was thus that the RFM was exhausted 
when the breakthrough of the effluent water had near-neutral pH. 
The breakthrough was defined as a point where the effluent 
phosphate concentration exceeded 10 and 90% of the initial 
phosphorus concentration or the required effluent phosphate 
concentration of 1 mg/L.   

3.2. Field experimental site (Papers II and III) 

3.2.1. Design of  an integrated pilot-scale treatment system   

 The engineered pilot-scale OWT plant designed and installed to 
monitor the long-term performance of the treatment system is 
located 40 km north-west of Stockholm within the Baltic Proper 
Region. This region was identified as the most sensitive to 
eutrophication and groundwater pollution in the Baltic Sea area 
because its soils have low phosphorus retention (Figure 8), and 
because riverine nutrient transport and leaching to the groundwater 
are two major issues that require urgent solutions.  
The unique feature of the pilot system is that it integrates four 
wastewater treatment facilities to optimise phosphorus, nitrogen, 
bacteria, and organics removal naturally, without adding any 
chemicals. The energy consumption for air pumping is very small. 
The main units in the system are three chamber septic tanks, a 
package treatment plant (PTP) and an SBCW for polishing the 
effluent from the preceding unit and neutralising the pH (Figure 10). 
The system was designed for treating domestic wastewater from two 
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private family households whose maximum wastewater generation 
was estimated to be 1.7 m3/d with a total organics load of 55.9 g 
BOD7/d in autumn and 53.6 g BOD7/d in summer. The total 
volume of the septic tank was sized to 6.5 m3 with a hydraulic 
retention time of 11 days. The PTP system consists of five 100-L 
biofiltration (BF) tanks and a 700-L P-filter bag. The total volume 
of the BF tanks is 100 L. Three of the BF tanks are aerated with a 
continuous air pump in the bottom through air diffusers and two 
tanks are operated under anaerobic conditions. All the BF tanks are 
filled with a meshed Bioblok plastic (EXPO-NET A/S, Hjørring, 
Denmark) substrate for biofilm growth. The system was  

Figure 10. Layout of the pilot-scale on-site treatment system showing 
components of the sequencing batch flow constructed wetland (SBCW). (a) Final 
set-up of the system with the septic tank (ST) clarifier in the foreground, the 
package treatment plant (PTP) at the mound and the SBCW in the background. 
(b) Top view of the whole system showing the pipe connections and directions of 
water flow. (c) Three-dimensional geometry of the whole on-site treatment 
system including internal pipe connections in the PTP and SBCW.  

(a) (b) 

(c) 
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constructed from 26-29 August 2017 and pre-tested in winter and 
spring 2018. It is designed for wastewater treatment applications in 
a cold climate environment. 

3.2.2. Mode of  operation 
The raw wastewater is primarily treated in the septic tank before 
being loaded to the series of anaerobic and aerobic BF tanks for 
organics and nitrogen removal. The effluent from the last BF tank 
is discharged to the P-filter bag, which represents a volume of 700 
L and 500 kg if Polonite® is used in the bag. The bag requires a 
hydraulic loading rate (HLR) of 1250 L/m2/d if the filter is loaded 
daily with 800 L of household wastewater. The inflow wastewater is 
distributed homogeneously to the bottom through a circular 
perforated pipe. The treated effluent is collected at the top of the 
bag and then flows out through a small pipe to the SBCW. The  
actual hydraulic loading rate to the SBCW was calculated to be 16 
L/m2/d. The mean particle size (D50) of unwashed sand filled in the 
0.7 m depth of the SBCW is 0.8 mm and particle size of unwashed 
Polonite® in the 1-m bag is 2.54 mm. The postglacial sand used in 
the SBCW comes from a quarry pit located 25 km from the rural-
residential site. The coefficient of uniformity, Cu, of the sand is 5.94, 
which is greater than the recommended value (Brix & Arias, 2005). 
The physical properties of the sand and Polonite® media used in the 
system are presented in Table 3. 

3.2.3. Design of  a SBCW system  
The particle size distribution of the sand used in the SBCW was 
determined by sieving the materials through nine mesh sizes ranging 
from 0.0625 mm to 6 mm. The porosity was measured by measuring 
the volume of water that saturated the materials. The average 
hydraulic conductivity of unwashed sand was 3.11 m/d as measured 
in a 10 cm sand column in an 8 cm diameter acrylic pipe using the 
falling head method (Table 3). The inlet and drainage bed domain 
of the SBCW is filled with coarse crushed granite rocks (16-32 mm) 
to enhance artificial aeration.  

Table 3. Physical properties of filter media. Average particle diameter in mm (D), of 
sand and Polonite, unwashed and washed respectively. 
 
Average particle diameter, D (mm) Unwashed 

Sand 
Washed 
Sand 

Unwashed 

Polonite® 

Washed 

Polonite® 

D60 0.95 1.58 3.19 5.27 

D50 0.80 1.44 2.54 4.31 

D30 0.51 1.15 1.62 2.69 

D10 0.16 0.68 0.76 1.07 

Dry density, S (kg/m3) 2687.63 526.07 745.05 407.68 

Porosity, Ø (%) 28.66 31.10 42.57 56.00 

Saturated hydraulic conductivity, K (m/d) 3.11 3.16 767 800 

Pore volume, Pv (m3/kg) 0.15 0.19 5.2*10-4 5.15*10-4 
Coefficient of uniformity, Cu, d60/d10 5.94 2.32 4.20 4.93 

Coefficient of curvature, Cc, (d30)2/(d60*d10) 1.71 1.23 1.06 1.28 
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To limit the interaction between groundwater flow and water in the 
wetland, the wetland is lined with impermeable polyethylene plastic 
sheeting 4 mm thick and convective aeration pipes are connected to 
the drainage pipes to enhance more oxygen availability to the deep 
beds. The wetland was planted with a high-water resistant cattail 
(Typha latifolia) in autumn 2017 and the standing growth height was 
measured one year later (autumn 2018). The reason for selecting 
cattail was that researchers have found that this species shows better 
performance in CWs than common reed (Phragmites communis) in 
terms of nitrogen removal (Paranychianakis et al., 2016). The 
wastewater in the wetland accumulates for 5 to 7 days, depending 
on the wastewater production from the households.    

3.3. Laboratory column experiment (Paper IV) 

3.3.1. Column design    

Three intact columns with replicates (n = 3) were constructed at 
KTH Water Centre Laboratory for two purposes (Figure 11). The 
first was to evaluate the phosphorus sorption capacity of the sands, 

Figure 11. Set-ups of the replicate column experiments used to evaluate the 
sorption capacity of the sands and risks of leaching in the sequencing batch flow 
constructed wetland (SBCW). The columns were loaded with the typical 
wastewater solution from the field pilot-scale system after primary treatment in 
the septic tank (ST) and secondary treatment in the biofiltration tank (BF) and 
Polonite® (PO) bag.  
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mimicking the response of the SBCW if loaded with influent 
wastewater of different initial phosphate concentrations. After 
terminating the first experiment, a second experiment was 
performed by feeding rainwater to the same undisturbed columns,   
to investigate the risk of phosphorus leaching from the SBCW 
imposed by rainfall and snowfall during winter and spring. The 
columns were constructed using plastic (PVC) pipes with internal 
diameter 5 cm and height 70 cm. They were packed with unwashed 
dry sand (1.4 kg) collected from the SBCW to a bed depth of 0.6 m. 
A porous plate was placed at the bottom of each column to prevent 
wash-out of the particulate solids. Porosity was determined based 
on the volume of water required to saturate the sand. The particle 
size distribution of unwashed sand was analysed by dry-sieving 
techniques to estimate the mean particle diameter (d50 = 0.8 mm), 
coefficient of uniformity (Cu, d60/d10, = 5.94 mm), coefficient of 
curvature (Cc, d30

2/(d60*d10 = 1.71 mm) and dry density (= 2687.63 
kg/m3). Table 3 shows the physical properties of the sands packed 
in the columns. The average saturated hydraulic conductivity of the 
sands was determined using the falling head method (Reynolds et 
al., 1983). 

3.3.2. Mode of  operation  

To evaluate the sorption capacity of the sands, samples collected 
from three different treatment units in the pilot-scale OWT system 
(i.e. septic tank (ST), biofiltration tank (BF) and Polonite® bag (PO)) 
were used as influent solution to the columns, with columns ST1, 
ST2, and ST3 treating solution from the septic tank, BF1-BF3 
treating solution from  the biofiltration tank and PO1-PO3 treating 
solution from the Polonite® bag (Table 4). The solution in all 
columns was loaded by a peristaltic pump. Columns ST1-ST3 were 
loaded in downflow mode, while the other columns were loaded in 
upflow mode. In order to maintain unsaturated conditions in the 
sand filters, the columns were supplied with influent intermittently  
three times a day at a total hydraulic loading rate (HLRs) of 98 
(L/m2/day) (i.e. 36 (L/m2/day) in the morning (0:700-7:45 am), 26 
mL in the afternoon (12:00-12.35 pm) and 36 (L/m2/day) in the 
evening (19:00-19:45 pm). The temperature of influent samples in 
the large three bottles (10-L) (Figure 11) was kept constant (14.1 oC) 
by cooling them with cold tap water, to prevent further microbial 
activity and decomposition of wastewater. The influent samples in 
these bottles were renewed four times during the three-month 

Table 4. Mean properties of wastewater loaded in the laboratory-scale column 
experiments 
Sampling location Samples  

drained 
Total-P 
(mg/L) 

PO4-P 
(mg/L) 

Electrical 
conductivity 
(µS/cm) 

pH 

Septic tank (ST) 18*3 7.31±2.07 3.83±1.41 2097±137.22 7.31±0.15 
Biofiltration tank (BF) 15*3 6.00±1.84 3.62±1.07 1895±130.01 8.06±0.50 

Polonite® Bag (Pol) 16*3 2.30±1.26 1.59±0.9 1645±147.66 9.46±0.57 
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duration of the experiment (November 2018-January 2019). The 
mass and behaviour of phosphorus sorption in the sands were 
analysed using the breakthrough curves, in which the concentration 
in the drained sample was plotted at a specific time. 

