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Abstract 

Airports in cold climatic conditions are faced with an exceptional stormwater management 

challenge due to the large amounts of impervious surfaces and the unique range of chemicals 

used to minimise the unfavourable effects of icy conditions on safety. These chemicals are 

highly mobile and pose severe risks to receiving surface and groundwaters. To tackle the water 

quality problems at airports, subsurface flow wetlands (SSFW) have been proposed as treat-

ment solutions due to their relatively low construction and maintenance costs. However, these 

systems have usually had a large footprint; in addition to large reserved land areas and long 

hydraulic retention times, the addition of nutrients has been commonly needed.  

 

For this study twelve columns (1.5 m depth, 0.3 m diameter) emulating a vertical SSFW were 

constructed in an environmental chamber with different filter media (gravel, expanded clay, 

birch biochar) and conditioned with indigenous microbial community with the purpose of un-

derstanding the influence of different filter media on the performance of these systems under 

different environmental conditions. The columns were fed synthetic runoff formulated based 

on the water quality of Helsinki Airport. The synthetic runoff was sampled before and after 

irrigation treatments. The main parameters monitored included Propylene Glycol (PG), Bio-

logical Oxygen Demand (BOD5), Dissolved Oxygen (DO), Total Nitrogen, Total Phosphorus, 

heterotrophic bacteria, pH, conductivity, odour, and temperature. 

 

All materials studied showed promising results, yet aeration was needed for optimal filter per-

formance in terms of BOD5 and phosphorus removal performance, suggesting that DO is a 

major limiting factor in the performance of the SSFW. Temperature on its own did not show 

any effect on the performance of the filter and the microbial community appeared to be resil-

ient to changes. Although the different filter materials provided some advantages over gravel, 

they were found to have low cost-efficiency due to their significantly higher cost. Aerated 

gravel demonstrated a reliable and acceptable performance both in terms of removal as well 

as from a technical and economical perspective. 

 

The findings of this study can be used to increase the overall performance of the treatment 

systems and reduce the environmental footprint of airports. The results will be utilised in the 

planning of the SSFW at the Helsinki Airport, Finland 
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Tiivistelmä 

Kylmässä ilmastossa lentokenttien hulevesien hallinta on poikkeuksellisen haastavaa 

jäätymisenestoaineiden käytön ja vettä läpäisemättömien pintojen suuren määrän 

vuoksi. Käytettävät kemikaalit kulkeutuvat helposti ympäristössä ja voivat aiheuttaa 

ympäristöriskejä vastaanottaville pinta- ja pohjavesille. Maanalaisia kosteikkoja 

(Subsurface Flow Wetlands) on ehdotettu ratkaisuksi lentoasemien vedenlaadun 

ongelmiin niiden suhteellisten alhaisten rakentamis- ja ylläpitokustannusten vuoksi. 

Kosteikoilla on kuitenkin suhteellisen suuri ympäristöjalanjälki niille varattujen suurten 

maa-alueiden ja pitkien hydraulisten viivytysaikojen takia. Lisäksi on yleensä tarvittu 

ravintoaineiden lisäämistä.  

 

Tässä tutkimuksessa rakennettiin kaksitoista pystysuuntaista maanalaista kosteikkoa 

mallintavaa kolumnia (syvyys 1,5 m, halkaisija 0,3 m), joissa käytettiin kasvualustoina 

erilaisia suodatinmateriaaleja (sepeli, Leca-sora, koivubiohiili) lentoaseman 

kotoperäisille mikrobeille. Tutkimuksen tarkoituksena oli ymmärtää erilaisten 

suodatusmateriaalien vaikutusta rakenteiden suorituskykyyn erilaisissa ympäristö-

olosuhteissa. Kolumnit kasteltiin synteettisellä hulevedellä, joka perustui Helsinki-

Vantaan lentoaseman veden laatuun. Synteettisestä hulevedestä otettiin näytteitä ennen 

ja jälkeen kastelun. Monitoroidut parametrit olivat propyleeniglykolin (PG) pitoisuus, 

biologinen hapenkulutus (BOD), liuennut happi (DO), kokonaistyppi ja -fosfori, 

heterotrofiset bakteerit, pH-arvo, sähkönjohtavuus, haju ja lämpötila.  

 

Tutkitut materiaalit osoittivat lupaavia tuloksia, mutta ilmastus oli välttämätöntä 

suodattimien optimaalisen BOD:n ja kokonaisfosforin suorituskyvyn kannalta, viitaten 

siihen että liuennut happi on maanalaisen kosteikon suorituskyvyn merkittävä rajoittava 

tekijä. Lämpötilalla ei osoitettu olevan vaikutusta suodattimien suorituskykyyn ja 

mikrobien yhteisö näytti sopeutuvan muutoksiin. Vaikka erilaisilla suodatus-

materiaaleilla oli joitain etuja sepeliin nähden, niiden huomattavasti korkeampi hinta 

johti alhaiseen kustannustehokkuuteen. Ilmastettu sepeli osoittautui luotettavaksi ja 

toimivaksi ratkaisuksi sekä poistotehokkuuden osalta että teknistaloudellisesta 

näkökulmasta.  

 

Tutkimuksen tuloksia voidaan käyttää käsittelyjärjestelmien suorituskyvyn 

parantamiseen ja lentoasemien ympäristöjalanjälkien pienentämiseen. Tuloksia 

hyödynnetään Helsinki-Vantaan lentoaseman tulevan maanalaisen kosteikon 

suunnittelussa.  

 

Avainsanat Maanalainen kosteikko, Lentoaseman hulevesi, biologinen käsittely 
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Symbols and Abbreviations 

 

A Area [m2] 

ADF Aircraft De-icing Fluids 

ATP Adenosine Triphosphate 

cBOD Carbonaceous Biological Oxygen Demand 

BODn Biological Oxygen Demand (after n days) 

C Carbon 

c Concentration [mg/l] 

C:N:P Carbon:Nitrogen:Phosphorus Ratio 

CFU Colony Forming Units 

CODCr Chemical Oxygen Demand (Dichromate method)  

CODMn Chemical Oxygen Demand (Permanganate method) 

DO Dissolved Oxygen 

DOC Dissolved Organic Carbon 

ha Hectare 

HRT Hydraulic Retention Time 

N Nitrogen 

NO3 Nitrate 

NPOC Non-Purgeable Organic Carbon 

Ntot Total Nitrogen 

OTE Oxygen Transfer Efficiency 

P Phosphorus 

PAH Polycyclic Aromatic Hydrocarbons 

PG Propylene Glycol  

PO4 Phosphate 

Ptot Total Phosphorus 

Q Volumetric flow rate [l/s] 

SSF Subsurface Flow  

SSFW Subsurface Flow Wetland 

T Temperature [C] 

t Time [s] 

TOC Total Organic Carbon 

V Volume [m3] 

VSSF Vertical Subsurface Flow 

25  Conductivity at 25°C [mS/m] 

 

Aerobic  Conditions in which there is free molecular oxygen (O2) as electron acceptor 

Anoxic Conditions in which there is a deficiency of molecular oxygen (O2) and bac-

teria utilises chemical oxygen e.g., NO3 

Anaerobic Conditions in which there is a complete absence of oxygen and organic mol-

ecules are used as terminal electron acceptors.  
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1 Introduction 

1.1 Contaminants in airport runoff 

Due to the large and versatile nature of airport surfaces, the quality of stormwater generated 

in these surfaces is very complex. In addition to typical urban runoff pollutants such as nu-

trients, heavy metals, suspended solids and hydrocarbons (LeFevre et al., 2014), airports 

generate a unique range of contaminants through their daily operations. Stormwater running 

though impervious surfaces such as runways, taxiways, aircraft de-icing pads, aprons, and 

fuel distribution points amongst others, can accumulate a large range of pollutants and con-

taminants. Among these pollutants are heavy metals, hydrocarbons, polycyclic aromatic hy-

drocarbons (PAHs) and organic solvents from fuelling and maintenance of aircraft and 

ground vehicles, as well as from combustion by-products from jet engines (Sulej et al., 

2012). The composition and concentration of pollutants present in the runoff may also vary 

at each airport due to the specific meteorological conditions such as air temperature, local 

rainfall intensity and volume, event duration and inter-event frequency (Freeman et al., 

2015).  

 

In cold climatic conditions, anti-skid and de-icing treatments are used in airports to counter-

act the effects of ice and snow on airplane and runway surfaces. These treatments include 

substances such as formates for runway anti-skid treatment and aircraft de-icing fluids 

(ADF) like propylene glycol (PG) to remove snow and ice from aircraft surfaces (de-icing) 

and to avoid any snow or frost built-up (anti-icing) in critical aircraft components (Sulej et 

al., 2012). ADFs are usually miscible in water and thus highly mobile in the environment 

(Veltman et al., 1998). Therefore, ADFs can be easily incorporated after application into the 

hydrological systems of airports such as de-icing management systems or to streams and 

groundwater through surface runoff or infiltration (Freeman et al., 2015). Figure 1 shows a 

conceptual model describing the most common pathway, which incorporates ADF into these 

hydrological systems.  

 
Figure 1. Fate of ADF at airports. Adopted from Freeman et al. (2015).  

 

Although the main components of ADFs are not considered toxic (ATSDR, 2007), they are 

a significant source of carbon that can have considerable detrimental environmental effects. 
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The effects can range from the development of biofilm and odour in discharge areas as well 

as ecological effects such as the loss of aquatic flora and migratory fish species (Freeman et 

al., 2015). These problems arise from the high oxygen demand of 1.68 g O2/g PG (Veltman 

et al., 1998) due to the bacterial degradation of these compounds. Oxygen demand can be 

quantified as biological oxygen demand (BOD), carbonaceous BOD (cBOD) or chemical 

oxygen demand (COD). Furthermore, since in airport environments ADFs are the main 

source of carbon, surrogate analytical techniques such as total organic carbon (TOC) can be 

reliable indicators of COD and BOD (Freeman et al., 2015).  

 

Airports have different methods for the application and subsequent management of ADFs. 

The application of ADFs is usually performed by controllable spraying systems following 

standardised methods for de-icing (ISO 11076). The volumes of ADFs usage are dependent 

on weather conditions and aircraft types (Freeman et al., 2015). Around 80% of the sprayed 

ADF is consequently deposited in the aircraft de-icing pads by dripping or spraying over 

(Castro et al., 2005). Due to the high intended viscosity of anti-icing fluids (AAFs) to im-

prove their adhesion to the structure of the aircraft, AAFs continue to drip along taxi- and 

runways (Freeman et al., 2015).  

 

The management of ADFs after application varies from airport to airport; some airports have 

designated de-icing pads to maximise the collection of PG, whereas some airports do not 

have any specific management measures for the recovery of PG. In cold conditions, PG can 

accumulate in the snow and then be ploughed to other areas in the airport, eventually melting 

and releasing PG into runoff (Higgins and Maclean, 2002). More efficient application meth-

ods have been proposed such as hybrid de-icing systems that use compressed hot air and 

low-flow de-icing fluids to reduce the amount of ADFs (Switzenbaum et al., 2001). Other 

reduction methods have been carried out successfully in some airports by diluting de- and 

anti-icing agents according to air temperature. Careful planning of the location and time of 

application may prevent secondary de-icing due to long holdover times (time between ap-

plication and take off). Non-chemical de-icing methods such as infra-red heaters and heating 

have been proposed, yet while they de-ice aircraft, these methods do not offer anti-icing 

protection (Barash et al., 2000).   

 

Airport stormwater treatment options include off-site and on-site treatment as well as recov-

ery of PG (Switzenbaum et al., 2001). The most common solution has been off-site treat-

ment, in which ADFs are collected and transported to local wastewater treatment works, 

where they are biologically treated. However, local treatment works can impose discharge 

limits to airports due their treatment capacity limitations and hence the need for on-site 

stormwater storage is generally needed (Murphy et al., 2015). Recovery of PG is usually 

performed by physical processes, such as mechanical vapour recompression, reverse osmo-

sis, and distillation (Switzenbaum et al., 2001). On-site treatment usually consists of biolog-

ical treatment through bioreactors such as anaerobic digestion (anaerobic processes) or con-

structed wetlands (aerobic processes), where microorganisms utilise the organic compounds 

as source of carbon.  
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1.2 Constructed wetlands in airports 

Constructed wetlands are engineered and controlled systems that use natural processes from 

soils, vegetation and microbiota to treat and improve the quality of water (EPA, 2017). Com-

pared with other treatment options, constructed wetlands can be less expensive to build and 

maintain due to lack of need for continuous on-site labour but rather periodic and less energy 

intensive labour (Brix et al., 2000).   

 

Constructed wetlands can either be Free Water Surface wetlands (FWS) or Subsurface Flow 

wetlands (SSFW).  FWS wetlands mimic the hydrology of natural shallow wetlands with an 

open water surface. However, open water surfaces provide habitats for waterfowl and be-

come a hazard to aviation, and thus, SSFW wetlands are preferred to minimise bird strikes 

by aircraft. SSFW can have horizontal flow (HF) or vertical flow (VF). SSFW consist of 

ponds filled with porous media (Figure 2) that act as filter and provide attachment surface 

for microorganisms (Richter, 2003). 

 
Figure 2. Vertical Flow sub-surface flow wetland with bed aeration mechanism (Nivala et al., 2013). 

 

In wetlands, low dissolved oxygen (DO) level tends to be a major factor limiting the rate of 

degradation because oxygen demand in influent tends to be higher than the DO levels in 

water (Nivala et al., 2013). This demand is greater than diffusion from passive processes 

such as atmospheric or root transfer. Aeration is therefore used to intensify the performance 

of these systems. The filter matrix used in the wetlands restricts hydrodynamic mixing and 

promotes bubble coalescence (i.e., merging) thus reducing oxygen transfer efficiency (OTE). 

The tortuosity of the flow path along the matrix increases the contact time of the bubble with 
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the water thus compensating for the negative effects of coalescence and poor hydrodynamic 

mixing.  

 

The aeration rate used in wetlands for general treatment (Labella et al., 2015; Uggetti et al., 

2016) has been commonly carried out so that DO in water remains at levels 0.5 - 5.0 mg/l. 

These values have been achieved with the aeration rates of approx. 1700 – 4600 l/h/m2 for 

influents containing 100 - 150 mg/l COD. In airport runoff treatment, the aeration has been 

ca. 4 l/min/d for influents containing 1070 mg/l BOD5 (Higgins et al., 2007), and 14 - 33 

l/min/d for 500 - 1500 mg/l BOD5 (Wallace and Liner, 2011). 

 

According to Freeman et al. (2015), there are six known airports having constructed wetlands 

implemented for the treatment of airport runoff loaded with ADFs. The main operational 

parameters of these wetlands are shown in Table 1. 

 

Table 1. Parameters of operational wetlands at airports. Modified and expanded from Freeman et al., (2015).   

Parameters Buffalo 

Niagara 

International 

Airport (US) 

Heathrow 

Airport 

(UK) 

Edmonton 

International 

Airport 

(Canada) 

Toronto Pearson 

International 

Airport (Canada) 

Wilmington 

Air Park 

Kalmar 

Airport 

(Sweden) 

Wetland type 
VSSF

1 HSSF
1 Hybrid V-H Hybrid V-H Reciprocating 

SSFW 

Free water 

surface 

Area (m2) 4640 20800 27000 18000 24000 180 000 

Load rate (l/s) 53.2 80 8.6-17.6 - 75.8 - 

Load/area 

(ml/s/m2) 

11.5 3.8 0.3 - 3.2 - 

Depth (m) 1.5 - Gravel 1.1 - Gravel 0.9 - Gravel 0.8 - 1.0  2.1 Gravel 1.5 

Influent BOD5   300-600 mg/l    

Organic load 

(mg/s) 

231.5 40.5 8.2 - 77.2 - 

Organic 

loading 

(g(BOD5) 

/m2/d) 

- - 128 - - - 

Retention time - 1 day (Kadlec 

et al., 2009) 

30-60d 24 - 48h  - 2-5 days 

Treatment 

performance 

(%) 

98 <93 - - 89-88 - 

Discharge limit 30 mg/l (BOD) 40 mg/l 

(BOD) 

100mg/l 

(Glycol) 

100mg/l BOD - - 

Aeration Yes Yes Yes No Yes No 

Nutrient 

addition 

Yes Yes Yes - - - 

Source (Wallace and 

Liner, 2011; 

Adeola et al., 

2009)  

(Adeola et al., 

2009) 

Toit et al., 

(2013)   

(Flindall and 

Basran, 2001)  

(NASEM, 2013) (Kadlec and 

Wallace, 2009) 

1 Vertical Sub-Surface Flow (VSSF) and Horizontal Sub-Surface Flow (HSSF) wetland 
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The literature reveals inconsistencies regarding the optimal organic loading for wetlands. 

