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SUMMARY IN SWEDISH  

De flesta tunnlar med hög trafikvolym i Sverige tvättas regelbundet som en viktig del i 
det förebyggande underhållet för att säkerställa trafiksäkerheten. Stora delar av 
trafikrelaterade föroreningar är finkorniga partiklar som släpps ut direkt i luften. I 
motsats till ytvägnätet är tunnlar slutna utrymmen, som en följd av detta avsätts 
föroreningar på tunnelns väggar och tak där de gradvis ackumuleras tills de avlägsnas 
genom tvättning. Grunden i tvättkonceptet är användning av högtrycksvatten och 
tvättmedel för avlägsning och transport av föroreningar till avloppssystem. 
Tunneltvättvattnet innehåller avsevärda föroreningsmängder i både löst form och 
partikelform där sammansättningen av föroreningar liknar den sammansättning som 
påträffas i trafikdagvatten från ytvägnätet. Däremot är halterna av bl.a. suspenderat 
material, tungmetaller och polycykliska aromatiska kolväten (PAH) många gånger 
högre i tunneltvättvatten än halterna i trafikdagvatten. Tvättvattnet innehåller även 
tvättmedel som är toxiskt för vattenlevande organismer.  Rening av tunneltvättvatten 
med avskiljning av föroreningar är nödvändig innan utsläpp till recipient eller 
kommunalt reningsverk sker.  

Denna rapport undersöker vilka föroreningshalter tvättvatten från trafiktunnlar 
innehåller samt utvärderar reningsmetoder för avskiljning av föroreningar i 
tunneltvättvatten. Föroreningar i trafikdagvatten, i likhet med tunneltvättvatten, har 
korrelation till suspenderat material och bör kunna avskiljas med sedimentering. En 
utvärdering av reningsteknik med avseende på sedimentering, med och utan 
flockningsmedel har gjorts genom ett pilotförsök vid ordinarie heltvätt av en av 
Norrortsleden tunnlar, Törnskogstunneln. Fältstudien omfattade 12 
sedimenteringsförsök in situ med olika koncentrationer flockningsmedel, där 
analysprover för reningsresultat av tvättvatten utvärderades vid olika 
sedimenteringstid.  

Resultaten visade att koncentrationen av total suspenderad substans (TSS) i 
obehandlat tunneltvättvatten varierade mellan 804 - 9690 mg/l. Koncentrationen av 
PAHs var 0,41 – 29 µg/l och koncentrationen av tungmetaller var fler gånger högre än 
i trafikdagvatten. Resultaten visade att föroreningarna i obehandlat tunneltvättvatten 
förekom i betydligt högre koncentrationer än gällande riktlinjer och utsläppskrav. 
Enligt EU Direktivet (1991/271/EEC) om rening av avloppsvatten från tätbebyggelse 
är gränsvärdet av TSS för utsläpp 60 mg/l. Koncentrationen av metaller (Al, As, Cd, 
Co, Cr, Cu, Fe, Mn, Ni, Pb och Zn) och PAH i obehandlat tunneltvättvatten 
uppmätte tiotals gånger högre halter än riktvärden enligt Stockholms stads 
dagvattenstrategi. Halterna av fosfor och kväve var relativt låga och förenliga med 
gällande krav. 

Studien visade att de flesta föroreningar i tvättvattnet var korrelerade med det 
partikulära materialet. Följaktligen var sedimentering en effektiv behandlingsmetod för 
att nå gällande utsläppskrav.  Signifikanta korrelationer (r2>0,95) påträffades mellan 
TSS och Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb och Zn. En god korrelation erhölls 
mellan turbiditet och TSS, vilket ger möjlighet att uppskatta TSS koncentrationer från 
turbiditetsmätningar med relativt god noggrannhet. En korrelation erhölls även mellan 
TSS och PAH (r2=0,49).  

Den slutliga TSS-koncentrationen efter sedimentering var beroende av huruvida 
flockningsmedel tillsattes till vattnet. Utan flockningsmedel erhölls den slutliga TSS-
koncentrationen 105 -  204 mg/l efter 33 till 38 timmars sedimenteringstid. För 
fortsatt reduktion i det behandlade tvättvattnet var flockningsmedel en viktig 
komponent. I de sedimenteringsförsök där flockningsmedel användes erhölls TSS-
koncentrationer <15 mg/l efter 20 timmars sedimenteringstid. Efter 20 timmars 
sedimenteringstid med flockningsmedel erhölls även låga koncentrationer av PAH 
(<0.1 µg/l), As (<1.0 µg/l), Cd (<0.05 µg/l), Hg (<0.02 µg/l), Fe (<200 µg/l), Ni (<8 
µg/l), Pb (<0.5 µg/l), Zn (<60 µg/l) och Cr (<8 µg/l).  
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De erhållna koncentrationerna av föroreningar efter sedimenteringsförsöken med 
flockningsmedel bekräftar möjligheten att behandla tunneltvättvatten genom 
sedimentering och att släppa ut det behandlade tvättvattnet till en recipient, förutsatt 
att enskild hänsyn tas till mycket känsliga sjöar och vattendrag. 

  



Treatment of wash water from road tunnels

 

v 
 

 

SUMMARY 

Most tunnels with high traffic volume in Sweden are regularly washed as an essential 
part in the maintenance to ensure traffic safety. Tunnels are confined spaces and 
consequently traffic- related pollutants are deposed on the tunnel walls and ceiling 
where it gradually accumulates until removed by washing. The washing procedure 
generates significant amount of highly polluted wash water. Concerning toxicological 
effects, the most commonly used detergents during washing are toxic to aquatic 
organisms. The composition of pollutants in tunnel wash water is similar to highway 
runoff and contains elevated concentrations of heavy metals and polycyclic aromatic 
hydrocarbons (PAHs). The pollutants are present in both dissolved and particulate 
forms and generally appear in significant higher concentrations in tunnel wash water 
than in runoff from open roads. Treatment is necessary before discharge to a nearby 
water recipient to avoid negative environmental impacts on receiving water bodies. 
Sedimentation is a common treatment method used to remove particles in wastewater 
treatment systems.  

In this study, treatment efficiency of sedimentation with and without the addition of 
chemical flocculent was studied on tunnel wash water. The aim was to identify 
sustainable solutions for tunnel wash water treatment. A field study was conducted 
during regular washing events of a heavily trafficked tunnel in Stockholm where 
treatment performance for the removal of pollutants was investigated based on in situ 
experiments. The field study included 12 in situ sedimentation column experiments 
with various concentrations of flocculent, where the sedimentation behavior of 
pollutants in tunnel wash water was evaluated.  

The findings from this study showed that the pollution load in untreated tunnel wash 
water was extensively higher then discharge requirements for urban wastewater. 
Discharge of urban wastewater to a receiving water body is governed by 
environmental guidelines. According to the EU Directive (1991/271/EEC), the 
maximum concentration of total suspended solids (TSS) for discharge is 60 mg/l. The 
concentration of TSS, metals (Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn) and 
PAHs found in untreated tunnel wash water measured levels over tens of times higher 
than guideline values for urban wastewater discharge. Phosphorous and nitrogen were 
present in low concentrations and compatible with discharge requirements.  

The results showed that most pollutants in tunnel wash water were associated with the 
particulate material. Thus, sedimentation was a successful treatment method to reach 
discharge requirements. Significant correlations (r2>0.95) were found between TSS 
and metals (As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn). A good correlation was 
obtained between turbidity and TSS, which provides the ability to estimate TSS 
concentrations from turbidity measurements with relatively good accuracy. A 
correlation (r2=0.49) was found between TSS and PAH, however, it was not as 
evident as between TSS and studied metals.  

The final concentration of TSS after sedimentation was dependent on whether or not 
flocculants was added to water. After 33-38 h sedimentation without flocculent, the 
final TSS concentration reached 105-204 mg/l. For further removal flocculants was an 

essential component. In the sedimentation experiments where flocculants were used, 
the obtained TSS concentration was <15 mg/l after 20 h sedimentation. Within 20 
hours of sedimentation with flocculent, low concentrations were also reached of 
PAHs (<0.1 µg/l), Cd (<0.05 µg/l), Cr (< 8 µg/l), Hg (<0.02 µg/l), Pb (<0.5 µg/l) 
and Zn (< 60 µg/l).   

The findings from this study confirm the possibility to discharge treated tunnel wash 
water to a recipient, provided chemical flocculent is used. However, individual 
consideration must be given to especially sensitive water bodies that potentially could 
be affected even by small pollution loads.   
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ABSTRACT 

Tunnels have become increasingly important in the development of road networks to 
meet rising transportation demands. Washing of road tunnels must be performed 
regularly to ensure traffic safety. The washing procedure generates significant amount 
of polluted wash water. Before discharge to a receiving water body, treatment is 
necessary to avoid potential degradation of the water quality. In this study, 12 in situ 
sedimentation experiments were conducted to evaluate treatment efficiency of 
sedimentation, with and without the addition of chemical flocculent. The findings 
showed that untreated tunnel wash water was highly polluted with total suspended 
solids (804-9690 mg/l), PAHs (0.4–29 µg/l) and heavy metals. Most pollutants were 
associated with the particulate material. Significant correlations (r2 > 0.95) were found 
between suspended solids and metals. Efficient removal of pollutants was possible by 
sedimentation with addition of flocculent. Within 20 hours of sedimentation low 
concentrations were reached of suspended solids (<15mg/l), PAHs (<0.1 µg/l), Cd 
(<0.05 µg/l), Cr (< 8 µg/l), Hg (<0.02 µg/l), Pb (<0.5 µg/l) and Zn (< 60 µg/l).  The 
results confirm the possibility to treat tunnel wash water with sedimentation and 
flocculation and to discharge treated wash water to a recipient, provided particular 
attention is given to very sensitive water bodies. 

Key words: tunnel wash, wash water, water treatment, sedimentation, total 
suspended solids, highway runoff 

INTRODUCTION 

To meet rising transportation demands and reduce congestion around 
larger cities, tunnels have become increasingly important in the 
development of road networks. Most tunnels with high traffic volume in 
Sweden are regularly washed as an essential part in the maintenance to 
ensure traffic safety and provide an aesthetic environment. Sources of 
pollution generated by traffic are not only exhaust emissions from petrol 
and diesel engines but also brake- and tire wear components and 
abrasion of the road surface material (Lough et al., 2005). Major parts of 
the pollutants are fine grain particles emitted directly into the air. In 
contrast to “open” road areas, tunnels are confined spaces and not 
exposed to weather conditions such as wind, rain and snow. As a 
consequence, the pollutant is deposed on the tunnel walls and ceiling 
where it gradually accumulates until removed by washing (Andersen & 
Vethe, 1994; Stotz & Holldorb, 2008). During a tunnel wash, high 
pressurized water is used to remove and transport pollutants to drainage 
systems. Large amount of the total water consumption will evaporate 
inside the tunnel (Amundsen & Roseth, 2003). By using detergents in 
tunnel washing, the efficiency of removing pollutants increases, leading 
to an increase in the wastewater pollution load (Sockholm Vatten, 2001; 
Stotz & Holldorb, 2008). 

