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Summary 

Stormwater management (SWM) is necessary to control flooding and pollu-

tion, and to reduce the risk of resulting damage to humans, property and na-

ture. Large investments have been made in Denmark to adapt existing SWM 

systems to expected climatic changes. Besides traditional subsurface systems, 

alternative solutions utilising green infrastructure (GI) are increasingly im-

plemented. These alternatives can provide additional benefits for humans and 

the environment that are rarely quantified, especially with economic assess-

ments remaining the focus of SWM planning. In this project, a life cycle as-

sessment (LCA)-based framework, to systematically and holistically assess 

environmental impacts caused by SWM systems, was developed and tested. 

Boundary conditions for implementing the method in the existing planning 

process at water utilities were analysed to establish environmental sustaina-

bility as a parameter in decision-making. 

LCA is a standardised tool employed to evaluate cradle-to-grave environmen-

tal sustainability. Environmental impacts are quantified in different catego-

ries (e.g. climate change, resource scarcity) and in terms of resulting damage 

to areas of protection (e.g. ecosystems). It is applicable to a wide range of 

products, services and systems, which makes choices necessary. We devel-

oped a framework in which an LCA can be used systematically to quantify 

comprehensively the impacts of SWM systems at the catchment level. Two 

aspects were identified as especially important. First, we suggested defining 

the primary function, which has to be provided equally by all assessed alter-

natives, as the provision of flood safety targets for different rain domains. 

This approach ensures comparability while reflecting the essential character-

istics of SWM systems. Second, impacts caused by the implementation, oper-

ation and decommissioning of the infrastructure, as well as those caused by 

point source emissions, should be considered in the assessment. Point source 

emissions of toxic substances and nutrients are caused by discharging pollut-

ed stormwater into the environment. Both infrastructure and point source 

emission impacts are highly site-dependent, and limited data are available 

during system planning. In this project, we therefore developed generic in-

ventories for both impact sources. Infrastructure processes were assessed and 

quantified using documentation for implemented systems, planning docu-

ments, expert interviews, guidelines and other types of literature. Point 

source emissions were assessed by first defining average pollutant concentra-

tions based on a literature review, and then assessing the flow of polluted wa-
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ter through the single elements of the systems with different removal effi-

ciencies. 

The developed framework was used to assess different SWM systems in two 

Danish urban catchments (Nørrebro in Copenhagen, and Skibhus in Odense). 

As a novel approach, we quantified both infrastructure and point source emis-

sion impacts comprehensively and on the catchment scale. Across categories, 

we found the infrastructure impacts of subsurface systems to be higher than 

of GI systems, caused mainly by the production of materials and decommis-

sioning processes. When assessing infrastructure processes and resulting 

damage to resource availability, GI systems were environmentally preferable 

due to limited material demands, avoided road renewal and recycling. Evalu-

ating point source emissions and damage to ecosystems led to contrary con-

clusions: subsurface systems, where stormwater is treated in a central 

wastewater treatment plant, caused the lowest impacts, while GI was less ef-

ficient in removing pollutants, leading to higher ecotoxicity and eutrophica-

tion impacts. This highlighted the importance of including point source emis-

sions, and quantified the trade-off between impacts caused by advanced 

treatment versus those avoided as a result of increased pollutant removal.  

Existing tools for evaluating environmental sustainability often require de-

tailed inputs and expert knowledge, limiting their applicability in the plan-

ning context of SWM systems. An analysis of the existing planning processes 

revealed a highly iterative nature, with detailed system descriptions only be-

ing available right before the implementation of the systems. Based on these 

findings, we identified the need for a simplified, LCA-based tool to assess the 

environmental impacts of SWM systems at the conceptual planning stage. A 

generic process inventory was developed for 30 different SWM elements, 

which is required as background data for the tool. Necessary input parameters 

were developed to specify relevant characteristics of the single elements. To-

gether with planners working in the Danish water sector, the format and types 

of output were defined, in order to support decision-making effectively. The 

suggested tool, based on the developed LCA framework, provides the basis 

for including environmental sustainability in the future planning of SWM 

systems.  
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Dansk sammenfatning 

Regnvandshåndtering (SWM) er nødvendig for at kontrollere oversvømmelse 

og forurening, samt heraf følgende skader på mennesker, ejendom og miljø. 

Store investeringer foretages i Danmark for at tilpasse eksisterende afløbssy-

stemer til forventede klimaændringer. Udover traditionelle undergrundssy-

stemer bliver alternative løsninger, der inkluderer grøn infrastruktur (GI) i 

stigende grad implementeret, i Danmark ofte betegnet LAR-løsninger. GI kan 

give yderligere fordele for mennesker og miljø, som sjældent kvantificeres i 

de økonomiske vurderinger, der ligger til grund for planlægning af SWM. 