Initially, Cooper et al. (1996) recommended 20 - 25 g BOD5/m
2/d for gravel ( 2 – 6 mm) 

treatment beds, and Chazarenc and Merlin (2005) cited Cooper (1996) suggesting that wet-

land processes have been adapted to treat 30 - 60 g BOD5/m
2/d. Subsequently, Kadlec and 

Wallace (2009) cited Chazarenc and Merlin (2005) suggesting recommended loads of 30 – 

60 g BOD5/m
2/d. Furthermore, Kadlec and Wallace (2009) reported that the recommended 

levels of 30 – 60 g BOD5/m
2/d equal ca. 250 g/m2/d of COD. However, Toit et al. (2013) 

mistakenly mixed COD and BOD parameters when citing Kadlec and Wallace (2009) , sug-

gesting a maximum recommended loading rate of 250 g/m2/d of BOD5 (instead of COD).   

 

1.3 Removal mechanisms and PG degradation 

Carbon 

The mechanisms responsible for the removal of pollutants in constructed wetlands include 

plant uptake, filtration, sedimentation, precipitation, adsorption, and microbial activity 

(Kadlec and Wallace, 2009). The main mechanism of organic pollutant removal is microbial 

activity (Faulwetter et al., 2009). Microbes attach to the surface of the filter media and 

produce a biofilm matrix (Faulwetter et al., 2009; Flemming and Wingender, 2010) where 

nearly all biodegradation takes place (Kadlec et al., 2017). Under aerobic conditions, 

heterotrophic bacteria present in the biofilms utilise carbonaceous organic matter for 

oxidation in order to derive their energy. In this process, molecular oxygen O2 is consumed, 

and carbon dioxide (CO2), water (H2O) and energy are produced according to (Kadlec et al., 

2017): 

 

(𝐶𝐻2𝑂) + 𝑂2  → 𝐶𝑂2 + 𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 (1) 

 

Under anaerobic conditions, facultative or obligate anaerobic heterotrophic bacteria degrade 

in a multi-step process the organic carbon. The first step usually produces fatty acids such 

as acetic and lactic acid, as well as CO2 according to (Kadlec et al., 2017): 

 

𝐶6𝐻12𝑂6 → 3𝐶𝐻3𝐶𝑂𝑂𝐻 (𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑) + 𝐻2  + 𝑒𝑛𝑒𝑟𝑔𝑦 (2) 

 

𝐶6𝐻12𝑂6 → 2𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 (𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑) + 𝑒𝑛𝑒𝑟𝑔𝑦  (3) 

 

Obligate anaerobic bacteria then further utilise these metabolites to produce energy and thus 

complete the fermentation process and produce methane (CH4) as follows:  

  

𝐶𝐻3𝐶𝑂𝑂𝐻 + 4𝐻2   → 2𝐶𝐻4  + 2𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 (4) 

 

Various investigations have determined that Propylene Glycol (PG) is readily degradable 

source of carbon for both aerobic bacteria (Bielefeldt et al., 2002) and anaerobic bacteria 
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(Veltman et al., 1998). Processes such as fermentation (methanogenic) and electron acceptor 

processes (oxygen or nitrate reducing) are used by different consortia of bacteria to utilise 

this carbon as a source of energy. Tests have shown that PG can be completely degraded 

aerobically within 2 - 4 days, whereas anaerobically it can take 4 - 9 days (Kaplan et al., 

1982).  

 

The metabolic pathways used in the biodegradation of PG appear to be manifold and include 

many steps (Figure 3). Rossiter Jr et al. (1983; 1985) studied degradation of PG and showed 

that oxidation products of PG can include aldehydes, ketones, and acids. As such, odour and 

acidity can be indicators of degradation. The main acid degradation product tends to be lactic 

acid, with formic, acetic and oxalic acids as minor products. Murphy et al. (2015)  showed 

that additives in PG-ADF can inhibit anaerobic organisms but aerobic organisms were not 

impaired by these additives.   

 

Propylene Glycol 
degradation 

Is there available 
molecular O2

Yes

Aerobioc 
degradation

Anaerobic 
degradation

Anoxic 
degradation

Disproportionation 
produces

Is there available 
chemical oxygen E.g., 

NO3-
No

Yes

No

Propionate N-propanol

Acetate

Methane      
(CH4)

Carbon Dioxide  
(CO2)

Carbon Dioxide   
(CO2)

N2 

 
Figure 3. Metabolic pathways of Propylene Glycol depending on environmental conditions 
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Nitrogen 

The main processes for the removal of organic nitrogen are ammonification, nitrification and 

denitrification. Under aerobic conditions ammonia oxidising bacteria (AOB), e.g., 

Nitrosomonas spp., oxidises ammonium (NH4
+) or ammonia (NH3) to nitrite (NO2

-). 

Subsequently, nitrite is oxidised by nitrite-oxidising bacteria (NOB), e.g., Nitrobacter spp., 

to nitrate (NO3
-). This process is known as nitrification (Kadlec et al., 2017).  

 

Once the dissolved oxygen has been depleted (anoxic conditions), nitrate can be used instead 

of oxygen by some bacteria as a terminal electron acceptor. This way nitrate can be reduced 

to molecular nitrogen N2 or nitrogen gases (NO2 and N2O). This process is known as 

denitrification. Evidence (Adeola et al., 2009) has shown that denitrification can also occur 

in the presence of dissolved oxygen. In anoxic conditions, bacteria use the electrons from 

the organic matter according to the following equation (Kadlec et al., 2017): 

 

6(𝐶𝐻2𝑂) + 4𝑁𝑂3
− → 6𝐶𝑂2 + 2𝑁2 +  6𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 (5) 

 

Phosphorus 

Unlike soils, wetlands are neither a major nor an effective long-term sink for phosphorus 

(Richardson, 1985). The most significant phosphorus removal processes in wetlands are 

chemical precipitation and adsorption (Richter, 2003) and thus seasonal and temperature 

effects show no significant relation to phosphorus removal (Kadlec et al., 2017). Adsorption 

and retention in filter of phosphorus is controlled by the redox potential, pH and the presence 

of Fe, Al and Ca minerals. Thus, mineral soils initially provide a good performance until a 

saturation is reached (Vymazal, 1998). For gravel, phosphorus removals of up to 75% have 

been observed during the early phases of operation with 15 – 38% for long term removal 

(Vymazal, 2002).  

 

1.4 Previous experiments 

A summary of previous pilot studies on PG degradation and the parameters influencing its 

degradation are shown in Table 2. The studied variables include the effects of PG 

concentration, time, nutrients, DO and filter media on the degradation rate of PG.  

 

Toscano et al. (2013) analysed soil samples in Oslo Airport, and found that PG-degrading 

microbiota was comprised mainly of Pseudomonas species (bacteria) and in lesser part by 

other bacteroidetes. Moreover, Toscano et al. (2014) gave C:N:P ratio estimates from 

120:10:1 to 120:15:1,4 as guidance for nutrient addition to poor soils in order to enhance 

bioactivity. Furthermore, Revitt et al. (2002) have found that 102-103 Colony Forming Units 

(CFU)/cm2 was the required concentration of bacteria in the media for sufficient PG 

degradation processes. 
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Table 2. Previous experimental set-ups and observations on biodegradation of PG 

Experiment Temp  C Set-up Sampling Influent 

load 

Analyses Other Removal 

Efficiency 

Biodegradation of 

PG (Bielefeldt et 

al., 2002) 

22 - 25 -3 cm 

gravel 

(3mm) 

-8 cm sand 

-3 cm 

gravel  

-35 days 

1-2 times 

per day 

80-

1600mg/l 

(PG) 

-PG 

-Biomass 

-N 

-Filter media 

burn to remove 

organic content 

-Changed feed 

solution daily 

~99.7% 

Biodegradation 

capacity of filter 

media (Lindseth, 

2016) 

10 - 23 

(in - out) 

-Filtralite 

NC (0,8-1,6 

and 1,5-2,5) 

-Geotextile 

in the 

bottom 

-2 times 

per day 

-20mg/l 

(PG) 

-DOC 

-ATP 

-Turbidity 

-N and P 

-Changed feed 

solution daily 

(50% 

degradation 

after 5 days) 

~50% 

removal 

after 

C:N:P = 

24:7:1 

addition 

Treatment system 

for airport 

(Heathrow) 

runoff (Revitt et 

al., 1997; Revitt 

et al., 2001) 

6 - 25 -SSF bed 

based on a 

gravel 

substrate 

-7-14 day 

intervals 

for 1 year 

-44.9mg/s 

(BOD) 

-BOD 

-COD 

-Conductivity 

-N and P 

-K, Cd, Cr, 

Zn and Pb.        

-Aeration 

operates 

according to 

water 

temperature (to 

compensate for 

low temp) 

~32.9% 

 

1.5 Objectives 

To reduce the environmental risks and overcome the water quality challenges of de-icing at 

Helsinki Airport, a subsurface flow wetland (SSFW) has been proposed (SITO, 2016). Sim-

ilar systems around the world have been implemented due to their low construction, opera-

tion and maintenance costs.  

 

To the knowledge of the author, there are no previous published studies on degradation of 

PG in large scale that elucidate the effect of temperature, nutrient and carbon conditions on 

the performance of these systems. Nor has there been an assessment of different substrate 

media for the optimisation of these systems. Additionally, previous studies have mainly fo-

cused on the performance of pure microbial cultures grown specifically for the degradation 

of PG.  

 

Typically, the emphasis of SSFW systems has been the reduction of high organic loadings. 

The systems have commonly been designed to have long hydraulic residence times (1 - 60 

days) and operate with an artificial feed of nutrients (Freeman et al., 2015; Freeman et al., 

2018). Due to the large stormwater volumes and limited vacant space available at the airport, 

contaminated stormwater at Helsinki Airport needs to be treated efficiently in terms of area 

and time, and in conditions with low stormwater nutrient concentrations and temperature.   

 

http://wst.iwaponline.com/content/ppiwawst/36/8-9/385.full.pdf
http://wst.iwaponline.com/content/ppiwawst/36/8-9/385.full.pdf
http://wst.iwaponline.com/content/ppiwawst/44/11-12/469.full.pdf
http://wst.iwaponline.com/content/ppiwawst/44/11-12/469.full.pdf
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The aim of this study was to test in large-scale laboratory conditions the influence of differ-

ent filter media to be used in the SSFW, as well as the factors affecting it. Therefore, this 

study aimed to understand: 

 

1. How subterranean wetlands affect the water quality in airport runoff 

2. How different filter media influence the removal efficiency/performance 

3. How aeration influences the removal efficiency/performance 

 

More specifically, the objectives of the study were to:  

 

4. Determine a suitable and cost-efficient filter media with adequate treatment 

performance 

5. Determine whether aeration is necessary to enhance biodegradation 

6. Determine the need of nutrient amendment to enhance biodegradation 

7. Determine other factors that might influence the treatment performance such as: 

a. The effects of continuous (steady state) flow and batch treatment 

b. The effects of variable temperature conditions, especially cold temperatures 
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2 Materials and Methods 

A combination of methods was used to outline the experimental design, conduct the experi-

ments, and analyse the results; the literature was reviewed in order to understand the state-

of-the-art practices and approaches to be considered when constructing the artificial wet-

lands. Additionally, historical data (2005-2016) provided by Finavia from the site was ana-

lysed in order to create synthetic runoff that would be representative of the conditions on 

site. Figure 4 shows the steps involved in the completion of the study.  

 

 

 

Literature research 

Experimental 

design

Historical data 

analysis from site

Incorporation into 

research plan

Bid for offer 

(laboratory analyses)

Material 

acquisition

Construction of 

columns (model 

wetlands)

Biofilm growth

Synthetic water 

degradation in 

Tank

Phase I 

experimentation    

(22 °C)

Analyses at 

Synlab

Analyses at 

Aalto

Phase II 

experimentation     

(3 °C)

Phase III 

experimentation     

(1 °C)

Preparation of 

continuous flow 

Phase IV

Phase IV 

experimentation     

(1 °C)

Data analysis Reporting

 
Figure 4. Research progress flowchart. The blue dotted line means that the test was ran in parallel to 

the biofilm growth. The grey dotted line represents the phases in which sampling and testing was per-

formed.  

 

 

2.1 Site description and historical data 

Helsinki Airport’s catchment area covers approximately 12 km2 and its runoff flows into six 

(6) different catchment areas (Figure 5). Three catchments produce the most significant 

discharges: Kylmäoja, Kirkonkylänoja and Veromiehenkylänpuro catchment areas. The 

proposed SSFW aims to treat the surface runoff originating from the Veromiehenkylänpuro 

catchment area. 



17 

 

 
Figure 5. Airport catchment areas. Veromiehenkylänpuro catchment area monitoring point B1.    

 

Veromiehenkylänpuro is the largest catchment area in terms of area and discharge (Figure 

5). It covers approximately 981 ha, of which ca. 410 ha are under the management of 

Helsinki Airport. Moreover, expansion projects have increased the catchment area ca. 50 ha 

due to the diversion of surface runoff from taxiways in the Kirkonkylänoja catchment 

towards the Veromiehenkylänpuro catchment.  

KYLMÄOJA 

B1 

Catchment area 

Soil banking 

Pipe 

Stream 
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The Veromiehenkylänpuro stream is buffered by two embankments along its course 

reducing the flow rate variability. According to continuous on-site monitoring, the average 

flow rate was approximately 57 l/s for the years 2005-2014 (SITO, 2016) and 48 l/s for the 

years 2016-2018 with a maximum flow rate of 1669 l/s (Figure A-45 in Appendix A).  

 

In addition to discharge, Finavia (Helsinki Airport operator) has been monitoring the quality 

of runoff since 1986. The physical and biochemical values used for this study are based on 

the time frame 2007-2018. Table 6 (Section 2.2.2) presents the mean and median values of 

the water quality variables utilised as a basis for this study and Table A-14 and Table A-15 

(Appendix A) show general statistical information of these monitored variables. During the 

last three monitoring periods Veromiehenkylänpuro catchment received ca. 50% of the total 

BOD7 loading as a result of airport activities. Figure 6 shows the annual BOD7 loading for 

the time period 2010-2014 measured at the monitoring point B1 (Figure 5). The average 

annual loading was ca. 67 tonnes of BOD7/a.  

 

 
Figure 6. Annual BOD7 loading on Veromiehenkylänpuro catchment area (SITO, 2016). 

 

Figure 7 shows the seasonal variability of the BOD7 for the years 2005-2015. The higher 

BOD7 loadings develop during the months of heavy use of aircraft de-icing fluids (ADF). 

The BOD7 concentrations during the summer months correspond to typical BOD7 values for 

streams without ADF loading.  

 

 
Figure 7. Average monthly BOD7 concentration variability for the time period 2005-2015 (SITO, 2016). 
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In order to reduce BOD7 loading on waterways, Helsinki Airport has been improving work-

ing practices e.g., by developing an efficient delivery of chemicals and the recovery of glycol 

through suction vehicles and runoff collection systems. Such systems recover ca. 80% of the 

total BOD7 loading. Nevertheless, the quality and quantity of runoff entering Veromiehen-

kylänpuro stream is still considered detrimental. The topographic conditions at Helsinki Air-

port and the heavy planned land use around the airport area decreases the amount of space 

available for on-site treatment systems. Disturbed hydrologic conditions and availability of 

area in the Veromiehenkylänpuro catchment area represent a challenge to the management 

of its runoff.  

 

A stormwater management solution for the Veromiehenkylänpuro catchment area was pro-

posed by SITO (2016). The terraced system (Figure 8) comprises one attenuation pond (~10 

000 m3) on the east-side, two vertical subsurface flow constructed wetlands (~6500 m2 com-

bined), and a flow balancing pond (~3000 m3) on the west-side.  

 

 

 
Figure 8. Aerial and cross-sectional view of the proposed underground wetland system at Helsinki Air-

port (SITO, 2016). The left side of the figure represents west and right side east.  

 

The purpose of the attenuation pond on the east-side is to act as a flow balancing pond and 

settlement pond for the runoff from Turbiini road on the east of the structure. The runoff 

coming from apron 8 (APN8 in Figure 8) is to be directed towards the west-side structure. 

The flow to this structure is already controlled through blasted rock embankments along the 

N 
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flow path of the APN8 runoff. The ponds are designed to be emptied after rain events to 

prevent waterfowl settling.  

 

The vertical sub-surface flow (VSSF) wetland structures consist of several layers of materi-

als (Figure 8). A 0.5 m soil layer on top is added to prevent frost from damaging the irrigation 

system. A drainage system and possibly an aeration system are to be installed at the bottom.  

 

Taking into account the average annual loading of ca. 67 t/a and the surface area of 6500 m2 

the average organic loading rate for this wetland would be approximately 50 g BOD7/m
2/d, 

well below the maximum sustainable loading rate of 30 – 60 g BOD5/m
2/d (Chazarenc and 

Merlin, 2005; Kadlec and Wallace, 2009). 

 

Currently, the main components of ADFs at Helsinki Airport (Figure 9) are Propylene Gly-

col (C3H8O2) for aircraft de-icing, as well as Sodium (HCOONa) and Potassium (HCOOK) 

formates for anti-skid treatment. The effects of the formates on the performance were not 

taken into account in this study.  

 

 

Propylene Glycol 

 

Sodium Formate 

 

Potassium Formate 

   

Figure 9. Structure of molecules typically used in ADFs and AAFs.  

  

Moreover, three types of ADFs are commonly used: Type I, II and IV (Sulej et al., 2012). 