There is only a limited amount of published research done in the area of 
tunnel wash water treatment. In the literature, most studies on water 
pollution caused by road runoff focus on open road areas. Fewer studies 
have been performed to characterize pollution loads from tunnels and 
little is known about the magnitude of pollution in tunnel wash water. 
However, previous studies reveal that the chemical composition of 
pollutants in tunnel wash water is similar to highway runoff and contains 
high concentrations of heavy metals, polycyclic aromatic hydrocarbons 
(PAHs) and oil (Andersen & Vethe, 1994; Parush & Roseth, 2008) . The 
pollutants generally appear in higher concentrations in tunnel wash water 
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than in runoff from open roads (Amundsen & Roseth, 2003; Amundsen 
& Roseth, 2004). This is a result of the pollutant accumulation process 
inside the tunnel and the very short period of time when the pollutants 
are released during a washing event.  

There are environmental problems associated with discharging tunnel 
wash water directly to a nearby water recipient. Separate wastewater 
treatment is necessary to avoid negative environmental impacts on the 
receiving water body (Mróz et al., 2008). References found from Norway 
concerning toxicological effects of untreated tunnel wash water report an 
adverse effect on fish (Salmo trutta L) (Meland et al., 2010). Negative 
environmental impacts from tunnel wash water are not only related to 
the common road runoff pollutants, but also the detergents used to 
achieve better cleaning performance are of concern. Detergents can 
potentially cause acute or chronic effects for aquatic organisms (Roseth 
& Meland, 2006). 

It is recognized that most pollutants from highway runoff are associated 
with the particulate matter (Hallberg, 2007). Total suspended solid 
concentration (TSS) is a measure of the amount of particles (mg/l) 
carried in suspension in a volume of water.  TSS is frequently measured 
for assessment of pollution loads in road runoff. Research shows a good 
correlation between the total metal concentration and TSS in highway 
runoff (Hallberg et al., 2006; Kayhanian et al., 2012). Amundsen and 
Roseth (2003) examined pollution components from several heavily 
trafficked tunnels in Norway and concluded that between 40 and 90% of 
the main pollution components in tunnel wash water are associated with 
particles. 

Sedimentation is a process of removing solid particles by gravity settling. 
Several studies indicate that sedimentation of TSS is an efficient 
treatment method for removing pollutants from road runoff (Jordforsk, 
1995; Stockholm Vatten, 2001). Hallberg and Renman (2007) showed a 
good correlation between TSS concentrations and turbidity in runoff 
water. Thus, turbidity measurements may be performed to monitor the 
decrease in TSS during sedimentation. 

The following study aims to identify sustainable solutions for tunnel 
wash water treatment.  The basis for this paper is a field study conducted 
during the regular washing events of a heavily trafficked tunnel in 
Stockholm (Törnskogstunneln). The study site was suitable for analyzing 
the treatment process of tunnel wash water since the drainage system is 
separated from groundwater seepage. The sedimentation behavior of 
particle bound pollutants was studies and by adding different 
concentration of flocculants the treatment efficiency was evaluated. 
Toxicological effects of tunnel wash water were also analyzed and are 
presented separately (submitted to Water research, 2012) 

Objectives of the research 

The general objective of this study was to evaluate treatment 
performance for the removal of pollutants in tunnel wash water. 
Treatment efficiency of sedimentation, with and without the addition of 
chemical flocculent was established based on a field study. Specific 
objectives of the field study are summarized below; 

 What are the pollution characteristics of tunnel wash water? 

 What is the proportion of pollutants in dissolved and particulate 
forms and how strong is the correlation between pollutants and TSS? 
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 How strong is the correlation between turbidity and TSS in tunnel 
wash water? 

 How does the addition of chemical flocculent influence the efficiency 
of sedimentation for removing the pollutants?  

 To what extent can pollutants be removed by sedimentation in terms 
of environmental guidelines? 

BACKGROUND  

Washing of road tunnels 

Washing and cleaning of tunnels are performed at various intervals in 
different tunnels. There is no established practice for how often tunnels 
need to be washed, but it depends largely on the tunnel design, traffic 
volume and the current maintenance contract for operation. From a 
safety perspective for road users tunnel washing is crucial. Without 
regular cleaning accumulated dust and pollutants reduce the illumination 
and visibility of signs and emergency lights. White interior design in 

tunnels progressively becomes darker and finally blackish gray. For 
safety precautions oil and grease that reduce the friction force between 
tires and road surface, also needs to be removed (Persson, 2001). 
Another aspect is that regular washing extends the lifespan of technical 
installations and concrete durability. Dirt, moisture and salt increase 
corrosion of steel reinforcement in concrete. Corroded reinforcement 
expands and can cause cracks in the concrete cover, significantly 
reducing the life of the structure (Trafikverket, 2007). It is also important 
that the amount of pollutants in tunnel air don’t reach unhealthy levels 
for humans. In the last decades the particulate matter (PM) pollution 
from road tunnels has become more recognized to potentially cause 
several adverse human health effects (Larsson, et al., 2007; Knibbs et al., 
2011). 

Detergents 

Detergents increase the cleaning efficiency in tunnels. In the literature 
mainly references from Norway are found of detergents used in tunnel 
wash. Norway has an extensive experience from tunnel design and 
maintenance, where a considerable part of the highway network consists 
of tunnels (approximately 1 000 road tunnels) (Statens vegvesen, 2011). 
In 2006, Roseth and Søvik (2006) examined the most common chemical 
compounds in detergents used for tunnel wash in Norway. The result 
showed that the detergents often consist of three main components; 
surfactants, alkaline washing agents and solvents. The study also revealed 
that the most commonly used detergents are toxic to aquatic organisms. 
However, the toxic compounds biodegrade rapidly in water. Current 
legislation on detergents, regulation (EC) No 648/2004, which entered 
into force in 2005, says that surfactants in detergents shall be considered 
as biodegradable if the level of biodegradability is at least 60 % within 28 
days.   

Surfactants are surface active substances that, when dissolved in water, 
reduce the surface tension. The molecule is composed of both a 
hydrophilic end (attracted to water) and a hydrophobic end (water 
repellent), enabling effective removal of grease and dust from surfaces. 
Surfactants are organic compounds with long hydrocarbon chains and 
toxic for aquatic organisms because of its surface active characteristics 
and biodegradation products (Shcherbakova et al., 1999). Depending on 
the electrical charge of the surfactants, detergents can be classified into 

http://en.wikipedia.org/wiki/Surface_tension
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three main groups; anionic (negatively charged), cationic (positively 
charged) and nonionic (uncharged).  

Consumption of detergents and water vary in different tunnels. Several 
studies from Norway and Sweden show that the concentration of 
detergents is normally 0.1 – 1% in wash water (Roseth & Meland, 2006; 
Trafikverket, 2007; Meland et al., 2010). 

Cleaning efficiency 

It is difficult to measure the cleaning efficiency since it is partly a 
subjective evaluation. Although no standard method exists, the Swedish 
Transport Administration conducted a study of Södra Länken in 2007, 
where experiences from the two years of maintenance were evaluated. 
The particulate matter (PM10) concentration in the tunnel air was 
monitored before and after washing events but no apparent effect on 
PM10 concentrations were discovered (Trafikverket, 2007). A likely 
explanation was the use of studded tires and the high traffic load 
(>100 000 vehicle/day) that constantly generates new particles. 
However, the report concludes that without regular washing the PM 
concentrations would most likely have been higher.  

Tunnel wash water 

Washing events are typically brief (in the order of hours) and produce 
considerable amounts of traffic-related pollutants in tunnel wash water. 
To assess a successful water treatment program it is important to clarify 
the pollutant characteristics in the wash water. The magnitudes of 
pollution load in tunnels increase with higher traffic density (Statens 
Vegvesen, 2006).  

Pollution characteristics 

The concentration of pollutants is higher in tunnel wash water than in 
open road runoff, although the composition of contaminants is similar. 
The wash water contains a mixture of pollutants in dissolved and 
particulate forms. The major components are metals, Cd, Cr, Cu, Ni, Pb, 
Zn, the organic components of PAHs and hydrocarbons.  In addition, 
wash water contains various detergents, nutrients and high 
concentrations of particles (Amundsen & Roseth, 2003). TSS (mg/l) is a 
measurement of the concentration of particles in a volume of water. 
Numerous studies report that most pollutants in highway runoff have a 
strong affinity to suspended solids (Hallberg & Renman, 2008). Research 
also shows a good correlation between the total metal concentration and 
TSS in highway runoff (Hallberg et al., 2007). 

Jordforsk (1995) conducted a major survey of tunnel wash water from 
six road tunnels in Norway. The study revealed that the majority of 
pollutants in wash water are attached to particles and could be removed 
by sedimentation. Amundsen and Roseth (2003) examined the 
proportion of dissolved and particulate associated pollutants in tunnel 
wash water and concluded that between 40 and 90% of the main 
pollutant components are associated with particles. 

PAHs are a group of organic compounds generated from diesel and 
gasoline engine exhaust emissions. PAHs are present in both gas phase 
and particulate emissions (Khalili et al., 1995). Several studies of particle-
bound PAHs have been carried out in traffic tunnels. Wingfors et al. 
(2001) studied the size distribution of PAHs in Lundby tunnel, located in 
Gothenburg.  
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Table 1. Concentration of main pollutants found in wash water from several 
tunnels (Barbosa et al., 2007).  

Site  pH Cd (μg/l) Pb (μg/l) Cu (μg/l) Zn (μg/l) TSS (mg/l) 

Nordby 7.41 1.79 93.6 260 2.6 2 260 

Frejus - - 2 750 - 8 700 2 960 

Mont Blanc - - 5 200- 15 000 - 4 800 5 820 - 23 200 

Chamoise - - 3 100 - 4 800 2 255 

Les Monts - - 12.1 - 9 900 6 678 

Fourviere - - 26 - - 2 354 

Ringnes 7.5–7.9 - < 0.516 11 - 28 119- 7 510 - 

Nordby, Smihagen, 
Vassum 

- - 170 680 13.8 3 030 

 

The result showed that particle-associated PAHs primarily are found on 
the smallest particles within the <1 μm fraction. These observations 
agree with other studies performed in tunnels in the USA (Venkataraman 
et al., 1994) and Portugal where over 85% of PAHs total mass were 
associated with particles smaller than 0.49 μm. The most common PAHs 
were methylated phenanthrenes, Fluoranten and Pyren (Wingfors et al., 
2001; Oliveira et al., 2011). 

It is difficult to compare tunnel wash water quality from different road 
tunnels since critical factors such as tunnel design, washing procedure 
and emission factors, vary significantly. Barbosa et al. (2007) collected 
results of common pollutants in wash water from several surveys in 
different countries (Table 1).  

In Sweden, a few measurements of pollutant concentrations in tunnel 
wash water have been performed. During the years 1992 to 1995, 
samples were taken from 4 heavily trafficked tunnels in Stockholm; 
Eugenia-, Fredhäll-, Klara- and Söderledstunneln (Stockholm Vatten, 
2001).  The tunnels had an average daily traffic load of 40 000 – 120 000 
vehicles/day. All samples were taken without any water treatment 
directly from the roadway during washing events in Eugenia-, Fredhäll- 
and Klaratunneln and the average pollutant concentrations was measured 
(Table 2). 

