
1 
 

 

 

 

 

 

Master’s thesis 

Two years 

 

 

 

 

 

 

 

Environmental science 

 

OPEN STORMWATER SYSTEMS FOR REDUCTION OF HEAVY METALS 

AN EVALUATION OF COMMONLY USED DIMENSIONING METHODS 

Johan Jönsson 



i 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MID SWEDEN UNIVERSITY 
Ecotechnology and Sustainable Building Engineering 

Examiner: Anders Jonsson, anders.jonsson@miun.se 

Supervisor: Erik Grönlund, erik.gronlund@miun.se 

Author: Johan Jönsson, jojo1218@student.miun.se 

Degree program: International Masters Programme in Ecotechnology and Sustainable 

Development, 120 credits 

Main field of study: Environmental science 

Semester, year: 04, 2018  

 

  



ii 
 

ABSTRACT 

In Östersund there are a few stormwater ponds and oil separation units connected to the stormwater 

network, but mostly there is no systems for filtration of stormwater before it is released into a nearby 

lake which acts as Östersund’s source of drinking water. In the Industrial area in Lugnvik there is an oil 

separation unit connected to the stormwater network but no other means of filtration. This study will 

be conducted as a case study for the industrial part of catchment area 6 of the municipality of 

Östersund’s stormwater system, where this area acts as an example to apply the dimensioning 

methods on. Aside from grease (O/G) residues that might be removed by the oil separation unit, 

pollutants such as heavy metals, nutrients and suspended solids (SS) are present in the area. Which 

will make its way to the lake trough the existing stormwater system. One way to filtrate stormwater is 

to construct an open vegetated stormwater system, where the water is filtered as it passes through 

the vegetation and/or infiltrates to the ground and/or trough sedimentation.  

The purpose of this study is to evaluate some commonly used for Sweden relevant methods for 

dimensioning open stormwater systems. The evaluation is to see if the methods result in a system size 

that would give a satisfactory removal of heavy metals, or if the methods is not suitable to use for 

dimensioning a vegetated stormwater system if the purpose is to remove heavy metals. The study 

should give answers to if currently and commonly used methods for dimensioning open stormwater 

systems is suitable to use for dimensioning of open vegetated stormwater systems by relating the 

results to real examples when the purpose of the open stormwater system is to reduce heavy metal 

concentrations. Further, the study shall help to identify important factors that regulates the removal 

rate of heavy metals as well as determine what particle size that should be targeted to reach a 

satisfactory removal rate of heavy metals.  

A conclusion if the dimensioning methods is suitable to use or not is difficult to draw as the size of the 

system depends on what values that are used to calculate the stormwater flow. Therefore, there is a 

large variation in the resulting system size. To add to this uncertainty, the projection that is based on 

measurements on real systems is not accurate as this only use the size of the system in relation to the 

size of the impervious catchment area as a factor for heavy metal removal. In reality this is not the 

case, which is indicated by the R2-values of these projections. Other factors that in this study is 

confirmed to have an impact on the removal rate is particle size, surface load/flow, and in the case of 

vegetated filter strips the slope of the filter. The particle size that should be targeted is likely within 

the range of 45-65 µm. 
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1 INTRODUCTION 

Cities expand, and more and more land are turned into hard surfaces that does not allow storm water 

to infiltrate to the ground. This does not only increase the risks for floods but will also facilitate for 

pollutants to be transported by urban surface runoff to nearby water bodies. Stormwater management 

has traditionally been done by collecting storm water in pipes running under ground and as fast as 

possible transport it to a recipient waterbody, in many cases untreated. To filtrate the stormwater 

could match the environmental goals of Sweden for “living lakes and streams”, “a toxic free 

environment” and “no eutrophication” (Naturvårdsverket, 2017). These systems can also act as a flood 

preventing system as they retard water flows and in turn takes away some load of the already existing 

stormwater system. This meets the growing demand of that cities should be more resistant to floods 

(Svenskt Vatten, 2016) and adds greenery to the cityscape that could improve the micro climate in the 

cities which would match the Swedish environmental goal “a good urban environment” 

(Naturvårdsverket, 2017). This will however not be covered in this study.   

In Östersund there are a few stormwater ponds and oil separation units connected to the stormwater 

network, but mostly there is no systems for filtration of stormwater before it is released into a nearby 

lake which acts as Östersund’s source of drinking water. In the Industrial area in Lugnvik there is an oil 

separation unit connected to the stormwater network but no other means of filtration. Aside from 

grease (O/G) residues that might be removed by the oil separation unit, pollutants such as heavy 

metals, nutrients and suspended solids (SS) are present in the area. Which will make its way to the lake 

trough the existing stormwater system. 

One way to filtrate stormwater is to construct an open vegetated stormwater system, where the water 

is filtered as it passes through the vegetation and/or infiltrates to the ground and/or trough 

sedimentation. Comings, et al. (2000) mesured the reduction of heavy metal concentrations from two 

wet stormwater ponds. The result showed a concentration reduction between inlet and outlet of 73% 

for Pb, 37-46% for Cu, 45-71% for Zn and 53-67% for Cd. The alternative to this would be to install 

filters at the inlet in the stormwater well. Hipp, et al. (2006) studied the removal rate of heavy metals 

with this types of filters and found that the mean removal rate for Pb was 74%, Cu was 19%, Zn was 

31% and Cd was 60%. 

 

 

 

 

 

 

 

 

 



2 
 

1.1 PURPOSE 
The purpose of this study is to evaluate some commonly used for Sweden relevant methods for 

dimensioning open stormwater systems. The evaluation is to see if the methods result in a system size 

that would give a satisfactory removal of heavy metals, or if the methods is not suitable to use for 

dimensioning a vegetated stormwater system if the purpose is to remove heavy metals. 

1.2 OBJECTIVES  
In the study currently and commonly used methods for 

dimensioning open stormwater systems will be evaluated. 

Further, the study shall help to identify important factors that 

regulates the removal rate of heavy metals as well as 

determine what particle size that should be targeted to reach 

a satisfactory removal rate of heavy metals.  

The study will be conducted as a case study for the industrial 

part of catchment area 6 of the municipality of Östersund’s 

stormwater system (figure 1), where this area acts as an 

example to apply the dimensioning methods on. The study 

will include open stormwater systems that by the author 

seem suitable for this case considered amount of pollutants 

and the amount of stormwater that can be considered to 

enter the system.  

1.3 METHODS 
The study is based on a case study of Lugnviks industrial area 

that will act as a model for applying currently and commonly 

used methods for dimensioning of open stormwater systems. The methods in question is presented in 

Larm (2000). Larm’s  report is conducted to compile a summary of recommendations regarding the 

design of different types of open stormwater systems. These methods will be evaluated by if the result 

is satisfactory in terms of heavy metal reduction and will be compared to metal reduction models 

based on a literature review of real case studies. The reduction goal (to reach a satisfactory removal 

rate) is set by using representative values from StormTac and guide values for havy metal emissions 

for stockholm municipality. StormTac is a database where pollutants that can be encountered in a 

specific urban area is mapped. 

The dimensioning storm water flow (Qdim) is calculated with a method presented in Larm (2000). The 

equation to calculate Qdim is the following: 

 

where Ndad is how many times larger the volume of the pond is compared to the annual mean 

precipitation depth (rda), tra is the mean duration of the precipitation event, ϕ is the runoff coefficient 

of the area and A is the size of the catchment area. The systems will be dimensioned with the method 

mentioned above if nothing else is specified, and will be dimensioned after Ndad=2, rda=6 and tra=11. 