3.3.3. Leaching experiment from the sand filters      

The risk of phosphorus leaching in the SBCW during rainfall and 
snowfall seasons was evaluated in a leaching experiment.  Rainwater 
and snowfall collected from the same location where the pilot-scale 
OWT is installed were used as passage leachate in the sand columns 
(i.e. leaching cells). The rainwater was found to have pH of around 
6.3 and electrical conductivity (EC) of 3 (µS/cm), while the snow 
water was found to have slightly lower pH of 5.3 and EC of 2.8 
µS/cm. The experiment was performed for one month only, 
between February and March 2019. All nine sand columns were 
saturated with the same volume (200 mL) of permeant (i.e. 
rainwater) to allow free drainage in a downflow mode of water 
percolation. The pore volume of flow from the saturated soil 
columns was drained for a maximum of three days. The effluent 
samples were analysed over time for pH, EC and turbidity. The 
collected samples then kept in the small plastic bottles (100 mL 
volume) for further chemical analysis of Total-P, PO4-P, PO4-P and 
TSS. The experiment was repeated on seven continuous occasions 
in February-March 2019 and was terminated when the volume of 
influent rainwater was almost equal to the total leachate volume of 
200 mL. In soil physics, pore volume is defined as the cumulative 
volume of flow through the soil divided by the volume of the pore 
spaces in the soil (Yong et al., 1992). The mass balance approach 
(Equation 13) was used to estimate the mass of desorbed 
phosphorus in the ST, BF and PO columns. The unfiltered samples 
were drained for 24 hours from the column after the nominal 
retention time (HRT) of 6 days. 

3.4.  Evaluating the performance and sorption capacity of sands 

3.4.1. Analyses of  chemical samples from the field experiment  

Grab samples from the pilot-scale OWT system were taken from 
the septic tank, biofiltration tank, P-filter bag and SBCW. The 
samples were brought to the KTH Royal Institute of Technology 
Water Centre laboratory in small polyethylene plastic bottles for 
analyses of nitrogen and phosphorus species. The nitrogen species 
(NH4-N, NO3-N, NO2-N) and phosphorus species (PO4-P and 
Total-P) were analysed using a SEAL Auto Analyzer (AA3, SEAL 
Analytical Inc., Mequon, Wisconsin, USA) and the instrument was 
calibrated prior to analysis. Samples for analysis of the occurrence 
of bacteria (Escherichia coli and intestinal enterococci) and biological 
oxygen demand (BOD7) in the treated wastewater were sent on the 
day of sampling to the Swedish accredited laboratory ALS 
Scandinavia AB, Stockholm. The analyses of bacteria and organics 
were conducted on three occasions, in July, Sept and December 
2018. In situ measurements were performed for pH, dissolved 
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oxygen (DO) concentration, redox potential (mV), temperature (oC) 
and electrical conductivity (EC, μS/cm) using a Hach HQ40d 
Multimeter (SEAL Analytical Inc., Mequon, Wisconsin, USA). 

3.4.2. Analyses of  samples from the laboratory column experiment   

Volumetric flow samples drained from the column experiment were 
analysed for pH using a PHM 95 pH meter (Radiometer 
Copenhagen), and for turbidity (turbidimeter) and electrical 
conductivity. The drained samples were collected in 200 mL plastic 
bottles and kept in the refrigerator (-4 oC) before analysis of Total-
P, PO4-P and dissolved inorganic orthophosphate (PO4-P) using the 
SEAL Auto Analyzer (AA3). The samples for these chemical 
analyses were filtered through 0.45 μm Sartorius filters prior to 
analysis. The total number of samples drained from the ST column 
was 54, from the BF column 45 and from the Pol column 48. The 
experiment was terminated after three months of operation and the 
columns were left undisturbed for the phosphorus leaching test. 
The total mass of phosphorus sorbed on the sands was calculated 
using the mass balance equation: 
 

q =
Vl (Ci − Ce) 

ms

                                                                                                  (13) 

 

Figure 12. Structure of the three-dimensional (3D) multicomponent reactive transport 
model developed in the COMSOL Multiphysics platform.  
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and the percentage phosphorus and nitrogen removal efficiency 
(RE) was calculated as: 
 

RE =
(Ci − Ce) 

Ci

× 100                                                                                        (14) 

 

where Vl is the drained volume from column (mL), Ci is the initial 
influent concentration (mg/L) from the ST, BF or Pol storage 
bottles, Ce is effluent concentration drained from the columns 
(mg/L) and ms is the mass of sand packed in the column [M].  

3.5. Process-based modelling of longevity and sorption capacity 

3.5.1. Model description 

The three-dimensional (3D) multicomponent reactive transport 
model was implemented in the COMSOL Multiphysics® version 5.4 
software by coupling two components. Component 1 solved 
reaction engineering kinetics and component 2 solved the species 
mobility and sorption in the porous filter materials. This model was 
developed under the primary assumption that transport and 
adsorption of multicomponent species in porous reactive filters are 
generally governed by the interaction of several processes (physical, 
chemical and biological). So, development of a coupled process 
model that integrates the principles of chemical reaction 
engineering, water flow, transport and adsorption dynamics of 
pollutants in the unsaturated porous media is needed to illustrate 
complex processes occurring within the system. Coupled models 
can be very useful for design and prediction of the performance of 
the system. The structure of the model developed in this thesis 
involves interfaces for reaction engineering and dilution of species 
transport in porous media, using the Richards equation (Figure 12). 
The processes modelled are described in Equation 8. The modelling 
framework was designed to solve the reaction rate equations in the 
first component and then couple them with the transport interfaces 
of diluted species in the second component in 3D geometry. The 
removal of nitrogen and phosphorus was divided into two 
processes: removal by chemical reaction (adsorption and 
precipitation) and removal by microbial activities. The elements of 
the chemical reaction sub-models and their associated equations are 
given in Table 5.  
 
The model solves the problem using the finite-element method, 
from which the solution is obtained through the approximation of 
calculation assigned to each discretized nodal or meshed element. 
The reason for choosing COMSOL as a platform for modelling 
multicomponent transports was its ability and flexibility in solving a 
complex problem by combining many physics interfaces and 
variables of interests, giving the modeller the flexibility to express 
any mathematical equations and discretise the geometry according 
to the system in the real environment. See section 2.6 of this thesis 
for further details. Most of the models developed in this thesis 
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require a physical memory of more than 2.94 GB to simulate the 
solute adsorption and transport problem at a time-steps of 86400 s 
and a free-meshing time of 6.06 s. The disadvantage of the finite-
element method used in this thesis is that it requires large computer 
memory and computational times. Moreover, computational errors 
may arise due to the approximation of solutions or selection of 
boundary and initial conditions. 

3.5.2. Modelling set-ups for sorption kinetics and longevity  

Two types of the reactor were selected to model the reaction 
kinetics under continuous flow and intermittent flow conditions. A 
continuous stirred tank reactor (CSTR) with constant mass was 
selected to model the continuous flow of perfectly mixed solute in 
the 3D cylindrical reactor of a reactive filter bag (Figure 13). A plug 
(intermittent) flow reactor was chosen to describe reaction 
phenomena in a system in which the concentration and temperature 
change due to variations in fluid flow and concentration of influent 
species in the reactor. The model for periodic change in water flow 
and concentration in the reactor was spliced by a stepwise function 
using the volumetric feeding interval of wastewater measured in the 
field. A chemical reaction kinetics sub-model was developed for 
modelling the reaction rate of the various chemical reactions 
equations for phosphorus, nitrogen and organics species 
transformation and degradation. For instance, the rate of species 
accumulation in the reactor was estimated by the difference between 
the species concentration loaded into the reactor, the species 
generated in the reactor and the species discharged after treatment 
(Equation 15).  
 

Vr

∂Ci

∂t
= ∑ Vf,mCf,m − VCi + RiVr

m

                            (15) 

 

where Vr is the reactor volume (m3), Cf,m is the influent species 

concentration (mol/m3),  Ri is the reaction rate (mol/(m3.s) and V 
is the volumetric flow rate of discharged water.  
 
The CSTR was solved as a function of temperature (T) and 
volumetric flow (V). The chemical reaction equations used for 
reactive phosphorus removal were selected because they have been 
found to be the mineral phases which to a large extent control the 
mechanisms of calcium-phosphate precipitation and solubility in 
on-site wastewater treatment (Gustafsson et al., 2008). 
The breakthrough curves from chemical reaction engineering were 
fitted to the measured values from the column experiment with 
specific filters. After fitting the breakthrough curves of simulated 
chemical species into measured data obtained from the experiments, 
the reaction engineering interface was coupled to the sub-models in 
the second component through the space-dependence model 
generated. 
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3.5.3. Modelling hydraulic dynamics  

Fluid flow dynamics in the RFM and sands in the SBCW were 
simulated using the Richards equation and transport of diluted 
species model. The Richards equation (Equation 3) is commonly 
used to describe the behaviour of water flow dynamics in 
unsaturated porous material.  
The hydraulic dynamics of water flow in the SBCW were examined 
in the three design scenarios (Figures 14 and 15). Since water is the 
main carrier of pollutants in the soil, any changes in water flow in 
the soil can result in changes in sorption. These changes generally 
occur when there is a large difference in hydraulic head, water 
content or concentration gradient between the inlet and outlet 
sources. In this model, the water flow dynamics were adjusted 
through changing the parameters for hydraulic conductivity: 
hydraulic head (h) or water content (θ) in the pore spaces. 
 
In the current version of COMSOL Multiphysics, these parameters 
are adjusted in the setting window for the Richards equation model 
in the sub-section for matrix properties. There, the user can change 
the saturated conditions of pore spaces. In this thesis, the approach 
used was to set the initial hydraulic head (10 cm) lower to the outlet 
in order to keep the RFM in the P-Filter bag unsaturated. 
Unsaturated conditions in the SBCW were set by changing water 

Table 5. Reaction equations of inorganic phosphorus and nitrogen transformation 
with reference input data on mineral solubility product constant (Ksp), ion activity 
product (IAP), saturated index (SI) and heat of reaction (ΔHr) 

Mineral phase logKsp logIAP SI ΔHr 
[kJ mol−1] 

Reference 

 PHOSPHORUS REMOVAL 

HAP: 5Ca2++3PO4
3-+ H2O <=> Ca5(PO4)3OH-+H+ -44.3 -43 1.3 0 Smith et al., 2003. 

Smith et al., 2003. DCPD: Ca2++PO4
3-+H++2H2O <=> CaHPO4:2H2O  -28.25 -19.9 8.3 -87 

OCP: 4Ca2++3PO43-+H+<=>Ca4H(PO4)3 -47.95 -40.5 7.5 -105 Christoffersen et al., 1990 

ACP: 3Ca2++2PO4
3-<=>Ca3(PO4)2 -25.5 -25.3 0.2 -94 Christoffersen et al., 1990 

DCP: Ca2++HPO4
2-<=>CaHPO4 -19.28 -11.9 7.4 31 Smith et al., 2003. 

Calcite: CaCO3+2H+<=>Ca2++CO2+H2O −8.48 -5.43 3.1 −9.6 Parkhurst and Appelo.,2011 

MICR0BIAL NITROGEN REMOVAL  

Ammonium:NH4 +
3

2
O2 => NO2

− + H2O + H+ Mineralization d(CN)

dt
= 𝜇𝐴𝑁𝑠.

𝐶𝑂2

𝐾𝐴𝑁𝑠,𝑜2
+ 𝐶𝑂2

.
𝐶𝑁𝐻4

+

𝐾𝐴𝑁𝑠,𝑁𝐻4
+ + 𝐶𝑁𝐻4

+
. 