However, in Helsinki Airport ADF Type I and IV are currently in use (SITO, 2016). Table 

3 shows the composition, oxygen demand and other relevant properties of these ADFs and 

AAFs used at Helsinki Airport.  

 

Table 3. ADF and anti-skid treatment components and oxygen demand (FCG, 2016). 

Chemical Components Density  Oxygen demand 

Type I -80% Propylene glycol 

-19% Water 

-1% Other 

1.034 kg/l 1.2 – 1.6 g O2 / g factory product (CODCr)* 

1,1 O2 / g factory product (BOD7) 

Type IV -50% Propylene glycol - - 

Formates -Granular (for thick ice layers) 

-Liquid (for thin ice layers) 

~50% Water  

- 
0.11 – 0.21 O2 / g factory product (CODCr) 

0.1– 0.2 O2 / g factory product (BOD7) 

*Toscano et al. (2013) 
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2.2 Experiments 

2.2.1 Experimental design and construction 

Twelve (12) columns were constructed in order to emulate the SSFW planned for Helsinki 

Airport (Figure 10a). The vertical structure consisted of a drainage layer, the filter media, an 

irrigation layer, and a soil layer with vegetation on top (Figure 10b). The soil layer was 

separated from the irrigation layer by a filter fabric to avoid soil intruding the main structure. 

The columns were constructed inside a climate-controlled chamber (environmental cham-

ber) with a temperature range from 1C to 40C. The air temperature in the environmental 

chamber was measured by two thermostats and it was kept automatically within ±0.5C of 

the programmed temperature.  

 

    
Drainage 

layer

Irrigation 
layer

Aggregate 
layer

Soil 
layer

 
Figure 10. a) Constructed model columns of the SSFW inside the climate-controlled environmental 

chamber and b) vertical structural layering of the columns.  

 

Once the columns were constructed, they were seeded with the endemic biota (plants and 

microbiota). This biota was collected from representative locations at Helsinki Airport, 

where the current loaded stream flows. Additionally, the columns were irrigated frequently 

with airport runoff (see Section 2.2.2) to promote representative microbial colonisation. 

 

Three (3) different materials were selected as filter media to provide bulk and surface area 

for the biofilm to grow on (Figure 11). These materials were Leca expanded clay (particle 

size 3-8 mm), wet sieved gravel (particle size 5-16 mm), and birch biochar (particle size 0-

10 mm). Both the expanded clay (henceforth Leca) and the birch biochar (henceforth Bio-

char) were mixed with wet sieved crushed stone (5-16 mm) by volume 1:1. The materials 

were selected based on an assessment of their availability, cost, feasibility and possible per-

formance advantages.   

a) b) 
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Figure 11. Different materials used: a) Leca and crushed stone mixture, b) crushed stone, c) biochar and 

crushed stone mixture. The bottom right figure shows the materials inside the columns.  

 

The experimental period was divided into four (4) different Phases (Table 4). Each Phase 

was designed to test different factors that could potentially affect the performance of the 

filter media alternatives. These factors included temperature, nutrient content (i.e., C:N:P 

ratios), aeration, and reactor type. The hydraulic retention time (HRT) remained constant in 

all Phases (HRT = 16±1 hours).  Hydraulic loading varied from 20 l/h/m2 in the Leca and 

Biochar columns to 31 l/h/m2 in the Gravel columns (See Table 11 in Section 3.8.1).  

 

Table 4. Parameters for designed Phases  

Phase Reactor type No. of 

columns 

Materials and repli-

cates 

Aeration rate 

(l/h/m2) 

Tempera-

ture C 

 Nutrient concentrations 

I Batch  

reactor 

12 • 3 Materials 

o 2 aerated 

o 2 non-aerated 

~1360 21±1  

 

Long-term mean values* 

II Batch 

reactor 

12 • 3 Materials 

o 2 aerated 

o 2 non-aerated 

~1360 3±1  

 

Long-term mean values* 

III Batch  

reactor 

5 • Best performing mate-

rials 

~680 2±1  

 

Long-term median values* 

IV Continuous 

reactor 

5 • Best performing mate-

rials 

~180-450 1.4±0.6  

 

Long-term median values* 

* Values described in Table A-15 in Appendix. 
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Four (4) replicates were constructed per aggregate material of which two (2) columns were 

aerated and two (2) were non-aerated (Figure 12). Additionally, a control bucket containing 

influent water was treated similarly to the columns and was left in the environmental cham-

ber during the experiments (see Section 2.4).  

 

L1 G1 B1

L2 G2 B2

L3 G3 B3

L4 G4 B4

A
e

ra
te

d
N

o
n

-a
e

ra
te

d

Control

 
Figure 12. Diagram of the setup utilised in the experiments for Phase I and II: Two aerated columns 

(blue) and two non-aerated columns (red) per material, as well as a control bucket. The control is de-

scribed in section 2.4.3. L stands for Leca, G for Gravel and B for Biochar.    

 

All 12 columns were utilised for Phases I and II. The five most favourable and suitable col-

umns were selected for Phases III and IV based on the available results from Phases I and 

II. As a result, the following columns were selected for further testing: one non-aerated Leca 

(L3), two aerated Gravel (G1 and G2) and one aerated and one non-aerated Biochar (B3 and 

B4).  

 

In Phases I, II, and III, the columns were used as batch reactors. The reactors were irrigated 

and saturated up to the lower part of the irrigation layer to avoid the water level to come in 

contact with the soil layer. After a HRT of 16±1 hours, samples were taken and the columns 

were fully drained and irrigated again after about 6 hours. However, for Phase IV the col-

umns were modified to implement continuous irrigation (Figure 13). In Phase IV, the HRT 

was controlled by knowing the pore space of each column, and hence, by adjusting the in-

fluent flow rate with peristaltic pumps. Table 5 presents the irrigation and sampling regime 

for each phase.  
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Table 5. Irrigation and sampling collection regime 

Phase Monday Tuesday Wednesday Thursday 

I  Irrigation Sampling/ Irrigation  → Sampling/ Irrigation Sampling   → 

II Irrigation Sampling/ Irrigation  → Sampling/ Irrigation Sampling   → 

III Irrigation Sampling/ Irrigation  → Sampling/ Irrigation Sampling   → 

IV Continuous irrigation Sampling                   → Sampling Sampling   → 

Arrow → represents that samples were sent to the laboratory for determination on that day 

 

The aeration of the columns was done by installing 40 cm aquarium diffusion tubes (Figure 

A-49 in Appendix A) 2-5 cm beneath the aggregate layer (within the drainage layer, see 

Figure 13). The airflow was measured with flow meters, the flow rate adjusted with valves, 

and the pressure controlled with a pressure regulator.  

 

PG 
solution

Flow meterValve

Compressor

Drainage layer

Irrigation layer

Aggregate layer

Peristaltic pump

Influent

Stirring 0
,1

5
 m

1
,0

m
0

,2
m

0
,1

5
m

1,0m 0,3m

Effluent

Soil layer

 
Figure 13. Continuous flow reactor diagram for Phase IV experiments and vertical structure of columns.  
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2.2.2 Synthetic runoff and degradation 

The study was conducted with synthetic runoff mimicking the characteristics of the local 

runoff. Prior to each batch irrigation experiment, new synthetic runoff was created from a 

solution formulated with Propylene Glycol (C3H8O2)
1, Sodium Nitrate (NaNO3)

2, and Dipo-

tassium phosphate (K2HPO4 + 3H2O)2. The nutrient concentrations in the synthetic runoff 

(Table 6) were based on the concentration levels of runoff on site (see Table A-15 in Ap-

pendix A for full field data). However, for PG a constant value of 66 mg/l was utilised in 

order to have 70 – 80 mg/l of BOD5. The actual measured influent BOD5 throughout the 

experimentation was ca. 73±2 mg/l. This constant value was chosen with the purpose to 

understand the performance of the wetland when food for bacteria is relatively scarce i.e., in 

unfavourable conditions.   

 

The formulation of the solution was done by performing stoichiometric calculations, and by 

weighting the resulting mass and mixing it with tap water of the Helsinki region. Table 6 

shows the resulting C:N:P ratios of the synthetic runoff for different phases.  

 

Table 6. Synthetic runoff composition 

Runoff c PG mg/l C mg/l N mg/l P mg/l C:N:P 

Median 66 31.25 1.50 0.033 120:6:0.1 

Mean 66 31.25 3.39 0.073 120:13:0.3 

Degradation experiment 70 33.15 4.50 0.420 120:16:1.5 

Optimal value (Toscano et al., 2013) - - - - 120:15:1.4 

 

Previous studies (Bielefeldt et al., 2002; Toscano et el., 2013; Lindseth, 2016) have found 

that PG is easily degradable, and as such, a degradation experiment was conducted prior to 

column experiments to understand a) the behaviour of the synthetic runoff in experimental 

conditions, and b) the degradation rate of PG and nutrient consumption. The degradation 

experiment was performed by formulating ca. 800±8 l of synthetic runoff in a 1 m3 open 

tank. Table 6 shows the chemical composition used in the degradation experiment in tank as 

it differed slightly from the synthetic runoff used in the column experiments. These values 

were chosen following Toscano et al. (2013), who reported that optimal C:N:P ratio maxim-

ises PG degradation and thus maximum degradation rate could be reached. The tank was left 

in an area with no direct sunlight. Samples were taken immediately after formulation, and 

consequently, every 24 hours for 3 days. The samples were analysed for CODCr, BOD5, 

BOD7, TOC, PG, DO, Heterotrophic bacteria, and pH according to methods described in 

Section 2.3. As a result, the degradation experiment also served as a control and as compar-

ison to the experiments conducted in columns.   

                                                 
1 Type I PG, received directly from Helsinki Airport  
2 Analytical grade reagents 
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2.2.3 Biofilm growth stage 

Once the columns were fully constructed, all columns were conditioned for 38 days in the 

environmental chamber. It was assumed that since the airport has been operating over 60 

years in that location, the indigenous bacteria has adapted to the conditions of the airport 

runoff. As such, to promote the colonisation of these indigenous bacteria, soil samples from 

Veromiehenkylänpuro (Figure 14) were placed on top of the columns and subsequently irri-

gated until the soil layer was saturated.  

 

Approximately ⅓ to ½ of the water used in these weekly irrigations was retrieved from 

Veromiehenkylänpuro stream, to ensure that the bacterial population deviated as little as 

possible from the indigenous microenvironment at the airport. The water in the columns was 

continuously circulated and changed weekly during this period. The columns were daily 

dosed with the formulated PG solution with the optimal C:N:P ratio (Table 6).  

 

 
Figure 14. Soil samples taken to the laboratory for Veromiehenkylänpuro stream for microenvironment. 

 

To enhance the growth of biofilm and quickly achieve a stable performance, the ambient 

temperature of the environmental chamber was kept during this stage at 27±2C. Further-

more, all columns were aerated during this stage to ensure similar initial conditions in the 

columns. Once the experimental period started, the non-aerated columns were unplugged 

and left unaerated for the remaining experimental period.  
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2.3 Monitored parameters and laboratory work 

Due to the high costs of PG determination, other surrogate analyses have been usually 

performed as indicators of PG. The most common surrogate analysis in the literature is BOD5 

(Revitt et al., 2001; Gallagher, 2008; Adeola et al., 2009; Murphy et al., 2015). In addition 

to PG analyses, the main performance parameter used in this study was BOD5. In some 

experimental Phases other surrogate parameters, such as CODCr and TOC, were also 

analysed in order to elucidate possible correlations with PG. For the organoleptic test, the 

scale used was no odour, mild odour and strong odour. It was considered strong odour when 

the odour was obvious while taking the samples. Mild odour was used when whiffing was 

necessary for determination and no odour was chosen when not even whiffing would have 

the distinct odour. Other parameters were monitored to assess their effect on the performance 

of the system (Table 7 and Table 8). To assure consistent results an external certified 

laboratory (Synlab) was commissioned to analyse the parameters in Table 7. Table 8 presents 

the analyses performed and the methods utilised at the Aalto University Water Laboratory. 

Table 9 lists the analytical instruments utilised during this study. 

 

Once the materials were mixed to the appropriate proportions and the columns filled with 

the different filter materials, their level was measured against the top part of the columns 

serving as a datum to calculate the settlement of the materials. 

 

Table 7. Parameters analysed by certified laboratory   

Test Method Main reason 

BOD5 SFS-EN 1899-1 Measure BOD reduction. 

CODCr ISO 15705:2002 Quantify oxygen demand. Correlation with PG 

Dissolved Oxygen (DO) SFS-EN 25813:1993 Assess conditions under which filter is working. 

Heterotrophic bacteria SFS-EN ISO 6222:1999 Biofilm growth measurement. 

Propylene Glycol (PG) GC-MS Correlations with TOC/BOD and validation. 

TOC (NPOC) SFS-EN 1484:1997 Correlation with PG 

Total N (Ntot) SFS-EN ISO 11905-1:1998 Nutrient consumption  

Total P (Ptot) SFS-EN ISO 15681-2:2005 Nutrient consumption 

 

 

Table 8. Parameters analysed at Aalto University Water laboratory  

Test Method Main reason 

ATP-test BioTherma ATP+Luciferin Indirect biomass measurement   

Conductivity SFS-EN 27888:1985 Changes in water quality 

Dissolved Oxygen (DO) SFS-EN ISO 5814 Assess conditions under which filter is working 

Heterotrophic bacteria SFS-EN ISO 6222:1999 Analyse bacterial growth 

Organoleptic test Smell To compliment other analytical parameters 

pH SFS-EN ISO 10523:2008 Understand degradation in column from PG 

degradation products (organic acids) 

Temperature - Assess conditions under which filter is working 
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Table 9. Analytical instruments used at Aalto University Water Laboratory 

Device Name Used in Readability/ Limit of 

Detection (LOD) 

Analytical balance Sartorius Cubis Synthethic water 

formulation 

± 0.1 mg 

Conductivity meter Orion research 101 Water conductivity 

measurements 

± 5% 

DO Instrument YSI 550A DO measurement, 

Temperature 

measurements 

± 0.3 mg/l or ± 2%, 

± 0.3  C 

pH meter WTW inoLab pH 7310 pH determination ± 0.01 pH 

TOC analyser Shimadzu TOC-V  NPOC analyses >0.5 µg/l 

 

2.4 Quality assurance and uncertainties 

2.4.1 Replicates 

Two types of replicates were considered during the design of this study. Firstly, each column 

setup had one replicate in order to ensure the representativeness of the process (filter media 

variation) and to detect possibly faulty processes. Secondly, the parameters of each column 

were analysed three (3) times during three (3) different irrigations under the same conditions 

to achieve a reasonable statistical control of the inherent random variation. Therefore, each 

result provided per phase is the result of three (3) repeated measurements and one replicate; 

hence, most results are given as averages of six values based on three repeated measurements 

with two columns. However, since for Phases III and IV, only the most promising five (5) 

performing structures were tested (see Section 2.2.1), the results are the weekly average of 

two columns for the gravel structures and one column for Leca and Biochar each.  

2.4.2 Sample preservation 

All samples were taken, preserved and stored according to the instructions of the certified 

laboratory. PG and DO samples were taken into glass bottles and stored at 4C. DO samples 

were taken and fixed according to standard (SFS-EN 25813). Heterotrophic bacteria samples 

were taken into sterile plastic bottles, stored at 4C and sent for analysis within 24 h. The 

rest of the samples (BOD, TOC, COD and nutrients) were taken into plastic bottles and 

stored at -22C.  
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2.4.3 Controls 

In addition to the degradation test (see Section 2.2.2) serving as a control for PG degradation, 

Phases I and II were carried out with scientific controls. These controls were performed in 

order to understand how the PG would behave under the exact same environmental condi-

tions but without the materials. The control consisted of non-aerated buckets and they were 

irrigated with the same synthetic water and were treated in exactly the same way as the 

columns.  

2.4.4 Recovery (accuracy) and precision 

The synthetic runoff was formulated based on the molar mass of the chemicals and the total 

contents of the main components were analysed. Thus, it is possible to evaluate the accuracy 

of the laboratory analyses (Table 10) with Equation (6): 

 

𝐴𝑐 =  (
𝑉𝑎

𝑉𝑡
) 100 (6) 

 

Where Ac is the accuracy (%), Va is the analysed value (mg/l) and Vt is the theoretical value 

(mg/l). Table 10 shows that there appears to be a systematic underestimation in the results 

for PG. On the other hand, the values given for nutrients by the laboratory appear to be more 

reliable.  

 

Table 10. Accuracy of certified laboratory results 

 Propylene Glycol  Ntot Ptot 

Accuracy  79±11% 102.0±6.0% 104.3±4.0% 

Number of samples (n) 5 11 11 

    

2.4.5 Limitations  

The seasonal BOD loading variability (Figure 7 in Section 2.1) was not considered in this 

study. In order to simplify the experiment, some parameters that could influence and affect 

the performance of the system were not considered. The parameters that could potentially 

inhibit the microbial growth and/or increase the carbon content of the inflow runoff included 

suspended solids (SS), hydrocarbons, heavy metals, and formates. Therefore, the actual con-

ditions and composition of the inflowing runoff into the system is not precisely known and 

the results might differ if the change in conditions is too significant to those studied. 