For filter strips the rational method will be used for calculating Qdim: 

𝑄𝑑𝑖𝑚 = 𝐴 ∙ 𝜑 ∙ 𝑖 ∙ 𝑘𝑓 

Where A is the area of the catchment area, ϕ is the runoff coefficient, 𝑖 is the rain intensity and 𝑘𝑓 is 

a climate factor (normally set to 1,25). Vägverket (1998) recomend that vegetated filter strips is 

Figure 1. The highlighted area is the area of 
concern and is the industrial part of catchment 
area 6 of the municipality of Östersund’s 
stormwater system. (Modified map 
(Lantmäteriet, 2017)) 

𝑄
𝑑𝑖𝑚=

100𝑁𝑑𝑎𝑑𝑟𝑑𝑎𝜑𝐴
36𝑡𝑟𝑎
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dimensioned for 5-10 year ARI (Average Recurrence Interval) to prevent erosion of the filter strip. In 

this study a 5-year ARI will be the dimensioning rain intensity for vegetated filter strips. 

The evaluation of the amount and the nature of the pollutants will be based on representative values 

from Stormtac database and the size of the area calculated with a GIS program.  

The required detention time for a specific particle to settle is calculated by calculating the 

sedimentation velocity with Stokes law.  

The studied area is located in the Lungvik at the outskirts of Östersund city (63° 12' 33” N, 14° 38' 42" 

E). The area is part of catchment area 6 of Östersund municipality’s storm water system which consists 

of an industrial area and a residential area. The study is limited to the industrial area. The studied area 

houses scrapyards, a CHP-plant and transport companies to name a few of the operations in the area. 

The hard ground surfaces are either covered in asphalt or gravel. There are some larger continuous 

vegetated areas, e.g there is a power line corridor going from the CHP plant through the studied area. 

Pollutants that can be expected to be encountered in the area are mainly solids, heavy metals, oil and 

grease residues. 

2 OPEN STORMWATER SYSTEMS, IMPERVIOUSNESS  

AND COMMONLY USED DIMENTIONING METHODS 

2.1 OPEN STORMWATER SYSTEMS 
An open stormwater system is a facility that contribute in reducing the flow rate and/or volume of 

stormwater, which is achieved by infiltration, storage, detention and/or slow transport. Examples are 

swales, canals, ponds, green roofs and rain gardens. In this paragraph three systems that are 

considered applicable in the studied case considering pollutant load and stormwater flow, is described.  

2.1.1 Ponds 

Ponds is in this study defined as systems that separates contaminants by sedimentation in first hand 

but also by infiltration and filtration. Ponds are often used to remove sediments to take the load of 

downstream systems and as a pre-treatment for wetlands for the same reason but can also be used as 

a standalone system (Larm, 1994). Ponds can be constructed to dry out during periods (dry ponds) with 

no precipitation and fill up during runoff events or remain a permanent pool (wet ponds) (Larm, 1994).  

Wet ponds are most suited for applications on relatively large catchment areas and requires in generall 

some level of base flow to remain a permanent pool and to have a satisfactory circulation of water to 

prevent algal blooming that could cause problems like smell (Larm, 1994). However, if the circulation 

is satisfactory, wet ponds are suited to be applied close to residential areas. Wet ponds are commonly 

designed with a deeper part for sedimentation, which is the main pollutant removal function of a wet 

pond, and shallower part commonly vegetated, which could enhance the removal of finer particles by 

plant uptake (Larm, 2000). Wet ponds are suited for cold regions, but the function is somewhat limited 

during winter and early spring.  

The basic function of dry ponds is the same as for wet ponds, but they do not remain a permanent 

pool but instead dries out during periods with little to no participation. If the pond is planned to be 

built close to a residential area, measures should be taken to prevent smell that could occur when the 

sediment exposed during dry periods. (Larm, 1994) 
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For the sedimentation to function properly the surface load per unit of area must be less than the 

sedimentation velocity of the targeted particle according to:  

 

where vs is the sedimentation velocity calculated with Stokes law, Q is the surface load (flow through 

the system) and A is the surface area of the pond. The pond must be constructed in a way that the risk 

of short circuit flows is eliminated, which could have a negative impact on the pollutant removal rate. 

A short circuit flow is when the inflowing water flows directly to the outlet without being distributed 

evenly to the whole pond. This creates “dead” zones that, as a result, is not utilized for any type of 

pollutant removal and has little or no delaying effect on the water flow. This means that the effective 

surface area of the pond becomes significantly smaller than the actual size. The risk for short circuit 

flows becomes greater the smaller the pond is and if the length:width ratio is to small (≥3:1 is 

recommended (Larm, 2000)).  

A ponds required permanent volume can be calculated by using the following equation: 

 𝑉 = 3,6(𝑄𝑑𝑖𝑚 − 𝑄𝑜𝑢𝑡)𝑡𝑟1                         (1) 

where 𝑡𝑟1 is the duration of the precipitation event, Qdim is the dimensioning flow and Qout is the 

outflow from the pond. If tr1 should be used is however questionable, especially if the purpose of the 

pond is reduction of pollutant concentration. This is something Larm (2000) discuss in his repport and 

argues that tr1 should insted be replaced with td, which is the waters detention time in the pond: 

𝑉 = 3,6(𝑄𝑑𝑖𝑚 − 𝑄𝑜𝑢𝑡)𝑡𝑑                         (2) 

This could be a good method to dimension a pond with the purpose to remove a specific pollutant with 

a specific particle size by calculating the required detention time to enable sedimentation of that 

specific pollutant, by setting td to the required detention time of that pollutant. However, this equation 

is heavily dependent on the difference between Qdim and Qout. As this is the only variable of the 

equation if the detention time for a specific particle is set, Qout is what really determines the size of the 

pond. That brings us to another discussion by Larm (2000), namely if Qout should be used in the 

equation or if the equation instead sould look as following: 

(3) 

or 

(4) 

If the dimensioning flow from the catchment area is Qdim the equations above would lead to an over 

dimensioned system as Qout = 0 in this case. According to Persson (1999), Qdim should in this case instead 

be the flow trough the pond, and the yearly mean flow is comonly used. However, the problem of that 

the flow of water determins the size of the pond remains, and is now detirmined by the baseflow of 

the pond. As there are no particualary base flow in the studied area equation 3 and 4 will not be used. 

The required volume can also be calculated by using the following equation: 

𝑉 = 𝑁𝑑𝑎𝑝10𝜑𝐴𝑟𝑑                                                  (5) 

Where Ndap is how many times larger the volume of the pond is compared to the annual average runoff 

volume (10ϕArda) and rda is the annual average precipitation depth. 

𝑣𝑠 >
𝑄

𝐴
 

𝑉 = 3,6𝑄𝑑𝑖𝑚𝑡𝑟1 

𝑉 = 3,6𝑄𝑑𝑖𝑚𝑡𝑑 
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2.1.2 Constructed wetland 

The definition of a wetland is broad, and it can therefore be hard to describe a “standard” wetland. 

The Ramsar Convention defines a wetland as lakes and rivers, underground aquifers, swamps and 

marshes, wet grasslands, peatlands, oases, estuaries, deltas and tidal flats, mangroves and other 

coastal areas, coral reefs, and all human-made sites such as fish ponds, rice paddies, reservoirs and 

usalt pans. The definition of a constructed wetland with the purpose of pollutant removal or water 

retardation is about as diffuse. But one could say that the aim is to mimic swamps, marshes, wet 

grasslands and/or peatlands. Larm (2000) defines a constructed wetland as a system that consist of 

shallow and extensively vegetated parts that the stormwater are forced to run through to enhance 

filtration and deeper parts to enhance sedimentation. In the cases that is included in this study it is not 

always stated how the wetland is constructed and the construction could differ from the definition of 

a constructed wetland by Larm (2000). 