                
𝐶𝑃𝑂4

3−

𝐾𝐴𝑁𝑠,𝑃𝑂4
3− + 𝐶𝑃𝑂4

3−
. 𝐶𝐴𝑁𝑠             

   

Nitrite:NO2
− +

1

2
CH3OH =>

1

2
(N2 + CO2 + H2O) Hydrolysis 

d(CS)

dt
= Kh. [

(
CS

XH
)

(KX +
CS

XH
)

] . XH 

   

Nitrate:NO3 +
1

3
CH3OH => NO2

− +
1

2
CO2 +

2

3
H2O Bacteria growth d(CR)

dt

= −
1

YXH

. μXH,max.
CR

(KHet,CR + CR)
.

O2

(KHO2 +  O2)
. XH 

Abbreviations:  HAP: Hydroxyapatite; ACP: Amorphous calcium phosphate; DCP: Dicalcium phosphate; DCPD: Diabasic dicalcium 
phosphate; OCP:  Octacalcium phosphate 
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volume (Vw) in the filter beds through varying the wastewater 

loading rate (q
e
) from the domestic households or the effects of 

precipitation (Pi) or evapotranspiration (ET). The water volume was 
calculated using the water balance: 
 

 ∂Vw

 ∂t
= (qe. As) + (Pi. As) − (ET. As)                              (16) 

where 𝐀𝐬 is the surface area of the SBCW [m2]. 

3.5.4. Modelling solute and sorption capacity  

 The sorption capacity of the reactive filter materials was modelled 
using the Langmuir adsorption isotherm constant (Equation 9). The 
sorption capacity of sands in the SBCW and replicate column was 
modelled using the linear distribution (partition) coefficient (Kd). 
An initial Kd value of 15 L/kg for sand filters was adopted (from 

Figure 13. Two design scenarios of the P-filter bag modelling phosphorus (P) 
sorption kinetics and adsorption. (a) Present P-filter bag filled with Polonite® 
installed in the field and (b) structure of the package treatment system where the 
bag is inserted in the middle and five biofiltration tanks surround the bag. (c) 
Structure of the currently installed P-filter bag with round distribution pipe and (d) 
proposed design of a P-filter bag with a spiral perforated distribution pipe.  
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(McCray et al., 2005). The geometries described in this thesis were 
discretised into finite elements of specific minimum and maximum 
length. It was assumed that adsorption is an exchange process that 
occurs at the specific sites and that the maximum adsorption is 
achieved when adsorbent attains equilibrium (i.e. is saturated), 
whereas all the pores are filled with adsorbate. The important state 
of variables for modelling nitrogen, phosphorus and organic 
transformation and degradation in the SBCW were nitrifying and 
heterotrophic bacteria and organic carbon sources (Table 5). The 
forcing functions for modelling these transformations in the SBCW 
were dissolved oxygen, temperature and hydraulic quality of the 
sands. The processes considered in these transformations were 
hydrolysis, mineralisation, nitrification and denitrification for 
nitrogen transformation (Table 5). The governing reaction rates for 
ammonium nitrification and hydrolysis of organics (i.e. conversion 
of slowly degradable into readily soluble organics) were formulated 
as Monod-kinetics according to expressions from Constructed 
Wetland No.2 (CWM2) for transient water flow in variably saturated 
filter conditions. 

3.5.5. Boundary condition and initial condition 

 In time-dependent models, the boundary and initial conditions 
greatly vary with the physical geometry forcing parameters utilised 
to solve the governing equations. However, there are concerns that 
interactions between the processes may cause the alteration of 
boundary conditions and make the numerical models unstable. 
Therefore, accurate knowledge of the initial conditions and accurate 
representations of physical, chemical and biological boundary and 
loading conditions is needed in model development. The physical 
boundaries for all models developed in this thesis were based on the 
boundary of 3D geometries: a cylindrical shape for representation 
of the reactive filter bag (Figure 13) and a trapezoidal shape for the 
SBCW. Initially, for all the filter beds, the RFM in the PTP system 
and the sand filter in the SBCW, it was assumed that there was no 
wastewater in the substrates. Therefore, the initial concentrations of 
chemical species used to solve reaction rate equations in the CSTR 
were set equal to zero, based on the assumption that the filters 
contained no solutes before loading, but that the species 
concentrations increased as wastewater was increasingly loaded in 
the filters. When the filter was saturated with wastewater, the first 
breakthrough was assumed to reach the outlet. At this time, the rate 
of change of concentration within the filter domain was assumed to 

be zero; 
∂Ci

∂x
= 0;  for x = L and t > 0, because of the perfectly mixed 

conditions in the CSTR reactor. It was assumed that the water flow  
dynamics in the system were generally driven by the change in 
hydraulic head (h). However, the boundary condition of no-water 
flow was set at the bottom and walls of the SBCW, to prevent 
interaction between the SBCW and groundwater. A Dirichlet-type 
boundary of the fixed hydraulic head was defined at the inlet and 
outlet domain of the SBCW when simulating water flow in saturated 
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conditions. For water flux in unsaturated filters, a Cauchy-type 

boundary condition −K. (
∂h

∂z
+ 1) = q0(z, t);  for z = 0 and t >

0 was assigned to the top surface boundary, to describe the variation 
in volumetric water flux due to the change in hydraulic head 
imposed by changes in environmental factors (temperature and  
precipitation), operational factors (pumping) and maintenance of 
the system.  

3.5.1. Geochemical modelling of  mineral solubility and precipitation 
Phosphorus removal in reactive filters is dependent on the liberation 
of calcium ions. A mineral solubility diagram was calculated in the 
PHREEQC interactive version 3.3.7 software, using the concept of 
ion activity product (IAP) and saturation index (SI) to identify the 
minerals controlling the solubility of calcium ions in solution. The 
specific precipitation, speciation and solubility of the calcium-
phosphate mineral phases (Table 5): hydroxyapatite (HAP), 
dicalcium phosphate (DCP), octacalcium phosphate (OCP), 
amorphous calcium phosphate (ACP) and dibasic calcium 
phosphate dihydrate (DCPD) were evaluated using the saturation 
interval (SI). The composition of wastewater simulated was the 
effluent from the biofiltration tank to the P-filter bag (Table 6).   
Simulations were performed using waterq4f.dat with a solution 
master species (Parkhurst & Appelo, 2013). The extent of mineral 
solubility was simulated by varying pH, temperature and initial 
phosphorus concentration. Solubility was evaluated using the 
saturation index (SI), where the supersaturation condition (SI >0) 
favoured precipitation and undersaturation condition (SI <-1) 
favoured mineral solubility. 

Table 6. Water composition simulated in the PHREEQC when investigating 
the mineral phase controlling solubility and precipitation 

Parameter Unit Value 

Temperature  [oC] 14.80 
pH - 7.55 
Dissolved oxygen concentration, (DO) [mg/L] 2.6 
Redox potential, (mV) [mV] 110 
Chloride (Cl) [mg/L] 160 
Calcium (Ca) charge [mg/L] 240 
Magnesium (Mg) [mg/L] 14.4 
Alkalinity as (HCO3) [mg/L] 335 
NH4

+ (-3) [mg/L] 59 
NO3

- (5) [mg/L] 45 
NO2

- (3) [mg/L] 0.34 
SO4

2- (6) [mg/L] 20 
Si (H4SiO4) [mg/L] 37 
Mn [mg/L] 0.05 
Dissolved reactive phosphate (PO4-P) [mg/L] 4.38 
Aluminium, (Al) [mg/L] 27 
Sodium, (Na) [mg/L] 134 
Iron, (Fe) [mg/L] 0.73 
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3.5.2. Calibration and validation of  the model 
The reliability of the model in reproducing the measured data from 
the long-term experiments was investigated. The model for 
phosphorus sorption kinetics and longevity of the RFM was 
calibrated using the set of control data of PO4-P breakthrough 
obtained from the long-term column experiments. Validation of the 
model was performed using pH data (Herrmann, 2014a). For 
modelling nitrogen and phosphorus transformation and hydraulic 
dynamics in the SBCW, the model was calibrated using the data 
from the pilot-scale OWT system collected between June and 
December 2019. Validation was performed using SBCW data on 
dissolved oxygen concentration obtained during the pumping tests. 
To evaluate the temporal variability in pH under the range of 
influent concentration in the RFM, a wide range of initial 

Figure 14. Design scenario of sequencing batch flow constructed wetland (SBCW) 
modelled in the COMSOL Multiphysics: Clockwise from left: meshed P-filter bag 
filled with the reactive material under operation in the field, proposed design of 
the P-filter bag, SBCW constructed in the field and its internal pipe connection, 
and proposed design of the SBCW.  

  



Filtration system for on-site wastewater treatment–experiences from modelling and experimental investigations 

 

47 

 

 

phosphorus concentrations was tested (1, 5, 9, 13, 17, 21 and 25 
mg/L). Accuracy of simulation of these variables was tested using 
the parametric sweep function available in the COMSOL 
Multiphysics software under continuous and intermittent loading 
regimes. The HLR tested during calibration ranged from 200 to 
1250 L/m2/d. The relationship between the simulated and 
measured phosphorus concentrations was presented in the form of 
breakthrough curves. 

3.5.3. Sensitivity analysis and uncertainty evaluation 
One of the most important steps in evaluating model reliability is 
sensitivity and uncertainty analysis. As described in section 2.8.2, a 
range of objective function were used in this thesis to assess the 
model reliability and validity for predicting the future performance 
of the OWT system. The sensitivity coefficient was calculated as 
(Marois & Mitsch, 2016): 
 

SL =
∆C C⁄

∆Pr Pr⁄
                                                           (17) 

 
where SL is the local sensitivity coefficient, C is state variable output 
and Pr is the parameter.  
 
A range of parameters, namely hydraulic conductivity, partition 
coefficient (Kd), influent concentration (Ci), molecular diffusive 
coefficient (Dm), permeability (Km), maximum sorption capacity 
(Sd) and hydrolysis rate constant (Kh), were adjusted independently 
and as a whole, in order to investigate their influence on fitting 
simulation outputs to the experimental data. Full descriptions of the 
parameters used during sensitivity analysis can be found in Papers 
I, III and IV.  