 

In order to promote the growth of representative environment, the seeding of the columns 

was performed with soil and water samples taken during summertime. This might influence 

the microenvironment developed in the biofilm for the study.  
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The nutrients used for this study (Sodium Nitrate and Dipotassium phosphate) are readily 

available for the microbia. In the real conditions the Ntot and Ptot are comprised of less readily 

available nutrients that need more steps to be in usable form. Therefore, the nutrient removal 

performance will be likely lower in real site conditions.  

 

The batch method utilised in Phases I, II and III might not provide an ideal representation of 

the actual conditions of the VSSF wetland. More specifically, in the non-aerated batches, the 

absence of turbulence will not represent a continuous flow that would be more likely in the 

real conditions, and hence oxygen availability might be higher in the real conditions thus not 

fully representing the performance of the batch experiments.   

 

2.5 Mathematical and statistical analysis 

The BOD and nutrient removal efficiencies were calculated according to formula (7).  

 

𝜂𝑟  =  
(𝐶𝑖𝑛𝑓 − 𝐶𝑒𝑓𝑓)

𝐶𝑖𝑛𝑓
100 (7) 

 

Where r is the removal efficiency (%), 𝐶𝑖𝑛𝑓  is the measured concentration of the synthetic 

runoff inflow, and 𝐶𝑒𝑓  is the measured concentration of the outflow after treatment.   

 

Hydraulic retention time (HRT) was calculated according to formula (8).  

 

𝑡𝐻𝑅 =  
𝜋𝑟2𝜙𝑑

𝑄
 (8) 

 

Where tHR is the hydraulic retention time,  equals pi, r is the radius of the column radius 

(m),  is the porosity of filter media (30 - 40%, Table 11), d is the media depth (m), and Q 

is influent flow rate (m3/s).  

 

Two-Sample t-Test was used to compare the differences and Pearson correlation and regres-

sion test was used to elucidate possible relationships between parameters. The p-value of 

<0.05 was used to describe the results as statistically significant. Due to the large amount 

historical data to analyse, the materials analysis was performed with MATLAB 2017. Mi-

crosoft Office Excel 2016 was used for most of the data management as well as the analysis 

of the results obtained from the experiments.   
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3 Results and Discussion 

3.1 Propylene Glycol degradation 

To understand the natural degradation rate of Propylene Glycol (PG) in optimal nutrient 

conditions, a degradation experiment in a tank was performed. Different parameters showed 

variable degradation rates during this experiment at 24±1C. After 72 h, an approximate 

77% decrease in PG concentration was observed (Figure 15). Smaller decreases of ca. 52% 

and 51% of BOD5 and BOD7, respectively, as well as a 47% decrease in CODCr concentra-

tion were observed.  

  

 
Figure 15. Behaviour of different parameters used to approximate PG concentration in the tank degra-

dation experiment.  

 

A 35% reduction of TOC after 3 days was observed (Figure 16). TOC reduction appeared to 

be linear with time (R2 = 0.991), which predicts a 57% TOC reduction after 5 days. This 

value is comparable with the results obtained in the literature, suggesting 50% DOC degra-

dation after 5 days (Lindseth, 2016).   

 

 
Figure 16. Behaviour of TOC in the tank degradation experiment.  
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The results in Figure 15 and 16 suggest that PG appeared to be easily degradable by bacteria. 

This can be further corroborated by the results from the bacterial growth (CFU/ml) and aden-

osine triphosphate (ATP) level in the tank (Figure 17). Figure 17 shows a lag phase of ap-

proximately 1 day, during which the bacteria present in the tank adapted to the new sources 

of nutrients followed by rapid exponential growth in the subsequent days.  

 

 
Figure 17. Microbial growth (CFU/ml and pmol) in the tank during the PG degradation experiment. 

 

Bacterial growth seemed to deplete most dissolved oxygen (DO) after 2 days of growth (Fig-

ure 18). After 3 days, the resulting water appeared turbid and viscous. Although the pH of 

the water decreased from 8.1 to 7.2, it did not have the strong odour associated with anaer-

obic/anoxic degradation of PG. This suggested that most PG was degraded primarily aero-

bically in the tank.  

 
Figure 18. Effect of microbial growth (CFU/ml) on the dissolved oxygen saturation (%) in the tank. 
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In addition to DO (Figure 18), the microbes appeared to have used ca. 70% and 12% of the 

added NO3 and PO4, respectively (Figure 19). This suggests that nitrogen (N) may become 

a growth limiting factor and limit PG removal in low DO conditions since NO3 acts as an 

electron acceptor during anoxic conditions.   

 
Figure 19. Nutrient consumption in the tank. Ntot stands for total N and Ptot for total P concentration.  

 

Based on the relationship between BOD5 and PG, a conversion factor of BOD5 = (1.6 ± 

0.3)PG was determined (Figure 20). The conversion factor agrees with literature values of 

1.68g O2/g PG (Toscano et al., 2013) and thus increases the confidence on the results. Fur-

thermore, these results validated that BOD5 is an acceptable surrogate analysis to measure 

PG (R2 = 0.89, p = 0.03). More specifically, BOD seemed to be an acceptable surrogate test 

to quantify relative changes in PG concentrations.   

 
Figure 20. A linear regression of BOD5 and PG concentrations from tank results.  

 

The results in Figure 15-20 corroborate the earlier results by Bielefeldt et al. (2002), Ander-

sen (2016), and Lindseth (2016), suggesting that synthetic tank water during laboratory ex-

periments at room temperature should be regularly formulated to avoid undesirable changes 

in PG, nutrient ratios and dissolved oxygen concentrations.  
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3.2 Phase I – Warm conditions 

Figure 21 shows the BOD5 and PG treatment performances of the columns during Phase I 

batch experiment. During this experiment, the columns and controls (see Section 2.4.3) were 

irrigated with a hydraulic retention time (HRT) of 16±1 h and with the mean nutrient values 

shown in Table 6 (Section 2.2.2) in the environmental chamber at 21±1C.  

 

  
Figure 21. Removal efficiency illustrating the carbon removal performance (%) at 21±1C in Phase I. 

The BOD5 results are the average of 3 days and the PG results are the average of 1 day The BOD5 values 

are below the symbols and PG values above.  

 

BOD5/PG were almost completely removed in both aerated and non-aerated columns, except 

for the non-aerated Gravel columns, which performed significantly (p<0.001, t-Test) worse 

than the rest (Figure 21). Since the control did not have any significant removal of PG nor 

BOD5, the microbial activity present in the columns had a significant effect on the treatment 

of the runoff.  

 

Some variability between the removal performances of PG and BOD5 was observed (Figure 

21). The removal performance of PG seemed to be systematically higher than that of BOD5 

in all cases, particularly in the non-aerated Gravel columns. This discrepancy could be ex-

plained if tap water contained something else aside from PG that is harder for bacteria to 

use, but this explanation was considered to be unlikely. A more likely explanation is that the 

storage method of the samples influenced the results. As discussed in Section 2.4.2, PG sam-

ples were stored at 4 C, and low temperature experiments (Sections 3.3 and 3.7) showed 

that psychrophilic bacteria were still able to use PG even at those low temperatures. Thus, 

higher removal performances were achieved because the bacteria in the samples continued 

to degrade PG during sample storage. The BOD5 results in Figure 21 appear to be more 

representative of the studied process than PG results. As a result, if the PG values were 

available, they will be presented in the figures but not discussed in the remainder part of 

Section 3.  
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The aeration rate of the aerated columns (~1360 l/h/m2, see Table 4 in Section 2.2.1) ap-

peared sufficient to fully saturate the columns with O2 (Figure 22). The aeration of Biochar 

columns resulted in lower oxygen transfer efficiency (OTE) values than in the Gravel and 

Leca columns. However, the lower DO saturation value of Biochar columns did not inhibit 

their capacity to remove BOD5 (Figure 21). On the other hand, the effluent of the non-aerated 

Biochar columns contained the highest levels of DO of the non-aerated columns and per-

formed similarly to its aerated counterpart in most metrics. This suggests that Biochar struc-

tures might not necessarily need aeration in warm temperatures to achieve good perfor-

mance.  

 

 
Figure 22. DO saturation in the effluent of treated water in Phase I. 

 

It appears that due to the limited availability of DO, anoxic/anaerobic conditions developed 

inside the columns. This anoxic/anaerobic degradation of PG produced odours for the non-

aerated Leca and Gravel columns, but the Biochar columns did not produce any odours. It 

remained uncertain whether this was because these anaerobic/anoxic conditions did not fully 

develop in the Biochar columns or because Biochar acted in a similar way than activated 

carbon adsorbing the organic molecules that produce the odours (Rowe, 1963).   

 

Figure 23 corroborates that the non-aerated columns developed anoxic/anaerobic conditions 

since anaerobic PG degradation tends to produce e.g., acidic metabolites (Jaesche et al., 

2006), and thus lowering the pH of the effluent. The value of pH during this experiment 

ranged from ca. 8.3 in the influent to 7.0 in the effluent. The non-aerated Leca and Gravel 

columns had the largest changes in pH. In the case of Biochar, the smaller changes suggest 

that either the production of these fermentation products was low or that they were adsorbed 

by the biochar. 
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Figure 23. Absolute pH change in the column effluent compared to the influent in Phase I. 

 

Clear differences in nutrient removal were observed between the columns (Figure 24). The 

non-aerated columns favoured the removal of nitrogen (Ntot removal >90%), whereas aerated 

columns performed significantly worse with the exception of Biochar that also removed 

>90% of Ntot (Figure 24a). These results, together with the evidence of anoxic/anaerobic 

conditions, suggested that denitrification was the main mechanism of Ntot removal in these 

columns. This showed that the environmental conditions were suitable for the growth deni-

trifying bacteria, which used the molecular oxygen (NO3
-) as electron acceptor, thus enhanc-

ing denitrification and hence allowing also BOD5 removal (Kadlec et al., 2017).  

 

 
Figure 24. Nutrient removal performance in Phase I based on the changes in a) total nitrogen (Ntot) 

concentrations and b) total phosphorus (Ptot) concentrations.  

 

Contrary to nitrogen, the aeration improved the removal of phosphorus in the Gravel and 

Biochar columns, but not in the Leca columns (Figure 24b). Additionally, the high perfor-

mance of Ptot removal in the Gravel columns correlated (r = 0.81) with the amount of het-

erotrophic bacteria. The removal of Ntot and Ptot appeared thus to partly involve different 

mechanisms. A more in depth understanding of the main mechanisms responsible for the 

removal of Ptot such as precipitation and adsorption is needed.  In order to achieve the best 

performance of the system, both mechanisms should be considered during the design and 

construction.  
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3.3 Phase II – Cold conditions 

During Phase II batch experiment all variables remained the same as in Phase I except that 

the temperature in the chamber was lowered from 21±1C to 3±1C during a 2-week period 

to allow bacteria to acclimatise. Phase II yielded a similar treatment performance than during 

Phase I experiments (Figure 21), achieving >99% removal in all aerated cases (Figure 25). 

This suggests that bacteria can acclimatise to these temperatures and have a similar perfor-

mance than during Phase I experiments. Both non-aerated Leca and Gravel columns had a 

sub-optimal performance, thus suggesting that aeration at low temperatures would improve 

the treatment performance. However, in the Biochar columns, there were no significant dif-

ferences (p > 0.05, t-Test) between aerated and non-aerated columns nor between warm and 

cold temperatures. This demonstrated the ability of Biochar to support a stable bacterial 

community.  

 

 
Figure 25. Removal performance at 3±1C in Phase II. The BOD5 results are the average of 3 days and 

the PG results are the value of 1 day. BOD values are below the symbols. PG values above.  

 

The aeration rate utilised in Phase II (Table 4 in Section 2.2.1) sufficed to achieve close to 

full DO saturation in the aerated columns (Figure 26). Furthermore, in the non-aerated col-

umns, the DO was almost fully depleted in all cases, thus promoting anoxic/anaerobic con-

ditions for fermentation. This result is supported by Figure 27, illustrating that the columns 

developed anoxic/anaerobic conditions by showing a larger negative change in pH. All pH 

values ranged from ca. 8.2 in the influent to 6.8 in the effluent.   

 

Similar to Phase I, the non-aerated Leca and Gravel columns in Phase II produced strong 

odours in their effluent, whereas the Biochar columns did not. This further suggested that a) 

the birch Biochar may act as an odour absorbent or that b) biochar inhibits the development 

of this type of conditions, perhaps because of its high porosity, providing a higher capacity 

of O2 storage in the system.  
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Figure 26. DO saturation in effluent in Phase II. 

 

 

 
Figure 27. Absolute pH change in the column effluent compared to the influent in Phase II. 

 

In terms of nutrient removal (Figure 28), the performance of the columns improved in all 

aspects compared to the warm conditions (Phase I, Figure 24), except for Ptot removal in 

non-aerated Gravel columns. Similar to Phase I, Ntot removal seemed to be promoted mainly 

by anoxic/anaerobic conditions and Ptot removal by aerobic conditions. This phenomenon 

appeared to be more pronounced during Phase II, especially in the Gravel columns: the non-

aerated Gravel had high Ntot removal and the aerated Gravel had high Ptot removal.  
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Figure 28. Nutrient removal performance in Phase II based on the changes in a) total nitrogen (Ntot) 

concentrations and b) total phosphorus (Ptot) concentrations. 

 

Neither BOD5 removal performance nor DO saturation values differed significantly between 

cold and warm conditions. However, nutrient removal increased indicating that the bacterial 

activity at low temperatures is less efficient than at higher temperatures, highlighting the 

importance of nutrient availability at low temperatures.   

 

Finally, similarly to Phase I, the BOD5 removal performance in Phase II was significantly (p 

< 0.05) higher for all columns than for controls. Moreover, the DO controls (Figure 26 and 

Figure 22) showed that DO was not consumed during the studied hydraulic retention time 

(HRT) by the limited number of bacteria. This suggests that the increase in the surface area 

for biological activity provided by a SSFW is essential for the treatment of the airport runoff. 

Consequently, for Phases III and IV no controls were utilised.  

 

3.4 Phase III – Low nutrient conditions 

For the Phase III, the temperature was lowered from 3±1C to 2±1C. Unlike Phases I and 

II, the nutrient concentration was based on the median values, which is approximately half 

of the mean values (Table 6 in Section 2.2.2). The aeration rate of the aerated columns was 

halved to ca. 680 l/h/m2 (Table 4 in Section 2.2.1). Additionally, for Phases III and IV four 

different material setups were tested and shown in the following figures. The aerated Gravel 

setup was operated together with a replicate, hence aerated gravel results are the average of 

these two structures. 

 

Figure 29a shows the four structures of Phase III tested and their behaviour during the low 

nutrient conditions. The non-aerated results showed a more prominent discrepancy between 

the PG/BOD values compared to Phases I and II and discussed in Section 3.2.  
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Figure 29. a) Removal performance at 2±1C in Phase III. The BOD5 results are the average of 3 days 

and the PG results is the value of 1 day. b) DO saturation in effluent 

 

Figure 29a shows that the non-aerated structures performed significantly worse during this 

low nutrient Phase, as was expected from the results of Phase II (Figure 28). However, 

aerated structures (Figure 29) continued performing well. There was a clear relationship 

between the removal performance of BOD5 and aeration of the columns, suggesting that at 

low temperature and nutrient conditions, aeration may be required for the proper operation 

of the SSFW systems. The results suggested that the reported aeration rate values of 1920 – 

4580 l/h/m2 for gravel (Labella et al., 2015; Uggetti et al., 2016) could be reduced at least to 

the rates used during this experiment of ca. 680 l/h/m2
, while still achieving full performance. 

It is noteworthy to see that the aeration rate values were used for COD loadings of 118±62 

mg/l (Uggetti et al., 2016) to 311±80 mg/l (Labella et al., 2015), translating to approximately 

50-200 mg/l of BOD5 (Akcin et al., 2006).   

 

The low temperature and poor nutrient conditions of Phase III favoured anoxic/anaerobic 

conditions since all effluents showed evidence of fermentation products as a negative change 

in the pH of the effluent, even in aerated columns (Figure 30).  

 
Figure 30. Absolute pH change in the column effluent compared to the influent in Phase III. 
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The poorer BOD5 removal performance (Figure 29) of the non-aerated columns compared 

with the aerated columns cannot be solely explained by the slight decrease in water temper-

ature (3±1C to 2±1C), since aerated columns continued performing as well as in higher 

temperatures. It seems more likely that the more significant change in nutrients lead to the 

poor performance of the non-aerated columns. As previously discussed (Section 3.3), it ap-

pears that in addition to low temperature disrupting the efficient usage of nutrients (Phillips 

et al., 2017), the C:N:P ratio used in these conditions (120:6:0.1) differs considerably from 

the optimal C:N:P ratio (120:15:1.4) reported by Toscano et al. (2013) for PG degradation. 

As such, denitrifying bacteria did not have as much chemical oxygen (NO3
-) available pro-

portionally for use as electron acceptors, hence hindering their use of carbon.    

 

Figure 31 shows that the non-optimal C:N:P ratio created unbalanced conditions in which N 

was almost used up. These results corroborate that at low temperature conditions, and spe-

cifically at low nutrient conditions N might become a limiting factor for PG degradation.  