Equation 3 can also be used for calculating the required permanent volume of a constructed wetland, 

even though Larm (2000) does not confirm it, the assumption is made that Qdim also in this case is the 

flow through the system and that also equation 4 is possible to apply. However, the same problem 

occurs as for the dimensioning of the ponds, that the baseflow flow of water determins the size of the 

system. If the assumption is made that also equation 1 and 2 is possible to use in this case, it would be 

possible to dimension a wetland using the same method as for dimensioning a pond by using the same 

parameters. 

Another method is calculating the required volume as a function of the rain depth (rd): 

(6) 

In a second version of equation 6, the rain depth (rd) is replaced with the annual average precipitation 

depth (rda) and Ndap is included (which is how many times larger the volume of the wetland is compared 

to the annual average runoff volume (10ϕArda)) (see equation 5) 

In a third version of this equation the runoff volume(10ϕ𝐴𝑟) is replaced with the control volume (Vd) 

and Nd2 that is how many times larger the volume of the wetland is compared to the control volume 

replaces Ndap: 

𝑉 = 𝑁𝑑2𝑉𝑑                          (7) 

2.1.3 Filter strips 

Vegetated filter strips (also called buffer strips) is a vegetated, constructed or already existing, flat 

sloping surface where the filtration occurs as the stormwater flows through the vegetation and/or 

infiltrates to the ground. The stormwater can flow directly onto the filter strips from the catchment 

(Melbourne Water, 2005) or the stormwater can be collected in a distribution trench where it 

overflows onto the filter strip, as illustrated by Larm (2000).  

According to Deletic (2001), particle size, width of the filter strip, particle density, saturated hydraulic 

conductivity, and grass density is the most important parameters in that order for sediment reduction 

from stormwater when it comes to fillter strips. According to Daniels & Gilliam (1993), the most 

important parameters for sediment reduction from stormwater is the slope of the vegetated surface, 

the rainfall characteriztics, the grass density, and sediment inflow rate. They state that filters with the 

width of 6 m was as efficient in sediment reduction as filters with greater width. From their results it 

is also possible to see that the width of the filter is of great importance if the filter has a width of less 

than 6 m.  Further they state that the filter strips is more efficient for sediment reduction than for 

nutrient reduction. The reason for this is not stated, but if it is due to the smaller particle size of 

𝑉 = 10ϕ𝐴𝑟𝑑 
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particulate P and N compared to sediment and that some of it is in soluble form, the efficiency of the 

filter strips for reduction of hevy metals could be limited due to the same reason.  

The required total width of a filer strip can be calculated with the following equation: 

𝑤𝑡𝑜𝑡 >  0,2𝐿                            (8) 

L, which is the required length of the filter strip be calculated with the following equation: 

𝐿 >
𝑄𝑑𝑖𝑚

4,6
                           (9) 

The 4,6 in equation 9 is the hydraulic load in l/s/m. Instead of using the hydraulic load, it is possible to 

instead us maximum rain depth (rd) and the velocity of the water (v), this would result in the following 

equation: 

𝐿 >
𝑄𝑑𝑖𝑚

𝑟𝑑𝑣
                        (10) 

2.2 IMPERVIOUSNESS 
The system surface area to impervious catchment area (SSA/ICA) ratio, presented in this study, will be 

based on the total imperviousness of the site. Urban Drainage and Flood Control District (2010) and 

Larm (2000) defines the total imperviousness as the weighted average of the imperviousness of the 

subareas within the site and it is used for estimating the magnitude of surface runoff. Effective 

imperviousness refers to impervious areas that contribute to surface runoff to the drainage system 

and includes directly connected impervious area and parts of the unconnected impervious area that 

also contribute to runoff from a site. Therefore, the effective impervious area may vary depending on 

the precipitation rate as the infiltration rate of the pervious areas, that would otherwise receive the 

runoff, may be exceeded which would results in runoff from otherwise unconnected impervious areas. 

The effective impervious area is relevant to take into consideration when calculating peak flow rates, 

as calculations using total imperviousness will result in over-calculation of peak flow rates and storage 

requirements, if the unconnected impervious areas of the site is of significant size in relation of the 

effective impervious area. (Urban Drainage and Flood Control District, 2010)  
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3 RESULTS 

3.1 POLLUTANTS AND PARTICLE SIZE 
The quantity of pollutants, in this case Pb, Cu, Zn and Cd, that can be expected to be found in the area 

is in this study represented by representative values from the StormTac database. The guide values 

are those set for pollutant emissions to recipient level 1S from stormwater by Stockholm county 

(Jacobs, et al., 2009) as there is no specific guide values set for Östersund municipality. The required 

reduction rate to meet the guide values is presented in table 1 together with the representative values 

and guide values. 

Table 1. Representative values of pollutants from industrial areas, stormwater emission guide values from Stockholm 
municipality and reduction goal to meet the set guide values.  

Pb Cu Zn Cd 

 µg/l 

Pollutants (representative values) 30 45 270 1,5 

Guide values  10 30 90 0,45 

Reduction goal 67% 33% 67% 70% 

As earlier mentioned the particle size is an important factor for the success rate of pollutant removal. 

Therefore, it is of interest to know what particle size distribution that can be expected in the 

stormwater. This so that the system can be dimensioned so that it is possible to remove the targeted 

particle size. In figure 2-7 the particle size distribution from six different urban areas is presented. 

To be able to meet the reduction goal, ca 70% of the mass must be removed for Cd and 67 % for Pb, 

and Zn.  The case shown in figure 2 is a specific case for industrial areas and indicates that to meet the 

goal for Zn and Cd, the targeted particle size should be in the range of 43-100µm. Pb might be in the 

range of 100-250µm. Figure 3 shows that the targeted particle size should be <43µm for Zn and Pb and 

in the range of 43-100µm for Cd. According to figure 4 the targeted particle size is in the range of 100-

250µm for all metals. Figure 5 indicates the same as figure 4. Figure 6 indicates that the targeted 

particle size for Zn is <50µm and in the range of 50-100µm for Pb. Figure 7 indicates that the targeted 

particle size is in the range of 38-63µm. From this it seems that the targeted particle size is <250µm if 

considering all the studied areas. If considering the cases where a specific minimum and maximum 

value is given the targeted particle size seems to be within the range of 38-250µm. However, most 

cases indicate that the targeted particle size is <100µm which would narrow the range to 38-100µm. 

The case presented in figure 2 is the most specific case considering the nature of the area included in 

the case study in this thesis, this suggests, as earlier mentioned, that the targeted particle size is within 

the range of 45-100µm. It also seems that the targeted particle size would lie somewhere in the middle 

of this range. Therefore, the focus in the continuation of this study will be on particles in the range of 

45-65µm with 35µm and 100µm included as extreme cases. The reduction goal for Cu is 33 %, which 

indicates that the targeted particle size for Cu I >100µm and is of less interest in this study. 



8 
 

3.2 PONDS 
If the equation 2 is used, where tr1 = td and td is the detention time required for a certain particle to 

settle, to calculate the required volume the results is as shown in table 2. This if Qdim- Qout = 87 𝑙 ∙ 𝑠−1 

or 107 𝑙 ∙ 𝑠−1 (Qdim = 127 𝑙 ∙ 𝑠−1, and Qout = 60 𝑙 ∙ 𝑠−1 or 20 𝑙 ∙ 𝑠−1). If instead equation 1 is used, and 

tr1 is the duration of the rain event (36h commonly used), the required surface area (if the ponds mean 

depth is 2m) is 0,4-0,7 ha (calculations in appendix 1). 