3.5.4. Statistical analysis 

Statistical analyses to examine the data distribution, spread, 
correlation and trend and significant differences between the means 
of chemical properties of samples collected from the field and 
laboratory experiments were performed using SPSS statistics 
version 25 (IBM, 2018). The performance of the treatment system 
and modelled outputs were tested at a high degree of confidence 

(95%) and probability value (0.05). The coefficient of 
determination (R2), relative root mean square error (RRMSE), sum 
of squares of the error (SSE) and p-value were used as the key 
objective functions for evaluating the extent of correlation, 
variability and significant differences between variables. In all 
analyses, the box plots of mean values were reported to describe the 
normal distribution of the data and the accuracy of the process-
based models and to compare the treatment performance of the 
entire OWT and SBCW system. R2 and RRMSE are expressed 
mathematically as: 
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R2 =
∑ (Xi − X̅)(Yi − Y̅)2N

i

∑ (Xi − X̅)2N
i=1 ∑ (Yi − Y̅)2N

i=1

                       (18) 

 
 

RRMSE =
√(

1
N

) ∑ (Yi − Ŷ)
2N

i=1

Y̅
                                  (19) 

 

where  Xi and Yi are two independent variables, X̅ and Y̅ are mean 

of independent variables, 𝑁 is the number of variables and Ŷ  is the 
simulated output. A strong correlation is obtained when R2 is close 
to 1 and RRMSE is close to 0. 
 

4. RESULTS AND DISCUSSION 

This chapter presents the important results of the breakthrough 
curves and sorption patterns of dissolved phosphorus used to 
compare the longevity of three replaceable P-filters (Paper I). The 
performance of the entire OWT (Paper II) and the SBCW (Paper 
III) in nitrogen, phosphorus, bacteria and BOD7 removal is then 
summarised. Finally, the phosphorus sorption capacity and risk of 
phosphorus leaching from the sand columns is described (Paper 
IV). 

4.1. Chemical and physical properties of reactive filter media and 
sand substrates  

4.1.1. Reactive substrates for P-Filter design 

The particle size distribution of the Polonite® material used in the 
P-Filter bag and of the sands used in the SBCW is shown in Table 
2. As regards the particle size distribution within the total mass of 
733 g of unwashed Polonite®, the largest fraction (30.9%, 292 g) had 
particle diameter of 2 mm. The fraction of fine Polonite® particles® 
(0.125 mm) was estimated to be only 1.8% (18 g). The mean particle 
diameter of unwashed Polonite® was calculated to be d50 = 2.54 mm 
and porosity was 43%.  The fraction of the coarsest Polonite® 
particles retained in the largest sieving meshes, of size greater than 
5.6 mm, comprised 8% (76.8 g). The saturated hydraulic 
conductivity of unwashed Polonite® was estimated to be 767 m/d, 
which was very close to the value given by the manufacturer (800 
m/d). Based on the coefficient of uniformity, unwashed Polonite® 
was shown to be a well-graded material, with coefficient greater than 
1 (Cu, d60/d10 = 4.2).  
According to data given by the manufacturer and a previous study 
(Herrmann, 2014a), Top16 is generally a coarser material (6 mm) 
than FiltralitePTM (5.6 mm) and Polonite® (4.3 mm). Analyses of the 
element composition indicated that Top16 had a higher content of 
calcium (203 g/kg) than Polonite® (167 g/kg) and FiltralitePTM (35.7 
g/kg). However, Polonite® has the advantage of being mechanically 
stronger and able to sustain longer contact time and high loading 
rates without dissolving into the passing water.  
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4.1.2. Sand substrates for SBCW design 

The 50 tonnes of unwashed sand used in the constructed wetland 
had a measured porosity of 28. 7% and a mean particle size of 0.8 
mm (see Table 3). The coefficient of uniformity of the sand 
materials used in the wetlands indicated that they were very graded 
(Cu, d60/d10 = 5.94) and suitable for use in CWs. Analysis of washed 
sand also indicated it to be a well-sorted material, whose coefficient 
of uniformity was calculated to be 1.23 and which had high porosity 
of 31.1%. The fraction with particle distribution size larger than 5.6 
mm represented 8.72% of the total. The largest fraction (34%) of 
the sand had particle diameter >0.5 mm. The finest fraction of this 
sand, with diameter of 0.125 mm, comprised 9.65%. The chemical 
composition of this sand was not investigated. 

4.2. Modelling of phosphorus sorption kinetics, longevity and 
sorption capacity of RFM (Paper I) 

4.2.1. Phosphorus sorption kinetics of  reactive substrates 

The breakthrough curves of the measured data from the column 
experiments and simulated phosphorus concentration from the 
model for the three saturated RFMs (Top16, FiltralitePTM and 
Polonite®) are summarised in Figure 15.  As can be seen from the 
results, the breakthrough curves of the measured data (black dots) 
were successfully fitted and reproduced by the model. It is apparent 
from the diagram that the sorption kinetics of the three RFMs 
differed in terms of reactivity, recovery, adsorption and desorption 
capacity. However, the breakthrough curves for Polonite® and 
Top16 showed similar patterns of PO4-P adsorption and 
desorption. For instance, at a low PO4-P concentration of 17 mg/L, 

Polonite® and Top16 under intermittent flow reached the 
breakthrough point at 450 BV and 570 bed volumes (BV), 
respectively. At a high PO4-P concentration, Polonite® and Top16 
under intermittent flow reached the breakthrough point earlier, at 
350 BV and 450 BV, respectively. The slope of the breakthrough 
curves for the high PO4-P concentration was shifted to the left, an 
indication of piston flow due to immiscible displacement of the 
incomplete mixed solution in the reactors. Such displacement 
occurs in a reactor when there is an incomplete reaction and shorter 
retention time of solute, where the incoming solute pushes the old 
solute very quickly with a very sharp wetting front. Both Polonite® 
and Top16 demonstrated the capacity to regenerate at intermittent 
flow.  
 
The breakthrough curves of Polonite® and Top16 under a 
continuous flow model showed a sigmoidal pattern of propagated 
PO4-P concentration. This pattern is an indication that adsorption 
is the main mechanism for PO4-P removal. As is obvious from 
Figure 15b and 15d, under the continuous flow model the PO4-P 
concentration showed a delay in reaching the equilibrium (i.e. 
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saturated conditions) in Polonite® and Top16. For instance, at 
phosphorus concentrations of 17 and 21 mg/L under continuous 
flow, equilibrium was reached at 1000 BV and 1500 BV, 
respectively. This delay could be explained by retardation, which 
slows the rate of solute transport. A previous kinetics study 
conducted by (Roques et al., 1991) reported similar patterns of 
breakthrough curves, where the exponential distribution of PO4-P 
concentration on the adsorption sites was accompanied by a 

Figure 15. Phosphorus (P) breakthrough in the reactive filter materials (RFM) at 
a ratio of dissolved P concentration in effluent to influent (C/C

0
) set at 1. Data 

from column experiments 1–4 shown as black points and simulated data for a 
range of influent P concentrations shown as coloured lines. Intermittent flow 
through simulated breaks of 100 days after 750, 1750 and 2500 bed volumes (BV) 
in: (a) Polonite®, (c) Top16 and (e) FiltralitePTM and continuous flow over 2500 BV 

in (b) Polonite®, (d) Top16 and (f) FiltralitePTM.  
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decrease in calcium concentration and an increase in pH. The 
breakthrough curves under continuous flow suggest that the affinity 
of PO4-P concentration to the adsorption sites decreased 
exponentially with increasing volume of treated water and 
decreasing calcium ions concentration. Moreover, the decrease in 
calcium ion concentration in the solution implies the formation of 
calcium phosphate complexes (Table 5). The most interesting of 
these results is that there was an adsorption equilibrium for each 
influent concentration and treated volume. Moreover, these 
breakthrough curves suggest that the propagation of PO4-P 

Figure 16. Change in pH as a function of number of wastewater bed volumes (BV) 
treated by the different reactive filter material (RFM) types. Data from column 
experiments 1–4 (Herrmann, 2014) shown as black points and simulated data for 
a range of phosphorus (P) concentrations shown as coloured lines. Intermittent 
flow through simulated breaks of 100 days after 750, 1750 and 2500 bed volumes 
(BV) in: (a) Polonite®, (c) Top16 and (e) FiltralitePTM and continuous flow over 
2500 BV in (b) Polonite®, (d) Top16 and (f) FiltralitePTM. 
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concentration differs between continuous and intermittent loading, 
where the propagation is dependent on the liberation of mineral 
ions (Ca, Fe, Al, Mg) into solution. The phosphorus kinetics seemed 
to delay the point at which the breakthrough point was reached, due 
to adsorption and the characteristics of the specific materials. 

4.2.2. Recovery of  sorption sites in the reactive substrates 

Recovery of the sorption sites in the reactive substrates was 
investigated using the breakthrough curves simulated for 
intermittent flow with a break of 100 days. The simulations were 
performed by varying the initial phosphorus concentration from 1 
to 25 mg/L. The breakthrough curves in Figure 15 reveal different 
rates of material recovery under different initial phosphorus 
concentration. Those in Figure 15(a) show that intermittent loading 
is the best loading condition for regenerating the surface charge of 
the reactive adsorbent sites. However, the magnitude of the material 
recovery is associated with the influent concentration, loading 
regime and media saturation (Adam et al., 2006; Claveau-Mallet et 
al., 2017). Figure 16a indicates that complete rejuvenation of the 
Polonite® was achieved after treating 950 BV and loading the 
medium with the high PO4-P concentration of greater than 17 
mg/L. Top16 also showed some potential for partial rejuvenation 
under intermittent loading. The breakthrough curves under the 
intermittent loading regime (Figure 15a, 15c, 15e) revealed 
interesting evidence that these reactive substrates undergo multiple 
recovery stages. The first recovery stage seems to be very strong and 
recovery strength decreases when the availability of dissolved 
calcium ions in the solution decreases. For example, complete 
recovery of Polonite® occurred after 750 BV, where the strength of 
recovery decreased in the second (1750 BV) and third (2500 BV) 
recovery stages due to the retardation caused by the adsorption of 
layers of adsorbate on the adsorbent. In contrast, the Top16 showed 
less complete recovery in the first stage than Polonite® and 
FiltralitePTM.  
 
As regards FiltralitePTM recovery, the breakthrough curves (Figure 
15e) revealed a faster and piston flow type of phosphorus 
concentration displacement. This flow type is mainly caused by the 
following factors: high concentration, high HLR, immiscible (less 
mixing) solution and incomplete adsorption reaction between the 
phosphorus forms in solution and liberated calcium ions from the 
FiltralitePTM material. Less mixing probably occurred in large 
macropores in the FiltralitePTM, from which the piston flow washed 
out the original concentration and replaced it with a new 
concentration. A good example of piston flow can be seen in the 
first recovery stage in the FiltralitePTM after treating 100 BV of water 
(Figure 16). The small volume of water treated during the first 
recovery implies that the water had a shorter retention time in that 
filter. This is in agreement with previous findings that phosphorus 
sorption on FiltralitePTM proceeds very rapidly up to around 100 BV 
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(Jenssen & Krogstad, 2003). The piston flow revealed by the 
FiltralitePTM breakthrough curves indicates the presence of large 
macropores and preferential flow due to the large particle size (5.6 
mm) of this material.  
 