 

 
Figure 31. Nutrient removal performance in Phase III based on the changes in a) total nitrogen (Ntot) 

concentrations and b) total phosphorus (Ptot) concentrations. 

 

3.5 Phase IV – Continuous conditions 

Figure 32a shows the performance of the columns during cold (1.4±0.4C), low nutrient 

(median values, see Table 4 in Section 2.2.1) and continuous flow conditions. During Phase 

IV, there appeared to be a significant difference in the performance of aerated and non-aer-

ated columns. Additionally, the aeration rate was further reduced in order to see its effects 

on DO and on the removal performance of BOD5. As a result, the BOD5 removal perfor-

mance of aerated columns seemed to be slightly affected by these poor environmental con-

ditions, however, still  >95% removal of BOD5 was achieved. On the other hand, non-aerated 

columns in Phase IV performed even worse than in Phases II and III, indicating that in un-

favourable conditions aeration of the structures is a key factor to ensure the stable and relia-

ble performance of these structures.  
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For Gravel columns (Figure 32b) the aeration rate was further lowered to 180 - 200 l/h/m2, 

whereas for the Biochar columns the aeration rate was lowered only to ca. 450 l/h/m2. Alt-

hough DO saturation in Gravel columns was 60% (8.5 mg O2/l) its performance on the re-

moval of BOD5 appears to be acceptable (>95% removal). The effects of aeration on DO 

saturation are discussed in detail in Section 3.6. 

 

 
Figure 32. a) Removal performance at 1.4±0.6C and low nutrient conditions in Phase IV. The results 

are the average of 3 days. b) Shows the effect of the reduction in the aeration rate on the DO saturation 

of the effluent.   

 

Similarly to Phase III, the unfavourable conditions in Phase IV promoted the production of 

organic acids from the anoxic/anaerobic degradation of PG, even when the columns were 

not totally depleted from DO, as was the case of aerated Gravel columns (Figure 33). 

 
Figure 33. Absolute pH change in effluent compared to influent in Phase IV. 

 

Similarly to Phase III, it appeared that most of available N was used during the irrigations in 

Phase IV (Figure 34a). The results showed that N likely became a limiting factor due to the 
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C:N:P ratio used in Phases III and IV. The results obtained for P (Figure 34b) are different 

than those obtained in Phases I-III. The results suggested that the non-aerated columns 

leached P during the continuous experiments. It is noteworthy that the proportional release 

of P appeared to be very large. However, the P concentrations used were small during Phases 

III and IV, just a small absolute increase leads to a very high result and therefore the absolute 

release of P is small. This is the case of the non-aerated Biochar column, whose influent Ptot 

concentration was 0.03mg/l and effluent concentration 0.17 mg/l, both falling well below 

the typical P concentrations in urban runoff (Assmuth, 2017).  

 

 
Figure 34. Nutrient removal performance in Phase IV based on the changes in a) total nitrogen (Ntot) 

concentrations and b) total phosphorus (Ptot) concentrations. 

 

The results in Figure 34 suggest that a) during continuous flow conditions there is leaching 

from either the accumulated P in the structures or materials from previous experiments or b) 

that during the continuous flow experiments the water level fluctuated and reached the soil 

layer and released P. However, there does not appear to be a change in the electrical conduc-

tivity of the effluent (discussed in Section 3.8.1), which would perhaps be expected if the 

water would come in contact with the soil releasing particulate matter and other salts that 

could raise the conductivity. 

 

Wendling et al. (2017) reported that birch biochar leached P in laboratory filter experiments. 

However, Assmuth (2017) found no leaching of P from birch biochar of a filter constructed 

in a roadside site. In this study biochar was not observed to cause leaching during Phases I-

III. The exact reason for this behaviour is not yet well understood and should be investigated 

further.  
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3.6 Aeration, DO, odour and nutrients 

The influence of aeration on the performance of the wetlands was one of the main questions. 

Evidence for the efficacy of aeration in the removal performance of BOD5 calls for further 

analysis of the aeration rate data, in order to be able to optimise the system.  

 

The results on how aeration influences the DO saturation (Figure 35) showed that Gravel 

columns were the most responsive to aeration rate changes, i.e., they showed higher oxygen 

transfer efficiency (OTE). In non-aerated columns, the DO in the Gravel columns was the 

most oxygen depleted, whereas in the Biochar columns some DO remained. On the other 

hand, Biochar columns needed a higher rate of aeration to reach a similar DO saturation as 

their Gravel and Leca counterparts.  

 
Figure 35. Dissolved Oxygen saturation as a function of aeration for the different utilised materials. 

 

DO observations were directly related to the production of organic molecules producing 

odours. None of the aerated columns presented any odours during the study (Figure 36). The 

non-aerated columns presented both mild and strong odours. In Leca and Gravel columns, 

mild odours occurred only during the first weeks of operation, later developing into stronger 

odours. Biochar columns presented mild odours only sometimes towards the end of the ex-

perimentation period. As previously discussed (Figure 22 of Section 3.2), this could be in-

dicative that biochar inhibited the production of such odorous organic molecules during the 

first phases or that its ability to adsorb odours was only for a limited period.  
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Figure 36. Percentage of total number of times that columns produced odours.  

 

For the most part, it appeared that non-aerated Biochar columns are able to deliver a good 

BOD5 removal performance when an optimal C:N:P ratio is available for the micro-organ-

isms as shown in Figure 37. The figure also shows how performance appeared to improve 

in a logarithmic fashion. However, these results are not normalised for temperature nor nu-

trients and their influence on the removal performance and thus must be considered criti-

cally. However, temperatures alone did not seem to have a significant impact on the perfor-

mance of the columns (see Section 3.2-3.3), which supports the claims by Labella et al. 

(2015), who found that heating did not have a significant effect on the COD removal perfor-

mance.  

 

Uggetti et al. (2016) presented evidence that by setting intermittent aeration to a DO limit of 

0.5 mg/l was the most efficient and effective operation method in terms of COD, ammonium 

and Ntot removal performance. This intermittent aerobic and anoxic conditions were not 

tested during this study, and thus further testing is necessary to assess its efficacy in these 

conditions. In addition, a different DO limit might be needed in the wetland to prevent anoxic 

conditions and hence avoid the development of odours.  

 

 
Figure 37. Average BOD removal performance as a function of aeration 
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The effect of aeration on Ntot removal (Figure 38) further corroborate that the results in Fig-

ure 37 should be interpreted critically, since the mechanism for Ntot removal is negatively 

affected by aeration. Figure 38 also shows a slight performance increase (180 – 681 l/h/m2), 

but those results are the sum of all the factors affecting their performance, i.e., at low aeration 

rates, low temperature and nutrient conditions were also tested and they contributed to the 

performance.  

 

 
Figure 38. Average Ntot removal performance as a function of aeration 

 

The values from non-aeration (0 l/h/m2) and full aeration (ca. 1360 l/h/m2) are more robust 

and comparable between each other (Figure 38). Hence, it provides further evidence that that 

non-aerated conditions are significantly better at removing Ntot than aerated conditions for 

Leca (p < 0.03) and Gravel (p < 0.01), but no significant difference (p = 0.47) was found 

between aerated and non-aerated Biochar columns.  

 

The effect of aeration on removal performance of Ptot (Figure 39) was not significant in Leca 

(p = 0.16) and Biochar (p = 0.23) columns. However, Gravel columns benefited from aera-

tion significantly (p < 0.05) in terms of Ptot removal.  Moreover, Ptot appeared to be correlated 

with heterotrophic bacteria count in the effluent of Gravel (r = 0.81) columns, but not so 

much with Leca (r = 0.37) or Biochar (r = 0.51) columns. The Ptot concentration in the efflu-

ent of the Leca columns was somewhat correlated (r = 0.79) with Ntot concentration in the 

effluent.  
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Figure 39. Average Ptot removal performance as a function of aeration 

 

According to Arias and Brix (2005), the main P removal mechanisms in wetlands are ad-

sorption or precipitation that depend on the characteristics and composition of the filter me-

dia. In low concentrations, microorganisms are regarded as primarily responsible for remin-

eralisation of P. Furthermore, Kulakovskaya (2014) suggested that Pseudomonas are known 

to be able to concentrate P intracellularly in aerobic conditions.  

3.7 Bacterial population 

No significant differences in the number of Colony Forming Units per ml (CFU/ml) were 

observed between the different filter materials (Figure 40). However, there was a significant 

difference between the aerated and non-aerated counterparts. Additionally, a significant (p 

< 0.004) difference emerged when bacteria thriving in the anaerobic/anoxic conditions were 

compared with bacteria thriving in the aerobic conditions. The number of bacteria thriving 

in anaerobic/anoxic conditions appeared 2 to 10 times higher than the bacteria thriving in 

aerobic conditions.  

 
Figure 40. Differences in the count of heterotrophic bacterial colony forming units (CFU)/ml.  
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Anaerobic respiration is less efficient than aerobic respiration, which means that more an-

aerobic bacteria is needed to reach similar performance than their aerated counterparts being 

degraded aerobically. However, this does not seem to completely explain why there was 

such a significant difference (Figure 40). Another possible explanation is that anaerobic bac-

teria might able to reproduce more rapidly, or that something intrinsic to the non-aerated 

columns facilitated their growth. For example, recommended aeration rates seemed high 

enough to create significant turbulence inside the columns perhaps inhibiting the adhesion 

to the substrate material.  However, in order to arrive at a definitive explanation, more re-

search would be needed. The implications of this difference are not well understood either.  

 

The results on the effect of temperature on bacterial population were divided into the number 

of CFU per ml in non-aerated and aerated columns (Figure 41). A significant difference in 

the microbial count (CFU/ml) between each experimental phase was observed (Figure 41). 

In addition to temperature, the results reflect the worsening environmental conditions expe-

rienced during Phases III and IV.  However, the change between Phase I (21±1C) and Phase 

II (3±1C) is solely due to temperature changes. It is noteworthy that even during the cold 

Phases II, III and IV, the low bacterial count of 810±150 CFU/ml in aerated columns appears 

to be enough for appropriate performance of the wetland.  

 

 
Figure 41. Average microbial population for each experimental Phase (I – IV, 21 – 1.4 respectively) 

under different aerobic conditions. 
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3.8 Other findings 

During the construction of the columns, other observations outside the main scope are doc-

umented here in order to understand their development throughout the experiments and their 

possible implications on the construction of the real structure. These observations are listed 

in the following Sections (3.8.1-3.8.2). 

3.8.1 Material properties and hydraulic loading 

The settlement experienced per meter of material was measured on four occasions (Figure 

42). The figure indicates that the Gravel columns experienced the least amount of settlement 

stabilising at about 1 cm/m of filter material. The Biochar columns appeared to have settled 

>12 cm/m of material during the studied time and the Biochar columns seemed not to have 

consolidated completely.  

 

 
Figure 42. Average settlement of different material combinations based on four columns per material.  

 

As a consequence of settlement, the initial pore space decreased leading to lower effective 

volume (Table 11). The table presents the expected effects of settlement on the hydraulic 

properties such as the loss in pore space leading to lower treatment capacity of the structure.  

 

Table 11. Approximate volume and other hydraulic parameters before and after settlement.  

 V measured (L) Pore space (%) Max. flow (l/h)* Hydraulic load [l/h/(m2m)] 

Leca initial 26.4 33 1.7 24.1 

Gravel initial 34.0 43 2.1 31.1 

Biochar initial 25.5 32 1.6 23.3 

 V calculated (L) Settled pore space (%) Max. flow (l/h)* Hydraulic load [l/h/(m2m)] 

Leca settled  24.8 31 1.6 22.7 

Gravel settled 33.7 42 2.1 30.8 

Biochar settled 22.4 28 1.4 20.5 

* Max. flow calculated from 16h HRT and equation (8). Loads and volumes are approximate values.  
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The electrical conductivity of the influent and effluent were measured along with the other 

parameters throughout the four phases of the experiments for the three different materials 

(Figure 43).  

 
Figure 43. Change in effluent electrical conductivity from influent after treatment 

 

There appears to be a significant difference (p < 0.0.5) in the electric conductivity of the 

effluents of each material. However, although electrical conductivity tended to be higher in 

non-aerated columns, there were no significant differences (p > 0.1) in the electrical conduc-

tivity of the effluents between the aerated and non-aerated columns. Krishnamurti and Kate 

(1951) suggested that electrical conductivity can also change during bacterial growth, which 

would agree with the observations of bacterial growth in this study; there appears to be cor-

relations (Leca r = 0.82, Gravel r = 0.74 and Biochar r = 0.70) between conductivity and 

heterotrophic bacterial count.  

 

It appears that the change in effluent electrical conductivity is likely due to an inherent prop-

erty of the material rather than the result of the biological processes. In the case of Gravel 

and Leca columns, electrical conductivity appeared to be mildly correlated (r = 0.76 and 

0.70, respectively) with the concentration of Ptot in the effluent. Therefore, suggesting that 

removal mechanisms of P such as precipitation and adsorption in Gravel and Leca columns, 

could be linked to the inherent properties of the materials.  

 

A negative trend in the electrical conductivity of all the materials was also observed (Figure 

43). This could indicate that biofilm is being formed on the surface of the materials, thus 

reducing its contact with runoff. 

3.8.2 Technical feasibility 

The differences in working with some of the studied materials became apparent during the 

construction of the columns. The main purpose of the wetland structure is to treat the airport 

runoff, but other factors such as technical feasibility and geotechnical stability have to be 

taken into account.  
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For the current experiments the Leca and Biochar mixtures were 1:1 by volume. In addition 

to the high costs related to the real-life implementation of this material mixtures, based on 

the experience gained from the construction of the columns, an appropriate, homogenous 

and high-quality construction seemed hard to achieve. Leca (expanded clay) and Biochar 

mixtures tended to be separated during mixing to the surface due to their low density. Bio-

char grain size distribution ranged from 0-10 mm, which meant that some of it was washed 

out during irrigations, thus perhaps contributing to the settlement results. In the case of Leca, 

it seemed that it was too brittle and smaller fragments would also wash out. As such, a light-

weight construction aggregate could be better suited for this purpose.  

3.9 Key findings 

The average BOD5 removal for the alternative treatment methods showed significant (p < 

0.05) performance differences between aerated and non-aerated columns collectively, as 

well as by filter material (Figure 44). All aerated columns achieved > 96% BOD5 removal 

regardless of filter media type (Figure 44a). However, significant performance differences 

(p < 0.05) were observed between the non-aerated columns. Non-aerated Biochar columns 

tended to perform better than the other alternatives and non-aerated Gravel columns showed 

the worst performance. As a result, neither non-aerated Gravel columns nor aerated Leca 

columns were further studied during the last two Phases III and IV.  

 

The change in temperature alone (from 21±1C to 3±1C) did not appear to have a significant 

effect on the BOD5 removal performance of the columns. Although counterintuitive, these 

results can be corroborated by an ever-growing body of evidence, suggesting that wetland 

performance does not respond to temperature as expected (Stein and Hook, 2005). During 

the Phases III and IV of low temperature and low nutrient conditions, the performance of the 

non-aerated columns was significantly (p < 0.05) poorer than during the earlier Phases I and 

II. However, the performance of the aerated columns was not affected. Therefore, these re-

sults demonstrate that adequate performance is achievable in poor environmental conditions 

(low temperature and low nutrient), if aerobic conditions are kept within the filter media. 

Hence, aeration appears to be necessary to achieve consistent and efficient results with the 

planned HRT.   

a)

 

b)

 
Figure 44. Removal performance for a) BOD5 and b) DO saturation in effluent. Non-A = Non-aerated.  
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The DO saturation (%) in the effluent (Figure 44b) was significantly (p > 0.05) lower in the 

non-aerated columns, being in all non-aerated cases well under the minimum recommended 

levels of 4 mg O2/l by Carter (2005) for freshwater ecosystem (adult salmonids). Further-

more, the non-aerated Gravel and Leca effluents produced strong odours associated with 

anoxic/anaerobic degradation of PG. Despite showing similar anoxic conditions, Biochar 

columns did not produce any odours, suggesting that Biochar acted as an odour adsorbent 

like activated carbon (Rowe, 1963) for the duration of the study. Additionally, Gravel and 

Leca were found to respond better than Biochar to aeration rate changes and needed overall 

less aeration to reach a similar DO saturation level. However, the reduced saturation level, 

as compared with Gravel and Leca, did not seem to affect the BOD5 removal performance 

of Biochar.  

 

The low DO levels present in the effluent of the non-aerated columns, together with the 

significantly higher (p < 0.05) nitrogen removal performance than their aerated counterparts 

(Table 12) suggested that the main mechanism for nitrogen (N) removal in non-aerated col-

umns was denitrification. Additionally, there was no significant (p > 0.05) difference in N 

removal performance between alternative filter media of the non-aerated columns. Biochar 

was the only material that consistently removed most N regardless of the oxygen conditions, 

thus suggesting other removal mechanisms as well. During the low nutrient and low temper-

ature Phases (III-IV), aerated Gravel achieved good performance, indicating that in poor 

conditions N might become a limiting factor.  

 

Table 12. Nutrient removal performance Phase. Best performing setups with >70% removal in bold. 
 