To get a satisfactory removal of particles in a pond the particles needs to get enough time to settle. 

How long this takes depends on the settling rate of the particles, that in turn depends on the density 

and size of the particle. The settling velocity (vs) can be calculated with stokes law: 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Cd

Cu

Pb

Zn

<43 µm 43-100 µm 100-250 µm 250-841 µm

Figure 3. Mass distribution divided by particle size. Collected 
through street sweeping in single-family residential area. 
(Lau & Stenstrom, 2005) 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Cd

Cu

Pb

Zn

<43 µm 43-100 µm 100-250 µm 250-841 µm

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Cd

Cu

Pb

Zn

<43 µm 43-100 µm 100-250 µm 250-841 µm

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Cd

Cu

Pb

Zn

<43 µm 43-100 µm 100-250 µm 250-841 µm

Figure 5. The average mass distribution divided by particle 
size. Collected through street sweeping in three commercial 
areas. (Lau & Stenstrom, 2005) 

Figure 6. Mass distribution divided by particle size. Collected 
from highway runoff sediments. (Roger, et al., 1998) 

Figure 4. Mass distribution divided by particle size. Collected 
through street sweeping in multi- family residential area.  
(Lau & Stenstrom, 2005) 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Cu

Pb

Zn

<50 µm 50-100 µm 100-200 µm 200-500 µm 500-1000 µm

Figure 7. Mass distribution divided by particle size. Collected 
from highway runoff sediments.  
(Sansalone & Buchberger, 1997) 

Figure 2. Mass distribution divided by particle size. Collected 
through street sweeping in industrial area. (Lau & Stenstrom, 
2005) 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Cd

Cu

Pb

Zn

25-38 µm 38-45 µm 45-63 µm 63-75 µm 75-150 µm

150-250 µm 250-425 µm 425-850 µm 850-2000 µm
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Where σs is the density of the particle, σl is the density of the liquid (in this case water), d is the particles 

diameter, µ is the viscosity of the liquid (in this case water) and g is the gravitational acceleration 

(calculations in appendix 2). 

The required detention time, volume and pond surface area (mean depth of 2 m) required for different 

particles are presented in table 2. The required detention time is in this case the minimum time it takes 

for a particle settle.  

Table 2. Detention time, required pond volume, and required pond size based on the settling rate of different particles. 
Required volume and required area is presented as an interval of Qout= 60𝑙 ∙ 𝑠−1 − 20𝑙 ∙ 𝑠−1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The application of equation 5 would result in a required volume of ca 6300m3 for Ndap=2,5 and rda=6, 

and a required area of 0,31ha or 0,8% of impervious catchment. The result of this equation depends 

heavily on the choice of Ndap and rda and ranges from a required volume of ca 1300m3 for Ndap=1 and 

rda=3 to ca 13400m3 for Ndap=4 and rda=8 (table 3).  

  

 
Detention time at 2m mean depth [h]  

35 µm 45 µm 50 µm 55 µm 60 µm 65 µm 100 µm 

Pb 81 49 40 33 28 23 10 

Cu 105 64 52 43 36 31 13 

Zn 136 82 67 55 46 39 17 

Cd 109 66 54 44 37 32 13 

  
Required volume [103 m³]  

35 µm 45 µm 50 µm 55 µm 60 µm 65 µm 100 µm 

Pb 19-31 12-19 10-15 8-13 7-11 6-9 2-4 
Cu 25-41 15-25 12-20 10-16 9-14 7-12 3-5 
Zn 33-52 20-32 16-26 13-21 11-18 9-15 4-6 
Cd 26-42 16-25 13-21 11-17 9-14 8-12 3-5 

  
Required area [ha] (% of impervious catchment)  

35 µm 45 µm 50 µm 55 µm 60 µm 65 µm 100 µm 

Pb 1,0-1,6 
(2,3-3,7) 

0,6-0,9 
(1,4-2,2) 

0,5-0,8 
(1,1-1,8) 

0,4-0,6 
(0,9-1,5) 

0,3-0,5 
(0,8-1,3) 

0,3-0,5 
(0,7-1,1) 

0,12-0,19 
(0,3-0,5) 

Cu 1,3-2,0 
(3,0-4,8) 

0,8-1,2 
(1,8-2,9) 

0,6-1,0 
(1,5-2,4) 

0,5-0,8 
(1,2-2,0) 

0,4-0,7 
(1,0-1,6) 

0,4-0,6 
(0,9-1,4) 

0,16-0,25 
(0,4-0,6) 

Zn 1,6-2,6 
(3,9-6,3) 

1,0-1,6 
(2,4-3,8) 

0,8-1,3 
(1,9-3,1) 

0,7-1,1 
(1,6-2,5) 

0,6-0,9 
(1,3-2,1) 

0,5-0,8 
(1,1-1,8) 

0,20-0,32 
(0,5-0,8) 

Cd 1,3-2,1 
(3,1-5,0) 

0,8-1,3 
(1,9-3,0) 

0,6-1,0 
(1,5-2,5) 

0,5-0,9 
(1,3-2,0) 

0,4-0,7 
(1,1-1,7) 

0,4-0,6 
(0,9-1,5) 

0,16-0,26 
(0,4-0,6) 
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Table 3. Required volume and area for different annual average precipitation depths (rda) and Ndap 

 

If comparing equation 1 and 2, the results match for Pd particles with the size between 50µm and 

55µm, for Zn somewhere >65µm, and for Cd somewhere between 60µm and 65µm. This of course as 

tr1=36h. If comparing the results from equation 1 and table 2 with figure 8 the result might be what 

can be expected in a real case. With a pond area of 2 ha (Qout=150 𝑙 ∙ 𝑠−1), or ca 5% of the impervious 

catchment area, the reduction goal would be met for Pb and Cu. With a pond area of 0,7 ha 

(Qout=350 𝑙 ∙ 𝑠−1), or 1,6% of the impervious catchment area, the reduction goal would only be met for 

Cu. If figure 8 is further analysed, one can see that the reduction goal for Pb is met already at a pond 

size of ca 2,5% of the impervious catchment and Cu already at ca 0,5%. The reduction goal for Zn might 

be met if the pond is sized to ca 12% of the impervious catchment area. It seems unlikely however that 

the reduction goal of Cd will be possible to meet. 

If comparing the results presented in table 3 with the projection in figure 8, it seems that equation 5 

results in an under dimensioned system. This as at a size of 1,6% (largest acquired system area, Ndap=4 

and rda=8mm) of the impervious catchment, the reduction goal for no other metal than Cu is met. 

 
Annual average precipitation depth (rda)  

3 mm 4 mm 5 mm 6 mm 7 mm 8 mm 

Ndap 
Required volume [103 m³] 

1 1,3 1,7 2,1 2,5 2,9 3,3 

2 2,5 3,3 4,2 5,0 5,9 6,7 

2,5 3,1 4,2 5,2 6,3 7,3 8,4 

3 3,8 5,0 6,3 7,5 8,8 10,0 

4 5,0 6,7 8,4 10,0 11,7 13,4 

   
Required area with mean depth 2m [ha] (% of impervious catchment)  

1 
0,06 
(0,2) 

0,08 
(0,2) 

0,10 
(0,3) 

0,13 
(0,3) 

0,15 
(0,4) 

0,17 
(0,4) 

2 
0,13 
(0,3) 

0,17 
(0,4) 

0,21 
(0,5) 

0,25 
(0,6) 

0,29 
(0,7) 

0,33 
(0,8) 

2,5 
0,16 
(0,4) 

0,21 
(0,5) 

0,26 
(0,6) 

0,31 
(0,8) 

0,37 
(0,9) 

0,42 
(1,0) 

3 
0,19 
(0,5) 

0,25 
(0,6) 

0,31 
(0,8) 

0,38 
(0,9) 

0,44 
(1,1) 

0,50 
(1,2) 

4 
0,25 
(0,6) 

0,33 
(0,8) 

0,42 
(1,0) 

0,50 
(1,2) 

0,59 
(1,4) 

0,67 
(1,6) 
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Figure 8. Projections of removal rates for heavy metals based on literature reviews of studies performing measurements on 
existing ponds (shown in the graphs as data points). 