It should be noted that the results presented in Figure 15 were 
simulated at different ranges of initial phosphorus concentration, 
ranging from 1 to 25 mg/L and high HLR of 1250 L/m2/d to 
represent 800 L of wastewater generation from the households 
served by the system. The practical experience gained during this 
experiment was that when the model ran at a low HLR of 400 
L/m2/d (results not presented in this thesis), the slope of the 
breakthrough curves was very gentle and they were shifted to the 

Figure 17. Comparison of mass of sorbed phosphate and saturated pH for measured 

data and simulated outputs for Polonite®, FiltraliteP
TM

 and Top16. 
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right. When the model ran at high HLRs, the breakthrough curves 
were shifted to the left. These tests indicate that low HLR and low 
phosphorus concentration provide positive advantages in increasing 
the retention time. However, at low phosphorus concentrations of 
between 5 and 13 mg/L under continuous flow in the Polonite® and 
Top16 materials, there were indications of adsorption and 
desorption processes, with a strong tailing of breakthrough curves. 
This strong tailing indicates that most of the solutes were retained 
in the filter after being desorbed from the filter substrates. 
Dalahmeh et al. (2014) have reported that an increase in HLR 
increases the flow rate and wash-out of pollutants. This is in line 
with the finding made for the FiltralitePTM filter that increasing HLR 
decreased the retention time. Consequently, it increased the rates of 
pollutant transport to the breakthrough points.  

4.2.3. Longevity of  reactive filter substrates 

The longevity of Polonite®, FiltralitePTM and Top16 was investigated 
based on the assumption that the adsorption capacity exceeds the 
breakthrough point when the treated effluent reaches near-neutral 
pH and the medium is P-saturated. The validity of this assumption 
relates to the fact that once the pH of the material drops to near 
neutral, it will no longer adsorb any phosphorus. Several studies 
have tested the hypothesis that the affinity of an adsorbent for 
phosphorus depends on the increase in pH and availability of 
mineral contents (Ca, Fe, Al, Mg) (Claveau-Mallet et al., 2017; 
Gustafsson et al., 2008; Ádám et al., 2007). Figure 16 shows 
different rates of pH decay profile for the three materials tested in 
this thesis. It should be noted that the measured pH from the 
column experiments was extrapolated to 3000 BV by the models 
based on their porosity and HLR of 1250 L/m2/d. The effluents of 
3000 BV treated in these media represent different longevity 
because of porosity variations (e.g. Ø = 0.56 for Polonite®), Ø = 
0.65 for FiltralitePTM, Ø = 0.57 for Top16) (Table 2). As can be seen 
in Figure 16a, the pH profile of the virgin Polonite® material under 
intermittent loading decreased from 11.9 to 7.1 after treatment (750 
BV, 672 days) for a typical phosphorus concentration of 9 mg/L in 
domestic wastewater.  
 
The pH profiles for FiltralitePTM (Figure 16c) showed faster decay 
rates from its virgin value of 12 to nearly 8.1 before reaching 
phosphorus saturation (200 BV, 104 days). This agrees with recent 
findings that the pH profile in FiltralitePTM decays from an original 
value of 10.4 to 8.4 after 3.7 months (Mažeikienė, 2019) . A strong 
decrease in the pH profile of FiltralitePTM is often associated with a 
decrease in the positively charged surface due to the decline in 
liberation of calcium ions from the material (Jenssen et al., 2010). 
The typical difference in longevity between the three materials, i.e. 
the time to reach the near-neutral pH (7), was apparent under 
continuous loading. The pH profile with a phosphorus 
concentration of 21 mg/L reached neutral pH in the Polonite®, 
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Top16 and FiltralitePTM after treatments of 1450 BV (3.6 years), 
1150 BV (2.9 years) and 650 BV (1.9 years), respectively (Figure 
176c, d, f). These modelling results give a better understanding that 
a system which is loaded with high phosphorus concentrations may 
have shorter longevity, i.e. take a shorter time to reach equilibrium  
(P saturation conditions). These results comply with the evidence 
from previous studies that the life expectancy of Polonite® is a 
maximum of 4 years (experience from the field) and that of 

Figure 18. Phosphorus (P) distribution pattern in filter bags filled with 

Polonite® (A1, A2), Top16 (B1, B2) and FiltraliteP
TM 

(C1, C2) for different 
operating times from 1000 days. The coloured vertical bars show the P 
concentrations in the materials after filtration for 7 months with a wastewater 
P-load concentration of 12 mg/L. 
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FiltralitePTM is 3  years when operated under continuous loading 
(Jenssen et al., 2010). The findings in this thesis indicate that the 
maximum phosphorus concentration for sustainable operation and 
longer life expectancy under continuous loading of the system is 21 
mg/L. However, the pH profile results showed that the longevity 
can be rejuvenated by 100-day breaks under intermittent loading. 
During intermittent loading, the life expectancy of Polonite® was 
shown to be extended to 2000 BV (4.9 years). However, a smaller 
extension of life expectancy was seen in the Top16 and FiltralitePTM. 
Comparisons of the pH reached when the materials were P-
saturated in the two models and column experiments are shown in 
Figure 17. It is clear from these results that a system with continuous 
loading can contribute to high pH effluent discharge to the 
environment.   

4.2.4. Spatial distribution of  phosphorus sorption in reactive substrates 

The spatial distribution of phosphorus sorption in the two design 
scenarios of P-filter bags was simulated by multicomponent reactive 
models. The results of the modelling showed that the loading 
regimes, shape and position of the inlet distribution pipe had 
significant impacts on the spatial distribution of phosphorus 
sorption in the P-filter bag. The results shown in Figure 18 represent 
the spatial distribution of phosphorus sorption in the P-filter bag 
after treating about 168 m3 through 700 L filter medium for a period 
of 1000 days. Similar rates of phosphorus sorption were observed 
in the Polonite® and FiltralitePTM, with high sorption (>2.1 g/kg) in 
the middle of the bag and at the surface, while phosphorus sorption 
in the Top16 was high (>2.2 g/kg) around the walls of the bag and 
homogeneously low (<1.6 g/kg)  in the middle of the bag. The range 
of phosphorus sorption predicted (Figure 18) was broadly 
consistent with values reported in previous studies for FiltralitePTM 
(1.39-2.21 g/kg) (Cucarella et al., 2009; Ádám et al., 2007) and 
Polonite® (2.21 g/kg) (Renman & Renman, 2010). The nonlinear 
behaviour of water flow and large porosity of the Top16 material 
greatly complicated the spatial variability in phosphorus sorption 
and resulted in less sorption at the middle (0.5 m depth) and surface 
of the bag. The behaviour of phosphorus sorption is particularly 
complex in the bag design, with the spiral distribution of 
wastewater. Analysis of all the filter designs showed that the filter 
near the distribution pipes had less sorbed phosphorus because of 
the incoming water flow. High levels of phosphorus sorption were 
observed in areas of low advective water transport and mechanical 
diffusion. Based on the phosphorus sorption phenomena observed 
in this thesis, the design suggested to be most suitable for 
homogeneous sorption purposes is a P-filter bag with a circle 
distribution pipe (Figure 18 A1, B1 and C1). The other designs 
tested seemed to increase the spatial variability, disturbance and 
nonlinear sorption behaviour in the filter (Figure 18 A2, B2 and C2). 
Another interesting observation which confirmed the hypothesis 
that the sorption capacity is proportional to the period of operation 
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was made in Paper I, where the rate of phosphorus sorption 
decreased when the materials were P-saturated.    

4.3. Geochemical modelling of mineral solubility and precipitation 

The PHREEQC interactive software was used to simulate the 
mineral phase which controls the solubility of calcium ions in the P-
filter solutions. The stability diagram (Figure 19) was developed to 
identify the mineral form which controls calcium ion dissolution at 
low and high phosphorus concentrations and under different 
temperature of solution. It should be noted that removal of 
phosphorus in reactive P-filter substrate is favoured by an increase 
in pH and availability of calcium ions. The stability diagram 
indicated that diabasic dicalcium phosphate (DCPD) was the 
dominant mineral phase controlling dissolution of calcium ions at 
the low initial phosphorus concentrations (from 5 to 40 mg/L). 
After equilibrium was reached, DCPD no longer contributed 
calcium ions at the high phosphorus concentrations.  
Rather, calcium dissolution was dominated by calcite, with a small 
contribution from dicalcium phosphate (DCP) and hydroxyapatite 
(HAP). An interesting observation was that temperature seemed to 

Figure 19. Solubility diagram and saturation index (SI) of different phosphorus-based 

minerals calculated with PHREEQC at a temperature of 16.5
 o
C and 4.3 

o
C. Abbreviations:  

HAP: hydroxyapatite; ACP: amorphous calcium phosphate; DCP: dicalcium phosphate; 
DCPD: diabasic dicalcium phosphate; OCP:  octacalcium phosphate. 
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be a good agent for calcium phosphate precipitation. This is 
indicated by the diagrams for HAP and octacalcium phosphate 
(OCP), where the increase in temperature (16.5 oC) and the increase 
in phosphorus concentration resulted in the SI being strongly 
supersaturated. In contrast, DCPD was indicated to be a calcium 
phosphate complex that was never supersaturated, because the SI 
was <1 in all periods of simulation (Figure 18). The results obtained 
were similar to those in other studies. In all cases, the precipitation 
of HAP and OCP was similar to previous findings reported by 
Blanco et al.(2016) that the precipitation of basic oxygen furnace 
(BOF) steel slag aggregates strongly increases with the added 
phosphorus concentration.  

Figure 20. Water flow pathways in the four different design structures investigated in this 

thesis for improving on-site treatments. (a) package treatment plant (PPT) with the 

Polonite® bag inside the system, (b) water flow in the sand column experiment, (c) 

sequencing batch flow constructed wetland (SBCW) Design 1 monitored in situ for a 

period of 6 months. (d) Proposed SBCW design scenario to increase water retention and 

mixing. Simulation was performed for saturation flow media conditions. The red colour 

in the diagram represents high water flow velocity.  

(a) (b) 

(d) (c) 
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4.4. Simulating hydraulic dynamics and phosphorus sorption in 
SBCW and column experiments (Papers III and IV) 

4.4.1. Hydraulic dynamics and phosphorus sorption in the reactive filters 
and SBCW sands 

Generally, water is the main carrier of pollutants in porous filter 
media. Analyses of the hydraulic dynamics in filters are crucial in 
assessing the pollutant mobility, evaluating different designs, 
determining the pathways with longer and shorter residence time, 
evaluating the distribution of pollutants and detecting failures such 
as preferential flow in the filter medium (Kumar & Zhao, 2011; 
Giraldi et al., 2009). Figure 20 shows the pathways of water flow in 
the package treatment plant (biofiltration tank), vertical column 
sand filters and different designs of constructed wetlands studied in 
this thesis. The results from this flow modelling suggest that water 
can take different flow pathways (longer and shorter paths, uniform 
and non-uniform flow) through the filter medium. The continuity 
of water flow through the filter domain may depend on several 
factors, including the porosity available for water flow, 
environmental factors such as temperature and precipitation (snow 
and rain), which can change the water balance of the system, and 
hydraulic loading condition.  
 