Ntot removal [%] Ptot removal [%] 
 

Phase I Phase II Phase III Phase IV Phase I Phase II Phase III Phase IV 

Leca aerated 32,8 70,3 - - 28,2 85,1 - - 

Leca non-aerated 93,8 97,0 82,3 93,9 50,0 74,4 50,9 -106,2 

Gravel aerated 51,8 75,6 93,3 88,7 79,5 86,6 72,4 83,9 

Gravel non-aerated 96,1 96,8 - - 32,7 27,8 - - 

Biochar aerated 91,8 98,1 95,7 94,7 45,5 81,1 82,7 81,3 

Biochar non-aerated 94,0 98,3 95,6 96,4 41,0 75,0 55,9 -344,7 

  

The removal of phosphorus (P) appeared to require what seemed opposite conditions to N 

removal, since the highest removal performances were seen in the aerated setups (Table 12). 

This is likely because pH remained in the neutral range in aerated setups (limited fatty acid 

production), facilitating the removal mechanisms of P, such as adsorption or precipitation. 

Neither Biochar nor Leca showed a significant difference (p > 0.05) in terms of P removal 

between their aerated and non-aerated pairs. On the other hand, a significant difference (p < 

0.05) did emerge in Gravel columns between their aerated and non-aerated pairs; aerated 

Gravel showed better performance than the non-aerated further indicating that P removal 

processes are the sum of at least a couple of factors such as matrix composition, pH and 

redox conditions. In terms of reliability, Gravel columns together with Biochar columns 

tended to be more consistent in the removal of P, since non-aerated Biochar and Leca col-

umns appeared to be leaching P during continuous steady state flow. 
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It remains unclear whether the poorer P removal performance by non-aerated Biochar and 

Leca is due to a specific mechanism or the continuous flow experimental setup. The literature 

(Kuoppamäki et al., 2016; Wendling et al., 2017) shows mixed evidence regarding the Birch 

Biochar P removal performance.  As such, in case biochar is used, it is of importance to 

further study its behaviour and maintain aerobic conditions to avoid the development of 

mechanisms or conditions that would promote leaching in the system.  

 

3.10 Wetland optimisation suggestions 

3.10.1 Aeration 

The results agree with the available literature (Kadlec and Wallace, 2009; Wallace and Liner, 

2011; Nivala et al., 2013) and confirm that aeration is an important factor affecting the re-

moval performance, especially in low temperature and low nutrient conditions. The biggest 

disadvantage of aeration is the increased costs and thus in order to ensure a cost-effective 

operation the optimisation of the aeration system is essential. Oxygen Transfer Efficiency 

(OTE) is governed by factors such as diffuser depth and distribution method as well as bub-

ble size and coalescence (Nivala et al., 2013). The pathways that the bubbles undertake in 

SSFW depends on the filter material and the random position of the material. For the mate-

rials tested, Leca and Gravel appeared to be the most responsive material to aeration changes 

suggesting larger OTE than Biochar.  

 

The depth of the media is a major factor controlling OTE due to an increase in the retention 

time of the bubble to dissolve into liquid phase (Freeman et al., 2015). Thus OTE values can 

dramatically increase with depth as Al-Ahmady (2006) reported, showing values from 18 g 

O2/m
3 at 0.5 m depth to 160 g O2/m

3 at 4.6 m. Freeman (2016) discusses that filter media 

depths of about 2 m would be optimal for aerated wetlands for practical and economic con-

straints such as health and safety issues.  

 

Intermittent aeration has been shown to be the most effective aeration regime when com-

pared with full aeration (Freeman, 2016; Uggetti et al., 2016). Their results indicated that 

intermittent aeration promoted the coexistence of aerobic and anoxic conditions which re-

sulted in the highest removal performances not only for COD but also for ammonium and 

total nitrogen.  

3.10.2 Nutrients 

The results showed that no nutrient addition is necessary under these conditions. However, 

the performance might differ due to the different species of N and P present in runoff, which 

are in different and less available form. Additionally, if nutrient demand is not met bacteria 

is known to produce polysaccharide slime and treatment performance might be affected 

(Wallace and Liner, 2011).   
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Phosphorus removal performance seemed to be enhanced in aerobic conditions, whereas 

nitrogen appeared to be mostly removed in anoxic conditions. However, aerated Biochar 

columns also had a good removal performance of nitrogen. As such, in case both wetlands 

are aerated, a mixture layer of birch Biochar could help improve its nitrogen removal per-

formance despite of the aerobic conditions. Nevertheless, if anoxic conditions are met, there 

is a risk that this biochar layer could leach P.  

3.10.3 Filter material costs 

Estimates on the costs of the filter materials (Table 13) were based on the total expected area 

of the wetland (ca. 6500 m2) and the approximate costs in Finland (Holt et al., 2018) for 

different filter materials.   

 

Table 13. The cost estimates of different filter material used 

Materials Cost €/m3 Cost € / 6500 m3 

Macadam (gravel) 100% 20* 130 000 

Leca 100% 40-75 373 750 

Birch Biochar 100% 200 1 300 000 

Leca + Gravel (Macadam) 1:1 38.75 251 875 

Gravel (Macadam) + Biochar (7.5 cm layer) 33.5 217 750 

Biochar + Gravel (Macadam) 1:1 110 715 000 

* unit price of dry sieved gravel. In this study wet sieved gravel was utilised and its price is around 45% higher 

than dry sieved gravel.  

 

The cost estimates in Table 13 confirm that the most technically and economically feasible 

option is to use macadam (Gravel) as the main bulk material. The few advantages of Leca 

over Gravel are not enough to justify the price difference between them (over two times 

higher on average).  

 

Although Biochar mixture generally performed better than Gravel alone, the price is approx-

imately 5 times higher than Gravel and thus not enough to justify a 1:1 mixture. In terms of 

BOD removal, the performance of aerated Biochar was only marginally better than aerated 

Gravel. However, in terms of nutrient removal aerated Biochar generally performed consid-

erably better than Gravel. In case that nutrient removal is also desired Biochar amendment 

could be beneficial. For the purpose of comparison, Table 13 present the option of a 15 cm 

layer of a 1:1 mixture of Gravel and Biochar (Thus 7.5 cm). In this case, there is no guarantee 

that only a 15 cm layer would contribute significantly to the performance and furthermore, 

the price would increase ca. 70%.  
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4 Conclusions 

The stormwater management of airports in cold climatic conditions represents a big chal-

lenge due to large catchment areas, low temperatures, variable organic loads and nutrient 

concentrations. Current management solutions and treatment options vary from airport to 

airport. Some airports have implemented SSFWs for the treatment of the runoff, however 

these structures have had large environmental footprints i.e., large land areas, long hydraulic 

retention times and the addition of nutrients has been necessary. This study elucidates the 

advantages of testing and utilising different filter materials and setups in the optimisation of 

SSFWs to increase their overall efficiency and performance.   

 

The aim of this study was to understand how subterranean wetlands affect the water quality 

of airport runoff. The results obtained in this study indicate conclusively that subterranean 

wetlands have a positive effect on the water quality of the airport runoff in terms of BOD5 

removal performance, as well as nutrient removal performance in the form of nitrate and 

phosphate. The satisfactory performance was mainly because of the high surface area avail-

able for microbiological activity and due to the intrinsic properties of the materials utilised.  

 

The specific objective of the study was to determine a suitable and cost-efficient filter media 

with adequate treatment performance. The results showed that it was possible to achieve 

satisfactory performance with the tested materials also under disadvantageous conditions. 

Regarding nutrient removal performance, Biochar showed generally better performance than 

the other alternatives in both aerated and non-aerated setups, suggesting that in addition to 

microbial activity other mechanisms were present. However, during continuous flow exper-

iments Biochar leached P. Gravel showed acceptable and consistent performance also for 

nutrient removal. Considering both the economic aspect and the results obtained, a 1:1 mix-

ture of Gravel with another filter material is not justified with the studied setup. However, a 

different configuration with smaller volumes of Biochar or Leca could be an acceptable 

compromise. Regarding BOD removal performance, it was shown that the columns filled 

with Biochar mixtures, especially the aerated Biochar, outperformed other columns. How-

ever, Biochar also proved to be the most problematic aggregate to handle during construction 

and experimental phases. The aerated Leca showed good BOD5 removal performance but 

performed worse than the other options in removing nutrients from runoff. The results 

showed that the marginally better BOD5 removal performance of aerated Leca and aerated 

Biochar do not justify their use due to their significantly higher prices and poorer technical 

performance. Overall, the aerated gravel demonstrated a reliable and acceptable performance 

throughout the construction and experimental phases both in terms of BOD5 and nutrient 

removal as well as from technical and economical perspectives.  

 

The study demonstrated that aeration was an important factor affecting the performance of 

the media. Furthermore, an aeration system enables the optimisation of the conditions within 

the wetland for desired parameters. Aerobic conditions promoted by aeration tended to fa-
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vour BOD and P removal performance in most columns, whereas anaerobic/anoxic condi-

tions tended to favour N removal. Aeration led to significant differences in the treatment 

performance in particular when environmental conditions were unfavourable i.e., low nutri-

ent levels and very cold influent. Therefore, DO appeared to be an important limiting factor 

for the rapid and efficient degradation of the carbon. Anaerobic conditions in continuous 

flow significantly differed from the batch processed in both Leca and Biochar mixtures pro-

moting the leaching of P. As such, more understanding on the mechanisms of P removal in 

these systems would be valuable.  

 

This study focussed on the effects of filter material, temperature and nutrient variation on 

the performance of SSFW. However, neither the effects of variable (temporal) 

concentrations nor hydraulic retention times were studied. The study of higher organic loads 

and shock conditions could improve the understanding on the resilience of this system. 

Furthermore, the study on shorter HRT with the current setup could provide the opportunity 

of increasing the treatment capacity of the system. The additional study on the effects of 

intermittent aeration and different layer configurations e.g., smaller layers and filter media 

depth could provide cost-effective solutions for the optimisation and cost-effective operation 

of the SSFW.  

 

Based on the parameters tested under the conditions studied, there was no need of nutrient 

amendment, particularly in the aerated setups. However, it is noteworthy that airport 

stormwater differs from the synthetic runoff created in the laboratory conditions, from the 

state and species in which the nutrients are present, to the influence of other possible 

contaminants present in the airport runoff. The nutrients present in the runoff of 

Veromiehenkylänpuro might be present in less readily available forms. Moreover, the 

presence of other not tested contaminants such as hydrocarbons, metals and combustion by-

products could exert some stress on the microorganisms present. These factors could 

possibly hinder the metabolic abilities of the microorganisms. Therefore, the study of more 

realistic runoff, as well the degradation products of PG could provide insight into future 

challenges and limitations. Furthermore, the odour adsorbing properties of biochar 

associated with PG degradation products could be studied more in depth.  

 

Lower temperatures had predictable detrimental effects on the number of bacteria in the 

columns. However, temperature on its own did not have a significant effect on the treatment 

performance of the wetland. The effect of low temperature on performance was only appar-

ent in low nutrient and anoxic conditions as an overall decrease in performance. The results 

show evidence that low temperatures (1.4±0.4C) are not a performance limiting factor on 

its own for SSFW. As such, the indigenous microbial population present in airport runoff 

might be of interest to other branches of science e.g., water treatment that depend on cold 

temperature degradation.  
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Appendices 

 

Appendix A. Other results and construction of columns





 

 

 

   

Appendix A. Materials and construction results 
 

Materials results 

 

Table A-14. Measured runoff water quality parameters (physical)  
T 

[C] 

Flow 

[l/s] 

Colour 

[mgPt/l] 

Turbidity 

[FTU] 

SS 

[mg/l] 

pH Conductivity  

[mS/m] 

O2  

[mg/l] 

O2Sat [%] 

n 258 276 14 16 293 292 293 292 20 

Min 0 1.3 25 6.4 2 5.3 8.1 0.2 61 

Max 19 530 220 150 1100 8 280 12.4 94 

Median 6.0 31.6 115.0 16.5 14.0 7.3 33.0 9.2 77.0 

Mean 6.9 57.5 116.1 26.6 40.8 7.3 37.7 9.1 79.0 

SD 4.9 71.8 65.6 34.1 111.1 0.2 20.7 1.6 9.2 

 

 

Table A-15. Measured runoff water quality parameters (biochemical)  
NH4_N   

[mg/l] 

NTot   

[mg/l] 

PTot   

[mg/l] 

BOD5 [mg/l]  

(converted)
a
 

CODCr   

[mg/l] 

K   

[mg/l] 

n 294 292 294 293 293 289 

Min 0 0 0 1.3 15 3.1 

Max 11 24 2.3 500 840 260 

Median 0.3 1.5 0.0 5.5 54.0 16.0 

Mean 0.7 3.4 0.1 31.2 87.6 23.8 

SD 1.3 4.6 0.2 68.9 112.8 30.0 

a Converted from BOD7 using conversion factor BOD7 = 1.16*BOD5 (EEA, 2017) 

 

 
Figure A-45. Flow boxplot from period 9.2016-4.2018. Outliers excluded from figure. Catchment area 

~ 410 ha.  

 

http://www.eea.europa.eu/data-and-maps/explore-interactive-maps/wise-soe-bod-in-rivers
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Figure A-46. Analysed parameters 

 

 

Experimental results 

 

Table A- 16. Individual results.  

Sample 

type 

Sam-

ple 

Phas

e 

Sampling 

date 

Time 

[hours] 

Aeration Room 

Tempera-

ture [°C] 

Water 

Temper-

ature 

[°C] 

Tank T20 1 20/08/2018 0 Non-aerated 22 14.4 

Leca L1 1 21/08/2018 16 Non-aerated 21.9 21.1 

Leca L2 1 21/08/2018 16 Aerated 21.9 21.0 

Leca L3 1 21/08/2018 16 Non-aerated 21.9 21.1 

Leca L4 1 21/08/2018 16 Aerated 21.9 21.1 

Gravel G1 1 21/08/2018 16 Non-aerated 21.9 21.1 

Gravel G2 1 21/08/2018 16 Aerated 21.9 21.2 
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Gravel G3 1 21/08/2018 16 Non-aerated 21.9 21.1 

Gravel G4 1 21/08/2018 16 Aerated 21.9 21.0 

Biochar B1 1 21/08/2018 16 Non-aerated 21.9 20.8 

Biochar B2 1 21/08/2018 16 Aerated 21.9 20.8 

Biochar B3 1 21/08/2018 16 Non-aerated 21.9 20.8 

Biochar B4 1 21/08/2018 16 Aerated 21.9 20.8 

Control Control 1 21/08/2018 16 Non-aerated 21.9 19.5 

Tank T21 1 21/08/2018 0 Non-aerated 22.3 23.2 

Leca L1 1 22/08/2018 16 Non-aerated 22.1 21.3 

Leca L2 1 22/08/2018 16 Aerated 22.1 21.3 

Leca L3 1 22/08/2018 16 Non-aerated 22.1 21.2 

Leca L4 1 22/08/2018 16 Aerated 22.1 21.0 

Gravel G1 1 22/08/2018 16 Non-aerated 22.1 21.5 

Gravel G2 1 22/08/2018 16 Aerated 22.1 21.3 

Gravel G3 1 22/08/2018 16 Non-aerated 22.1 21.4 

Gravel G4 1 22/08/2018 16 Aerated 22.1 21.1 

Biochar B1 1 22/08/2018 16 Non-aerated 22.1 21.5 

Biochar B2 1 22/08/2018 16 Aerated 22.1 21.3 

Biochar B3 1 22/08/2018 16 Non-aerated 22.1 21.4 

Biochar B4 1 22/08/2018 16 Aerated 22.1 21.3 

Control Control 1 22/08/2018 16 Non-aerated 22.1 20.9 

Tank T22 1 22/08/2018 0 Non-aerated 22.4 20.5 

Leca L1 1 23/08/2018 16 Non-aerated 22.3 21.3 

Leca L2 1 23/08/2018 16 Aerated 22.3 21.2 

Leca L3 1 23/08/2018 16 Non-aerated 22.3 21.2 

Leca L4 1 23/08/2018 16 Aerated 22.3 21.1 

Gravel G1 1 23/08/2018 16 Non-aerated 22.3 21.5 

Gravel G2 1 23/08/2018 16 Aerated 22.3 21.4 

Gravel G3 1 23/08/2018 16 Non-aerated 22.3 21.5 

Gravel G4 1 23/08/2018 16 Aerated 22.3 21.3 

Biochar B1 1 23/08/2018 16 Non-aerated 22.3 21.4 

Biochar B2 1 23/08/2018 16 Aerated 22.3 21.3 

Biochar B3 1 23/08/2018 16 Non-aerated 22.3 21.3 

Biochar B4 1 23/08/2018 16 Aerated 22.3 21.2 

Control Control 1 23/08/2018 16 Non-aerated 22.3 21.0 

Tank T03 2 03/09/2018 0 Non-aerated 4.0 14.0 

Leca L1 2 04/09/2018 16 Non-aerated 4.3 2.3 

Leca L2 2 04/09/2018 16 Aerated 4.3 2.3 

Leca L3 2 04/09/2018 16 Non-aerated 4.3 2.1 

Leca L4 2 04/09/2018 16 Aerated 4.3 2.1 

Gravel G1 2 04/09/2018 16 Non-aerated 4.3 2.2 

Gravel G2 2 04/09/2018 16 Aerated 4.3 2.7 

Gravel G3 2 04/09/2018 16 Non-aerated 4.3 2.8 

Gravel G4 2 04/09/2018 16 Aerated 4.3 3.3 

Biochar B1 2 04/09/2018 16 Non-aerated 4.3 3.4 
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Biochar B2 2 04/09/2018 16 Aerated 4.3 3.2 