3.3 CONSTRUCTED WETLANDS 
If applying equation 6 in the Lugnvik case the result is a required volume of ca 7500m3, for rd=18mm, 

and a required area of ca 1-1,51ha (2,4-3,6% of impervious catchment) depending on the depth of the 

wetland. However, there is a large variation in results as the volume is linear to the rain depth. As an 

example, if rd=10 the required volume would be ca 4200m3, or a required area of 0,56-0,84ha (1,3-

2,0% of impervious catchment) depending on the depth of the wetland (table 4). 

Table 4. Required volume and area of a constructed wetland for different rain depths (rd)  
Rain depth (rd) 

 
5mm 10mm 15mm 18mm 20mm 25mm 30mm 35mm 

Required volume [103 m3] 2,1 4,2 6,3 7,5 8,4 10,5 12,5 14,6 

Required area with mean 
depth 0,5m [ha]  
(% of impervious catchment)) 

0,42 
(1,0) 

0,84 
(2,0) 

1,25 
(3,0) 

1,51 
(3,6) 

1,67 
(4,0) 

2,09 
(5,0) 

2,51 
(6,0) 

2,93 
(7,0) 

Required area with mean 
depth 0,75m [ha] (% of 
impervious catchment) 

0,28 
(0,7) 

0,56 
(1,3) 

0,84 
(2,0) 

1,00 
(2,4) 

1,12 
(2,7) 

1,39 
(3,3) 

1,67 
(4,0) 

1,95 
(4,7) 
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The application of equation 5 would result in a required volume of ca 6300m3 for Ndap=2,5 and rda=6 

(table 3), and a required area of 0,8-1,3ha (1,9-3,1% of impervious catchment) depending on the depth 

of the wetland (table 5).  

Table 5. Required area for different annual average precipitation depths (rda) and Ndap. Based on the volume presented in  

.  
Annual average precipitation depth (rda)  

3 mm 4 mm 5 mm 6 mm 7 mm 8 mm 

Ndap 
Required area with mean depth 0,5m [ha] (% of impervious catchment)  

1 0,25 (0,6) 0,33 (0,8) 0,42 (1,0) 0,50 (1,2) 0,59 (1,4) 0,67 (1,6) 

2 0,50 (1,2) 0,67 (1,6) 0,84 (2,0) 1,00 (2,4) 1,17 (2,8) 1,34 (3,2) 

2,5 0,63 (1,5) 0,84 (2,0) 1,05 (2,5) 1,25 (3,0) 1,46 (3,5) 1,67 (4,0) 

3 0,75 (1,8) 1,00 (2,4) 1,25 (3,0) 1,51 (3,6) 1,76 (4,2) 2,01 (4,8) 

4 1,00 (2,4) 1,34 (3,2) 1,67 (4,0) 2,01 (4,8) 2,34 (5,6) 2,68 (6,4) 

   
Required area with mean depth 0,75m [ha] (% of impervious catchment)  

1 0,17 (0,4) 0,22 (0,5) 0,28 (0,7) 0,33 (0,8) 0,39 (0,9) 0,45 (1,1) 

2 0,33 (0,8) 0,45 (1,1) 0,56 (1,3) 0,67 (1,6) 0,78 (1,9) 0,89 (2,1) 

2,5 0,42 (1,0) 0,56 (1,3) 0,70 (1,7) 0,84 (2,0) 0,98 (2,3) 1,12 (2,7) 

3 0,50 (1,2) 0,67 (1,6) 0,84 (2,0) 1,00 (2,4) 1,17 (2,8) 1,33 (3,2) 

4 0,67 (1,6) 0,89 (2,1) 1,12 (2,7) 1,34 (3,2) 1,56 (3,7) 1,78 (4,3) 

As mentioned there is a third version of the two equations used above namely equation 7 (𝑉 = 𝑁𝑑2𝑉𝑑), 

Vd can be calculated by using the following equation:  

(11) 

 
Annual average precipitation depth (rda)  

3 mm 4 mm 5 mm 6 mm 7 mm 8 mm 

Ndap 
Required volume [103 m³] 

1 1,3 1,7 2,1 2,5 2,9 3,3 

2 2,5 3,3 4,2 5,0 5,9 6,7 

2,5 3,1 4,2 5,2 6,3 7,3 8,4 

3 3,8 5,0 6,3 7,5 8,8 10,0 

4 5,0 6,7 8,4 10,0 11,7 13,4 

   
Required area with mean depth 2m [ha] (% of impervious catchment)  

1 
0,06 
(0,2) 

0,08 
(0,2) 

0,10 
(0,3) 

0,13 
(0,3) 

0,15 
(0,4) 

0,17 
(0,4) 

2 
0,13 
(0,3) 

0,17 
(0,4) 

0,21 
(0,5) 

0,25 
(0,6) 

0,29 
(0,7) 

0,33 
(0,8) 

2,5 
0,16 
(0,4) 

0,21 
(0,5) 

0,26 
(0,6) 

0,31 
(0,8) 

0,37 
(0,9) 

0,42 
(1,0) 

3 
0,19 
(0,5) 

0,25 
(0,6) 

0,31 
(0,8) 

0,38 
(0,9) 

0,44 
(1,1) 

0,50 
(1,2) 

4 
0,25 
(0,6) 

0,33 
(0,8) 

0,42 
(1,0) 

0,50 
(1,2) 

0,59 
(1,4) 

0,67 
(1,6) 

𝑉𝑑 = 𝐴(110φ+27,5) 
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Equation 7 can then be written as following:  

 

If Nd2=3 the required volume would be ca 21300m3 and a required area of 2,8-4,3ha  

(6,7-10,3% of impervious catchment) depending on the depth of the wetland. 

If the assumption of that equation 1 and 2 is applicable in this case and the focus is put on equation 2 

it would result in the detention times and required volumes as presented in table 5. The required area 

of the wetland is the same as presented in table 2, as the detention time increase linearly with the 

depth and as a result also the volume, the depth will not have an impact on the surface area of the 

system in this case. 

  

𝑉 = 𝑁𝑑2𝐴(110φ+27,5) 
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Table 6. Detention time and required volume for constructed wetlands based on the settling rate of different particles. 
Required volume is presented as an interval of Qout= 60𝑙 ∙ 𝑠−1 − 20𝑙 ∙ 𝑠−1. 