Analysis of the results showed that the effectiveness of flow was 
extremely high in the zone near the inlet distribution pipes 
(represented by red arrows in Figure 20) and with a low water flow 
zone outside this (dead zone, represented by blue arrows). The 
wastewater flow within the SBCW displayed several flow paths, 
where long flow paths and shortcircuiting effluent near the outlet 
well were revealed in wetland design 1 (Figure 20c), while long flow 
paths and very well mixed water and re-circulated water to the inlet 
zones were observed in wetland design 2 (Figure 20d). Wetlands 
with long flow paths and shortcircuiting of water flow often suffer 
from hydraulic malfunction through clogging and preferential flow 
(Nivala et al., 2012), especially when the system is loaded with 
wastewater with a high organic matter content. These two problems 
are the main factors reducing the treatment performance and 
longevity of wetland systems (Vymazal, 2018). Careful analysis of 
water flow in wetlands suggests that a wetland with a long flow path 
and well mixed and recirculated water gives the possibility of having 
longer HRT and transport of oxygen to dead zones. It can be 
assumed that the increase in oxygenation in the filter beds and 
longer residence time increase the activities of microbes involved in 
NH4-N transformation and PO4-P removal in the wetland.  
 
To increase the understanding of the modes of hydraulic failure 
based on the system design, analyses were made on the three 
different design scenarios of SBCW tested. The results, which are 
provided in Figure 21, provide important information for wetland 
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design, because they help to illustrate how water flows within the 
wetlands. As seen in Figure 21b, where high water flow velocity is 
indicated by red arrows and low velocity by blue arrows, the water 
flow in wetland design 2 gave a long residence time due to its 
advantage of recirculating water, while wetland design 3 (Figure 21c) 
demonstrated homogeneous distribution of water flow in the 
wetland. Many scientists have reported that wetlands with limited 
water flow and oxygen circulation may have problems with 
accumulation of organics near the inlet zone and with preferential 
flow (Alem et al., 2015; Nivala et al., 2012). Preferential flow is 
defined as a pathway of preferred flow that generally occurs in 
structured soil of lower bulk density. This problem may also be 
caused by nonlinear (i.e. non-ideal) water flow due to the growth of 
biofilm in macropores or increased soil compaction. Scientists have 
described preferential flow using different terms such as short-
circuiting, bypass flow, fingering or macropore flow. The problem 
of preferential flow can be solved by packing the filter media using 
different layers of materials of different porosity, to give micro-, 
meso- and macropores (Nakamura et al., 2017).  

4.4.1. Hydraulic response of  sand filters for phosphorus adsorption and 
desorption in the SBCW and replicate columns 

To fully investigate the response of the sand filters in the SBCW, 
pumping tests were performed on different occasions from August 
to October 2018. Figure 22 shows the exponentially increasing 
response of dissolved oxygen (DO) concentration and decreasing 
trend of PO4-P concentration. The response of DO and PO4-P 

Figure 21. Side view and top view of the three sequencing batch flow constructed 
wetland (SBCW) designs. (a) the design used in the pilot-scale system that was 
monitored in the field for 6 months and (b, c) alternative wetland designs 2 and 
3. The red colour represents high water velocity and arrows show flow paths. 
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concentration are captured well by the reactive transport model. The 
pumping results in Figure 22 showed that the DO concentration was 
increased from 2 mg/L to 9 mg/L, while the PO4-P concentration 
decreased gradually throughout pumping. It was noted that the 
concentration of phosphorus appearing at the outlet well during 
pumping tests was reduced by 62%, from the influent value of 1.46 
mg/L to the effluent value of 0.55 mg/L. This effluent value is below 
the Swedish recommended value for wastewater discharge from on-
site facilities (<1 mg/L). The slightly convex profile of the PO4-P 
concentration in Figure 22a indicates that phosphorus transport 
increased exponentially during the 20 minutes of pumping the 
saturated filter medium. This means that pumping subjects the 
wetland to leaching (desorption) of bound phosphorus at the 
beginning of pumping, after which the profile decreases with 
pumping time. The decreasing trend in phosphorus concentration 
after the maximum leaching capacity was directly associated with the 
decrease in pore water in the wetland. It should also be noted that it 
took 35 minutes to empty all the water from the saturated SBCW.  
 
Figures 22c and 22d show the linear and non-linear profile of PO4-
P leaching from the replicate sand columns, which were dosed with 
wastewater from the septic tank. The reactive transport model was 
unable to replicate the variability in PO4-P concentration leaching 

Figure 22. Response of the sand filter in the sequencing batch flow constructed 
wetland (SBCW) in terms of (a) phosphate-phosphorus (PO

4
-P) adsorption and 

(b) dissolved oxygen (DO) transport during pumping tests; and results of leaching 
tests in the column experiment simulated at a soil-water distribution (partition) 
coefficient (Kd) value of (c) 15 and (d) 10. 
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from the columns. However, the two diagrams are useful in 
identification of soil beds that have greater desorption of PO4-P 
concentration. In Figure 22c, the simulation evidence and 
experimental data showed that the sand layers located from the 
middle to the deepest layers (20-50 cm depth) were most sensitive to 
phosphorus leaching. The amount of phosphorus that leached from 
the columns ranged between 0.06 and 0.16 g/kg and this leaching 
was generally confined to the middle-lower layer. This is one of the 
most interesting findings in this thesis, because it identifies the sand 
layers where most of the chemical adsorption and desorption of 
phosphorus take place. The most obvious difference emerged when 
fitting the experimental data by changing the linear distribution 
coefficient value (Kd) from 10 to 15. The processes occurring at 
these two values demonstrate the very important principle of 
desorption and adsorption, i.e. that phosphorus is desorbed into the 
solution at low Kd values and adsorbed in the filter at high Kd 
values. The Kd values used in the analysis were adopted from a 
previous study, which found that a Kd value of 15 L/kg for a sand 
filter treating an influent phosphorus concentration of 9 mg/L gave 
the maximum phosphorus sorption capacity, of 0.237 g/kg (McCray 
et al., 2005).  

4.5. Reliability of the models - calibration, validation and 
parameter sensitivity analysis (Papers I, III and IV) 

The reliability of the different numerical models was evaluated by 
determining their capacity for fitting and reproducing measured 
experimental data from the fields and column experiments. The 
reactive transport model for modelling phosphorus sorption 
capacity and changes in pH in the RFM was calibrated using only 
published data from laboratory-scale column experiments 
(Herrmann, 2014). By visual inspection, the data for phosphorus 
sorption kinetics (Figure 16a) and pH profiles (Figure 16b) were 
successfully fitted, reproduced and extrapolated by the models for 
long-term bed volume. The parameters used to calibrate the models 
are provided in Paper I and Paper III. Statistical analysis of the 
correlation between the modelled pH under intermittent loading 
and measured pH in the Polonite® indicated a strong positive 
correlation (R2 = 0.943, slope = 0.5). The correlation of the 
predicted values under the continuous flow model with the 
measured values was also strong (R2 = 0.870, slope = 0.56) (Figure 
23). Since the modelled pH was extrapolated for a wide range of 
treated bed volumes, it should be noted that the correlation was 
made for specific data based on the range of experimental data. The 
good correlation obtained for the intermittent flow conditions 
confirms that the current setting of the model is reliable for 
predicting the sorption kinetics and longevity of reactive filters. The 
simulation errors in fitting the breakthrough curves of the modelled 
output and measured PO4-P concentration from the pumping tests 
were evaluated using the residual statistical tools normal probability 
plots (Figure 24(A1, B1, C1)), residual plots (Figure 24(A2, B2, C2)) 
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and histogram and normal distribution density function (Figure 
24(A3, B3, C3)). The normal probability plot indicated that most of 
the effluent PO4-P concentrations of less than 0.35 mg/L were well 
fitted to the model, but that all the higher concentrations of above 
0. 5 mg/L were poorly fitted to the model. Moreover, the histogram 
also showed a more-or-less bell shape, matching the Gaussian-
shaped profile of homogeneous PO4-P concentration from the sand 
filters. It was also observed from the residual plot that there was a 
tendency for most of the PO4-P concentration during the beginning 
of pumping to spread from the centre (mean values) due to the 

Figure 23. Cross-validation for evaluation of the model reliability showing the 

correlation between measured and modelled pH for the Polonite, FiltraliteP™ and 

Top16.  
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variability of water flow during pumping. The main conclusion from 
this part of the analysis was that the multicomponent reactive model 
developed in this thesis demonstrated good capacity for 
reproducing linear and non-linear behaviour of water flow transport 
in the porous media under saturated and unsaturated conditions. 
The model showed outstanding capacity to describe the 
breakthrough curve behaviour of phosphorus sorption kinetics, pH 
profiles and the spatial distribution of phosphorus sorbed in the 
RFM and sands in the SBCW. The proposed model was modified 
from time to time according to the target pollutant modelled. This 
demonstrated the flexibility of the model to changes in various 
conditions such as loading regime, phosphorus concentration and 
simulation time.  
 

4.6. Performance of the entire OWT system and SBCW in the field 
experiments (Papers II and III) 

4.7. Phosphorus and nitrogen removal in the entire OWT 

4.7.1. Phosphorus in the entire OWT 

The performance of the entire OWT was evaluated according to the 
difference between the inlet concentration in the septic tank and the 
effluent concentration in the SBCW outlet well. The influent Total-
P concentration of wastewater measured in the field was typical for 
on-site wastewater, ranging from 3.9 to 10.2 mg/L (median 6.9 

Figure 24. Normal probability plots for fitting the modelled results, residual plots 

(figures in the middle) and histogram plots for the (A1-A3) Polonite, (B1-B3) 

FiltraliteP™ and (C1-C3) Top16, respectively. 
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mg/L) (Figure 25a). The results showed that the entire system had 
the capacity to remove about 84% of Total-P and 82% of dissolved 
PO4-P. However, the reduction in PO4-P between the treatment 
units was as follows: Polonite® achieved the greatest reduction in 
dissolved PO4-P and Total-P, of 88% and 94%, respectively. In 
general, the P-filter bag is the treatment unit designed for optimising 
removal of dissolved PO4-P concentration, while the biofiltration 
tanks in the system are designed for microbial degradation of the 
nitrogen and organic matter. Both units were implemented as 
replacements for conventional chemical treatment units that are not 
sustainable for wastewater treatment applications in rural areas. The  
biofiltration tanks did not reduce phosphorus concentrations, but 
rather transformed particulate-bound phosphorus into dissolved 

Figure 25. Box plots showing (data range, quartile range, and mean values, 

dots indicating outliers) the concentrations of ammonium-nitrogen (NH
4
-N) 

and nitrate-nitrogen (NO
3
-N) at different sampling points in the on-site 

wastewater treatment system during the entire study period. 
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PO4-P. Vidal et al. (2018) reviewed the performance of on-site 
treatment facilities with P-filters and reported that most of the P-
filters evaluated had a removal capacity of between 43 and 99 %. 
The main reasons for variation in the performance of these systems 
were fluctuations in influent wastewater composition and 
differences in the age of the system.  
 