Table 2. Concentration of main pollutants in wash water from previous studies of 
road tunnels in Stockholm (Stockholm Vatten, 2001; Trafikverket, 2007). 
Parameter Eugenia 

1992-1994 

Fredhäll  

1993-1994 

Klara  

1993-1994 

Södra 
Länken 
Nov 2004 

Södra 
Länken 
April 2005 

Södra 
Länken 
Sept 2005 

TSS  (mg/l)  8 286 3 454 15 500 13 000 9 100 1 200 

Total N (mg/l) 21 17 13 9.4 10 9.5 

Total P (mg/l) 3.6 1.1 7.9 5.7 3.5 1.6 

Oil index (mg/l) 50 347 101 67 40 59 

Cd  (μg/l) 9.6 10.1 41 5.84 6.05 0.73 

Hg  (μg/l) 1 0.5 - 1.34 0.86 0.13 

Cr  (μg/l) 330 185 970 828 825 86.6 

Cu  (μg/l) 2 055 1 625 3 300 2 090 2 490 446 

Pb  (μg/l) 2 000 - - 793 684 87 

Zn  (μg/l) 19 800 7 475 11 000 10 600 9 680 2 200 
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The results showed higher concentration of pollutants (2-4 times higher) 
in tunnel wash water than in highway runoff (>20 000 vehicles/day). It 
was also observed that differences in washing frequencies (time span 1 – 
5 months) of the tunnels seemed to have little impact on the pollution 
load. In Södra Länken measurements were performed during the years 
2004- 2005 (Table 2) (Trafikverket, 2007).  Samples were taken directly 
from the washing vehicle’s storage tanks. Results from the study showed 
higher concentration of pollutants in tunnel wash water than in highway 
runoff. 

Environmental regulations 

In highly urbanized areas, discharge of untreated stormwater to a 
receiving water body is governed by environmental guidelines. Runoff 
from heavily trafficked areas may have negative environmental impacts 
on receiving water bodies. Lakes and streams should not be exposed to 
more pollution than they can tolerate in the long term. Depending on 
the catchment area where discharge will take place, consideration must 
be given to environmental aspects of that specific water system. Some 
water recipients are more sensitive than others and guidelines for 
maximum pollutant discharge levels should be evaluated from case to 
case.  

Table 3. Discharge guidelines and regulations for urban wastewater. Stockholm 
Dagvattenstrategi= (Stockholms stad, 2002); EU WWD= (EU Wastewater 
Directive, 1991); SLV drinking water= Guidelines for raw water quality prior to 
treatment for drinking water distribution (Svenskt Vatten, 2008); Industrial 
wastewater discharge regulations= (Stockholm Vatten, 2000) 
Variable Stockholm 

Dagvattenstrategi 
(Moderate Levels) 

 

EU WWD 

 

 

SLV drinking 
water  

Industrial wastewater 
discharge 
regulations 

 
TSS (mg/l)  50 - 175 35 - 60 

  

Total N (mg/l)  1.25 -  5.0 10 - 15 
  

Nitrate-nitrogen,  

NO3-N (mg/l)  
<10 < 5 

 

Nitrate NO3 (mg/l) 
  

< 22 
 

Ammonium-nitrogen, 
NH4-N (mg/l)  

<1.2 < 0.05 
 

Ammonium (mg/l) 
  

< 0.06 
 

Total P (mg/l)  (0.1-0.2) 2 - 15 
  

Nitrification inhibition at 
40 % of process water     

50 % inhibition 

PAH (μg/l) 1  - 2  
 

< 0.1 
 

Al (μg/l) 
  

< 100 
 

As (μg/l) 
  

< 10 
 

Cd (μg/l) 0.3 - 1.5 
 

< 1 ” may not occur” 

Cr (μg/l) 15 - 75 
 

< 50 < 50 

Cu (μg/l) 9 - 45 
 

< 50 < 200 

Fe (μg/l) 
  

< 1000 
 

Hg (μg/l) 0.04 - 0.2 
 

< 1 ”may not occur” 

Mn (μg/l) 
  

< 300 
 

Ni (μg/l) 
  

< 20 < 50 

Pb (μg/l) 3 - 15 
 

< 10 < 50 

Zn (μg/l) 60 - 300 
 

< 1000 < 200 
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In Stockholm, guidelines for stormwater are given in Table 3. These 
guideline concentrations are considered to be at moderate levels when 
released to a recipient. However, a very sensitive recipient may only 
tolerate pollutant discharge levels far below the moderate level. 

According to the EU Directive (1991/271/EEC), the maximum TSS 
concentration for discharge of urban wastewater is 60 mg/l (Table 3).  

Stormwater discharged to municipal wastewater treatment plants is also 
governed by guidelines. Wastewater treatment plants are designed for 
domestic wastewater, which differs in many ways from the composition 
of pollutants in stormwater (Hansson & Johansson, 2012). To avoid 
reduced treatment quality of a plant it is governed by industrial 
wastewater discharge regulations (Table 3). 

Washing of road tunnels in Stockholm 

Each year traffic tunnels in the Stockholm region usually undergo 5-12 
washes (Trafikverket, 2012). The same washing procedure has been used 
since 2007. The washing program includes two washing events where the 
tunnels are completely cleaned, so- called “full wash”. During a full wash 
all tunnel elements are cleaned including tunnel walls, road surface, 
ceiling, lights and all technical installations (Trafikverket, 2007). The full 
wash is performed in the spring and in the fall and gives the highest 
consumption of water and detergents. In between these washes there are 
regularly several smaller washes carried out, so called “half wash”, where 
the tunnel walls and road surface are washed. Depending on tunnel 
section and tunnel element, detergents may be added to the wash water 
for better cleaning performance.  

There are exceptions of tunnels with higher cleaning demand. Södra 
Länken is a 6 km long road system connecting southern parts of 
Stockholm with a daily average traffic flow of 100 000 vehicles 
(Trafikkontoret, 2011). It is currently Sweden’s longest road tunnel with 
its 4.6 km in tunnels. The tunnels are designed with bright interior to be 
aesthetically pleasing with white side barriers, bright ceiling and several 
artworks. To maintain a positive impression during passage through the 
tunnel an extensive wash program is needed and the tunnel undergoes 26 
washes per year (Trafikverket, 2007). 

In the winter the use of studded tires increase the need for washing. 
Studded tires cause excessive wear on the road surface (VTI, 2006) and 
the half wash is performed more regularly. 

Washing procedure  

Each tunnel element needs a special washing procedure why different 
washing methods are used for different parts of a tunnel and its 
equipment (Table 4).  

Table 4. Different washing methods for each tunnel element (Trafikverket, 2007). 
High pressure 
water      

(160 -175 bar) 

Low pressure water                  

(8 bar) 

Sweeping 
machine  

(160 bar) 

Special wash (hand 
wash) 

Detergent in 
wash water 

Road surface Walls Road verges  Emergency exits Walls 

Side barriers Ceiling  Operating spaces Side barriers 

 Artwork  Emergency lights 

Phones 

Doors 

Cameras 

Ceiling 

 Technical safety 
equipment 
(ventilation, traffic 
signs, tunnel 
lightings etc.) 

 All special wash 

  VDS 

  Artwork 



Lina Byman  TRITA-LWR Degree Project 12:42

 

8 
 

 

The general concept in the washing program is the use of high 
pressurized water (160 - 175 bar) on the road surface and side barriers 
(Fig. 1). Mainly cold water is used 6-7 °C.  Tunnel washing is primarily 
performed by special designed vehicles and some details are washed by 
hand. Dust and coarse particles are loosened from the asphalt skeleton 
by high pressurized water from special sweeping washing vehicles (Fig. 
4). The sweeping washing vehicle then removes the dirt by sweeping and 
vacuuming the wash water from the road surface. The wash water is 
stored in the vehicle’s tank until emptied to the tunnel’s drainage system 
(R. Pettersson pers. comm.).  

Tunnel walls and ceiling are washed with detergents and low pressurized 
water (8 bar). In Södra Länken, traffic signs, technical safety equipment 
and side barriers are washed every 4th week (Trafikverket, 2007).  The 
vehicle unit used for this purpose has two low pressure washing bars that 
can be raised and lowered with a washing width of 2 m tunnel surface 
area during a single pass (Fig. 2). 

Technical installations in the ceiling (fans, traffic signs, VDS) as well as 
emergency exits etc. are washed with low pressurized water (8 bar) 
mounted on a special axial rotatable arm (Fig. 3). 

 

 

Figure 2. Washing of tunnel walls and ceiling (Trafikverket, 2007). 
 

 

Figure 1. Washing frequency and methods in Södra Länken (Trafikverket, 2007). 
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Figure 3. Washing of technical installations (fans, traffic signs, VDS) and side 
barriers (Trafikverket, 2007)  

The side barriers closest to the road are particularly exposed to 
accumulated dust and debris and therefore washed with a special 
detergent (R. Pettersson pers. comm.). The washing unit has 
hydraulically extendible high pressure washing bars that can be raised 
and lowered (Fig. 3).  

The road surface is washed with high pressurized water (160 bar) by a 
washing unit with a sweeping machine (Fig. 4). The washing vehicle 
removes the dirt by sweeping and vacuuming all wash water produced 
during the washing event from the road surface. The wash water is 
stored in the vehicle’s tank until emptied to the tunnel’s drainage system. 

At the last run of a tunnel wash in Södra Länken the walls and ceiling are 
also treated with a special detergent with antistatic effect. This treatment 
acts as dirt-repellent because it reduces electrostatic charging making it 
more difficult for dust and debris to fix (Trafikverket, 2007). 

Disposal of wash water 

The wash water contains high concentrations of heavy metals, PAHs and 
oil why separate treatment is necessary before the water is released to a 
recipient. All wash water is collected by the sweeping vehicle and stored 
in its tank (Fig. 5).  The vehicle releases the collected water in wells on 
the side of the road connected to the tunnel’s drainage system. The water 
will then be treated in a separate treatment facility.  

 

 

Figure 4. Sweeping washing vehicle (Trafikverket, 2007). 
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Figure 5. Sweeping washing vehicle emptying its tank to the 
tunnel’s drainage system.  

Treatment of tunnel wash water 

For recently constructed tunnels it is common that the tunnels have their 
own separate water treatment facility connected to the tunnel’s drainage 
system. Treatment is performed by allowing particles to settle in 
sedimentation basins. In addition, the use of flocculants is normally 
needed for a faster and more efficient treatment process. 

Based on information from existing treatment systems, tunnel wash 
water is normally treated in the following steps (Mróz et al., 2008); (1) 
sedimentation in washing vehicle, (2) capture of coarse particles in sand 
traps, (3) mechanical screening in treatment facility, (4) flocculation and 
sedimentation in treatment facility, (5) oil separation. 

Treatment of particle bound pollutants already starts in the washing 
vehicle. During a washing event some of the largest particle fractions will 
have time to settle in the sweeping washing vehicle’s tank before the 
wash water is discharged in wells connected to the tunnel’s drainage 
system (R. Pettersson pers. comm.). Further separation occurs in sand 
traps in the wells of the drainage system. When water enters the 
treatment facility a mechanical fine screen (3 mm) removes larger 
material. The screen is cleaned automatically by a sensor that monitors 
pressure differences. When material accumulates on the screen, the water 
pathways will be decreased and the pressure increase at points upstream 
the screen. Next step in the treatment process is to add flocculants to 
improve the sedimentation of small particles. Flocculants cause fine 
suspended particles to aggregate and enhance the sedimentation 
efficiency. Different flocculants have been used e.g. aluminum based and 
sodium hydroxide (NaOH) in the Stockholm Region. The particulate 
matter and liquids are separated by gravity in the sedimentation basin. 
Oil floats on water since oil density normally is lower than water density. 
Thus, oil can be skimmed off the surface by physical operations in the 
sedimentation basin. The dimensions of the sedimentation basin should 
be large enough to contain all produced wash water during a washing 
event. The wash water should be stored in the sedimentation basin until 
pollutant content and biodegradable toxic detergents are reduced to 
acceptable levels (Statens Vegvesen, 2006). In tunnel water treatment 
facilities in Stockholm the wash water is normally stored in 
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sedimentation basins for 36 h before discharged to recipient (Mróz et al., 
2008).  

