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Graphical abstract 

 

 

Highlights 

- Concentration data for more than 300 pollutants in stormwater is collected 

- Mean concentrations of metals, organic compounds and nutrients are calculated 

Pollution levels of stormwater discharges and resulting 
environmental impacts 
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- Stormwater discharges may cause significant ecotoxicity impacts 

- Metals cause the main share of ecotoxicity impacts 

- Eutrophication impacts  are less significant than ecotoxicity impacts  

Abstract 

Stormwater carries pollutants that potentially cause negative environmental impacts to receiving water 

bodies, which can be quantified using life cycle impact assessment (LCIA). We compiled a list of 20 metals, 

almost 300 organic compounds, and nutrients potentially present in stormwater, and measured 

concentrations reported in literature. We calculated mean pollutant concentrations, which we then translated 

to generic impacts per litre of stormwater discharged, using existing LCIA characterisation factors. 

Freshwater and marine ecotoxicity impacts were found to be within the same order of magnitude (0.72, and 

0.82 CTUe/l respectively), while eutrophication impacts were 3.2E-07 kgP-eq/l for freshwater and 2.0E-06 

kgN-eq/l for marine waters. Stormwater discharges potentially have a strong contribution to ecotoxicity 

impacts compared to other human activities, such as human water consumption and agriculture. Conversely, 

contribution to aquatic eutrophication impacts was modest. Metals were identified as the main contributor to 

ecotoxicity impacts, causing more than 97% of the total impacts. This is in line with conclusions from a legal 

screening, where metals showed to be problematic when comparing measured concentrations against 

existing environmental quality standards. 

Life cycle impact assessment; Ecotoxicity; Eutrophication; Metals; Organics; EQS  

1. Introduction 

Stormwater from impervious urban areas, such as roads, roofs, and parking lots, contains a wide range of 

pollutants that have the potential to cause negative environmental impacts when discharged to surface 

waters. These pollutants stem from human activities (e.g. accidents and dispersion of chemicals), wearing of 

road materials and vehicles (e.g. brakes, tires), and leaching from construction materials (corrosion of 

metallic roof, leaching of biocides from plastic, etc.) (Eriksson et al., 2005). Several studies have measured 

pollutant levels in urban stormwater (Gasperi et al., 2014a; Zgheib et al., 2012), quantified their toxic effect 
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(Pohl et al., 2015; Tang et al., 2013; Wium-Andersen et al., 2011), and prioritized them according to the risk 

they pose to the aquatic environment (Eriksson et al., 2007; Gosset et al., 2017). At the same time, new 

strategies for managing stormwater in urban areas have been proposed (Fletcher et al., 2014). Since urban 

water managers have to decide between different management options, assessing the environmental 

impacts of the potential solutions can provide valuable information to support decision making.  

Traditionally, stormwater discharges are assessed using risk assessment (e.g. Eriksson et al., 2007; 

Gosset et al., 2017). The expected maximum pollutant concentrations in the water environment are 

compared with toxicological threshold concentrations (obtained from results of toxicity tests) to assess the 

potential risk posed by discharge of stormwater. Risk assessment is usually chosen to analyse extreme and 

worst case scenarios, with a main focus on safety (IEC, 2009), i.e. limiting the risk of experiencing negative 

effects on the health of humans and ecosystems caused by short-term exposure to substances after 

intermittent discharges.  

In contrast, life cycle assessment (LCA) focuses on effects resulting from exposure of ecosystems 

over longer time scales (years). LCA is an internationally standardized method to holistically quantify 

potential impacts of products and technical systems over their full life cycle (ISO, 2006a, 2006b), enabling 

the comparison of different management options based on contributions to a widely encompassing range of 

environmental impacts. The use of LCA to assess urban water systems has been increasing, but local 

emissions of pollutants from intermittent discharges of stormwater challenge the global perspective applied 

in LCA and are usually neglected (Brudler et al., 2016; De Sousa et al., 2012; Loubet et al., 2015; Spatari et 

al., 2011). Impacts resulting from stormwater discharges have recently gained attention: Risch et al. (2018), 

for example, showed that stormwater discharges cause significant environmental impacts compared to 

discharges of treated effluents in Paris.  
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Figure 1. Conceptual scheme of the information flow of stormwater quality measurements for one exemplary substance. 

(a) Urban runoff is sampled during different rain events and (b) the collected samples are analysed and event mean 

concentrations (EMC) are calculated. (c) EMC for specific sites are reported in literature in different formats. (d) Life cycle 

impact assessment requires the estimation of a mean concentration, based on which environmental impacts are 

calculated using existing characterisation factors. 

Within LCA, the life cycle impact assessment (LCIA) translates an inventory of emissions to 

environmental impacts (ISO, 2006b). For stormwater discharges, these emissions can be determined by the 

concentration of pollutants in stormwater. In fact, analyses of large concentration datasets have shown a 

correlation between event loads and discharged volumes (e.g. Métadier and Bertrand-Krajewski, 2012). This 

allows for estimating yearly pollutant discharges by applying the simple volume-concentration method (e.g. 

Park et al., 2009). 