A very promising result obtained in this thesis was that the 
phosphorus concentration in effluent from the SBCW was very 
close to the required limit for on-site discharge (1 mg/L). The 
performance of the P-filter fluctuated seasonally, for instance in 
December 2018 the P-removal was found to be around 93%. This 
increase in performance was attributed to high influent 
concentration from the septic tank. This evidence confirms the 
finding from the modelling study that the adsorption capacity of 
Polonite® was dependent on the influent phosphorus concentration. 
However, such an increase was also reported to occur in spring and 
summer when the temperature rose. One unanticipated finding 
made in this analysis was the increase in PO4-P concentration in the 
biofiltration tanks. This was in agreement with observations made 
in the field during sampling that there was excessive growth of 
biofilm in the third and fifth (unaerated) biofiltration tanks. A 
possible reason for high regeneration of inorganic PO4-P in these 
unaerated tanks was microbial conversion (mineralisation) of 
organic phosphorus into inorganic phosphorus. The mass balance 
analysis showed that the adsorption capacity of the Polonite® in the 
P-filter bag was 1.21 g/kg and that the Total-P sorption capacity of 
the sands in the SBCW was 0.0134 g/kg. It is clear from these 
findings that the addition of an SBCW would not greatly improve 
phosphorus removal. However, the effluent concentration of Total-
P from the SBCW was within the permitted discharge limit of 1 
mg/L.  

4.7.2. Nitrogen removal in the entire OWT 

The rate of inorganic nitrogen removal from the typical influent 
wastewater in the septic tank to the SBCW outlet well is shown in 
Figure 25b. The overall assessment of the performance of the entire 
system indicated that most of the NH4-N was oxidised in the 
biofiltration tank to NO3-N and in the SBCW to NO3-N and to 
NO2-N by nitrifying bacteria. The performance of these two 
treatments unit meant that 74.6% of the NH4-N concentration was 
removed in the biofiltration tanks and 22.5% in the SBCW. As can 
be seen from Figure 25b, most of the NH4-N present was oxidised 
to NO3-N in the SBCW. The high rate of NH4-N removal in the 
biofiltration tanks and SBCW depended on the availability of 
oxygen, where the average concentration of dissolved oxygen 
measured in the biofiltration tanks was 2.64 mg/L and the mean 
concentration in the outlet well was 1.80 mg/L. It was somewhat 
surprising to observe the increase in NH4-N in the P-filter, from 21 
mg/L in the influent to 44 mg/L in the effluent. This discrepancy 
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could be attributed to the arrangement of the biofiltration tanks, 
where the influent to the P-filter bag was the effluent from the last 
unaerated biofiltration tank. It may be the case that the lighter sludge 
flocs or unoxidised wastewater from the last biofiltration tank flow 
out to the P-filter. Previous investigations have indicated capacity of 
P-filters for transforming NH4-N to NO3-N and even reducing TIN 
by 17.7% (Renman et al., 2008). A two-tailed t-test of multiple 
comparison of the reduction in NH4-N concentration showed no 
significant difference between the biofiltration and P-filter effluents 
(p<0.05).   

4.8. Phosphorus and nitrogen removal in the SBCW 

4.8.1. Phosphorus in the SBCW 

As Figure 26a shows, the phosphorus removal rates in the SBCW 
were more erratic than the nitrogen removal rates. Further analysis 
of the results presented in this diagram show that there is a zonation 
in the filter bed where phosphorus is removed effectively. For 
example, the top sand layer (0-0.2 m) and the middle layer (0.2-0.4 
m) are active in phosphorus removal. The mass balance analysis 
indicated that removal of PO4-P has the capacity for removing 
56.1% of all phosphorus, calculated based on the influent value of 
1.46 mg/L from the P-filter bag. Many studies have reported that 
wetlands operated intermittently (i.e. filling and draining) have low 
rates of phosphorus removal (e.g. Vymazal, 2005). In these studies, 
the total phosphorus removal rate did not exceed 90% (Brix & 
Arias, 2005; Rousseau, 2004). García et al. (2010) listed three key 
reasons for low phosphorus removal in SSVF-CWs, one of which 
was low adsorption capacity of the sand filters, as most of the 
macrophytes used for phosphorus uptake only grow in a specific 
season and after that the plants remain in the system as a sink.  
Based on the mass balance analysis in this thesis, the adsorption 
capacity of the sand soil filters decreased from the top layer (2.76 
mg/kg) and the middle layer (2.70 mg/kg) to the deep layer (2.53 
mg/kg). Comparison of the performance of sand filter layers 
showed no statistically significant difference (p>0.05) in terms of 
lowering the PO4-P concentration. Several studies have reported 
that the adsorption capacity of sand varies significantly depending 
on the mineral content. Arias et al. (2001) investigated the 
phosphorus sorption capacity of 13 Danish sands of different 
particle sizes ranging between 0 and 4 mm found that high 
phosphorus removal was associated with a high content of calcium. 
The mass of phosphorus removal recorded in this thesis was much 
lower than that reported by Arias et al. (2001). 

4.8.2. Nitrogen removal in the SBCW 

The rate of nitrogen removal in the SBCW was investigated using 
the typical wastewater from the P-filter materials, with influent 
concentration of NH4-N of 43.55 mg/L, TIN 51.72 mg/L, nitrate-
nitrogen (NO3-N) 10.71 mg/L and nitrite-nitrogen (NO3-N) 0.85 
mg/L. As shown in Figure 25b, most of the NH4-N was nitrified 
into nitrate, with similar rates of nitrification in the different sand 
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layers. The overall reduction in NH4-N and TIN concentration at 
the SBCW outlet was estimated to be 75.74% and 7.78%, 
respectively. Detailed analysis of nitrogen removal in different sand 
layers of the SBCW showed large variations in the rate of removal. 
The highest mean reduction in TIN concentration was observed in 
the top layer (24.08 ± 4.99 mg/L) and the middle layer (24.31 ± 4.85 
mg/L) and it slightly decreased in the deep layer (23.33 ± 4.59 
mg/L). None of these differences were statistically significant 
(p>0.05). The TIN removal in this study corroborates to a great 
extent results reported by Jenssen et al. (2010), who found TIN 
removal of between 33 and 66 %, and Nilsson et al. (2013), who 
estimated 11% removal of TIN in Polonite®. 

Figure 26. Removal of phosphate-phosphorus (PO4-P) and nitrogen (N) concentration 
from the sand filter layers within the sequencing batch flow constructed wetland (SBCW) 
and at the outlet well before pumping (SBCW-OBP) and after pumping (SBCW-OAP). 
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4.8.3. Bacteria and organics removal 

It is apparent from the results presented in this thesis that the 
integrated OWT system, which combines a reactive P-filter and a 
SBCW, is effective for bacteria and BOD7 reduction. The results in 
Paper II indicated that the effluent water from the entire OWT had 
a BOD7 concentration below 1 mg/L. Overall, the P-filter showed 
good capacity for removing an average of 97% of BOD7 and the 
SBCW removed 98.9%. This was evident also from the very low 
concentration of E. coli and intestinal enterococci in the effluent. 
However, by the end of the sampling period in December, the 
colony-forming unit values had increased noticeably and a slight 
increase in BOD was observed. 

4.9. Influence of physical and chemical conditions 

4.9.1. Effects of  pH and temperature  

Several factors can affect the physical and chemical transformation 
of phosphorus and nitrogen and their removal in wastewater 
treatment systems. Temperature and pH are the most important 
factors because they control the reactions in the aqueous solution 
and balance the water content in the treatment unit. The measured 
pH values at different sampling points in the OWT system 
investigated in this thesis are shown in Figure 27. All the measured 
values fluctuated throughout the study period, due to changes in 
water composition and water flow. The pH of influent water from 
the septic tank ranged from 7.33 and 8.60, while the pH in the 
biofiltration tanks ranged from a minimum value of 7.49 to a 
maximum value of 8.52. The highest pH values were measured in 
the effluent samples from P-filter bag, where peak values were 
recorded in early August 2018 and mid-October. The results 
showed that the Polonite® bag installed in the PTP had an initial pH 
of 12, which decreased gradually from June 2018 to around 9 in 
December 2018. Many authors have reported a positive correlation 
between increased pH and phosphorus removal (Nilsson et al., 
2013; Vidal et al., 2018). In this thesis, a similar correlation was 
found between the pH and Total-P removal in the P-filter bag, 
where the phosphorus concentration was successively lowered to 
give an effluent concentration below 1 mg/L. However, three peaks 
in effluent phosphorus concentration (2 mg/L) were recorded in 
autumn 2018. The pH in the SBCW outlet well was always below 9 
and decreased as the pH of water from the P-filter bag decreased. 
However, during pumping in July and August, when the pH in the 
effluent from the P-filter bag was above 10, the pH was slightly 
higher than 9 in the SBCW effluent. The temperature of influent 
wastewater from the P-filter to the SBCW was a maximum of 20 oC 
in July and decreased to 6.2 oC in December. At the SBCW outlet, 
the measured temperature decreased from 24.1 oC in July to 2.5 oC 
in December. High rates of ammonium nitrification were observed 
during July 2018, when the temperature of incoming wastewater 
from the P-filter was above 20 oC.  
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4.9.2. Effects of  dissolved oxygen, redox potential and electrical 
conductivity 

The availability of dissolved oxygen (DO) is one of the most crucial 
parameters for microbial nitrogen removal. The measured data from 
the field experiment indicated great variation in DO concentration 
within the system. These variations are partly attributable to changes 
in temperature, dissolved salts and biological activities (Kadlec & 
Wallace, 2009). The measured DO concentration in the septic tank 
was very low (0.27 mg/L), giving anoxic conditions. Due to 
continuous pumping of air in the PTP system, the concentration of 
DO was elevated in the biofiltration tank (2.64 mg/L) and P-filter 
(2.69 mg/L). The measured data from other sampling points 
indicated variations in DO concentration, with those in the P-filter 

Figure 27. pH and concentration of Total-P measured at different sampling points 

in the on-site treatment system. 
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bag deviating most, from below 1 mg/L to 9.5 mg/L. The highest 
concentrations of DO in the biofiltration tanks (5.31 mg/L) and P-
filter bag (5.76 mg/L) were recorded in November. These results 
confirm the hypothesis that microbial activities, which often need 
oxygen to consume organics, decreased during the season of low 
temperature. Furthermore, monitoring of the performance of the 
OWT showed that the successive accumulation of organic matter in 
the anaerobic biofiltration tanks was associated with a decrease in 
DO concentration.  
 