In some treatment facilities measurement of turbidity in the 
sedimentation basin instead determines when the water is released to 
recipient. Turbidity is a measure of the cloudiness of water. It gives an 
indication of the presence of suspended particles since water loses its 
transparency if the concentration of suspended particles is high. 
Turbidity is normally measured in Nephelometric Turbidity Units 
(NTU).  

Sedimentation 

Sedimentation is a common process used in wastewater treatment 
systems. It is a process of removing solid particles by gravity settling. 
Factors influencing the process are particle size and shape, particle 
density and liquid density (Lin & Lee, 2007). Depending on the 
interaction of particles and the solids concentration, different types of 
settling may occur. Discrete settling of particles occurs when the 
concentration of solids is small and particles are allowed to settle 
unhindered without interaction with other particles. Initial acceleration 
takes place and will eventually reach a constant settling velocity, called 
the terminal velocity. Calculation of the terminal settling velocity is based 
on the application of Stoke's Law for laminar flow (1):  

where vt is the terminal settling velocity, g is the acceleration due to 
gravitation, ρp is the mass density of the particle, ρ is the mass density of 
the liquid, d is the diameter of the particle and µ is the absolute viscosity 
of the liquid. Stokes' law applies for laminar flow and particle Reynolds 
number between 10-4 and 0.2.  

When designing sedimentation tanks the parameter overflow rate or 
surface loading rate (SL) is used as a measure of the amount of water 
leaving the tank per m2 surface area. For an ideal settling tank the 
overflow rate is equal to the design settling velocity v, which is the 
settling velocity of the smallest particle that will have time to settle at the 
bottom of the tank within the theoretical detention time. All particles 
with a velocity greater than the design settling velocity will have time to 
settle and be removed (2) (Lin & Lee, 2007): 

where Q is the flow and A is the surface area of the sedimentation basin. 
For sedimentation column experiments the effective settling velocity is a 
product of the tank’s effective depth and the detention time (3).  

The sedimentation time, tsed, required for a specific percentage of 
removed particles determine the surface load, SL. 

Previous research on tunnel wash water treatment  

A few empirical studies have been performed to evaluate the efficiency 
in tunnel wash water treatment. In Stockholm, laboratory studies of 
tunnel wash water (Eugenia-, Fredhäll-, Klara- and Söderledstunneln) in 
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form of sedimentation column experiments was carried out (Stockholm 
Vatten, 2001). Flocculants were added to the water. The result showed 
that sedimentation has high treatment efficiency. After 24 h, pollution 
levels were reduced by up to 90% from the initial wash water levels.  

In the same study, the efficiency of pollutant removal in sand traps in the 
tunnel’s wells was evaluated. The efficiency of removing pollutants in 
sand traps is dependent on retention time and how often the sand traps 
are cleaned. Water samples were taken from the tunnels drainage system 
after allowing the water to pass through the sand traps. The result 
showed surprisingly high reduction of 80 – 90 % of most pollutant levels 
from the initial untreated tunnel wash water. Although the total amounts 
of samples in this study were too few to make any certain conclusions, it 
gives an indication that sand traps are of significant importance in the 
treatment process. Studies carried out in three heavily trafficked tunnels 
in Norway show that between 5 – 40 % of the total mass of particle 
bound pollutants in tunnel wash water is separated in the sand traps 
(Statens Vegvesen, 2006). 

During the years 2004-2005 sedimentation experiments was carried out 
on tunnel wash water from three different washing events in Södra 
Länken (Trafikverket, 2007). The flocculent NaOH was added to the 
water samples and the sedimentation retention time was 36 h. These 
results also verify the high pollutant reduction of sedimentation 
treatment (Table 5). 

A sedimentation experiment on highway runoff, with and without 
flocculants was carried out in Eugenia tunnel (Hallberg, 2007). Results 
from this study show a faster reduction of pollutants when flocculants 
are used in the sedimentation process. However, after 24 h acceptable 
pollution levels were also reached without the use of flocculants.  

Table 5. Results from sedimentation experiments (with flocculent) on tunnel wash 
water from three different washing events in Södra Länken (Trafikverket, 2007) 
Parameter Untreated 

water 
Treated 
water 

Untreated 
water 

Treated 
water 

Untreated 
water  

Treated 
water 

 Nov. 2004 Nov. 2004 April 2005 April 2005 Sept. 2005 Sept. 2005 

Sedimentation 
time (h) 

0 36 h 0 36 h 0 36 h 

TSS (mg/l) 13 000 80 9 100 8 1 200 <4 

Total N (mg/l) 9.4 4.7 10 5.9 9.5 5.7 

Total P (mg/l) 5.7 0.36 3.5 0.064 1.6 0.12 

Olja (mg/l) 67 0.3 40 < 0.1 59 < 0.2 

Cd (μg/l) 5.84 0,15 6,05 0.11 0.73 0.1 

Hg (μg/l) 1.34 < 0.02 0.86 < 0.02 0.13 0.03 

Cr (μg/l) 828 13 825 5 86.6 2.75 

Cu (μg/l) 2 090 96 2 490 47 446 5.21 

Pb (μg/l) 793 10 684 0.6 87 < 0.6 

Zn (μg/l) 10 600 150 9 680 4 2 200 < 4 
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MATERIAL AND METHODS  

Study site 

The selected tunnel for the field study was Törnskogstunneln, a 2.1 km 
long road tunnel north of Stockholm City with an average daily traffic 
load exceeding > 20 000 vehicles/day. The tunnel was built 2004-2008 as 
part of Norrortsleden, a four- lane motorway linking E4 at Häggvik and 
E18 at Rosenkälla. It is not a complicated tunnel system, just a straight 
and level tunnel with one entrance and one exit. The tunnel consists of 
two separated tunnel tubes, one for each direction. Each tube has two 
traffic lanes, measuring 2071m in length and has a cross- sectional area 
of 92m2 (Table 6). The tunnel is designed as a traditional tunnel with 
walls and ceiling covered with concrete, which gives the impression of a 
dark tunnel. Along the walls there are 1m high side barriers of concrete 
(Trafikverket, 2004). 

All runoff water from the tunnel is collected by the tunnel’s drainage 
system, which consists of wells on the side of the road lanes connected 
with drainage pipes leading to a treatment facility. The water enters the 
treatment facility through an inlet channel, where on-line sensors 
continuously measure turbidity and pH. The inlet channel also consists 
of two Parshall flumes with ultrasonic level sensors of type Lange 
PU2001/U2000 that register water flows reaching the treatment facility. 

Water is treated by sand traps in the wells, oil separation, mechanical fine 
screening, flocculation with aluminum chloride (PAX) and sedimentation 
in the treatment facility. The sedimentation basin has the dimensions 
15*20m. The tunnel is situated below the groundwater table and 
groundwater seepage is continuously pumped away (Tyréns, 2011). Only 
runoff water is collected by the tunnel’s drainage system. 

The ventilation system in the tunnel is a combination between natural 
ventilation and installed mechanical fans and there are no ventilation 
shafts. The tunnel air is considered to reach good quality by natural 
ventilation, where movement of air is controlled by the direction of the 
vehicles. Since all traffic in each tunnel tube goes in the same direction, a 
natural draft is created and stale air is pushed out through the tunnel 
exits. The air quality is continuously measured and if natural ventilation 
is not sufficient, the mechanical fans start automatically (Trafikverket, 
2004).  

Table 6. Description of Törnskogstunneln (Trafikverket, 2004; 
Trafikverket 2010). 

Length 2* 2 071 m 

Driving lanes 2 lanes (3.7 m)  

Width 11.5 m  

Width of verges 1 m resp. 2 m  

Cross-sectional area  92m
2
 + 92m

2
 

AADT 20 000 vehicles / day 

Heavy traffic proportion 9 % 

Speed limit  90 km/h 

Road surface material Asphalt 

Wall material Shotcrete. Rock-face covered with concrete  

Full wash/ year 2 

Half wash/ year Varies, typically 5-8 

Total tunnel surface area 140 000 m
2
 

http://en.wikipedia.org/wiki/Motorway
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Tunnel washing procedure 

The field study was conducted in late April 2012 during two regular 
“full” washing events. The previous full wash had been performed in late 
October 2011, i.e. pollutants had accumulated on tunnel walls and ceiling 
for approximately 6 months. To carry out one complete full wash two 
nights were required, where the separate tunnel tubes were washed with 
one week interval in between. Washing of the tunnel was initiated at the 
tunnel tube directing east, called “TA1 East” and one week later the 
tunnel tube directing west “TA2 West” was washed. Washing of the 
tunnels started at 22:30 and was completed approximately at 04:30. The 
same washing procedure was performed during the two nights.  

Different tunnel elements were washed by different washing vehicles. Six 
of those vehicles produced wash water and each vehicle’s tank could 
store 11m3 water. Water to fill the tanks was taken from the public 
drinking water system distributed by Norrvatten.  

Detergents were used during the whole washing procedure and were 
mixed directly in the water in the vehicle’s tanks. Two detergents were 
used; Högtryckstvätt Eko and Robbans Såpa. Both detergents fulfill the 
criteria for biodegradation of Regulation (EC) No 648/2004 (Table 7, 8 
and 9).  

Table 7. Chemical components and classification in Högtryckstvätt Eko (Alron 
Chemical AB, 2012a) 
Chemical name, CAS No. Classification Concentration (% 

by weight) 
Component 
classification  

Sulfonic acids, 85711-69-9 Xi/R38, 41 1-5 Anionic detergent 

Alkohol(C9-11)etoxilat, 68439-46-3 Xi/R41 5-10 Non-ionic detergent 

Dipropylene glycol monomethyl ether, 
34590-94-8 

IK 1-5 Solvent 

Sodium carbonate, 497-19-8 Xi; R36 1-5 Alkaline agent 

Xi/ R36-38= Irritating to eyes, respiratory system and skin, Xi/ R41 = Risk of serious damage to eyes 

 

Table 8. Toxicity and biodegradability of components in Högtryckstvätt Eko 
(Alron Chemical AB, 2012a). 
Chemical name Toxicology Biodegradation 

Sulfonic acids LD50 (rat) > 2.000 mg/kg >60% CO2, 28 days 

Alkohol(C9-11)etoxilat LD50 (rat) > 2000 mg/kg >60% CO2, 28 days 

Dipropylene glycol monomethyl ether LD50 (rat) 5400 μL/kg   

Sodium carbonate LD50 (rat) >5000 mg/kg   

Table 9. Chemical components and classification in Robbans Såpa (Alron 
Chemical AB, 2012b). 
Chemical name, CAS No. Classification Concentration 

(% by weight) 
Component 
classification  

Dodecanoic acid, 5303-24-2 IK 90-95  Solvent 

Alkohol(C9-11)etoxilat, 68439-46-3 Xi/R38, 41 5-10  Non-ionic detergent 

 

 



Treatment of wash water from road tunnels

 

15 
 

 

Table 10. The total water and detergent consumption used in 
the two washing events. 

  Date Total  water 
consumption 

Detergent 
(Robbans 
såpa) 

Detergent  
(Högtrycks-
tvätt Eko) 

Detergents (%) 
of the total water 
consumption 

2012-04-16  

(TA1 East)  
22:30 - 04:30 

600 m
3
 0.275 m

3
 0.5 m

3
 0.13% 

2012-04- 23  

(TA2 West)  
22:30 - 04:30 

600 m
3
 0.450 m

3
 0.5 m

3
 0.16% 

 

The volume of detergents corresponded to 0.13- 0.16% of the total 
water consumption (Table 10). Continuous refill of water and detergents 
was performed as soon as the vehicles’ tanks were emptied. 
Approximately 60 tank volumes each night were used (R. Pettersson 
pers. comm.). 