 

Available measurements of pollution levels in stormwater are inherently characterized by high spatial 

and temporal variability both within the same rain event and between different events (Figure 1a,b). Such 

variability is caused by the various pollutant sources across urban catchments and by the highly dynamic 

pollutant release and transport processes. Monitoring of stormwater is also characterized by several inherent 

sources of uncertainty (Bertrand-Krajewski, 2007). All these factors contribute to the high heterogeneity of 

the available data (Figure 1c), which also differ in terms of sampling approaches, measurement 

methodologies, and reporting style (Göbel et al., 2007). Since LCA operates on total pollutant flows, it 
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requires the estimation of mean pollution levels over long exposure periods, and the characteristics of the 

available data thus pose a serious challenge and require additional data elaboration (Figure 1d). When a 

sufficient number of consistent measurements is available, average pollutant concentrations can be 

estimated based on their known statistical distribution (Van Buren et al., 1997). However, this is rarely the 

case when looking at stormwater micropollutants. Attempts have been made to obtain a “representative, 

average concentration” (Göbel et al., 2007), but little attention has been given to the characteristic of the 

reported data in those calculations. 

The main goal of this study was to evaluate the long-term environmental impacts of stormwater 

discharges, and to identify the most problematic pollutants in stormwater. This assessment required several 

steps:  

- quantifying levels of stormwater pollution based on the available literature data,   

- performing LCIA of stormwater discharges using the estimated pollution levels 

- evaluating the relative contribution of single pollutants to the total environmental impacts 

- comparing the impacts from stormwater to impacts from other relevant sources 

Furthermore, we related the concentration data to existing environmental quality standards. We then 

compared the conclusions regarding problematic substances, drawn from both LCIA and the legal screening, 

in order to identify potential shortcomings.  

2. Methods and data 

2.1 Available data for pollutants in stormwater 

Information on stormwater pollutants was obtained from reports of measurement campaigns, previous 

reviews and data elaborations, and databases from Europe and the US (Table 1). A total of 25 publications 

were identified as relevant, providing data from more than hundred sites and thousands of events from both 

European and North-America (Table 1). References using units inconsistently or stating only extreme values 

(e.g. in runoff from heavy industry or waste disposal sites) were not considered. No differentiation between 

source types (roofs, roads, etc.) was attempted as data were insufficient to calculate specific averages. 
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Since the aim was to quantify the contributors to and relevance of impacts from stormwater discharges, a 

catchment specific assessment lies outside the scope of this paper. Also, available data suggested that 

variations in concentration levels between standard urban catchments were small compared to the variation 

between different events at a particular location (Arnbjerg-Nielsen et al., 1999; Zgheib et al., 2012). The 

uncertainty in the estimation of an average concentration for a specific site can be estimated based on the 

number of available measurements and on the inherent variability of the measured pollutant (Bertrand-

Krajewski et al., 2002). 
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Table 1. References used to compile a list of pollutants potentially present in runoff, scope (as number of sampled catchments and events) and reported concentration 

data. EMC = event mean concentration, SD = standard deviation. *Concentration data available in reference, but not used in analysis, e.g. due to aggregation into 

substance groups in reference. 

Reference type Region Scope [#] Reported concentration data Metals Organic comp. Nutrients Reference 

Catchments Events 

Measurement 

campaigns 

Denmark 2 1.5yrs Maximum - X - (Asman et al., 2005) 

Denmark 4 4 EMC X X - (Birch et al., 2011) 

Denmark    - X* X (Clauson-Kaas et al., 

2016) 

Denmark 1 9 Site mean, range X* X X (Environmental Protection 

Agency Denmark, 2006) 

Denmark 2 6 Site average, SD X X X (Kjøholt et al., 1997) 

Denmark 2 2 EMC X X X (Kjølholt et al., 2001) 

Denmark 1 1 EMC X X - (Lützhøft et al., 2011) 

Denmark 3 1 EMC X* X X* (Madsen and Nielsen, 

2008) 

Denmark 1 3 EMC X* X X* (Pedersen et al., 2009) 

Denmark 2 3 EMC X* X X* (Pedersen, 2013) 

Denmark 1 15 EMC X* X X* (Ørestad, n.d.) 

France 3 7-24 Mean, SD, conf. interval X X - (Gasperi et al., 2014a) 

France 2 12 EMC, confidence interval X X* - (Becouze-Lareure et al., 

2016) 

France 1 15 Site median, range X X - (Sebastian, 2013) 

France 3 16 Median, range X X X* (Zgheib et al., 2012) 

Sweden 1 1 EMC - X - (Näf et al., 1990) 

Germany 6 1yr Average, maximum, SD X X X (Wicke et al., 2015) 

Austria 2 4 EMC - X - (Clara et al., 2010) 

California, US 34 3 Mean, median, range, SD X - X* (Kayhanian et al., 2007) 

California, US 1 1 Mean, median, range - X - (Wenning et al., 1999) 

Reviews Denmark   Range X X X* (Arnbjerg-Nielsen et al., 

2002) 

 Europe   Range X - X (European Commission, 

2002) 

Databases Denmark 17 46 EMC X X* X* (GEUS, n.d.) 