 
0,5 m mean depth  

35 µm 45 µm 50 µm 55 µm 60 µm 65 µm 100 µm 

 Required detention time [h] 

Pb 20 12 10 8 7 6 2 

Cu 26 16 13 11 9 8 3 

Zn 34 21 17 14 12 10 4 

Cd 27 17 13 11 9 8 3 

  
Volume [103 m³] 

Pb 5-8 3-5 2-4 2-3 2-3 1-2 0,6-1,0 
Cu 6-10 4-6 3-5 3-4 2-3 2-3 0,8-1,2 
Zn 8-13 5-8 4-6 3-5 3-4 2-4 1,0-1,6 
Cd 7-11 4-6 3-5 3-4 2-4 2-3 0,8-1,3 

  
0,75 m mean depth  

35 µm 45 µm 50 µm 55 µm 60 µm 65 µm 100 µm 

 Required detention time [h] 

Pb 30 18 15 12 10 9 4 

Cu 40 24 19 16 13 11 5 

Zn 51 31 25 21 17 15 6 

Cd 41 25 20 17 14 12 5 

  
Volume [m³] 

Pb 7-12 4-7 4-6 3-5 2-4 2-3 0,9-1,4 
Cu 10-15 6-9 5-7 4-6 3-5 3-4 1,2-1,9 
Zn 12-20 7-12 6-10 5-8 4-7 4-6 1,5-2,4 
Cd 10-16 6-10 5-8 4-6 3-5 3-5 1,2-1,9 

The curves in figure 9 are projections based on real case studies on heavy metal removal rates in 

constructed wetlands. According to this, wetlands seems to be rather effective in reducing Cu, Pb and 

Zn concentrations up to a rate between 50% and 55%, this already at rather small surface areas, but 

does not acquire a high enough removal rate to meet the reduction goals for Pb and Zn. There where 

however four studied cases that acquired reduction rates greater than the reduction goal for Pb and 

one case where the acquired reduction rate was greater than the reduction goal for Zn. According to 

the projection for Cd the reduction goal is reached at a surface area of about 27% of the impervious 

catchment. All the studied cases acquired a removal rate greater than the reduction goal for Cu. 
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Figure 9. Projections of removal rates for heavy metals based on literature reviews of studies performing measurements on 
existing constructed wetlands (shown in the graphs as data points). 

3.4 FILTER STRIPS 
If applying equations 8 and 9 in the Lugnvik case the required total dimensions for a filter strip that 

could handle the flows from this catchment area would be 210m and 1049m (W x L) and result in an 

area of ca 22 ha. This if dimensioned for 5-year ARI and 30 min duration in the stormwater network. If 

instead equation 8 and 10 is used and the condition presented in Larm (2000) is used this would result 

in rdv=7,5 and result in required total dimensions of 129m and 643m (W x L) and result in an area of ca 

8,3 ha. If instead dimensioned after the Qdim used previously in this paper the result of equation 8 and 

9 would be 5,5m and 28m (W x L) and an area of ca 0,015 ha (calculations in appendix 3).  
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Figure 10. Projections of removal rates for heavy metals based on literature reviews of studies performing measurements on 
existing filter strips (shown in the graphs as data points). 

If to compare this result with figure 10, which is a projection (the trend line) based on real life cases, a 

filter strip with the width 5,5m would in theory meet the requirements to meet the reduction goal for 

Cu and Zn. The reduction goal for Cu is according to this reached already at a filter width of just over 

2m and at 4m for Zn. The reduction goal for Pb is reached at a filter width of about 15m according to 

this projection. Worth to point out is that the removal rate is higher than the reduction goal for some 

of the included real-life systems even at filter widths less than what the projection suggests. Cd is not 

presented here as the studies included to make the projection did not present sufficient data for 

reduction of Cd. 
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Figure 11. Projections of removal rates for heavy metals with the slope of the system as a factor based on literature reviews 
of studies performing measurements on existing filter strips (shown in the graphs as data points). 

Figure 11 is a projection based on the same cases that are presented in figure 10 but with the slope of 

the system as a factor instead of width. Due to a lack of data on slopes <5%, little can be said of the 

effect of the slope on pollutant reduction in such conditions. It is also estimated that if there is no 

slope, the reduction rate is 100% as all of the stormwater either evaporates or infiltrates to the ground. 

What can be interpreted from figure 11 is however that there is a huge spread of the data points. The 

data points for Zn however seems more concentrated in the higher end of the removal rate spectrum 

in the range of 5-20% slope than those for Cu and Pb. 
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Table 7. Source of data for the data points presented in figure 8-11. 

   

Figure Type of system Source 

   

Figure 8 Wet pond 

(Comings, et al., 2000) 
(Hossain, et al., 2005) 
(Mallin, et al., 2000) 
(Pettersson, 1999) 

   

Figure 9 Constructed wetlands 

(Walker & Hurl, 2002) 
(Carleton, et al., 2000) 
(Birch & Matthai, 2004) 
(Terzakis, et al., 2008) 
(Gill, et al., 2017) 
(Carleton, et al., 2001) 

   

Figure 10 and 11 Vegetated filter strip 
(Barrett, et al., 2004) 
(Stagge, et al., 2012) 
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4 DISCUSSION 

The values for the amount of the included heavy metals in this study is representative values for 

industrial areas. This brings the possibility that the values are not representative for the specific case 

they are applied on. This could result in that the reduction goal is met already at smaller system sizes 

if the quantity of pollutants is less or is not met at all if the quantity is significantly larger. But for 

general use it might be good enough, especially If considering the extensity of data in the Stormtac 

database and the fact that the database presents values for different variations of industrial areas. It 

might have been appropriate to use values for urban areas in general, where all the elements of an 

urban environment are included, as this is probably the case when the dimensioning methods were 

developed. Among the cases included in the literature review conducted in this study is different urban 

environment included which makes the projections more of the general type than a specific one for 

industrial areas. How this effects the evaluation, if at all, is however unclear. The guide values that is 

used in this study is those set by the Stockholm municipality as there are no specific guide values set 

for Östersund municipality. This could of course effect the required size for a open stormwater system 

as lower reduction goals would require lower rate of pollutant removal end on the opposite side higher 

reduction goals requires higher rates of pollutant removal and might require a larger system. 

The included studies on mass distribution divided by particle size does include only one case specific 

for industrial areas, the others are studies performed in other urban environments. This might give a 

good overview of mass distribution divided by particle size for urban areas in general, but maybe 

somewhat misguiding if the specific case looked upon is an industrial area. In the specific case in this 

study it could result in an uncertainty of the accuracy of the reduction goal values. But, for a more 

general study it might be more appropriate. In this study the heavy metal particles are treated as they 

are all freely distributed in the water body. In reality this is not entirely true, as some of the particles 

will be bound to organic matter and form larger clusters of particles. This will have an impact on the 

removal rate of the metal particles as particle size is an important factor for pollutant removal in all 

the studied systems. Therefore, TSS and DOC (Dissolved Organic Carbon) concentration in the 

stormwater could have an impact on the removal rate of the heavy metals. 

In the study the catchment area is presented as impervious catchment, which is the part of the 

catchment that contributes to runoff, also called total imperviousness. The part that is in some way 

connected to the pipe system is called effective imperviousness. Effective imperviousness is what’s 

relevant to use when one shall dimension a vegetated system, as the runoff that does not end up in 

the system is not of interest. However, as focus of this study is the evaluation of the dimensioning 

method, it will have no effect on the outcome if total imperviousness is used instead of effective 

imperviousness. Therefore, the total imperviousness is used in this study this is easier to calculate.  

The systems in this study are dimensioned according to be able to handle Qdim. Qdim is in turn based on 

how a system would be dimensioned if there were no existing stormwater pipe network. In reality 

however, there is an existing pipe network that would transport the stormwater to the vegetated 

stormwater system. This system is not capable of handling the flows that is presented in the results 

due to that it is under dimensioned.  Therefore, when a real case vegetated stormater system is to be 

dimensioned, the size and runoff coefficient of the catchment area as annual mean precipitation depth 

and the mean duration of the precipitation event would only be relevant to include if the existing pipe 

system is over dimensioned or is for some reason dimensioned for a less often occurring rain than the 

vegetated system. If the pipe system is under dimensioned, the max flow in that pipe system is what 

is of interest as this flow is what will be the dimensioning flow for the vegetated system.  