Washing of tunnel walls and ceiling, as well as technical installations in 
the ceiling was carried out by three washing vehicles passing in sequence. 
The average speed of the vehicles was 2 km/h. Tunnel walls and ceiling 
were washed with low pressurized water (8 bar) with the detergent 
Robbans Såpa. It took approximately 1h to wash the tunnel walls and 
ceiling in one direction.  

Technical installations in the ceiling (fans, traffic signs, VDS) as well as 
emergency exits etc. were washed with low pressurized water (8 bar). 

The side barriers were washed with high pressurized water (175 bar) with 
the detergent Högtryckstvätt- Eko. 

The road surface was washed with high pressurized water (160 bar) by a 
sweeping washing vehicle. 

Weather conditions 

The field experiment was carried out under dry weather conditions. 
Precipitation data during the two days before the washing events show <   
1 mm (Table 11). On- line flow measurements registered in the 
treatment facility’s Parshall flumes show average flows of < 0.5 l/s the 
same two days washing took place. 

Table 11. Climate conditions in Stockholm two days before 
each washing event; Station Bromma;  Lat: 59.399° Lon: 17.986° 
SMHI) 
April, Temperature, °C Precipitation, 

2012 Average High Low mm 

15 4.5 13.3 -1.1 0.3 

16 5.3 11.7 -0.4 0 

22 5.2 7.0 4.1 1.0 

23 7.4 14.6 4.5 0 

 

Experimental setup 

Sampling of wash water 

Collection of wash water was conducted during the two nights when full 
wash was performed.  Water was collected from the inlet channel in the 
treatment facility, i.e. the water had already passed sand traps in the 
tunnel’s drainage system and mechanical screening (3 mm). The flow was 
registered in two Parshall flumes.  
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Figure 6. Pump set up in the inlet channel (1). Manually initiated extraction of wash 
water (2). 

During both nights, the first wash water appeared approximately 30 min 
after the washing procedure in the tunnel had started. The sampling 
strategy was to capture incoming wash water with high pollution load. 
Water was collected during high incoming flows and high pH. For the 
sedimentation trials, six sedimentation vessels were filled each night. 

A water sampling pump was used for collecting samples and placed in 
the inlet channel before flocculent addition but after the mechanical 
screen (Fig. 6). The pump was manually started. Two valves were used to 
control the flow to the sedimentation vessels (Fig. 6). The material of the 
tubes used for connecting the pump was made of plastic (PVC).  

 

 

Figure 7. Collection system of the six individual sedimentation 
vessels. 

1 
2 
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Figure 8. Experimental setup in the treatment facility. 

The experimental setup for the sedimentation trials consisted of six 
individual vessels, each with a height of 740 mm containing a volume of 
200 liter (Fig. 7 and 8). The vessels were named as A, B, C, D, E and F. 
The pump had the capacity to extract flow rates of 2-3 l/s. Each vessel 
took approximately 4 min to fill. Before sampling, the PVC hose was 
flushed with wash water to remove water from the pre-seeding sampled 
water. 

In table 12 the starting time for pumping water to the vessels are listed 
from the two wash events. The sedimentation trials were then started 
within 2 hours after the wash water was collected. 

Each vessel had 8 taps to allow sampling for analysis during the 
sedimentation trials. All samples were taken from the 4th tap at a distance 
of 400 mm from the top of the vessel. The water volume in the vessels 
was stirred before each sedimentation trial started to achieve a 
homogeneous mixture of the water column. Sampling was more frequent 
during the first hours of the sedimentation trials. In each individual 
vessel, samples for analyses of turbidity, TSS, metals, nutrients, organic 
compounds and PAHs were taken at the same time intervals.  

Table 12. Starting time for pumping water to the vessels. 

Date Start (time) Vessel ID 

2012-04-16 (I) 23:12 A 

 
00:55 B 

 
01:30 C 

 
02:00 D 

 
02:30 E 

  03:20 F 

2012-04-23 (II) 23:00 A 

 
23:08 B 

 
23:40 C 

 
23:45 D 

 
01:37 E 

  01:41 F 
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Turbidity, pH, conductivity and water temperature measurements  

Measurements of turbidity were performed using a HACK 2100P ISO 
turbidity meter. The range of the measurements was from 0 FNU to 
1000 FNU. Sampling was performed at the same time as the sampling 
analyses of TSS for the assessment of correlation between turbidity and 
TSS. The turbidity measuring volume was 15 ml and collected from the 
vessel’s tap. Before each sample, the tap was opened for approximately 5 
s to thoroughly rinse out existing stagnant water in the tap. The sample 
vial was also washed with two volumes of sample water before turbidity 
measurement was performed. 

Field measurement of pH, conductivity and water temperature was 
performed on the bulk volume of water in the vessel. Measurements 
were performed before and after the sedimentation trial. To measure pH, 
conductivity and temperature a field instrument from WTW of type 
Multiline F/SET-3 probe was used. pH meter calibration was made 
using pH 4, pH 7 and pH 10 buffer solutions. On-line measurement of 
pH of incoming wash water was made using a pH probes of type Knick 
Protos 3400 C/Unical 900/WA160. 

Chemical laboratory analysis 

Analyses were performed by ALS Scandinavia. The laboratory is 
accredited by SWEDAC (Reg. number 2030) in accordance with the 
international standard ISO/IEC 17025. Samples from the sedimentation 
trials were brought to the laboratory without delay.   

Water for metal analyses was sampled in 150 ml plastic bottles until 
analyzed by using the method ICP-SFMS. Analysis of soluble metals was 
performed using filtered samples (0.45 μm). The analyzed metals were: 
Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Mo, Na, Ni, Pb, Sb, 
V and Zn. 

Water for TSS analyses was sampled in 250 ml plastic bottles and 
analyzed by using the method CSN EN 872. 

The method used for analyses of NO3, Cl and SO4 was CSN EN ISO 
10304-1 and sampled in 250 ml plastic bottles. 

TOC and DOC were analyzed by using method CSN EN 1484.  

Total N was analyzed by using method EN 12260 and by the Kjeldahl 
method. Total P was analyzed by using method CSN EN ISO 6878. 

Total PAH and 16 individual PAH’s was analyzed by HPLC and 
sampled in 1 liter glass bottles. 

Sampling and sampling intervals 

Sampling was performed with different time intervals during the 
sedimentation trials. After the initial sample, samples were taken after 
approximately 15, 45, 90, 120, 480, 1440 and 5000 minutes.  

From the 1st wash (2012-04-16), a total of 47 samples were taken for 
analysis of turbidity, TSS, metals, nutrients, organic compounds and 
PAHs.  

From the 2nd wash (2012-04-23), a total of 18 samples were taken for 
analysis of turbidity, TSS, metals, nutrients, organic compounds and 
PAHs. Turbidity measurements of incoming wash water were made on 
48 samples.  

The correlation between turbidity and TSS was studied on 71 samples. 
Microsoft Excel was used to utilize to fit the experimental data. 
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RESULTS  

In- situ measurements of flow and pH  

The water flow reaching the treatment facility during the two washing 
events was registered in two Parshall flumes (Fig. 9). The first increase of 
flow occurred 30 minutes after the washing procedure had started. The 
same washing procedure was performed during the two nights why the 
flows correspond well to each other. 

 

 

Figure 9. Comparison between wash water flow in the inlet 
channel during 1st wash (blue line) and 2nd wash (red line). 

Online measurements of water level in the sedimentation basin are 
shown in figure 10. During a wash event the increase in water level 
corresponds to the volume of wash water reaching the treatment facility 
(Table 13). Large amount of the total water consumption used during a 
wash event never reached the treatment facility. Evaporation inside the 
tunnel is probably one major mechanism to explain the loss of water. It 
is difficult to quantify how much water is lost due to evaporation since 
other factors contribute to the water mass balance. Surface tension of 
water to the uneven concrete surfaces is one factor to consider since 
volumes of water will be held by surface tension in these films of water. 

 

 

Figure 10. Water level increase in sedimentation basin during 1st 
wash (blue line) and 2nd wash (red line). 
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Table 13. Total water consumption during wash events; 
incoming wash water to the treatment facility; loss of wash 
water.  
  Date Total  water 

consumption 
Wash water received 
in treatment facility 

Water loss 
(%) 

2012-04-16 (1
st
 wash)  

22:30 - 04:30  
600 m

3
 162 m

3
 73% 

2012-04- 23 (2
nd

 wash)  
22:30 - 04:30 

600 m
3
 132 m

3
 78% 

 

The initial pH is 8 in the public drinking water system used as wash 
water. Within the first hour of both wash events the pH field 
measurements range from 8.1- 8.3 pH (Table 14). The result shows that 
pH gradually increases from the beginning of a wash event to reach the 
highest value after approximately 3 hours. The detergents used are basic 
solutions and would suggest a lower concentration of detergents in the 
initial wash water samples. The pH variations for the two washing events 
correspond well to each other.  

In figure 11 and 12 an overview is presented of flow and TSS at the 
sampling time when collection of wash water for the sedimentation trials 
was carried out during the two nights. 

Table 14. pH field measurements from 1st and 2nd wash. 
1st wash 

(2012-04-16) 

Vessel A 

23:12 hrs. 

Vessel B 

00:55 hrs. 

Vessel C 

01:30 hrs. 

Vessel D 

02:00 hrs. 

Vessel E 

02:30 hrs. 

Vessel F 

03:20 hrs. 

pH 8.25 9.05 8.5 9 9.25 9.03 

2nd wash 

(2012-04-23) 

Vessel A 

23:00 hrs. 

Vessel B 

23:10 hrs. 

Vessel C 

23:39 hrs. 

Vessel D 

23:50 hrs.  

Vessel E 

01:40 hrs. 

Vessel F 
01:50 hrs. 

pH 8.08 8.12 8.75 8.6 8.93 8.93 

 

 

 

Figure 11. Flow and TSS concentration during the 1st wash including sampling time 
when water was pumped to the sampling vessels. TSS concentration (square); Flow 
1st wash (dashed line). 
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Figure 12. Flow and TSS concentration during the 2nd wash including sampling 
time when water was pumped to the sampling vessels. TSS concentration (square); 
Flow 2nd wash (dashed line). 

 

Tunnel wash water quality 

Analyses of TSS, metals, nutrients, organic compounds, PAHs and major 
ions in untreated incoming tunnel wash water were made on six water 
samples from the 1st wash and six water samples from the 2nd wash 
Average, minimum and maximum concentration of TSS, nutrients, 
organic compounds and PAHs are presented in Table 15 and 16. All 
sampling data for the 12 analyses are found in the Appendix.   