 United States >100 >8,500 Median, average, SD, range X X* X* (US EPA, 2015) 

Legislation / 

guidelines 

Denmark 

No concentration data 

(Danish Nature Agency, 

2016) 

Denmark (Kjølholt et al., 2007) 

Europe (European Commission, 

2000) 

Generic (Ingvertsen et al., 2011) 

Concentration data from Ledin et al. (2004) and Petersen et al. (2013) were taken into consideration, but not included due to inconsistencies in the reported values. 
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2.2 Defining mean concentrations  

To calculate the average pollutant concentrations needed for calculation of total emissions required as the 

basis for the LCIA, different methods were applied, chosen according to data availability and pollutant 

characteristics: 

- The median of all available measurements (as in Göbel et al. (2007)) was used when a sufficient 

number of data was available, as is the case for total phosphorous and nitrogen (assumed to cover 

the whole nutrient content); 

- The triple estimate approach (Lichtenberg, 2000) was used for pollutants with limited data availability 

and expected high relevance for toxicity impacts, such as 18 metals and metalloids (Ag, As, Ba, Be, 

Cd, Cr, Cu, Hg, Mg, Mo, Ni, Pb, Se, Sr, Tl, V, Zn); 

- The truly dissolved fraction of a metal was estimated and used if the mean concentration calculated 

with the triple estimate approach exceeded the solubility, which applied for two of the metals (Al, Fe);  

- The uncorrected maximum concentrations were used to compensate for very limited concentration 

data availability (as in the case for most organic compounds). This is a worst-case approach.  

2.2.1 Triple estimate approach 

The triple estimate approach requires defining for each pollutant a minimum and maximum concentration, 

representing the 1% and 99% limits respectively, and a best guess (Lichtenberg, 2000). Assuming that data 

follow a skewed distribution, the mean concentration (Cmean,i) was calculated using the following 

formula:(Lichtenberg, 2000)  

(1) 𝐶𝑚𝑒𝑎𝑛,𝑖   ≈  
𝐶𝑚𝑖𝑛,𝑖+3∗𝐶𝐵𝐺,𝑖+𝐶𝑚𝑎𝑥,𝑐𝑜𝑟𝑟,𝑖

5
 

The best guess (CBG,i) was calculated as the median of reported concentrations in four key references 

(Gasperi et al., 2014b; Sebastian, 2013; Wicke et al., 2015; Zgheib et al., 2012). These were selected due to 

their scope and detailed methodology description based on an expert judgement which looked at the scope 

of the references, the used protocols for collection, storage, and analysis of the samples, and the level of 

reported measurements (e.g. if all datasets were available in supporting information). If no data was 

available in the key references, the median value of measurements available in a large Danish database of 
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stormwater pollutants (GEUS, n.d.) was used. The minimum concentration (Cmin,i ) was determined by the 

lowest value found in any of the available references. To remove extremely high values which showed great 

deviations from average values, the following formula was used:  

(2) 𝐶𝑚𝑎𝑥,𝑐𝑜𝑟𝑟,𝑖 = {

𝐶𝑚𝑎𝑥,𝑖

3𝐶𝐵𝐺,𝑖

𝑖𝑓

𝑖𝑓

𝐶𝑚𝑎𝑥,𝑖 ≤ 3𝐶𝐵𝐺,𝑖

𝐶𝑚𝑎𝑥,𝑖 > 3𝐶𝐵𝐺,𝑖

 

Where Cmax,corr,i  is the corrected maximum concentration, and Cmax,i  is the highest concentration found in 

literature. 

2.2.2 Truly dissolved fraction 

Only the truly dissolved fraction of a metal (representing the sum of the concentrations of free ion and 

inorganic complexes and excluding organic complexes) is considered bioavailable and hence potentially 

toxic (Diamond et al., 2010). If reported total concentrations exceeded maximum possible dissolved 

concentrations (Cmax,diss,i), they were therefore corrected using the following formula for trivalent metals: 

(3) 𝐶𝑖 = {

𝐶𝑚𝑎𝑥,𝑑𝑖𝑠𝑠,𝑖  𝑖𝑓 𝐶𝑚𝑎𝑥,𝑑𝑖𝑠𝑠,𝑖 < 𝐶𝑚𝑒𝑎𝑛,𝑖

𝐶𝑚𝑒𝑎𝑛,𝑖       𝑖𝑓 𝐶𝑚𝑎𝑥,𝑑𝑖𝑠𝑠,𝑖 ≥ 𝐶𝑚𝑒𝑎𝑛,𝑖  
    where 𝐶𝑚𝑎𝑥,𝑑𝑖𝑠𝑠,𝑖 =

𝐾𝑠𝑝,𝑖

[𝑂𝐻−]3 ∗ 𝑀𝑀𝑖 

Where Ksp,i is the solubility product constant for metals forming insoluble hydroxide compounds, and MMi is 

the metal’s molar mass. An average pH of 7 was assumed for stormwater (Zgheib et al., 2012; US EPA, 

2015). Dissolved metal concentrations may exceed this theoretical maximum concentration if organic ligands 

are present to form complexes, shielding the metal ions from precipitation, but the complex-bound metal 

species are not part of the truly dissolved fraction and hence not bioavailable and not considered toxic 

(Campbell, 1995). 

2.3 Life Cycle Impact Assessment  

Using LCIA, we calculated the generic impact of one litre of stormwater discharged to different environmental 

compartments based on the calculated mean concentrations. If a full LCA is conducted, i.e. a specific 

catchment is assessed, site-specific impacts from stormwater discharges can be calculated by multiplying 

the generic impact of one litre with the total stormwater volume from a given catchment (Brudler et al. 2018). 

Stormwater harvesting for human consumption always requires treatment, and direct human exposure to 
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stormwater is normally very limited. If stormwater is discharged to receiving water bodies used for 

recreational activities, e.g. swimming, dilution and the short time span of exposure is expected to prevent 

critical effects on humans. We therefore did not consider human health impacts resulting from toxicity and 

pathogen exposure.  