Biochar B3 2 04/09/2018 16 Non-aerated 4.3 3.3 

Biochar B4 2 04/09/2018 16 Aerated 4.3 3.4 

Control Control 2 04/09/2018 16 Non-aerated 4.3 3.7 

Tank T04 2 04/09/2018 0 Non-aerated 4.3 9.0 

Leca L1 2 05/09/2018 16 Non-aerated 4.3 2.5 

Leca L2 2 05/09/2018 16 Aerated 4.3 2.3 

Leca L3 2 05/09/2018 16 Non-aerated 4.3 2.2 

Leca L4 2 05/09/2018 16 Aerated 4.3 2.8 

Gravel G1 2 05/09/2018 16 Non-aerated 4.3 2.3 

Gravel G2 2 05/09/2018 16 Aerated 4.3 2.5 

Gravel G3 2 05/09/2018 16 Non-aerated 4.3 2.9 

Gravel G4 2 05/09/2018 16 Aerated 4.3 3.8 

Biochar B1 2 05/09/2018 16 Non-aerated 4.3 3.0 

Biochar B2 2 05/09/2018 16 Aerated 4.3 3.0 

Biochar B3 2 05/09/2018 16 Non-aerated 4.3 3.1 

Biochar B4 2 05/09/2018 16 Aerated 4.3 3.8 

Control Control 2 05/09/2018 16 Non-aerated 4.3 3.4 

Tank T05 2 05/09/2018 0 Non-aerated 4.0 6.4 

Leca L1 2 06/09/2018 16 Non-aerated 4.2 2.4 

Leca L2 2 06/09/2018 16 Aerated 4.2 2.2 

Leca L3 2 06/09/2018 16 Non-aerated 4.2 2.2 

Leca L4 2 06/09/2018 16 Aerated 4.2 2.1 

Gravel G1 2 06/09/2018 16 Non-aerated 4.2 2.3 

Gravel G2 2 06/09/2018 16 Aerated 4.2 2.5 

Gravel G3 2 06/09/2018 16 Non-aerated 4.2 2.6 

Gravel G4 2 06/09/2018 16 Aerated 4.2 2.8 

Biochar B1 2 06/09/2018 16 Non-aerated 4.2 2.9 

Biochar B2 2 06/09/2018 16 Aerated 4.2 3.0 

Biochar B3 2 06/09/2018 16 Non-aerated 4.2 3.1 

Biochar B4 2 06/09/2018 16 Aerated 4.2 3.3 

Control Control 2 06/09/2018 16 Non-aerated 4.2 3.7 

Tank T24 3 24/09/2018 0 Non-aerated 3.5 8.5 

Leca L3 3 25/09/2018 16 Non-aerated 4.0 1.8 

Gravel G2 3 25/09/2018 16 Aerated 4.0 2.0 

Gravel G4 3 25/09/2018 16 Aerated 4.0 2.3 

Biochar B3 3 25/09/2018 16 Non-aerated 4.0 2.5 

Biochar B4 3 25/09/2018 16 Aerated 4.0 2.9 

Tank T25 3 25/09/2018 0 Non-aerated 4.0 4.5 

Leca L3 3 26/09/2018 16 Non-aerated 3.5 1.3 

Gravel G2 3 26/09/2018 16 Aerated 3.5 1.6 

Gravel G4 3 26/09/2018 16 Aerated 3.5 1.9 

Biochar B3 3 26/09/2018 16 Non-aerated 3.5 2.3 

Biochar B4 3 26/09/2018 16 Aerated 3.5 2.5 

Tank T26 3 26/09/2018 0 Non-aerated 3.5 4.5 

Leca L3 3 27/09/2018 16 Non-aerated 3.5 1.0 
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Gravel G2 3 27/09/2018 16 Aerated 3.5 1.3 

Gravel G4 3 27/09/2018 16 Aerated 3.5 1.6 

Biochar B3 3 27/09/2018 16 Non-aerated 3.5 1.9 

Biochar B4 3 27/09/2018 16 Aerated 3.5 2.4 

Tank T01 4 01/10/2018 0 Non-aerated 4.0 10.0 

Tank T02 4 02/10/2018 24 Non-aerated 3.0 3.3 

Leca L3 4 03/10/2018 16 Non-aerated 3.0 1.2 

Gravel G2 4 03/10/2018 16 Aerated 3.0 2.3 

Gravel G4 4 03/10/2018 16 Aerated 3.0 2.2 

Biochar B3 4 03/10/2018 16 Non-aerated 3.0 2.0 

Biochar B4 4 03/10/2018 16 Aerated 3.0 2.1 

Tank T03 4 03/10/2018 48 Non-aerated 3.2 2.7 

Leca L3 4 04/10/2018 16 Non-aerated 2.8 0.3 

Gravel G2 4 04/10/2018 16 Aerated 2.8 1.0 

Gravel G4 4 04/10/2018 16 Aerated 2.8 1.3 

Biochar B3 4 04/10/2018 16 Non-aerated 2.8 1.5 

Biochar B4 4 04/10/2018 16 Aerated 2.8 1.6 

Tank T04 4 04/10/2018 72 Non-aerated 2.3 1.6 

Leca L3 4 05/10/2018 16 Non-aerated 2.3 0.5 

Gravel G2 4 05/10/2018 16 Aerated 2.3 0.9 

Gravel G4 4 05/10/2018 16 Aerated 2.3 1.1 

Biochar B3 4 05/10/2018 16 Non-aerated 2.3 1.3 

Biochar B4 4 05/10/2018 16 Aerated 2.3 1.3 

Tank T05 4 05/10/2018 96 Non-aerated 2.3 - 
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Table A- 16. Continuation 

Sample 

 type 

Sample Phase Sampling 

date 

Aera-

tion 

rate 

[l/min] 

DO Sensor 

[mg/l] 

DO 

[mg/l] 

Synla

b 

DO [%] 

Average 

Tank T20 1 20/08/2018 0.00 10.6 10.9 105.4 

Leca L1 1 21/08/2018 0.00 0.8 1.7 14.0 

Leca L2 1 21/08/2018 1.50 8.4 9.3 99.4 

Leca L3 1 21/08/2018 0.00 1.4 1.7 17.4 

Leca L4 1 21/08/2018 1.50 8.3 9.2 98.3 

Gravel G1 1 21/08/2018 0.00 0.4 0.4 4.5 

Gravel G2 1 21/08/2018 1.50 8.7 8.8 98.3 

Gravel G3 1 21/08/2018 0.00 0.6 0.4 5.6 

Gravel G4 1 21/08/2018 1.50 8.7 8.9 98.9 

Biochar B1 1 21/08/2018 0.00 3.3 3.4 37.2 

Biochar B2 1 21/08/2018 1.50 8.2 8.2 91.1 

Biochar B3 1 21/08/2018 0.00 2.8 3.6 35.6 

Biochar B4 1 21/08/2018 1.50 8.5 8.5 94.4 

Control Control 1 21/08/2018 0.00 9.4 10.3 107.1 

Tank T21 1 21/08/2018 0.00 5.8 10.5 95.9 

Leca L1 1 22/08/2018 0.00 0.4 1.4 10.1 

Leca L2 1 22/08/2018 1.50 9.0 10.2 107.9 

Leca L3 1 22/08/2018 0.00 0.6 1.1 9.6 

Leca L4 1 22/08/2018 1.50 8.9 9.6 103.9 

Gravel G1 1 22/08/2018 0.00 0.5 0.7 6.8 

Gravel G2 1 22/08/2018 1.50 8.8 9.1 100.6 

Gravel G3 1 22/08/2018 0.00 0.7 0.2 5.1 

Gravel G4 1 22/08/2018 1.50 8.8 8.9 99.4 

Biochar B1 1 22/08/2018 0.00 1.6 2.2 21.6 

Biochar B2 1 22/08/2018 1.50 7.8 8.4 91.0 

Biochar B3 1 22/08/2018 0.00 1.5 1.8 18.8 

Biochar B4 1 22/08/2018 1.50 8.5 7.7 91.0 

Control Control 1 22/08/2018 0.00 7.6 9.1 93.8 

Tank T22 1 22/08/2018 0.00 6.8 10.0 93.3 

Leca L1 1 23/08/2018 0.00 0.4 0.7 6.2 

Leca L2 1 23/08/2018 1.50 8.9 9.5 103.4 

Leca L3 1 23/08/2018 0.00 0.5 0.8 7.3 

Leca L4 1 23/08/2018 1.50 8.9 9.4 102.8 

Gravel G1 1 23/08/2018 0.00 0.5 0.7 6.8 

Gravel G2 1 23/08/2018 1.50 8.7 9.1 101.1 

Gravel G3 1 23/08/2018 0.00 1.0 0.5 8.5 

Gravel G4 1 23/08/2018 1.50 9.0 8.9 100.6 

Biochar B1 1 23/08/2018 0.00 0.9 1.1 11.4 

Biochar B2 1 23/08/2018 1.50 8.5 8.4 94.9 

Biochar B3 1 23/08/2018 0.00 1.1 1.4 14.0 

Biochar B4 1 23/08/2018 1.50 7.0 7.3 80.3 
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Control Control 1 23/08/2018 0.00 7.3 9.8 96.1 

Tank T03 2 03/09/2018 0.00 10.6 10.8 103.9 

Leca L1 2 04/09/2018 0.00 1.3 0.9 8.0 

Leca L2 2 04/09/2018 1.50 13.4 14.0 100.0 

Leca L3 2 04/09/2018 0.00 1.6 1.0 9.4 

Leca L4 2 04/09/2018 1.50 13.4 14.2 100.0 

Gravel G1 2 04/09/2018 0.00 1.4 0.2 5.8 

Gravel G2 2 04/09/2018 1.50 12.9 13.6 97.4 

Gravel G3 2 04/09/2018 0.00 1.2 0.2 5.2 

Gravel G4 2 04/09/2018 1.50 12.6 13.4 97.0 

Biochar B1 2 04/09/2018 0.00 1.2 1.1 8.6 

Biochar B2 2 04/09/2018 1.50 12.7 12.9 95.5 

Biochar B3 2 04/09/2018 0.00 1.2 1.0 8.2 

Biochar B4 2 04/09/2018 1.50 11.6 12.5 90.6 

Control Control 2 04/09/2018 0.00 10.1 11.0 79.9 

Tank T04 2 04/09/2018 0.00 9.8 11.2 90.5 

Leca L1 2 05/09/2018 0.00 1.5 1.1 9.6 

Leca L2 2 05/09/2018 1.50 13.7 14.2 101.8 

Leca L3 2 05/09/2018 0.00 1.4 1.3 9.8 

Leca L4 2 05/09/2018 1.50 13.6 14.3 103.3 

Gravel G1 2 05/09/2018 0.00 1.3 0.2 5.5 

Gravel G2 2 05/09/2018 1.50 13.3 13.8 99.6 

Gravel G3 2 05/09/2018 0.00 0.9 0.2 4.1 

Gravel G4 2 05/09/2018 1.50 12.9 14.2 102.7 

Biochar B1 2 05/09/2018 0.00 2.1 1.6 13.7 

Biochar B2 2 05/09/2018 1.50 12.9 13.3 97.0 

Biochar B3 2 05/09/2018 0.00 2.3 1.6 14.6 

Biochar B4 2 05/09/2018 1.50 12.8 12.6 96.2 

Control Control 2 05/09/2018 0.00 11.5 11.4 86.1 

Tank T05 2 05/09/2018 0.00 10.7 11.4 89.8 

Leca L1 2 06/09/2018 0.00 1.2 0.6 6.6 

Leca L2 2 06/09/2018 1.50 13.0 14.2 98.6 

Leca L3 2 06/09/2018 0.00 1.2 0.7 6.9 

Leca L4 2 06/09/2018 1.50 13.7 14.3 101.4 

Gravel G1 2 06/09/2018 0.00 1.3 0.2 5.5 

Gravel G2 2 06/09/2018 1.50 13.0 13.8 98.5 

Gravel G3 2 06/09/2018 0.00 1.2 0.2 5.1 

Gravel G4 2 06/09/2018 1.50 13.2 13.7 99.6 

Biochar B1 2 06/09/2018 0.00 2.3 2.0 15.9 

Biochar B2 2 06/09/2018 1.50 12.7 13.4 96.7 

Biochar B3 2 06/09/2018 0.00 2.5 2.2 17.5 

Biochar B4 2 06/09/2018 1.50 11.3 12.7 89.6 

Control Control 2 06/09/2018 0.00 12.1 11.7 90.2 

Tank T24 3 24/09/2018 0.00 10.2 11.1 90.9 

Leca L3 3 25/09/2018 0.00 1.9 0.4 8.4 

Gravel G2 3 25/09/2018 0.75 13.2 13.8 97.5 
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Gravel G4 3 25/09/2018 0.75 13.2 13.6 97.1 

Biochar B3 3 25/09/2018 0.00 1.6 0.2 6.7 

Biochar B4 3 25/09/2018 0.75 11.3 12.2 87.2 

Tank T25 3 25/09/2018 0.00 12.2 11.7 90.7 

Leca L3 3 26/09/2018 0.00 1.7 0.4 7.4 

Gravel G2 3 26/09/2018 0.75 13.8 13.9 99.1 

Gravel G4 3 26/09/2018 0.75 13.8 13.7 99.3 

Biochar B3 3 26/09/2018 0.00 1.3 0.3 6.1 

Biochar B4 3 26/09/2018 0.75 11.0 11.5 82.3 

Tank T26 3 26/09/2018 0.00 10.7 10.6 83.6 

Leca L3 3 27/09/2018 0.00 1.4 0.4 6.4 

Gravel G2 3 27/09/2018 0.25 12.9 13.0 91.6 

Gravel G4 3 27/09/2018 0.50 13.1 13.4 94.9 

Biochar B3 3 27/09/2018 0.00 1.5 0.6 7.7 

Biochar B4 3 27/09/2018 0.50 10.9 11.9 82.9 

Tank T01 4 01/10/2018 0.00 9.9 
 

93.0 

Tank T02 4 02/10/2018 0.00 11.1 11.6 87.3 

Leca L3 4 03/10/2018 0.00 4.1 4.8 31.5 

Gravel G2 4 03/10/2018 0.20 5.0 5.1 37.1 

Gravel G4 4 03/10/2018 0.22 9.9 9.4 70.1 

Biochar B3 4 03/10/2018 0.00 2.3 1.6 14.3 

Biochar B4 4 03/10/2018 0.50 12.1 12.3 88.1 

Tank T03 4 03/10/2018 0.00 12.4 11.9 89.3 

Leca L3 4 04/10/2018 0.00 2.8 0.8 12.3 

Gravel G2 4 04/10/2018 0.20 9.0 9.2 64.4 

Gravel G4 4 04/10/2018 0.25 9.4 9.9 68.1 

Biochar B3 4 04/10/2018 0.00 2.8 2.7 19.6 

Biochar B4 4 04/10/2018 0.50 11.7 12.4 86.3 

Tank T04 4 04/10/2018 0.00 13.0 13.1 92.8 

Leca L3 4 05/10/2018 0.00 0.9 2.0 9.9 

Gravel G2 4 05/10/2018 0.35 8.8 9.3 63.5 

Gravel G4 4 05/10/2018 0.22 9.0 9.7 66.2 

Biochar B3 4 05/10/2018 0.00 0.9 2.4 12.0 

Biochar B4 4 05/10/2018 0.50 12.1 12.7 88.0 

Tank T05 4 05/10/2018 0.00 
   

 

Table A-16. Continuation 

Sample type Sample Phase 
Sampling 

date pH Conductivity [mS/m] 

Heterotrophic [CFU/ml] 

Synlab  

Tank T20 1 20/08/2018 8.1 19.4 10 

Leca L1 1 21/08/2018 7.2 27.3 68000 

Leca L2 1 21/08/2018 8.0 24.9 12000 

Leca L3 1 21/08/2018 7.3 28.6 150000 

Leca L4 1 21/08/2018 8.1 25.0 9000 

Gravel G1 1 21/08/2018 7.4 20.3 240000 

Gravel G2 1 21/08/2018 7.9 19.5 130000 
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Gravel G3 1 21/08/2018 7.4 20.0 180000 