Table 15. Concentration of TSS, nutrients and organic compounds in untreated 
incoming tunnel wash water; *= below detection limit; **= samples only from the 
1st wash. 
Variable Unit Min t(0) Max t(0) AVERAGE t(0) Water 

samples (n) 

pH 
 

8.08 9.25 8.71 12 

TSS mg/l 804 9 690 4 426 12 

TOC mg/l 19.2 88.8 47.3 12 

DOC mg/l 14.6 47.4 33 12 

Total P mg/l 0.38 1.31 0.85 12 

Total N mg/l 2.03 16 7.65 12 

Nitrate-nitrogen, NO3-N mg/l 0.63 3.43 1.93 10* 

Total Kjeldahl N mg/l 3.2 11.4 7.08 11* 

Total Kjeldahl dissolved N mg/l 1.6 3.03 2.44 6** 

Ammonium nitrogen, NH4-N mg/l 0.06 0.32 0.11 7* 

Dissolved ammonium 
nitrogen, NH4-N 

mg/l 0.06 0.26 0.13 4** 

Cl mg/l 240 748 2 270 12 

Sulphate mg/l 39 91.4 138 12 
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The TSS concentration varies from 804 mg/l to 9690 mg/l in untreated 
wash water. The highest TSS concentrations sampled were in the 
beginning of each wash event (Fig. 11 and 12). One explanation may be 
that the first water sample in the two wash events was collected when the 
first flow peak occurred in the inlet channel. This wash water was 
generated when the vehicles washed the tunnel elements for the first 
time. The removal of dust and coarse particles may be higher when the 
tunnel elements are exposed to pressurized wash water in the initial 
phase of the washing procedure, thus generate higher concentration of 
TSS in the wash water in the first collected sample.  

There are also elevated chloride concentrations in the first water sample 
from the 1st wash, 2280 mg/l. No other water sample showed chloride 
concentrations > 1000 mg/l. 

With exception of TSS and chloride in the first water sample, the spread 
of the pollution components in untreated wash water are relatively high 
throughout the two washing events. Concentrations of metals, nutrients, 
TOC, DOC and PAHs vary throughout the whole washing procedure. 

The Nitrogen content is elevated in all samples from the 1st wash 
compared to the 2nd wash. In the 1st wash the total concentration of 
Nitrogen (total-N) varied between 3.2 - 16 mg/l. In the 2nd wash the 
total-N concentration varied between 2 - 9 mg/l. The Nitrate 
concentration accounts for 17 – 30% of the total-N concentration in the 
12 samples (Table 15). 

The concentrations of PAHs range from 0.4–29 µg/l (Table 16). The 
total concentration of PAHs consist of 16 – 40% cancerogenic PAHs in 
the 12 samples. The PAH content was elevated in most samples from 
the 1st wash compared to the 2nd wash. 

Average, minimum and maximum concentrations of metals in particulate 
and dissolved forms in untreated wash water are presented in table 17. 

Table 16. Concentration of PAHs in untreated incoming tunnel 
wash water. The 8 most common individual PAHs occurring in 
wash water are listed; *= below detection limit. 
Variable Unit Min t(0) Max t(0) AVERAGE 

t(0) 
Water 
samples (n) 

Σ 16PAH (µg/l) 0.41 29 8.54 12 

Σ PAH cancerogenic (µg/l) 0.07 8.9 2.73 12 

Σ PAH other (µg/l) 0.34 20 5.82 12 

   Pyren (µg/l) 0.11 6.26 1.88 12 

   Fluoranten (µg/l) 0.02 5 1.56 12 

   Fenantren (µg/l) 0.11 4.84 1.31 12 

   Bens(b)fluoranten (µg/l) 0.03 2.49 0.75 11* 

   Benso(ghi)perylen (µg/l) 0.03 2.14 0.69 12 

   Krysten (µg/l) 0.02 1.73 0.57 12 

   Bens(a)pyren (µg/l) 0.02 1.21 0.4 12 

   Bens(a)antracen (µg/l) 0.02 1.33 0.38 12 
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Table 17. Total concentration of metals and metal concentration in dissolved 
forms in untreated incoming tunnel wash water; *= below detection limit. 
Variable 

  

Unit 

  

Total concentration t(0) Dissolved form t(0) Water 
samples (n) 

  
Min  Max  AVERAGE Min Max  AVERAGE  

Al µg/l 14 700 156 000 73 741 17.9 91 45.9 12 

As µg/l 4.57 37.3 16.8 1.16 3.24 1.91 12 

Cd µg/l 0.25 2.41 1.02 < 0.05 0.07 0.05 10* 

Co µg/l 32.6 286 138.4 3.25 12.6 6.41 12 

Cr µg/l 38.8 397 182.3 0.54 3.84 1.94 12 

Cu µg/l 175 1 290 649.1 1.89 36 14.4 12 

Fe mg/l 23.6 298 134.9 0.028 0.35 0.13 12 

Hg µg/l 0.04 0.56 0.2 < 0.2 < 0.2 < 0.2 11* 

Mn µg/l 400 5 300 2 242 12.4 272 110.9 12 

Ni µg/l 23.6 187 88.3 5.24 9.17 7.17 12 

Pb µg/l 26.7 304 131.6 < 0.5 2.1 1.05 12 

Zn µg/l 632 6 290 2 694 8.4 91.1 45.5 12 

 

Correlation of TSS and Turbidity 

In the 2nd wash, turbidity field measurements of incoming wash water 
were made on 30 samples (Fig. 13). The measured turbidity varied in the 
range of 710- 10 500 FNU in the wash water. 

The correlation between TSS and turbidity was studied on 71 samples. 
The Linear Correlation Factor (R2) show relatively good correlation 
between TSS and turbidity measurements. The result show different 
correlation between TSS and turbidity in different TSS concentration 
intervals. In TSS interval 0- 1000 mg/l, the Linear Correlation Factor is 
0.81 (Fig. 14). In TSS interval 0- 500 mg/l, the Linear Correlation Factor 
is 0.87. In TSS interval 0-250 mg/l, the Linear Correlation Factor is 0.66. 

 

 

Figure 13. Turbidity field measurements and TSS concentrations of untreated wash 
water from the 2nd wash including sampling time. Turbidity (dashed line); TSS 
concentration (square). 
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Figure 14. Correlation between TSS and turbidity in TSS 
concentration interval 0- 1000 mg/l;  
TSS=0.474*(Turbidity) + 19.04;  Linear Correlation Factor= 0.812 

Correlation of PAH, metals and TSS 

The correlation of PAHs and metals with the particulate material was 
studied on all analyzed water samples from the 12 sedimentation trials. 
The result show good correlation between all metals and TSS (Table 18). 
The number of samples for each parameter differs since several metal 
concentrations reached levels below the detection limit during 
sedimentation. The Linear Correlation Factor is 0.98 for Cu (Fig. 15) and 
0.95 for Zn (Fig. 16). With exception of Hg all metals have a Linear 
Correlation Factor > 0.95. The correlation between PAHs and TSS is 
noticeable with a Linear Correlation Factor of 0.48 (Table 18, Fig. 17). 
The hardness show good correlation to TSS. 

 

 

Figure 15. Correlation between total concentration of Cu and 
TSS concentration. Total Cu concentration (square); Dissolved 
Cu concentration (triangle). 

Cu = 0.14*(TSS) + 27.99;  Linear Correlation Factor = 0.98 
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Table 18. Linear correlation factor (R2) for ΣPAH, metals, hardness (°dH) and 
total suspended solids concentrations. n=Number of samples; *=Samples below 
detection limit are not included. 
  ΣPAH Al As Cd Co Cr Cu Fe Hg Mn Ni Pb Zn °dH 

R
2
 0.48 0.97 0.98 0.99 0.99 0.98 0.98 0.97 0.92 0.97 0.98 0.99 0.95 0.9 

n 55 55 55 35* 55 55 55 55 18* 55 55 43* 55 55 

 

 

Figure 16. Correlation between total concentration of Zn and TSS 
concentration. Total Zn concentration (square); Dissolved Zn 
concentration (triangle). 
Zn = 0.61*(TSS) + 35.7;  Linear Correlation Factor = 0.95  

 

Figure 17. Correlation between total concentration of Σ 16PAH, 
ΣPAH cancerogenic and TSS concentration. Total Σ 16PAH 
concentration (square); ΣPAH cancerogenic (triangle).  

Σ 16PAH= 0.0017*(TSS) + 0.86;  Linear Correlation Factor= 0.48 

ΣPAH cancerogenic = 0.0005*(TSS) + 0.26;  Linear Correlation 
Factor = 0.49  
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Sedimentation trial 

Results from the 12 sedimentation trials show that TSS, total 
phosphorus (total-P), PAHs and all studied metals can be removed by 
sedimentation. From the 2nd wash it was also observed that TOC was 
removed by sedimentation. However, results from the 1st wash only 
show removal of TOC in two trials within a 40 hours sedimentation 
period.  

No removal of DOC, total-N, Nitrate, Chloride and Sulphate was 
observed within a 40 hours sedimentation period. This is due to their 
occurrence in dissolved forms.  

The 12 sedimentation trials are presented as T1- T12, where the first six 
trials (T1- T6) are results from the vessels filled during the 1st wash. The 
last trials (T7-T12) are results from the vessels filled during 2nd wash. 

Total Suspended Solids 

The removal of TSS from the initial untreated wash water is ranging 
from 87% to over 99% within a 40 hours sedimentation period. After 40 
hours sedimentation, TSS is removed from 804 - 9690 mg/l to 5 - 204 
mg/l. 

In figure 18 the TSS concentration in each vessel from the 1st wash is 
presented. Two different concentrations of the chemical flocculent 
aluminum chloride (PAX) was added to T3 (13g Al/m3), T5 (10g 
Al/m3), and T6 (13g Al/m3). After 15 minutes, 19- 93% of TSS were 
removed in the trials without flocculent. With addition of flocculent the 
removal was higher and 92- 98% of TSS were removed within the first 
15 minutes. 

In all 12 sedimentation trials, TSS was removed by 42- 99% after 30-45 
minutes. The addition of flocculent was an important component for 
effective TSS removal and higher sedimentation rate.  

 

 

Figure 18. TSS concentration in the six sedimentation trials, T1- 
T6, during 1st wash. 
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Figure 19. TSS concentration in the sedimentation trials without flocculent (T1, T2 
and T4) compared to TSS concentration in the trials with addition of flocculent (T3, 
T5 and T6). TSS concentration in wash water from the 1st wash for sedimentation 
time t> 0.5h. 

There was an apparent difference in the sedimentation trials where 
flocculent was added, compare to the trials with no flocculent addition 
(Fig. 19). In the sedimentation trials from the 2nd wash, where flocculent 
was added in all trials, TSS was removed by over 98 % within the first 30 
minutes. In the sedimentation trials without flocculent addition, TSS was 
only removed by 42 - 94% within the first 45 minutes.  

With exception of T5 all sedimentation trials with addition of flocculent 
reached concentrations of TSS < 11 mg/l within 20 hours (Table 19). 
Without addition of flocculent the concentrations of TSS reached 105 – 
204 mg/l after 33- 38 hours of sedimentation (Table 20). 