2.3.1 Ecotoxicity impacts 

Ecotoxicity impacts were quantified using existing characterisation factors (CF) for discharges of pollutants to 

freshwater (Rosenbaum et al., 2008) and marine water (Dong et al., 2017). To avoid double counting, we 

only considered impacts occurring in the first compartment reached by the pollutant, and not subsequent 

impacts such as when runoff is discharged to a stream (freshwater) and subsequently reaches the sea 

(marine). The impacts are expressed in comparative toxicity units (CTUe), which represent the potentially 

affected fraction of freshwater species, integrated over time and volume (Henderson et al., 2011). 

The freshwater ecotoxicity impact of pollutant i, Iecotox,i, for one litre of stormwater was calculated as: 

(4) 𝐼𝑒𝑐𝑜𝑡𝑜𝑥,𝑖 {

𝐶𝐹𝑖𝐶𝑖𝑉                                𝑤ℎ𝑒𝑟𝑒 𝐶𝐹 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑓𝑜𝑟 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑖

𝑚𝑒𝑑𝑖𝑎𝑛(𝐶𝐹𝑚)𝐶𝑖𝑉        𝑤ℎ𝑒𝑟𝑒 𝐶𝐹 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑓𝑜𝑟 𝑎 𝑐𝑙𝑎𝑠𝑠 𝑜𝑓 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑠, 𝑚
           

Where Ci is the mean concentration, CFi is the corresponding CF, and V is the normalization volume of one 

litre. For a pollutant without a CF reported in the literature, a proxy CF was found by assigning it to a class of 

similar pollutants m and using the median of the CFs available for this class. 

CFs for freshwater ecotoxicity were available for all 20 metals, and marine ecotoxicity CFs for seven 

(Cd, Cr, Cu, Pb, Mg, Ni, Zn). For organic compounds, only freshwater ecotoxicity impacts could be 

calculated, as CFs for marine ecotoxicity were not available. Freshwater ecotoxicity CFs were specified for 

163 of the 286 organic compounds potentially present in runoff, which were used to calculate median CFs for 

seven substance classes. Impacts were calculated for 88 organic compounds with both concentration data 

and CFs available, and 57 compounds with only concentration data available (Table 2). The development of 

new CFs for pollutants would require significant data collection and measurements, which lies outside the 

scope of this paper.  
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Table 2. Number of organic compounds named in literature and with freshwater ecotoxicity characterisation factor (CF) 

and / or concentration data available, and median CF and impact of seven pollutant classes. *The median CF of all 

organic compounds was used for unclassified pollutants. 

 
Named in 

literature [#] 
CF 

available [#] 
Conc. data 
available [#] 

CF and conc. data 
available [#] 

Median CF 
[CTUe/kgemitted] 

Impact 
[CTUe/l] 

PAHs 33 13 25 12 6.1E+03 4.8E-03 

Other hydrocarbons  30 24 10 6 4.7E+02 5.7E-06 

Other oil components 6 6 6 6 1.3E+02 8.7E-07 

Dioxins 15 5 11 3 9.0E+04 8.7E-03 

Pesticides  105 67 63 45 5.6E+04 7.2E-03 

Phthalates 18 12 12 10 3.7E+02 4.2E-05 

Phenols 33 18 21 11 5.4E+03 3.6E-04 

Other org. compounds 46 18 8 3 -* 7.0E-06 

All org. compounds 286 163 156 96 2.9E+03 2.1E-02 

2.3.2 Eutrophication impacts 

Phosphorus is generally the limiting nutrient for algal growth in freshwater systems and thus causes 

potential eutrophication impacts (expressed in kgP-eq) when emitted to freshwater. Nitrogen is generally 

growth-limiting in marine water systems, and nitrogen therefore causes potential eutrophication impacts 

(expressed in kgN-eq) when emitted to coastal waters. The nutrient mass corresponds directly to the impact 

without using a CF (Henderson, 2015). Consequently, the eutrophication of nutrient k, Ieutrop,k, was calculated 

as: 

(5) 𝐼𝑒𝑢𝑡𝑟𝑜𝑝,𝑘  = 𝐶𝑘𝑉 

Where Ck is the median concentration of nutrient k, and V is the normalization volume of one litre.  

2.3.3 Uncertainty analysis 

The data processing described in section 2.2 represents a source of uncertainty in the calculation of 

ecotoxicity impacts. The importance of this uncertainty was quantified by testing five alternative 

concentration scenarios: 

- Triple estimate, corrected for dissolution (TE-diss): As some references state total concentrations and 

only dissolved metals are relevant for ecotoxicity impacts, Cmean,i for dissolved concentrations was 
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calculated (eq. 1) by multiplying the baseline average concentrations with dissolved fractions found in 

literature (Ingvertsen et al., 2011);  

- Triple estimate, minimum concentration is zero (TE-0): Cmean,i was calculated (eq. 1) where Cmin,i was 

assumed to be zero, which reflects the possibility that a pollutant may not be present in the runoff (i.e. 

below detection limits);  

- Triple estimate, uncorrected maximum (TE-uncorr): Cmax,i was used instead of Cmax,corr,i to calculate Cmean,i 

in eq. 2; 

- Worst case, corrected maximum (WC-corr): The impacts were calculated using Cmax,corr,i instead of 

Cmean,i; 

- Worst case, uncorrected maximum (WC-uncorr): Cmax,i was used instead of Cmean,i.  

Some of the classes of organic compounds showed large variation in CFs, e.g. CFs for pesticides 

were ranging between 9.3E+01 and 1.2E+07 CTUe/kgemitted. To test the uncertainty connected to using the 

median CF, the maximum CF of each class was used instead in eq. 4.  