The pumping test in the SBCW outlet well was observed to elevate 
the DO concentration from 2.5 to 9 mg/L. The DO in the SBCW 
outlet well had an average concentration of 1.8 mg/L and it 
increased from September but was still low, reaching a 

(a) 

(b) 

Figure 28. Box plots showing the concentration of (a) effluent phosphorus 
discharged from the sand column filters and (b) mass of phosphorus adsorbed 
from the column sand filters loaded with wastewater from the septic tank (ST), 
biofiltration tank (BT) and Polonite® bag (PO).  
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concentration of around 3 mg/L. In August and September 2018, 
the whole wetland was under oxidising conditions. It is expected 
that the concentration of DO will increase when the cattail plants in 
the wetland reach maturity (Nivala et al., 2019). The redox potential 
in all the system units (ST, BF, P-filter and SBCW) was directly 
linked with the availability of DO concentration. Strongly reducing 
conditions were detected in the septic tank, ranging from -47 to -
326 mV. The redox potential in the Polonite® bag was always under 
oxidising conditions, ranging from 113 mV to 185 mV. It decreased 
from 200 mV to 190 mV in August 2018 due to oxygen depletion. 
The redox potential in the biofiltration tanks dropped slightly to 
reducing conditions (-79.50 mV) in November 2018, when the 
temperature dropped to 7.53 oC. The redox potential in the wetland 
was quite high (242 mV) in September, when the temperature was 
also high (16 oC). Then, the redox potential started to decrease 
gradually from 165 mV to 145 mV during the low-temperature 
season starting at the end of September 2018. This is indicative of 
the wetland starting transforming from aerobic to anoxic 
conditions. A high peak in redox potential was observed during the 
pumping test on September 6, due to downward diffusive and 
advective transport of oxidised water to the effluent SBCW well. 
Generally speaking, electrical conductivity measured at the pilot 
study site was very unusual compared with previous experience. All 
values of EC recorded were extremely high, with e.g. the EC of the 
influent wastewater varying between 1500 and 2450 μS/cm. 
However, there was a trend for the EC to decrease from July to 
September, after which it increased to December. A possible 
explanation for this might be a change in the salinity of the 
wastewater discharged to the septic tank. 

4.9.3. Risks assessment of  phosphorus leaching in the column experiment 

Leaching column tests in the laboratory are frequently used as the 
standard approach to investigate the adsorption and desorption 
characteristics of filters in undisturbed conditions. In this thesis, this 
approach was used to quantify the amounts of dissolved and total-
P which adsorbed and desorbed from the sands. The response of 
the columns was tested by simulating the typical influent wastewater 
collected from different treatment units in the pilot-scale 
experiment (ST, BF, Polonite® bag). The results indicated that all 
the columns packed with similar sand materials had different 
adsorption and desorption capacity under loading of different 
influent wastewater concentrations (Figure 28). A comparison of 
phosphorus removal efficiencies in all columns showed a significant 
difference in the mass of sorbed phosphorus, with a tendency for a 
decrease from the septic tank to the Polonite® bag (Figure 28b). 
High Total-P removal was seen in the septic tank (average removal 
0.72 g/kg) and the amount of sorbed phosphorus decreased 
successively to the biofiltration tank (0.39 g/kg) and Polonite® bag 
sand columns (0.17 g/kg). High retention of the Total-P 
concentration in the septic tank relates to the content of organic 
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matter in the wastewater solution, which was highest in the septic 
tank.  
 
It has been shown previously that organic matter content has a great 
influence on phosphorus sorption (Nilsson et al., 2013). The Total-
P concentration of 8.13 mg/L from the septic tank bottle was 
strongly reduced (in ST1 by 97%, ST2 by 98%, ST3 by 98%), while 
the Total-P concentration of 8.13 mg/L from the inlet Polonite® 
bottle was slightly less well reduced (in PO1 by 93%, PO2 by 91%, 
PO3 by 96%). Low rates of phosphorus removal were found in all 
three biofiltration tank (BF1-3) columns. The high phosphorus 
removal efficiency in all three ST columns could be explained by 
two reasons: i) all the ST columns were operated under unsaturated 
conditions and ii) these columns were loaded with typical 
wastewater with high organic matter content. The most interesting 
finding from this analysis was the high removal efficiencies of 

Figure 29. Box plots showing the concentration of phosphorus (P) (a) sorbed on 
the sand column filter and (b) mass of phosphorus leached from the column sand 
filters. ST=septic tank, BF=biofiltration tank and PO=Polonite® bag. 

  

(a) 

(b) 
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dissolved P, rather than Total-P, in almost all columns. Surprisingly, 
the effluent water from the ST columns was indicated to be very 
clear, with turbidity below 2 NTU, while the effluent water from the 
BF columns had an average turbidity of: BF1 28 NTU, BF2 13 NTU 
and BF3 22 NTU.  
 
As Figure 29 shows, there was significant variation in the mass of 
Total-P and TSS leached from the sand columns. The results 
indicated clearly that the amounts of TSS leached from the sand 
columns were proportional to the amount of Total-P sorbed in the 
sands. The total mass of phosphorus leached was considerably 
higher for the BF columns (range 0.18-0.210 g/kg) than for the 
other two columns. The amount leached from the PO columns 
ranged between 0.030 and 0.039 g/kg. The high rate of phosphorus 
leaching from the second ST tank (0.030 g/kg) is an indication of 
pore channel flow (preferential flow), which was probably caused 
by disturbance during packing of the sand soil columns. The lowest 
amount of total phosphorus leaching was observed for the other ST 
columns, confirming the hypothesis that high organics content 
increases the sorption capacity of sand filters, and hence reduces the 
amount of phosphorus leached from the filter. Measurements of the 
pH of leaching wastewater showed that the pH in all columns was 
less than 8.5 (Figure 29b).  

4.10. Practical application and lessons learned 

It is widely recognised that there are difficulties in predicting the 
lifetime of filter materials and in visualising contaminant transport 
and sorption in wastewater treatment systems. In this thesis, three 
approaches were used for monitoring an OWT system in the field. 
The results are valuable in modelling different design scenarios, to 
improve knowledge and facilitate understanding of the 
performance, lifetime and hydraulic functions of filter media for 
reliable and sustainable application of OWT systems. Prior to this 
work, the available literature had not identified a reliable and 
sustainable technology for efficient multiple contaminant removal 
in small-scale wastewater treatment systems in cold climate 
conditions. The thesis studied these issues through installing an 
integrated OWT which treats multiple contaminants at low 
investment costs and affordable operating costs. Moreover, the 
process design model developed and refined in the thesis assisted in 
identifying a reliable OWT design, visualising the spatial distribution 
of solute transport within the system and predicting the hydraulic 
dynamics and lifespan of the reactive filter. In addition, the thesis 
evaluated the risks of leaching and response of the sand filter in 
wetlands to influent wastewater of different concentrations. 
 
The results obtained in this work helped to identify Polonite® as the 
best reactive filter material of the three tested, with longer life 
expectancy and good mechanical strength for sustaining both 
conditions of changing influent concentration and high hydraulic 
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loading regimes under intermittent (incur filling and draining) and 
continuous loading, without weathering. However, the operational 
risks of loading the PTP or the wetlands with high influent 
phosphorus concentrations of greater than 25 mg/L were not 
evaluated.  Estimation of the longevity of a filter unit is crucial for 
many practical reasons. A filter in an on-site treatment plant should 
not be replaced either too early or too late. Too early replacement 
means more frequent purchase and installation of filter material and 
higher costs for the household using the system. Moreover, the 
spent filter material is usually far from saturation and the full 
phosphorus recycling value is not yet reached. Too late filter 
replacement poses a risk of leakage of Ca-P precipitates and physical 
disintegration of the material, which can wash out particulate-bound 
phosphorus to recipient waters.  
 
Based on the results, a new design configuration for constructed 
wetlands was identified, where the drainage pipe should be placed 
close to outlet well in order to improve water detention time, water 
circulation and removal efficiency of nitrogen and phosphorus. The 
decline in pH observed during monitoring of the OWT from 
initially high values to lower values during wastewater filtration can 
create conditions for bacterial growth, which can in turn affect 
phosphorus removal in the filter. Future work should focus on 
investigating whether the model developed can be extended to 
include a parameter for bacteria growth, for assessing the effects of 
pore size reduction and biofilm development in the filters. 
Furthermore, the model requires further calibration and validation 
using measured data from the real system monitored for periods 
longer than six months. 

5. CONCLUSIONS AND RECOMMENDATIONS 

In recent years, there has been an urgent search for reliable and 
sustainable technology to improve the performance of on-site 
wastewater treatments. This thesis tackled this issue by developing 
and investigating the performance of a newly design on-site 
wastewater treatment (OWT) system which coupled the technology 
of package treatment plant (PTP) and sequencing batch flow 
constructed wetland (SBCW). The system was investigated by field 
monitoring, process-based modelling and laboratory-scale column 
experiments. The overall assessment of the entire system showed 
promising capacity to remove nitrogen and phosphorus, but several 
disturbances were observed that should be considered in similar 
PTPs.   

• It was found that the PTP was more efficient for removing 
dissolved phosphate-P (94%) and total phosphorus (88%), 
while the constructed wetland was efficient for removing 
ammonium-N (74.6%) and total inorganic nitrogen (22%). 
 

• It was shows by process-based modelling that the life 
expectancy of the reactive filter medium can be extended by 
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applying a fill-drain mode of hydraulic loading. Polonite® 
was identified as a reactive filter material with long life 
expectancy and high treatment capacity. 
 

• Analysis of the behaviour of hydraulic water flow and 
breakthrough curves of solute transport in the filter medium 
provides solid information on the mechanisms of pollutant 
transport and degradation within the system. 
  

• The novel findings in this thesis can be used in sustainable 
design and selection of a filter medium with longer life 
expectancy and higher performance.   

 
As regards system design, future work should focus on the impacts 
of redesigning the SBCW by changing the location of drainage pipes 
near the outlet well to reduce the risk of short-circuit flows, which 
can reduce the contact time with the wetland substrate. The results 
indicated that the infiltration bed should be augmented with some 
organic substrates in order to increase the carbon content, provide 
a source of energy for microbial growth and reduce the risks of fatal 
freezing during winter. Applying these measures in a system with a 
dense stand of cattail and monitoring of the system over a longer 
period will reveal the real capacity of the engineered system and 
establish grounds for recommendations on its use. It is also 
recommended that the model be calibrated and validated using long-
term measured data from the real system. 
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