Table 19. TSS concentration in untreated wash water; TSS concentration after 18- 
23 h sedimentation including the surface loading rate; removal of TSS after 18- 23 
h sedimentation. 
Trial Flocculent 

addition  

(g Al/ m
3
) 

Sedimentation 
time (h) 

Surface loading 
rate (m/h) 

TSS (mg/l) 

Untreated 
water 

TSS (mg/l) 

Sedimentated 

water 

Removal (%) 

T1 - 23 h 0.012 6 510 170 97 % 

T2 - 22 h 0.013 804 155 81 % 

T3 13g Al/ m
3
 < 20 h 0.036 5 500 < 0.5 > 99 % 

T4 - 19 h 0.016 5 120 281 95 % 

T5 10g Al/ m
3
 18 h 0.015 5 540 58.5 99 % 

T6 13g Al/ m
3
 < 20 h 0.15 4 940 10.1 > 99 % 

T7 10g Al/ m
3
 < 20 h 0.016 9 690 <2.6 > 99 % 

T8 13g Al/ m
3
 < 20 h 0.016 3 800 2.7 > 99 % 

T9 10g Al/ m
3
 < 20 h 0.017 1 440 8.7 99 % 

T10 13g Al/ m
3
 < 20 h 0.017 1 290 7.3 99 % 

T11 10g Al/ m
3
 < 20 h 0.017 3 440 7.9 > 99 % 

T12 13g Al/ m
3
 < 20 h 0.018 3 250 3.9 > 99 % 
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Table 20. TSS concentration in trials without flocculent addition after 33- 38 h 
sedimentation including the surface loading rate; Removal of TSS after 33- 38h 
sedimentation. 
Trial Flocculent 

addition  

(g Al/ m
3
) 

Sedimentation 
time (h) 

Surface 
loading rate 
(m/h) 

TSS (mg/l) 

Untreated 
water 

TSS (mg/l) 

Sedimentated 

water 

Removal (%) 

T1 - 38 h 0.007 6 510 111 98 % 

T2 - 37 h 0.007 804 105 87 % 

T4 - 33 h 0.008 5 120 204 96 % 

 

The removal of TSS for the surface loading rates in sedimentation trials 
T1-T6 are presented in figure 20. With high surface loading rate only the 
larger, denser particles with high settling velocity will have time to settle. 
The concentration of TSS will be reduced if the smaller particles also 
have time to settle. Thus, a low surface loading rate will allow more 
particles to settle and increase the sedimentation efficiency. In figure 21 
the remaining TSS concentration is presented for the surface loading 
rates in sedimentation trials T1-T6. 

 

 

Figure 20. Removal (%) of TSS in sedimentation trials T1-T6 for different surface 
loading rates. 
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Figure 21. Remaining TSS concentration in sedimentation trials T1-T6 for different 
surface loading rates. 

Phosphorus 

After 40 hours sedimentation, the total content of phosphorus (total-P) 
was removed from 0.4-1.3 mg/l to 0.01-0.09 mg/l (Fig. 22). The removal 
from the initial phase show that total-P is particle bound. In the trials 
without flocculent, 28- 78% of total-P was removed after 15 minutes. In 
the trials where flocculent was added the removal was higher and 90- 
95% of total-P was removed within the first 15 minutes. 

All sedimentation trials without addition of flocculent reached total-P 
concentrations of 0.08- 0.13 mg/l after 19- 23 hours (Table 21). With 
addition of flocculent the concentrations of total-P reached 0.01- 0.038 
mg/l within 20 hours. 

 

 

Figure 22. Total-P concentration in sedimentation trials T1- T6. 
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Table 21. Total-P concentration in untreated wash water; Total-P concentration 
after 18- 23 h sedimentation; Removal of Total-P after 18- 23 h sedimentation. 
Trial Flocculent 

addition  

(g Al/ m
3
) 

Sedimentation 
time (h) 

Total-P (mg/l) 
Untreated water 

Total-P (mg/l) 
Sedimentated 
water 

Removal (%) 

T1 - 23 h 1.31 0.12 91 % 

T2 - 22 h 0.38 0.078 79 % 

T3 13g Al/ m
3
 < 20 h 0.74 0.014 98 % 

T4 - 19 h 1.02 0.13 87 % 

T5 10g Al/ m
3
 18 h 1.29 0.013 99 % 

T6 13g Al/ m
3
 < 20 h 1.19 0.016 99 % 

T7 10g Al/ m
3
 < 20 h 0.84 0.038 95 % 

T8 13g Al/ m
3
 < 20 h 0.87 0.02 98 % 

T9 10g Al/ m
3
 < 20 h 0.57 0.015 97 % 

T10 13g Al/ m
3
 < 20 h 0.39 0.018 95 % 

T11 10g Al/ m
3
 < 20 h 0.58 0.011 98 % 

T12 13g Al/ m
3
 < 20 h 0.99 < 0.010 > 99 % 

 

PAHs 

In the sedimentation trials without addition of flocculent the removal of 
total PAHs range between 64- 90% within the first 23 hours (Table 22). 
In the sedimentation trials with addition of flocculent the removal is 
higher and range between 85- 99%. Figure 23 illustrates the total PAH 
concentration in two sedimentation trials, T3 and T4; one with addition 
of flocculent and one without. The removal of PAHs for the surface 
loading rates in sedimentation trials T1-T6 are presented in figure 24. A 
low surface loading rate increases the sedimentation efficiency and the 
removal of PAHs (Fig. 25). 

Table 22. Σ 16PAH concentration in untreated wash water; Σ 16PAH 
concentration after 18- 23 h sedimentation including the surface loading rate; 
Removal of Σ 16PAH after 18- 23 h sedimentation. 
Trial Flocculent 

addition  

(g Al/ m
3
) 

Sedimentation 
time (h) 

Surface 
loading rate 
(m/h) 

Σ 16 PAH (µg/l) 
Untreated 
water 

Σ 16 PAH (µg/l) 
Sedimentated 
water 

Removal 
(%) 

T1 - 23 h 0.012 29 2.8 90 % 

T2 - 22 h 0.013 4.5 1.6 64 % 

T3 13g Al/ m
3
 < 20 h 0.036 16 0.044 > 99 % 

T4 - 19 h 0.016 17 2.2 87 % 

T5 10g Al/ m
3
 18 h 0.015 5.4 0.79 85 % 

T6 13g Al/ m
3
 < 20 h 0.15 13 0.082 99 % 

T7 10g Al/ m
3
 < 20 h 0.016 3.1 0.038 99 % 

T8 13g Al/ m
3
 < 20 h 0.016 3.7 0.036 99 % 

T9 10g Al/ m
3
 < 20 h 0.017 0.41 0.037 91 % 

T10 13g Al/ m
3
 < 20 h 0.017 3.9 0.036 99 % 

T11 10g Al/ m
3
 < 20 h 0.017 0.93 0.054 94 % 

T12 13g Al/ m
3
 < 20 h 0.018 5.5 0.044 99 % 
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Figure 23. Total ΣPAH concentration in sedimentation trial T3 
(with flocculent) and T4. T3 (blue line); T4 (red line). 

 

 

Figure 24. Removal (%) of PAHs for different surface loading 
rates in sedimentation trials T1-T6. 

 

 

Figure 25. Remaining PAH concentration in sedimentation trials 
T1-T6 for different surface loading rates. 
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Metals 

All metals are removed by sedimentation. Table 23 presents the metal 
concentration in untreated wash water from the 1st wash and the 
concentration after 1.5 hour and 18-23 hours of sedimentation. The 
removal is higher in the trials where the flocculent is used. The 
concentration of Hg was below the detection limit (<0.02 µg/l) after 20 
hours of sedimentation in all trials. The concentration of Cd was below 
the detection limit (<0.05 µg/l) after 20 hours of sedimentation in the 
trials where flocculent was used.  

Table 23. Metal concentrations in sedimentation trials T1-T6; Initial concentration 
in wash water; Concentration after 1.5 h sedimentation, Concentration after 18- 23 
h sedimentation; *= flocculent (10 g Al/m3); **= flocculent (13 g Al/m3) 
Parameter Sedimentation 

time (h) 
Trial 

          

T1 T2 T3** T4 T5* T6** 

Al (µg/l) 0 108 000 14 700 129 000 73 000 81 400 81 000 

  1.5 h 7 520 7 530 397 11 400 2 020 425 

  18 - 23 h 5 100 3 050 398 6 280 1 950 394 

As (µg/l) 0 23.7 4.57 22.7 17 20.1 18.1 

  1.5 h 2.41 3.52 1.28 3.82 1.86 0.67 

  18 - 23 h <5 3.15 <1 3.58 1.42 0.76 

Cd (µg/l) 0 1.75 0.25 1.41 1 1.21 1.28 

  1.5 h 0.12 0.18 <0.05 0.19 <0.05 <0.05 

  18 - 23 h 0.10 0.12 <0.05 0.19 <0.05 <0.05 

Cr (µg/l) 0 245 38.8 295 181 208 203 

  1.5 h 13.7 21.5 4.22 26.5 7.49 2.63 

  18 - 23 h 8.06 14.4 4.14 19.3 7.53 2.66 

Cu (µg/l) 0 943 193 937 690 770 816 

  1.5 h 55.3 118 20.7 143 21.9 11.2 

  18 - 23 h 44.2 82.4 20.7 97.9 23.9 11.4 

Fe (µg/l) 0 201 000 24 000 237 000 132 000 150 000 147 000 

  1.5 h 10 300 10 600 70 16 600 340 160 

  18 - 23 h 5 810 4 240 20 8 230 280 60 

Hg (µg/l) 0 0.32 0.04 0.12 0.22 0.17 0.19 

  1.5 h <0.02 <0.02 <0.02 0.02 <0.02 <0.02 

  18 - 23 h <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn (µg/l) 0 3 480 400 3 000 2 050 2 340 2 400 

  1.5 h 393 189 71.2 259 21.5 33.6 

  18 - 23 h 323 86.7 69.7 141 21.8 31.9 

Ni (µg/l) 0 124 23.6 127 78 102 88.5 

  1.5 h 15.9 14.2 5.09 15.9 4.75 3.94 

  18 - 23 h 15 11 5.55 13.2 5.67 3.75 

Pb (µg/l) 0 187 26.7 170 140 145 166 

  1.5 h 12 14.4 <0.5 18.8 0.81 <0.5 

  18 - 23 h 9.7 8.13 <0.5 13.9 1.03 <0.5 

Zn (µg/l) 0 3 100 632 4 270 2 190 3 120 2 590 

  1.5 h 185 349 50.8 349 43.4 24.5 

  18 - 23 h 147 212 49.4 309 51.7 27.3 
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Table 24. Concentration of dissolved metals in untreated wash water and the 
concentration after sedimentation from trial T1-T6; *= flocculent (10 g Al/m3); 
**= flocculent (13 g Al/m3).  

 Trial T1 

 

T2 

 

T3** 

 

T4 

 

T5* 

 

T6** 

 Sediment-
ation (h) 

0 h 38h 0 h 37h 0 h 33h 0 h 33h 0 h 32h 0 h 31h 

Al (µg/l) 17.9 24.7 60.4 29.1 31.4 63.5 62.9 43 91 67.8 38.1 59.5 

As (µg/l) 2.2 5.55 1.85 2.08 2.65 <2 3.24 2.74 2.81 1.45 2.78 <1 

Cd (µg/l) <0.05 <0.05 0.07 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Co (µg/l) 3.36 7.46 7.39 8.5 5.03 8.12 6.62 9.1 4.81 5.52 4.57 5.24 

Cr (µg/l) 0.92 0.77 3.84 7.05 <0.5 4.39 1.96 7.51 1.35 7.25 0.72 3.02 

Cu (µg/l) <1 13.6 36 38.4 12.9 23.2 15.3 34.8 14.9 16.5 11.6 11.8 

Fe (mg/l) 0.15 0.17 0.03 0.02 0.13 <0.02 0.07 0.06 0.22 0.01 0.03 <0.004 

Hg (µg/l) <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn (µg/l) 257 257 18.8 18.7 106 74 25.7 19 12.4 16.6 20.3 34.2 

Ni (µg/l) 9.17 10.2 8.15 7.68 6.51 6.66 7.81 6.59 6.59 5.3 5.24 3.84 

Pb (µg/l) <0.2 1.17 0.77 <0.2 <0.2 <0.2 2.10 0.74 1.23 <0.2 0.85 <0.2 

Zn (µg/l) <2 21.8 70.4 11.6 34.2 54.2 40.8 28.9 91.1 4.55 21.4 28 

 

Among the metals, Fe and Pb showed the highest removal in the nine 
sedimentation studies where flocculent was used. After less than 20 
hours of sedimentation, Fe was removed by 99.6 - 99.9 % and Pb was 
removed by 98.5 - 99.8 %. The lowest removal was found for Ni (76.3 - 
97.5 %) and Co (78- 97.6 %) after 20 hours of sedimentation with 
flocculent. 