20 
 

All the dimensioning methods used in this study is based on the ability of the system to handle the 

runoff from the catchment area. Therefore, the results warry depending on which precipitation rate 

the system is supposed to handle. In the cases where Qdim is used, the size of the system is heavily 

dependent on annual mean precipitation depth, the mean duration of the precipitation event and 

what N(dad, dap or d2) is used, as well as the size of the impervious catchment. The same applies when 

precipitation depth is used. In these cases, there is nothing that ensures that the system performs well 

in reducing heavy metal concentrations as the only thing that is considered is parameters directly 

related to rate of runoff. The required detention time for specific particles is introduced specifically in 

some dimensioning methods for dimensioning of ponds. In this study the notion is that the same 

methods are applicable also for constructed wetlands. As similar, but not necessarily the same, 

methods are used for dimensioning of constructed wetlands. In these cases, it is possible to see that 

there is a large different in the required volume and system area depending on what flow Qout is set 

to. In the case of filter strips, Qdim is the only thing that decides the size of the system. Because of the 

uncertainty this brings, it is difficult to draw a certain conclusion on how the methods corresponds to 

real life examples if the purpose of the system is heavy metal concentration reduction. When more 

than one dimensioning method have been used for dimensioning of the same system, there is a large 

variation in the resulting area size. This makes the uncertainty even greater.  

If analysing the results from the literature review of removal rates of metals, in the cases of the pond 

and constructed wetland, the size of the system does not seem to be the only factor to have an 

influence on the removal rate of heavy metals, as indicated by the R2-values. It also seems to have a 

varying influence depending on the type of heavy metal. Another factor is not surprisingly the particle 

size. This as larger, and therefore heavier, particles have a shorter required detention time and 

therefore is sedimented earlier then smaller particles. The flow rate is another factor that most likely 

has an influence on removal rate as a high flow rate would shorten the detention time in the system 

and therefor decrease the number of particles that is given the chance to sediment. Related to this is 

the layout of the system. If the system has a layout that would decrease the flow rate and increase the 

detention time as well as eliminate short circuit flows, this would enhance sedimentation. The above 

mentioned maybe most relevant for ponds. For constructed wetland the layout is also important 

however, as the layout would ensure that the water gets filtrated through the vegetation. There might 

be other factors such as wind that could have an impact on the removal rate in ponds and constructed 

wetlands. If a pond or constructed wetland is exposed to winds this could stir up sediment and reduce 

the removal rate. Especially if the system has a large surface area and are shallow. For the filter strip 

the most important factor seems to be the width of the filter strip, at least of the two factors that is 

included in this study. However, the R2-value indicates that there are other factors that have a large 

influence on the removal rate. These other factors have been mentioned earlier in this paper and 

concerns particle size and other uncontrollable factors, where namely particle size was considered the 

most important factor and filter width second. 

The dimensioning methods for the pond gives very different results. If comparing the results presented 

in table 3 (calculated by equation 5) with the projection in figure 8, this method does not seem 

appropriate to use if the purpose of the pond is to remove heavy metals. This as the reduction goal is 

met only for Cu. If equation 2 is a good method to use or not is difficult to determine due to the large 

variations in the resulting pond size depending on Qout. A recommendation is however to use Qout= 20 

𝑙 ∙ 𝑠−1 (Qdim-Qout=107 𝑙 ∙ 𝑠−1) rather than Qout= 60 𝑙 ∙ 𝑠−1, as the first mentioned would result in a pond 

just over 1 ha (2,5% of impervious catchment) for Pb with a particle size slightly larger than 45µm and 

would meet the reduction goal for Pb according to the projection in figure 8. With this system size it 

would, in theory be possible to remove Pb with a particle size slightly larger than 45µm, Cu and Cd 

slightly larger than 50µm and Zn that is ca 55µm according to table 2. 
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The dimensioning methods for the constructed wetlands gives somewhat similar results, especially 

those presented in table 4, table 5 and table 2 and table 6 (calculated with equation 2). The result for 

these methods does however vary a lot depending on what values are used as discussed earlier. 

Therefore, it is difficult to draw a conclusion if the methods are good to use or not if the purpose of 

the wetland is to remove heavy metals. It seems however, according to the projections in figure 9 that 

constructed wetlands is not a good system to use if one wish to meet the reduction goals for the 

metals, at least not if used as a standalone system. Equation 7 results in rather large systems compared 

to the previous mentioned methods and seems less appropriate to use for this applictation. 

Both methods for dimension a vegetated filter strip resulted in very large systems if the 

recommendations from vägverket was followed. If instead the Qdim used in the rest of the paper the 

result was very different. If this result in a good system area is hard to say. The area is good if the 

system can receive the flow from the catchment area without excessive erosion. The width this flow 

results in however, results in a good reduction rate Zn and Cu if compared to the projections in figure 

10.   

To summarise if any of the dimensioning method is suitable to use for dimensioning a vegetated 

stormwater system with the purpose of reduce heavy metal concentrations as they are, is hard to tell. 

This as the results is heavily dependent on what values that are used. As an example, the required 

volume is more than ten times as large if Ndap=4 and rda=8mm is used instead of Ndap=1 and rda=3mm. 

And as a direct relation to this results in a difference by a factor of ten of the size of the vegetated 

stormwater system. This makes it difficult to conclude if the dimensioning method is suitable for this 

application or not. Even more so when taking into consideration that the results of these methods is a 

required volume, and as an indirect result the required area, and that the removal rate of heavy metals 

does not solely depend on the size of the system. What would be possible to do is, to give 

recommendation of what values that would be appropriate to use based on the projection made from 

the literature reviews on removal rates in existing systems. But the R2-values suggests that the 

probability of that the removal rate is exactly that the projection indicates is low.   

5 CONCLUSION 

Only one method seems to be inappropriate to use for the application presented in this thesis, and 

that is equation 5 if used to dimension ponds. This as the resulting system size is too small to reach a 

satisfactory removal rate for any other metal than Cu, according to the projections. If equation 5 is 

suitable to use for dimension constructed wetlands is difficult to say, as the reduction goals for no 

other metal than Cu is reached and the curves for Pb and Zn levels out already at small system sizes. 

The same can be said about the other methods as well. If equation 2 is used to calculate backwards to 

what system size that would meet the reduction goal for Pb, the result would be slightly larger than 1 

ha (2,5% of the impervious catchment). This for Qout=20𝑙 ∙ 𝑠−1 (Qdim-Qout=107 𝑙 ∙ 𝑠−1) and the td for Pb 

with a particle size slightly larger than 45µm. A detention time in the pond of >49 h would in this case 

be desirable to give the Pd particle mentioned earlier enough time to settle. This would mean that 

equation 1 is not suitable to use in this case as tr1=36h is generally used and would be the same as 

setting td=36h and would result in an under dimensioning of the system This method could be a good 

method for dimensioning both ponds and constructed wetlands if a specific particle size is targeted as 

the pond size can be regulated by regulating Qout, to get the desired pond size to meet the reduction 

goal for a certain metal. It would however require that there is a reference to see at what pond size 

the reduction goal is met. Which makes the application of equation 2 for the sizing of the system 

redundant and would only be useful for knowing what Qout that would result in the desired system 
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size. The best dimensioning method for sizing the system would, based on the previous arguments, be 

a method where the system is sized as a certain percentage of the impervious catchment. This would 

be based on the real cases where the reduction of metals in the system is studied. If this would be 

based on the projection for removal rates of Pb in ponds the pond should according to this be 2,5% of 

the impervious catchment. The R2- value for this curve is however too low to with certainty make this 

statement.  