2.4 Importance of stormwater discharges 

The relative importance of urban stormwater discharges was evaluated by comparing the calculated impacts 

of stormwater pollutants with average anthropogenic impacts used for normalization in LCA (Laurent and 

Hauschild, 2015). Normalization references ideally cover all impacts caused by a single person over a year, 

taking into account all relevant processes (e.g. housing, consumption, transport). Additionally, impacts 

caused by urban stormwater discharges were compared to impacts of runoff from agricultural areas, which is 

considered to be a major contributor to eutrophication impacts. 

2.5 Legal screening 

The findings of the LCIA were cross-checked by comparing the concentration ranges of metals and organic 

compounds to the environmental quality standards (EQS) defined by European and Danish legislation 

(European Commission, 2013, 2008; Miljø- og Fødevareministeriet, 2016). This resembles the approach 

used in Johnson et al. (2017) to evaluate the risk of different chemicals in freshwater, where EQS were 

compared to median measured concentrations. To assess how often EQS might be exceeded by stormwater 
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discharges, we calculated the frequency of exceedance (fexc), using the complete dataset of concentrations 

found in literature: 

(6) 𝑓𝑒𝑥𝑐 =
1

𝑁𝑜𝑏𝑠
∑ 𝛼(𝐶𝑟𝑒𝑝,𝑖)

𝑁𝑜𝑏𝑠
𝑖=1  where 𝛼(𝐶𝑟𝑒𝑝,𝑖) = {

0 𝑖𝑓 𝐶𝑟𝑒𝑝,𝑖 ≤ 𝑀𝐴𝐶 − 𝐸𝑄𝑆 

1 𝑖𝑓 𝐶𝑟𝑒𝑝,𝑖 > 𝑀𝐴𝐶 − 𝐸𝑄𝑆
 

Where Nobs is the number of available data, and Crep,i are reported concentrations. fexc provides an estimation 

of how often the maximum allowed concentration (MAC-EQS) is expected to be exceeded based on 

available measurements. Chronic exposure to metals was evaluated by comparing average concentrations 

(Cmean,i) against annual averages (AA-EQS). For organic compounds, no average concentrations could be 

calculated due to insufficient data (section 2.2), so all reported measurements were compared to the AA-

EQS. This evaluation provides a conservative evaluation based on a worst-case scenario, where dilution in 

the recipients is limited and/or the background concentration in the recipient is high. Furthermore, the 

comparison mainly aimed at evaluating the findings of the LCIA in terms of relative importance of the 

different pollutants to the overall negative impacts. 

3. Results and discussion 

3.1 Concentration of stormwater pollutants 

In the selected publications, a total of 20 metals, almost 300 organic compounds, and nutrients were 

reported as potentially present in runoff. The number of concentration data points in literature per pollutant 

varied between 0 (no concentration data available) and 44, including minimum, maximum, and mean 

concentrations, either for single events, or as averages for several events or catchments. Between 4 and 32 

measurements were available for metals. 21 measurements were found for total phosphorous, and 10 for 

total nitrogen. Concentration data was available for only 54% of the organic pollutants. Minimum, maximum, 

and mean concentrations for all pollutants are listed in SI. 

The heterogeneity of the available measurements required significant efforts to calculate average 

concentrations, and a series of subjective choices had to be made (selection of key references, definition of 

outliers, and calculation of average values). These difficulties have been identified also in connection with 
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surface water measurements by other researchers (Johnson et al., 2017). This strongly highlights the need 

for standardized and more comprehensive data reporting on water pollution. Figure 2 provides an overview 

of all the found measured concentration ranges. It should be stressed that the estimated average 

concentrations should be only used for evaluating the long-term environmental impacts of stormwater 

discharges. The evaluation of short-term impacts would require a bigger set of measurements, in order to 

have a better representation of the inter-event variability in concentration values. 

The measured concentrations of total phosphorous ranged between 0.001 mg/l and 4.40 mg/l, with a 

median concentration of 0.32 mg/l. For total nitrogen, the concentrations ranged between 0.20 mg/l and 14.0 

mg/l, with a median of 2.0 mg/l.  

Reported metal concentrations per litre of stormwater ranged from nanograms up to milligrams. 

Since references often did not specify if total or dissolved concentrations were reported, all data were 

incorporated first, i.e. it was assumed all reported values were stating dissolved concentration. An adjusted 

dissolved fraction was then analysed in the sensitivity analysis (TE-diss). The highest concentrations were 

reported for zinc (Cmax of 22.5 mg/l) and lead (Cmax of 14.5 mg/l), and both values were significantly higher 

than the determined best guess (CBG of 0.4 mg/l, and 0.02 mg/l respectively). The absolute maximum (Cmax,i) 

exceeded the best guess concentration (CBG,i) significantly for 17 metals, i.e. the corrected maximum was 

used (eq. 2). Cmean,i ranged between 0.1 μg/l (Hg) and 490 μg/l (Zn). The concentrations of metals where the 

maximum dissolved fraction was calculated based on solubility product constants were significantly lower 

than for the rest of the metals, with 0.1 μg/l for aluminium and 0.0003 ng/l for iron, reflecting the low solubility 

of these metals in water. 