Concentration of each metal in dissolved phase from the 1st wash is 
presented in table 24. No reduction of the dissolved metal 
concentrations occurred during the sedimentation period (Table 24). The 
dissolved metal concentration of Hg and Cd were below the detection 
limit. 

TOC 

The analysis result shows that TOC in wash water from the 2nd wash was 
removed by sedimentation (Table 25). The results from the 1st wash only 
show removal of TOC in two trials within a 40 hours sedimentation 
period. 

Table 25. TOC concentration in untreated wash water from the 
2nd wash; TOC concentration after 20 h sedimentation; Removal 
of TOC after 20 h sedimentation. 
Trial Flocculent 

addition 
Sedimentation 
time (h) 

TOC (mg/l) TOC (mg/l) Removal (%) 

T7 10g Al/ m
3
 < 20 h 19.2 11.9 38 % 

T8 13g Al/ m
3
 < 20 h 52.3 19.7 62 % 

T9 10g Al/ m
3
 < 20 h 88.8 38.4 57 % 

T10 13g Al/ m
3
 < 20 h 76.5 34.7 55 % 

T11 10g Al/ m
3
 < 20 h 48.5 30.5 37 % 

T12 13g Al/ m
3
 < 20 h 49.7 28.7 42 % 
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DISCUSSION  

Wash water pollutants - environmental regulations 

Discharge of stormwater to a receiving water body is governed by 
environmental guidelines and regulations (Table 3). The concentration of 
TSS, PAHs and metals found in untreated tunnel wash water measured 
levels over tens of times larger than the moderate guideline value for 
stormwater discharge. According to EU Directive (1991/271/EEC) of 
discharge requirements for urban wastewater, the concentration of 
Nitrate, Ammonium and total-P found in untreated wash water was just 
below the guideline value. The concentration of total-N in untreated 
wash water was ranging from 2 to 16 mg/l and to a small extent elevated 
compare to the EU Directive (Table 3). The concentration of TSS in 
untreated wash water was 30 – 100 times higher than the EU Directive 
guideline level. The findings suggest that treatment of tunnel wash water 
is necessary before released to a recipient.  

However, stormwater discharged to municipal wastewater treatment 
plants is also governed by guidelines (Table 3). This is due to the 
difference in pollutant composition in domestic wastewater and 
stormwater (Table 26).  

Kayhanian. el al. (2012) reviewed published studies on highway runoff 
characterization which reveal contaminant compositions similar with the 
composition found in untreated tunnel wash water from the field study, 
with high concentration of TSS, PAHs and metals. However, the results 
from the field study show higher concentration of pollutants in untreated 
wash water than in highway runoff. Industrial wastewater discharge 
regulations to municipal wastewater treatment plants in Stockholm are 
listed in Table 3. Compared to the regulation value all metal 
concentrations in untreated tunnel wash water are too high, in particular 
Cr (38,8- 397μg/l), Cu (175- 1290 μg/l) and Zn (632 – 6290 μg/l). Thus, 
tunnel wash water needs to be treated separately before discharged to a 
treatment plant or to a recipient. 

 

Treatment results from the field study  

Evaluation of the treatment results from the sedimentation study show 
that PAHs, metals and total-P had an affinity to the particulate material 
and could also readily be removed by sedimentation. The final TSS 
concentration after sedimentation was dependent on whether or not 
chemical flocculent was added to the water.  

Table 26. Average, minimum and maximum concentrations in 
collected samples of untreated tunnel wash water from the Field 
study; Untreated wastewater received in Henriksdal’s 
wastewater treatment plant (Stockholm Vatten, 2010).  
Variable Tunnel wash water (Field Study) Domestic waste-

water Henriksdal  

 
Min  Max AVERAGE 

TSS (mg/l) 804 9 690 4 426 290 

TOC (mg/l) 19.2 88.8 47.3 130 

Total-P (mg/l) 0.38 1.31 0.85 5.3 

Total-N (mg/l) 2.03 16 7.65 43 

Ammonium nitrogen, 
NH4-N (mg/l) 

0.06 0.32 0.11 29 
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Table 27. pH and TSS concentration in trials without flocculent 
addition after 33- 38h sedimentation; Removal of TSS after 33- 
38h sedimentation. 
Trial pH Sedimentation 

time (h) 
TSS (mg/l) 
Untreated 
water 

TSS (mg/l) 
Sedimentated 
water 

Removal 
(%) 

T1 8.25 38 h 6510 111 98 

T2 9.05 37 h 804 105 87 

T4 9.0 33 h 5120 204 96 

 

High concentration of TSS also implies elevated concentrations of very 
fine suspended particles. Without flocculants causing the fine particles to 
aggregate, the sedimentation rate decreases more and more the further 
the sedimentation process goes on. In the three trials without flocculent, 
the reduction of TSS concentration the last 15 hours was less than 80 
mg/l.  The final TSS concentration in these three trials reached 105 – 
204 mg/l after 33- 38 hours (Table 27). The flocculent was an important 
component for further reducing the TSS concentrations in the treated 
wash water. With exception of trial T5 the result show that with addition 
of flocculent, the TSS concentrations reached < 11 mg/l within 20 
hours, thus below the guideline values (Table 3).  

The sedimentation rate in trial T5 decreased significantly after one hour 
with the TSS concentration 66 mg/l. The removal rate of TSS the next 
30 hours was almost stagnant and the last measured TSS concentration 
was 50 mg/l. The addition of flocculent in T5 was 10 mg Al/m3 which 
was the lower of the two flocculent concentrations added in the 
sedimentation study. T5 also measured the highest pH (9.25) in the 
sedimentation study which indicates a comparatively higher 
concentration of detergents in this water. Analyses of detergents effect 
on the sedimentation process was not made in this study. However, 
earlier research shows that detergents may have negative effects on 
flocculation characteristics and decrease the settling velocity of the 
particulate material (Sjögren, 2004). Thus, one explanation could be that 
the addition of flocculent in T5 was not enough for effective flocculation 
to occur. The high pH may also have negative effects on flocculation 
characteristics. In T5 the pH was 8 after addition of flocculent, 
compared to pH 6.8-7.7 in the other trials with addition of flocculent.  

Further evaluation of the trials without flocculent addition show that trial 
T1, with the lowest pH, also had the highest removal of TSS (Table 27). 
This could be due to low detergent concentration and the high chloride 
concentration in this water. Previous studies describe that high chloride 
concentration in water may increase the sedimentation rate (Hallberg, 
2007).  

No removal of total-N, Nitrate and Ammonium was observed, thus 
these components were not particle bound in the tunnel wash water. The 
concentrations of total-N after sedimentation were ranging between 1.9-
18.3 mg/l.  

Metals were present in both particulate and dissolved forms. The 
concentration of dissolved metals in untreated wash water varied 
between 0.02- 40 % of the total metal concentrations. The proportion 
between dissolved and particulate phase varied greatly between different 
metals. Concentrations of Al and Fe in dissolved phase were less than 
1%. Concentrations of Cr, Cu, Pb and Zn in dissolved phase were less 
than 10 %. Thus, metals were mainly associated with the particulate 
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material and were removed by sedimentation. As previous research has 
revealed on road runoff (Hallberg & Renman, 2007), metals show good 
correlation with the particulate material. With exception of Hg the 
correlation between all studied metals and TSS had a Linear Correlation 
Factor > 0.95 (Table 18). The result indicates that, similar as with road 
runoff, the metals in tunnel wash water have a strong affinity to TSS. 
The correlation was not as strong between the PAHs and TSS but still 
show a correlation with a Linear Correlation Factor of 0.48. 

Relatively good correlation between turbidity and TSS was also observed. 
In TSS interval 0- 1000 mg/l the Linear Correlation Factor was 0.81. 
Turbidity measurements are easy to measure quickly and are often used 
to indirectly estimate TSS concentrations. The correlation could be used 
to offer more efficient predictions when monitoring the decrease in TSS 
by turbidity measurements in wash water during sedimentation. 

Treatment results from the field study showed that with addition of 
chemical flocculent, the discharge guidelines for stormwater in 
Stockholm (Table 3) could be reached for PAHs and the metals Cd, Cr, 
Hg, Pb and Zn after 20 hours of sedimentation. The concentrations of 
these pollutants after sedimentation are below the limit for low levels 
according to the Stockholm Dagvattenstrategi (Stockholms stad, 2002). 
Cu reached low levels in 3 trials and moderate levels in the rest of the 
trials with flocculent addition. 

Without addition of flocculent the metals Cd and Hg were below the 
limit for low levels according to the Stockholm Dagvattenstrategi 
(Stockholms stad, 2002). The metals Cr, Pb and Zn only reached 
moderate levels after 33-38 hours sedimentation. PAHs reached low 
levels in one trial and moderate levels in the remaining two trials without 
flocculent after 33-38 hours sedimentation. Cu showed high levels in all 
trials without flocculent after 33-38 hours sedimentation. 

The fact that some water recipients are more sensitive than others, 
maximum pollutant discharge levels must be evaluated from case to case. 
Treated wastewater may only be discharged to water recipients where 
there is evidence that it can be done without adverse environmental 
impact (Mróz et al., 2008). Thus, moderate levels may not be sufficient 
for a very sensitive recipient.  

Concerning discharge requirement to a wastewater treatment plant 
(Table 3), the results from the field study show that this is possible for 
the analyzed parameters in tunnel wash water after undergoing treatment 
with chemical flocculent. There are however other factors, such as 
nitrification inhibition to consider when releasing water to a wastewater 
treatment plant. Nitrification inhibition of tunnel wash water was also 
analyzed and is presented separately (submitted to Water research, 2012) 

CONCLUSION  

The findings from this study show that most pollutants from tunnel 
wash water are associated with the particulate matter. Significant 
correlations (r2 > 0.95) were found between TSS and Al, As, Cd, Co, Cr, 
Cu, Fe, Mn, Ni, Pb and Zn. A good correlation was found between 
turbidity and TSS, providing the possibility of estimating TSS 
concentrations from turbidity measurements with comparatively good 
accuracy. A correlation (r2 = 0.49) was also found between TSS and 
PAHs. 

Obtained results show high pollution load in untreated tunnel wash 
water, consequently separated treatment is necessary before discharged 
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to a water recipient or to a wastewater treatment plant. Moreover, the 
results show efficient removal of pollutants by sedimentation with 
addition of chemical flocculent. Within 20 hours of sedimentation, 
concentrations below the guideline levels for discharge of stormwater in 
Stockholm were reached for TSS (<15mg/l), PAHs (<0.1 µg/l), Cd 
(<0.05 µg/l), Cr (< 8 µg/l), Hg (<0.02 µg/l), Pb (<0.5 µg/l) and Zn (< 
60 µg/l).  Results from this study confirm the possibility to treat tunnel 
wash water with chemical flocculent and to discharge the treated water 
to a recipient, provided individual consideration is given to 
environmental aspects of very sensitive water systems.  

 

FURTHER STUDIES  

Further research of detergents effect in the sedimentation process would 
be valuable for optimizing detergents with lowest negative impact on the 
sedimentation process. The retention time in the sedimentation basin can 
be shortened by using detergents with good flocculation characteristics 
and with low impact on the sedimentation rate. 
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