As indicated by the R2-values of the projections, the size of the system does not solely regulate the 

removal rate of the heavy metals. Other factors do also play a role in the removal rate. For ponds, the 

only other factors that is confirmed in this study to have an impact on the removal rate is particle size 

(also density of the particle) and the surface load, related to the surface load is also the detention time. 

The concentrations of TSS and DOC will most likely also have an impact on the removal rate, as well as 

the layout of the pond and if external factors can create turbulence in the pond that could stir up 

sediment. This is however not confirmed by this study. The same factors do most likely also play an 

important role for removing heavy metals in constructed wetland. The only factors to have an impact 

on heavy metal removal rate in constructed wetlands that has been identified however, is the size of 

the system, particle size and surface load. The size of the constructed wetland does however seem to 

have only a marginal impact on the removal rate for Pb, Cu and Zn. The factors that has an impact on 

heavy metal removal rate in vegetated filter strips that has been confirmed in this study is the width 

of the filter, that according to the R2-value has a larger impact on the removal rate for Cu and Zn than 

for Pb, and the slope of the filter. The slope of the filter does however seem to have only a marginal 

impact on the removal rate and factors as particle size, stormwater flow rate and pollutant 

concentration does also have an impact on the removal rate. This is however not confirmed in this 

study. 

According to the literature review, of studies where particle where collected and the mass distribution 

of the particles divided in ranges of particle sizes, the particle size that should be targeted to meet the 

reduction goal is in the range of 35-100µm and it is highly likely in the range of 45-100µm and it is likely 

in the range of 45-65µm. If considering the projection of Pb removal rates in ponds this would further 

strengthen the claim that the particle size that should be targeted is in this range (for Qout=20 𝑙 ∙ 𝑠−1). 

The projections for Zn and Cd does however suggest that the targeted particle size should be smaller 

than this. The question is however if Zn and Cd can be removed to such a degree that it would meet 

the reduction goal with systems such as pond and constructed wetlands. It might be possible for Zn as 

some of the cases from the literature review reports a higher removal rate than the reduction goal for 

Zn. This is not the case for Cd. 
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APPENDIX 1. CATCHMENT AREA AND DIMENSIONING FLOW 

The runoff coefficient (ϕ) for the total catchment area is the weighted average of the subareas 

according to the following equation: 

𝜑 = (𝐴1 ∙ 𝜑1 + 𝐴2 ∙ 𝜑2+. . . 𝐴𝑛 ∙ 𝜑𝑛)/(𝐴1 + 𝐴2+. . . 𝐴𝑛) 

The total area is multiplied by the runoff coefficient (ϕ) to get the impervious catchment of the total 

area (table 1) 

Table 8 

Coverage ha Runoff coefficient 

Asphalt 19 0,8 

Gravel 41 0,4 

Roof 11 0,9 

Vegetated 20 0,0 

Catchment area 91 0,46 

Impervious catchment 42  
 

When the runoff coefficient for the catchment area is calculated, it is possible to calculate the 

dimensioning flow in 𝑙 ∙ 𝑠−1 (Qdim): 

 

where Ndad is how many times larger the volume of the pond is compared to the annual precipitation 

depth (rda), tra is the mean duration of the precipitation event, ϕ is the runoff coefficient of the area 

and A is the size of the catchment area. 

 Qdim [𝑙 ∙ 𝑠−1] 

 rda (mm) 

Ndad 3 4 5 6 7 8 

1 32 42 53 63 74 84 

1,5 48 63 79 95 111 127 

2 63 84 106 127 148 169 

2,5 79 106 132 158 185 211 

 

Calculation equation 1 
A ponds required permanent volume can be calculated by using the following equation: 

 𝑉 = 3,6(𝑄𝑑𝑖𝑚 − 𝑄𝑜𝑢𝑡)𝑡𝑟1 

𝑡𝑟1= the duration of the precipitation event = 36 h  

Qdim = the dimensioning flow = 127 𝑙 ∙ 𝑠−1  

Qout = the outflow from the pond = 20 𝑙 ∙ 𝑠−1 or 60 𝑙 ∙ 𝑠−1 

V1 = 3,6(127 – 20)36 = 13 835 m3 

V2 = 3,6(127 – 60)36 = 8 651 m3 

𝑄
𝑑𝑖𝑚=

100𝑁𝑑𝑎𝑑𝑟𝑑𝑎𝜑𝐴
36𝑡𝑟𝑎
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APPENDIX 2. SETTLING RATE 

𝑣𝑠 =
𝑔

18
(𝜎𝑠 − 𝜎𝑙)

𝑑2

µ
 

𝑣𝑠 = settling rate (𝑚 ∙ 𝑠−1) 

𝑔 = gravitational acceleration = 9,81 𝑚 ∙ 𝑠−2 

𝜎𝑠 = particle density (𝑘𝑔 ∙ 𝑚−3) 

𝜎𝑙 = fluid density (𝑘𝑔 ∙ 𝑚−3) 

𝑑2 = particle diameter (m) 

𝜇 = fluid viscosity 𝑁𝑠 ∙ 𝑚−2  

Ex. settling rate for Pb 45 µm 

 𝑣𝑠 =
9,81 𝑚∙𝑠−2

18
(11340 𝑘𝑔 ∙ 𝑚−3  −  998,3 𝑘𝑔 ∙ 𝑚−3)

0,0000452

1,005
= 1,14 ∙ 10−5 𝑚 ∙ 𝑠−1 = 41 𝑚𝑚 ∙ ℎ−1  

 Settling rate (𝑚𝑚 ∙ ℎ−1) 

 Particle diameter 

Metal 35µm 40µm 45µm 50µm 55µm 60µm 65µm 100µm 

Pb 25 32 41 50 61 73 85 202 

Cu 19 25 31 39 47 56 65 155 

Zn 15 19 24 30 36 43 51 120 

Cd 18 24 30 37 45 54 63 149 
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APPENDIX 3. STORMWATER FLOW BASED ON ARI 

In the case of the vegetated filter strip, the flow Q can be calculated from the size of the catchment 

area (A), the runoff coefficient (ϕ), the rain intensity (i) and a climate factor (kf). This method is called 

the rational method. 

The rational method: 

𝑄 = 𝐴 ∙ 𝜑 ∙ 𝑖 ∙ 𝑘𝑓 

A = 91 ha 

ϕ = 0,46 

i = 92 𝑙 ∙ 𝑠−1 ∙ ℎ𝑎−1 (for 5-year ARI and 30 min duration (Dahlström, 2010)) 

kf = 1,25 

Q = 4826 𝑙 ∙ 𝑠−1 

Table 9. Flows for other ARI and durations based on values per ha by Dahlström (2010). 

 Flow (Q) [𝑙 ∙ 𝑠−1]  
Duration (min) 

ARI (years) 5 10 15 20 30 40 50 60 90 120 

0,5 6107 4455 3545 2975 2295 1898 1631 1443 1093 899 

1 7665 5589 4439 3723 2865 2363 2029 1788 1349 1103 

2 9631 7011 5568 4664 3581 2949 2531 2227 1673 1365 

5 13034 9479 7518 6290 4826 3963 3393 2985 2233 1814 

10 16391 11921 9442 7895 6049 4967 4251 3733 2787 2253 

20 20626 14990 11868 9923 7597 6232 5328 4674 3482 2813 

30 23590 17139 13568 11340 8679 7121 6081 5338 3968 3205 

50 27956 20307 16072 13432 10274 8423 7194 6311 4690 3785 

100 35197 25556 20223 16893 12914 10587 9035 7921 5882 4737 

 