Observed concentrations of organic compounds all ranged in the μg/l scale, with the highest concentrations 

reported for glyphosate (232 μg/l), phthalates (up to 32 μg/l) and phenols (up to 12 μg/l). A large fraction 

(75%) of the organic compound concentrations were below 1 μg/l and one third was below 0.1 μg/l. No 

concentration data were available for almost half of the compounds, and less than five concentrations were 

reported for more than 80% of the compounds with available data. This lack of data was accounted for by 

choosing a worst-case approach of using the maximum concentration for all compounds where data was 

available.  
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Figure 2. Concentration ranges for priority substance measured in separate stormwater systems (blue lines, expressed as minimum and uncorrected maximum value), 

AA-EQS (green lines) and MAC-EQS (red lines). The width of the blue line is proportional to the number n of available measurements (thinnest line n<5, thickest line 

n>20), horizontal blue lines show Cmean for metals. 
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3.2 Environmental impacts 

3.2.1 Ecotoxicity impacts 

The potential freshwater ecotoxicity impact of runoff was calculated as 0.72CTUe/l for untreated 

discharges to freshwater. This impact score was dominated by metals, which account for 97% (0.70CTUe/l) 

of the total score. Copper and zinc were the main contributors (81%, and 9% respectively), while iron caused 

the lowest potential impacts (nine orders of magnitude lower than copper due to the low solubility of Fe(III)). 

This is in line with a recent study stating that Cu and Zn account for 99% of the total freshwater ecotoxicity 

impacts of wet weather discharges (Risch et al., 2018). It also supports the conclusion that Cu and Zn and 

pose a significant threat to receiving freshwater environments (Johnson et al., 2017). Total potential marine 

ecotoxicity impacts were in the same order of magnitude as the freshwater ecotoxicity impact potential 

(0.82CTUe/l), with zinc being the largest contributor (94%). Copper and zinc mainly stem from corrosion of 

metal structures in the catchment area (e.g. metallic roofs and drain pipes) and from wearing of vehicles 

(Chebbo et al., 2001; Ellis and Revitt, 2008). The impacts of all other substances were at least one (Pg, Mg), 

and up to five (Cr) orders of magnitude lower (Figure 4 and SI). Copper caused significantly lower ecotoxicity 

impacts to marine water than to freshwater (9.7E-03, and 5.8E-01 CTUe/l respectively), because there are 

three orders of magnitude difference between the CFs for copper in freshwater and marine water (3.6E+07 

CTUe/kg and 1.2E+04 CTUe/kg, respectively), reflecting that species living in freshwater are more affected 

than species in seawater (Dong et al., 2016; Rosenbaum et al., 2008).  

Even with our method of utilizing maximum concentrations (section 2.2), organic compounds only 

accounted for 3% (0.02CTUe/l) of the freshwater ecotoxicity impacts. The groups accounting for most of the 

impacts caused by organic compounds were dioxins (1.2%), pesticides (1.0%) and polycyclic aromatic 

hydrocarbons (0.7%) (Figure 3). Without marine CFs for organic compounds we can only speculate that 

metals would dominate the calculated ecotoxicity in marine environments as well. However, we do not 

expect a higher significance of organic compounds than in freshwater, since the impact pathways are similar 

in both environmental compartments. 
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Figure 3. Relative potential ecotoxicity impacts of stormwater for a) metals and organic compounds discharged to 

freshwater; b) metals discharged to seawater 

There is an ongoing discussion of whether the modelling of metal ecotoxicity in LCA potentially 

overestimates impacts stemming from emissions of metals. Metals occur in many different forms, and only 

the free ions form contributes to toxicity. The CFs have been corrected by Dong et al. (2014) to reflect the 

decreased bioavailable fraction but since the free ion form also has higher toxicity than the total metal, the 

resulting change in the CF is moderate for most metals. Metals are more persistent than organic substances, 

and this is reflected in the fate modelling that is used part of the characterisation modelling, contributing to a 

higher toxicity of metals. However, in the USEtox fate module, the residence time of freshwater is only 100 

days and for coastal water bodies one year (Rosenbaum et al., 2008), which limits the influence of the long-
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term persistence of the metals on the characterisation factors. We thus consider the found dominance of 

metals in the overall ecotoxicity scores for stormwater discharges to be realistic. 

The ecotoxicity potential of metals depends on the characteristics of the receiving water body. CFs 

for Cu have been found to differ within three orders of magnitude for different freshwater and marine 

archetypes, while CFs for Zn vary within one order of magnitude for freshwater and within two orders for 

marine water (Dong et al., 2016, 2014). We present generic toxicity potentials, but spatial differentiation has 

to be considered when applying the findings to a specific case study. 

3.2.2 Eutrophication impacts 

The average eutrophication impacts were 3.2E-07 kgP-eq/l for freshwater and 2.0E-06 kgN-eq/l for 

marine waters. Since the impacts directly correspond to the calculated concentrations and no CF was 

necessary, the uncertainty is lower than for ecotoxicity impacts. The relative importance of eutrophication 

impacts from stormwater discharges is discussed in section 3.4. 

3.2.3 Uncertainty analysis 

The uncertainty analysis showed the importance of differentiation between dissolved and total 

concentrations of metals, with twice as high freshwater ecotoxicity impacts for total concentrations (TE-diss, 

Figure 4). This supports the introduction of a bioavailability factor in the CFs to represent the truly dissolved 

fraction of metals (Gandhi et al., 2010). The dissolved concentration of copper depends heavily on the 

concentration of dissolved organic carbon in the water, which can be high e.g. in areas with extensive 

agriculture or in wastewater. Our calculations would overestimate the impact of copper in cases where high 

concentrations of dissolved organic carbon remove the dissolved copper from the bioavailable fraction.  