Gravel G4 1 21/08/2018 7.9 19.3 9000 

Biochar B1 1 21/08/2018 8.0 32.3 150000 

Biochar B2 1 21/08/2018 8.3 29.8 47000 

Biochar B3 1 21/08/2018 8.0 32.8 160000 

Biochar B4 1 21/08/2018 8.3 30.6 27000 

Control Control 1 21/08/2018 8.0 18.1 22 

Tank T21 1 21/08/2018 8.1 17.5  

Leca L1 1 22/08/2018 7.0 23.6  

Leca L2 1 22/08/2018 8.0 20.5  

Leca L3 1 22/08/2018 7.2 24.1  

Leca L4 1 22/08/2018 8.1 20.6  

Gravel G1 1 22/08/2018 7.2 19.3  

Gravel G2 1 22/08/2018 7.9 17.1  

Gravel G3 1 22/08/2018 7.2 19.1  

Gravel G4 1 22/08/2018 7.9 17.9  

Biochar B1 1 22/08/2018 7.8 29.3  

Biochar B2 1 22/08/2018 8.2 25.2  

Biochar B3 1 22/08/2018 7.8 30.4  

Biochar B4 1 22/08/2018 8.2 26.7  

Control Control 1 22/08/2018 8.0 17.1  

Tank T22 1 22/08/2018 8.1 16.0  

Leca L1 1 23/08/2018 7.0 22.5  

Leca L2 1 23/08/2018 8.0 18.8  

Leca L3 1 23/08/2018 7.0 22.5  

Leca L4 1 23/08/2018 8.0 19.2  

Gravel G1 1 23/08/2018 7.1 18.5  

Gravel G2 1 23/08/2018 7.8 17.4  

Gravel G3 1 23/08/2018 7.0 20.3  

Gravel G4 1 23/08/2018 7.9 17.4  

Biochar B1 1 23/08/2018 7.7 28.7  

Biochar B2 1 23/08/2018 8.2 24.8  

Biochar B3 1 23/08/2018 7.7 30.0  

Biochar B4 1 23/08/2018 8.1 26.3  

Control Control 1 23/08/2018 8.0 17.0  

Tank T03 2 03/09/2018 8.1 15.6 0 

Leca L1 2 04/09/2018 6.8 19.4 15000 

Leca L2 2 04/09/2018 7.9 20.0 4000 

Leca L3 2 04/09/2018 6.9 19.9 12000 

Leca L4 2 04/09/2018 8.0 20.0 12000 

Gravel G1 2 04/09/2018 7.0 16.7 29000 

Gravel G2 2 04/09/2018 7.8 17.3 24000 

Gravel G3 2 04/09/2018 6.9 17.4 8900 

Gravel G4 2 04/09/2018 7.9 17.4 2500 

Biochar B1 2 04/09/2018 7.4 26.1 74000 

Biochar B2 2 04/09/2018 8.2 24.6 21000 
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Biochar B3 2 04/09/2018 7.4 26.2 110000 

Biochar B4 2 04/09/2018 8.1 24.5 17000 

Control Control 2 04/09/2018 7.9 16.0 210 

Tank T04 2 04/09/2018 8.0 16.5  

Leca L1 2 05/09/2018 6.8 18.7  

Leca L2 2 05/09/2018 7.9 19.6  

Leca L3 2 05/09/2018 6.8 19.0  

Leca L4 2 05/09/2018 7.9 19.7  

Gravel G1 2 05/09/2018 6.9 17.9  

Gravel G2 2 05/09/2018 7.8 17.9  

Gravel G3 2 05/09/2018 6.8 17.9  

Gravel G4 2 05/09/2018 7.8 18.0  

Biochar B1 2 05/09/2018 7.4 26.0  

Biochar B2 2 05/09/2018 8.1 23.5  

Biochar B3 2 05/09/2018 7.4 26.7  

Biochar B4 2 05/09/2018 8.0 23.5  

Control Control 2 05/09/2018 7.9 17.4  

Tank T05 2 05/09/2018 8.1 17.1  

Leca L1 2 06/09/2018 6.9 17.9  

Leca L2 2 06/09/2018 7.9 18.0  

Leca L3 2 06/09/2018 6.9 17.8  

Leca L4 2 06/09/2018 7.9 18.4  

Gravel G1 2 06/09/2018 7.0 16.8  

Gravel G2 2 06/09/2018 7.8 16.9  

Gravel G3 2 06/09/2018 6.9 16.8  

Gravel G4 2 06/09/2018 7.8 17.0  

Biochar B1 2 06/09/2018 7.4 24.8  

Biochar B2 2 06/09/2018 8.0 22.3  

Biochar B3 2 06/09/2018 7.5 24.8  

Biochar B4 2 06/09/2018 8.1 22.3  

Control Control 2 06/09/2018 7.9 17.6  

Tank T24 3 24/09/2018 8.0 15.1 35 

Leca L3 3 25/09/2018 5.9 19.4 13000 

Gravel G2 3 25/09/2018 7.6 16.2 4200 

Gravel G4 3 25/09/2018 7.7 15.8 300 

Biochar B3 3 25/09/2018 6.8 28.8 31000 

Biochar B4 3 25/09/2018 7.8 23.4 2500 

Tank T25 3 25/09/2018 7.9 15.9  

Leca L3 3 26/09/2018 6.4 16.4  

Gravel G2 3 26/09/2018 7.6 16.0  

Gravel G4 3 26/09/2018 7.7 15.9  

Biochar B3 3 26/09/2018 6.8 27.1  

Biochar B4 3 26/09/2018 7.8 22.0  

Tank T26 3 26/09/2018 7.9 15.9  

Leca L3 3 27/09/2018 6.4 16.2  

Gravel G2 3 27/09/2018 7.3 16.2  
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Gravel G4 3 27/09/2018 7.5 16.6  

Biochar B3 3 27/09/2018 6.8 23.0  

Biochar B4 3 27/09/2018 7.7 21.6  

Tank T01 4 01/10/2018 8.2 15.1  

Tank T02 4 02/10/2018 8.2 15.4 1 

Leca L3 4 03/10/2018 6.4 16.5 4000 

Gravel G2 4 03/10/2018 6.9 16.6 670 

Gravel G4 4 03/10/2018 7.1 16.4 1100 

Biochar B3 4 03/10/2018 6.3 19.6 18000 

Biochar B4 4 03/10/2018 7.7 20.1 670 

Tank T03 4 03/10/2018 8.1 15.6  

Leca L3 4 04/10/2018 6.4 15.8  

Gravel G2 4 04/10/2018 6.9 15.8  

Gravel G4 4 04/10/2018 7.0 15.8  

Biochar B3 4 04/10/2018 6.3 18.6  

Biochar B4 4 04/10/2018 7.5 19.4  

Tank T04 4 04/10/2018 7.7 15.5  

Leca L3 4 05/10/2018 6.4 16.2  

Gravel G2 4 05/10/2018 7.0 15.9  

Gravel G4 4 05/10/2018 7.0 15.7  

Biochar B3 4 05/10/2018 6.4 18.2  

Biochar B4 4 05/10/2018 7.6 19.1  

Tank T05 4 05/10/2018    
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Table A-16. Continuation. 

Sample 

type 

Sam-

ple 

Phas

e 

Sampling 

date 

BOD5 

[mg/l] 

Synlab 

BOD7 

[mg/l] 

Synlab 

PG 

[mg/l] 

Synlab 

Ntot 

[mg/l] 

Synlab 

Ptot 

[mg/l] 

Synlab 

Tank T20 1 20/08/2018 72.0 88.0 52.0 2.7 0.1 

Leca L1 1 21/08/2018 1.0 1.4 0.5 3.1 0.1 

Leca L2 1 21/08/2018 0.8 
 

0.5 5.5 0.2 

Leca L3 1 21/08/2018 0.8 
 

0.5 3.6 0.1 

Leca L4 1 21/08/2018 0.8 
 

0.5 4.8 0.2 

Gravel G1 1 21/08/2018 19.0 
 

7.9 0.2 0.3 

Gravel G2 1 21/08/2018 1.4 0.9 0.5 2.6 0.2 

Gravel G3 1 21/08/2018 20.0 24.0 2.4 0.3 0.2 

Gravel G4 1 21/08/2018 1.1 
 

0.5 2.7 0.2 

Biochar B1 1 21/08/2018 1.6 1.8 0.5 0.4 0.2 

Biochar B2 1 21/08/2018 1.7 2.0 0.5 0.3 0.1 

Biochar B3 1 21/08/2018 0.7 
  

0.3 0.1 

Biochar B4 1 21/08/2018 0.4 
  

0.3 0.1 

Control Control 1 21/08/2018 62.0 
  

2.7 0.1 

Tank T21 1 21/08/2018 71.0 
  

2.2 0.1 

Leca L1 1 22/08/2018 0.5 
  

0.5 0.1 

Leca L2 1 22/08/2018 0.2 
  

2.0 0.1 

Leca L3 1 22/08/2018 0.7 
  

0.4 0.1 

Leca L4 1 22/08/2018 0.3 
  

1.9 0.1 

Gravel G1 1 22/08/2018 20.0 
  

0.2 0.2 

Gravel G2 1 22/08/2018 0.9 
  

1.1 0.1 

Gravel G3 1 22/08/2018 23.0 
  

0.2 0.1 

Gravel G4 1 22/08/2018 0.5 
  

1.2 0.1 

Biochar B1 1 22/08/2018 0.9 
  

0.2 0.1 

Biochar B2 1 22/08/2018 1.4 
  

0.3 0.1 

Biochar B3 1 22/08/2018 0.6 
  

0.2 0.1 

Biochar B4 1 22/08/2018 0.1 
  

0.3 0.1 

Control Control 1 22/08/2018 62.0 
  

2.6 0.1 

Tank T22 1 22/08/2018 64.0 
  

3.2 0.1 

Leca L1 1 23/08/2018 5.7 
  

0.2 0.0 

Leca L2 1 23/08/2018 3.5 
  

2.2 0.1 

Leca L3 1 23/08/2018 5.1 
  

0.2 0.0 

Leca L4 1 23/08/2018 2.4 
  

2.1 0.1 

Gravel G1 1 23/08/2018 38.0 
  

0.1 0.1 

Gravel G2 1 23/08/2018 3.7 
  

1.5 0.0 

Gravel G3 1 23/08/2018 39.0 
  

0.1 0.0 

Gravel G4 1 23/08/2018 3.7 
  

1.6 0.0 

Biochar B1 1 23/08/2018 3.1 
  

0.2 0.0 

Biochar B2 1 23/08/2018 1.6 
  

0.3 0.1 

Biochar B3 1 23/08/2018 2.5 
  

0.2 0.0 

Biochar B4 1 23/08/2018 4.1 
  

0.3 0.0 

Control Control 1 23/08/2018 78.0 
  

2.9 0.1 



13 

 

Tank T03 2 03/09/2018 76.0 
 

65.0 3.7 0.1 

Leca L1 2 04/09/2018 6.4 
 

0.5 0.1 0.0 

Leca L2 2 04/09/2018 1.4 
 

0.5 1.0 0.0 

Leca L3 2 04/09/2018 7.3 
 

0.5 0.1 0.0 

Leca L4 2 04/09/2018 1.9 
 

0.5 0.8 0.0 

Gravel G1 2 04/09/2018 26.0 
 

0.5 0.1 0.1 

Gravel G2 2 04/09/2018 0.0 
 

0.5 0.6 0.0 

Gravel G3 2 04/09/2018 26.0 
 

0.5 0.1 0.1 

Gravel G4 2 04/09/2018 1.4 
 

0.5 0.2 0.0 

Biochar B1 2 04/09/2018 2.3 
 

0.5 0.1 0.0 

Biochar B2 2 04/09/2018 1.4 
 

0.5 0.1 0.0 

Biochar B3 2 04/09/2018 2.4 
 

0.5 0.1 0.0 

Biochar B4 2 04/09/2018 1.0 
 

0.5 0.1 0.0 

Control Control 2 04/09/2018 73.0 
  

3.7 0.1 

Tank T04 2 04/09/2018 74.0 
  

3.3 0.1 

Leca L1 2 05/09/2018 4.7 
  

0.1 0.0 

Leca L2 2 05/09/2018 0.2 
  

0.8 0.0 

Leca L3 2 05/09/2018 5.9 
  

0.1 0.0 

Leca L4 2 05/09/2018 0.4 
  

1.0 0.0 

Gravel G1 2 05/09/2018 25.0 
  

0.1 0.1 

Gravel G2 2 05/09/2018 0.4 
  

1.0 0.0 

Gravel G3 2 05/09/2018 26.0 
  

0.1 0.1 

Gravel G4 2 05/09/2018 0.2 
  

0.8 0.0 

Biochar B1 2 05/09/2018 0.9 
  

0.0 0.0 

Biochar B2 2 05/09/2018 0.2 
  

0.1 0.0 

Biochar B3 2 05/09/2018 1.2 
  

0.1 0.0 

Biochar B4 2 05/09/2018 0.3 
  

0.0 0.0 

Control Control 2 05/09/2018 77.0 
  

3.1 0.1 

Tank T05 2 05/09/2018 75.0 
  

3.6 0.1 

Leca L1 2 06/09/2018 9.1 
  

0.1 0.0 

Leca L2 2 06/09/2018 0.3 
  

1.5 0.0 

Leca L3 2 06/09/2018 12.0 
  

0.1 0.0 

Leca L4 2 06/09/2018 0.5 
  

1.2 0.0 

Gravel G1 2 06/09/2018 30.0 
  

0.1 0.0 

Gravel G2 2 06/09/2018 1.2 
  

1.4 0.0 

Gravel G3 2 06/09/2018 29.0 
  

0.1 0.0 

Gravel G4 2 06/09/2018 0.7 
  

1.1 0.0 

Biochar B1 2 06/09/2018 0.8 
  

0.1 0.0 

Biochar B2 2 06/09/2018 0.4 
  

0.1 0.0 

Biochar B3 2 06/09/2018 0.7 
  

0.1 0.0 

Biochar B4 2 06/09/2018 0.3 
  

0.1 0.0 

Control Control 2 06/09/2018 70.0 
  

4.0 0.1 

Tank T24 3 24/09/2018 68.0 
 

62.0 1.5 0.0 

Leca L3 3 25/09/2018 130.0 
 

3.2 0.5 0.0 

Gravel G2 3 25/09/2018 0.8 
 

0.5 0.1 0.0 

Gravel G4 3 25/09/2018 0.7 
 

0.5 0.1 0.0 
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Biochar B3 3 25/09/2018 70.0 
 

0.5 0.1 0.0 

Biochar B4 3 25/09/2018 1.0 
 

0.5 0.1 0.0 

Tank T25 3 25/09/2018 72.0 
  

1.9 0.0 

Leca L3 3 26/09/2018 37.0 
  

0.2 0.0 

Gravel G2 3 26/09/2018 0.6 
  

0.1 0.0 

Gravel G4 3 26/09/2018 0.1 
  

0.1 0.0 

Biochar B3 3 26/09/2018 14.0 
  

0.1 0.0 

Biochar B4 3 26/09/2018 0.4 
  

0.1 0.0 

Tank T26 3 26/09/2018 70.0 
  

1.9 0.0 

Leca L3 3 27/09/2018 23.0 
  

0.2 0.0 

Gravel G2 3 27/09/2018 0.8 
  

0.1 0.0 

Gravel G4 3 27/09/2018 1.1 
  

0.1 0.0 

Biochar B3 3 27/09/2018 6.2 
  

0.1 0.0 

Biochar B4 3 27/09/2018 0.3 
  

0.1 0.0 

Tank T01 4 01/10/2018 
     

Tank T02 4 02/10/2018 76.0 
 

62.0 1.7 0.0 

Leca L3 4 03/10/2018 76.0 
 

0.5 0.1 0.1 

Gravel G2 4 03/10/2018 5.5 
 

0.6 0.3 0.0 

Gravel G4 4 03/10/2018 0.7 
 

0.5 0.1 0.0 

Biochar B3 4 03/10/2018 58.0 
 

0.5 0.1 0.1 

Biochar B4 4 03/10/2018 0.5 
 

0.5 0.1 0.0 

Tank T03 4 03/10/2018 78.0 
  

1.8 0.0 

Leca L3 4 04/10/2018 59.0 
  

0.1 0.1 

Gravel G2 4 04/10/2018 3.2 
  

0.2 0.0 

Gravel G4 4 04/10/2018 0.8 
  

0.1 0.0 

Biochar B3 4 04/10/2018 62.0 
  

0.1 0.1 

Biochar B4 4 04/10/2018 3.4 
  

0.1 0.0 

Tank T04 4 04/10/2018 76.0 
  

1.2 0.0 

Leca L3 4 05/10/2018 64.0 
  

0.1 0.1 

Gravel G2 4 05/10/2018 6.2 
  

0.2 0.0 

Gravel G4 4 05/10/2018 3.6 
  

0.1 0.0 

Biochar B3 4 05/10/2018 60.0 
  

0.1 0.2 

Biochar B4 4 05/10/2018 3.0 
  

0.1 0.0 

Tank T05 4 05/10/2018 
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Construction of columns 

 

 
Figure A-47. Aeration mechanism testing in inspection well pipes used as columns.  

 

 

 
Figure A-48. Mixing of filter materials  
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Figure A-49. Oxygen diffusors  

 

 
Figure A-50. Filter materials 
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Figure A-51. Irrigation system 

 

 
Figure A-52. Soil and vegetation sampling for indigenous microbial conditions of the columns. 
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Figure A-53. Vegetation and soil addition to columns.  

 

 
Figure A-54- Continuous flow setup and 1 m3 tank used in degradation experiment.  
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