The influence of the minimum and maximum values in the triple estimate approach was different: 

while setting Cmin,i to zero (TE-0) led to insignificant changes in impacts (<1% difference), using the 

uncorrected maximum (TE-uncorr) led to impacts 23 times higher than the baseline. Since a skewed normal 

distribution for the observed data is assumed in eq. 1 (Lichtenberg, 2000), this explains the importance of 

high values on Cmean,i. The need for removing outlier concentrations was also shown by the worst case 

scenarios: while using Cmax,corr,i instead of Cmean,i (WC-corr) led to impacts 2.5 times higher than the baseline, 
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using the uncorrected maximum values Cmax,i (WC-uncorr) led to a factor of 110 (Figure 4). This analysis 

underlines how concentrations measured close to pollutant sources (e.g. roof runoff from metallic roofs) or 

reflecting the natural variability of stormwater runoff (i.e. corresponding to extreme events) can lead to an 

overestimation of the average impacts from stormwater runoff. 

Despite the increase in the absolute values of impacts, the relative importance of the different 

pollutants was similar for all scenarios: copper contributed most to freshwater ecotoxicity impacts (75-94%), 

followed by zinc (4-10%). Marine ecotoxicity impacts followed the same pattern of changes in total impacts 

for the five different scenarios, with Zinc being most contributing substance in all scenarios (SI). 

 

Figure 4. Freshwater ecotoxicity impacts for the different concentration scenarios described in section 2.5. Impacts are 

shown on a logarithmic scale. 

When using the maximum CF instead of the median CF for substances without specific CF available, 

the freshwater ecotoxicity impacts of organic compounds were two orders of magnitude higher (1.7E+00 

CTUe/l, compared to 2.1E-02 CTUe/l), which is the same order of magnitude of the impacts of metals. The 

largest increases could be seen for unclassified organic compounds (5 orders of magnitude), and pesticides 

and hydrocarbons (2 orders of magnitude). This stems from the fact that CFs of highly toxic compounds were 

used to calculate the impacts of pollutants in the same class without CFs available that occurred in relatively 

high maximum concentrations. These highly toxic pollutants are often restricted or completely banned, e.g. in 

Denmark (Kjølholt et al., 2007), and only occur in very low concentrations (7.6E-03 μg/l up to 4.1E-01 μg/l). It 

is therefore expected that the tested approach is overestimating the potential impacts of organic pollutants. 
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3.4 Relative importance of impacts  

For freshwater ecotoxicity, the average impact per person per year in Europe has been estimated at 

8940 CTUe (Sala et al., 2015). According to our findings, just 12m3 of stormwater with the toxicity impacts of 

0.72 CTUe/l has the same potential as the normalisation reference. In Denmark an average of 125m2 

impervious area per person is connected to a stormwater management system (75 m2 to a separate, and 50 

m2 to a combined sewer system) (Ministry of Environment and Food DK, 2017). Assuming typical Danish 

conditions of an annual rainfall of 700mm and 40% losses to evaporation and infiltration, 53m3 of annual 

stormwater are generated from this area, which implies that the stormwater discharges alone are causing 

more ecotoxicity impacts per person than the average impact for all human activities estimated by Sala et al. 

(2015). This contradiction is potentially caused by an overestimation of the toxicity impacts. On the other 

hand, we suspect the normalisation reference to underestimate the actual impacts of human activities, since 

it does not take into account numerous emissions associated to human activities. Ecotoxicity pressure is 

potentially exerted by thousands of different substances released from industry, agriculture or households. 

Current normalisation references for ecotoxicity only gather information about a few hundred of these and 

not all of them are covered by CFs. The existing normalisation reference will therefore underestimate the true 

impacts of an average person by neglecting relevant activities (e.g. discharges of stormwater), but the 

magnitude of the underestimation is not obvious. A Danish study estimated an average annual freshwater 

ecotoxicity impact from human consumption which corresponds to 49020 CTUe (Kalbar et al., 2016), i.e. half 

an order of magnitude higher than the commonly used normalisation reference (Sala et al., 2015), and even 

this value does not cover the emissions from all relevant activities.  

Pesticides are used more heavily in agricultural than in urban areas, and high levels of copper and 

zinc are measured in pig manure applied on farmland (Bak et al., 2015). However, pollutants are to a large 

degree retained in soil and are not expected to reach water bodies before they degrade (organic 

compounds) or become immobilized (metals). This is in line with a German study naming urban runoff as the 

main source for Cu, Zn, and PAHs in surface waters (German Environment Agency, 2017).  

We found stormwater discharges to have limited eutrophication impacts compared to other activities, 

including agriculture. Assuming an urban area of 125m2 per person, the impacts from stormwater discharges 

account for only 1.1% of the average annual freshwater eutrophication impact per person, and 0.6% for 
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marine eutrophication (Sala et al., 2015). Using a median nitrogen concentration of 2 mg/l, an annual mass 

flow of 8.4 kgN/ha.yr was expected from stormwater from urban areas. This is in the same order of 

magnitude of the relative nutrient release from agricultural areas. Between 10 and 17 kgN/ha.yr were 

estimated to be discharged to surface water bodies from agricultural areas in Denmark, depending on the 

soil type (Jensen et al., 2016). However, urban areas cover a limited area compared to agricultural areas, 

thus contributing less to runoff discharges. This is backed by the findings of the German Environment 

Agency, who showed that 75% of nitrogen, and 50% of phosphorous found in German surface waters stem 

from agriculture (German Environment Agency, 2017). 

We assume that the variations in stormwater pollution are mainly driven by differences in land usage 

rather than in geographical location. Although the absolute impacts might change, we expect the relative 

importance of the various pollutants to be similar also for areas that were not included in the analysis. 

Therefore, we expect metals to be the main contributors to ecotoxicity impacts also outside Europe and 

North America. The representativeness of the analysed data might be affected due to e.g. source control 

policies as for banning of lead in gasoline, which limits the usage of data collected in previous decades (cf. 

Park et al., 2009). 

3.5 Legal screening 

Comparing measured stormwater pollutant concentrations against EQS clearly identified metals as 

problematic, which is in line with the findings from the LCIA. The EQS for most metals laid within the range of 

reported concentrations, except for strontium and molybdenum with concentrations never exceeding EQS 

(Figure 2). The highest fexc was calculated for Cu (78%) and Zn (84%), which have also been identified as 

causing the highest impacts. Additionally, Cmean,i exceeded the EQS for several orders of magnitude (one for 

Cu and two for Zn). Other problematic substances were Ba, Pb, Hg, and Tl, with approximately half of the 

reported values exceeding the MAC-EQS (Figure 2). Cmean,i exceeded AA-EQS with at least one order of 

magnitude for five metals (Ag, Ca, Cu, Pb, Zn), were in same order of magnitude for seven (As, Ba, Cr, Ni, 

Se, Tl, Va), and at least one order below for four (An, Cd, Mg, Mo, Sr). No EQS were available for four 

metals (Al, Be, Fe, Hg). 
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Most organic pollutants either complied with EQS, or no EQS are defined. Within organic pollutants, 

PAHs were the most problematic class from a legal perspective, with fexc above 50% for seven pollutants. 

This is in line with the LCIA, where PAHs, together with dioxins and pesticides, caused the highest impacts. 

Findings in literature show similar results, stating that PAHs cause a significant hazard, but finding a higher 

importance of pesticides and phenols when comparing measured to predicted no-effect concentrations 

(Gosset et al., 2017). Contrary to that, we only identified single pesticides, phthalates and phenols as critical 

when comparing to EQS. All eight reported concentrations of benzo[b]fluoranthene exceeded the MAC-EQS 

(i.e. fexc=100%). Nonylphenol had a fexc of 67% (14 reported concentrations), and tributyltin and 

pentachlorophenol of 20% (four, and three reported concentrations respectively). All other organic 

compounds complied with available MAC-EQS (Figure 3). Reported concentrations exceeded AA-EQS for 

more than 50% of the available data for seven PAHs (benzo[a]anthracene, benzo[a]pyrene, chrysene, 

dibenzo[ah]anthracene, fluoranthene, methylnaphthalene, pyrene), one other hydrocarbon 

(pentachlorobenzene), two pesticides (cybutryne, dieldrin), one phthalate (DEHP), two phenols (bisphenol A, 

nonylphenol), and perfluorooctanesulfonic acid.  On average, 12 concentrations were reported for these 

pollutants, which is significantly more than the average of all organic compounds (3 concentrations). 

Additionally, EQS are not defined for a great part of the organic micropollutants (Figure 5). This highlights 

how the proposed approach is valid only for priority pollutants, i.e. pollutants that have already been 

identified by legislation. This finding also applies to LCIA, were characterisation factors are not available for 

all organic pollutants potentially present in stormwater.  
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Figure 5. Frequency of exceedance of reported concentration compared with maximum allowed concentration 

environmental quality standard (MAC-EQS) for metals and organic compounds. 

4. Conclusions 

Significant manual corrections and assumptions were necessary when calculating mean pollutant 

concentrations in stormwater due to very heterogeneous ways of analysing and reporting values in literature. 

Standardized and comprehensive data and measurements of organic compounds are very limited.  

Average concentrations of metals ranged between 0.1 μg/l (Hg) and 490 μg/l (Zn). Maximum 

concentrations of organic compounds of up to 232 μg/l (Glyphosate) were reported in literature, while 75% of 

the reported concentrations were below 1 μg/l. The median concentrations of total phosphorous and nitrogen 

were 0.32 mg/l, and 2.0 mg/l respectively. 

Using LCIA, the total ecotoxicity impact of stormwater discharges to freshwater were calculated as 

0.72CTUe/l, and 0.82 CTUe/l for discharges to the sea. Eutrophication impacts were 3.2E-07 kgP-eq/l for 

freshwater, and 2.0E-06 kgN-eq/l for marine waters. 
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Metals were clearly identified as the main contributor to ecotoxicity impacts, with zinc and copper 

contributing more than 90% of the total freshwater and marine impacts. This highlights the potential for 

impact reduction through source control, e.g. through regulation of the use of Cu and Zn in vehicles and as 

building materials and promotion of available alternatives, and the need for stormwater treatment aimed at 

removing metals. 

Ecotoxicity impacts from urban stormwater showed a high significance when comparing to impacts 

from other pollutant sources, i.e. consumption and agricultural processes. In contrary, eutrophication impacts 

from stormwater were found less significant. 

Metals, especially copper and zinc, were identified as most problematic when comparing the 

collected concentration data of pollutants to existing EQS, supporting the conclusions drawn from the LCIA. 

Both LCIA and EQS did not cover all pollutants potentially present in runoff, which in combination with limited 

concentration data availability highlights the need for further research in assessing long-term environmental 

impacts of stormwater discharges.  
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