Denne afhandling beskriver et PhD-projekt, der har udviklet og testet en livs-

cyklusbaseret metode til systematisk og holistisk vurdering af miljøpåvirk-

ninger forårsaget af SWM-systemer. Projektet har også analyseret betingelser 

der ligger til grund for gennemførelse af livscyklusvurdering (LCA) i den 

eksisterende planlægningsproces hos forsyningsselskaber, så der på sigt kan 

understøttes en miljømæssig bæredygtig udvikling på området. 

LCA er et standardiseret værktøj til evaluering af miljømæssig bæredygtighed 

fra vugge til grav. Miljøpåvirkninger kvantificeres i forskellige påvirknings-

kategorier (fx klimaændringer, ressourceknaphed) og derfra beregnes resulte-

rende skader på beskyttelsesområder (fx økosystemer). LCA kan anvendes til 

en bred vifte af produkter, tjenester og systemer, men er altid baseret på en 

række væsentlige valg og fravalg i systembeskrivelsen, som ikke tidligere har 

været overvejet i forbindelse med SWM. Vores metode anvender LCA til sy-

stematisk kvantificering af miljøpåvirkninger for hele SWM-systemer på op-

landsniveau. Metoden indebærer to vigtige valg: 1) Vi foreslår at definere 

den funktionelle enhed, som bør være ens for alle de betragtede SWM løsnin-

ger, ud fra sikkerhedsniveauer for forskellige regndomæner. Denne tilgang 

sikrer sammenlignelighed mellem SWM løsninger samtidig med at den re-

flekterer et vigtigt aspekt ved SWM systemer. 2) Vi understreger at miljøpå-

virkninger forårsaget af punktkildeemissioner skal tages i betragtning. LCA-

en må ikke alene baseres på effekter forårsaget af implementering, drift og 

bortskaffelse af infrastruktur. Punktkildemissioner skyldes udledninger af 

forurenet regnvand, hvilket forårsager udslip af giftige substanser og næ-

ringsstoffer til miljøet. Både infrastruktur- og punktkildeemissionspåvirknin-

ger er meget afhængige af sted, og ofte er der sparsomt med data tilgængeligt 

under planlægningen af systemerne. Vi udviklede derfor generiske opgørelser 

for begge emissionskilder. Infrastrukturprocesser blev vurderet og kvantifice-

ret ved hjælp af dokumentation fra eksisterende SWM systemer, planlæg-
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ningsdokumenter, ekspertinterviews, dimensioneringsvejledninger og andre 

typer litteratur. Punktkildemissioner blev vurderet ved først at definere gen-

nemsnitlige forureningskoncentrationer baseret på en litteraturgennemgang 

og derefter vurdere stoftransporten gennem de enkelte systemelementer under 

hensyn til hvert elements renseeffektivitet. 

Metoden blev testet på forskellige SWM systemer udviklet for et opland i 

København (Nørrebro) og et opland i Odense (Skibhus). Vi kvantificerede 

både infrastruktur- og punktkildeemissioner på oplandsskala, hvilket ikke er 

gjort før. Generelt havde undergrundssystemer højere miljøbelastning på 

tværs af flere påvirkningskategorier end GI-systemer. Miljøpåvirkninger 

skyldtes hovedsageligt produktion af materialer og processer forbundet med 

bortskaffelse af udtjente elementer. Når kun infrastrukturprocesser og påvirk-

ning af den generelle ressourcetilgængelighed betragtes, var GI-systemer mil-

jømæssigt foretrukne på grund af begrænset materialeforbrug, besparet vej-

fornyelse og fordi der er god mulighed for genanvendelse af materialer. Når 

punktforurening og skader på økosystemer betragtes, pegede resultaterne i 

modsatte regning: for undergrundssystemer hvor regnvandet behandles i et 

centralt spildevandsrensningsanlæg reduceres punktkildeemissionerne og 

skaderne forårsaget på økosystemer væsentligt i forhold til GI. Dette skyldes 

den lavere renseeffektivitet af GI, som forventes at medføre en ringere fjer-

nelse af forurenende stoffer, hvilket fører til øget økotoksicitet og eutrofie-

ringspåvirkning. Dette fremhæver afvejningen mellem påvirkninger forårsa-

get af konventionel spildevandsbehandling versus undgåede påvirkninger ved 

den øgede reduktion af forurening.  

Eksisterende værktøjer til evaluering af miljømæssig bæredygtighed kræver 

ofte detaljerede input og ekspertviden, hvilket begrænser deres anvendelig-

hed. En analyse af de eksisterende planlægningsprocesser indenfor SWM af-

slørede en stærkt iterativ karakter, hvor detaljerede systembeskrivelser først 

bliver tilgængelige lige før implementeringen af systemerne. Derfor så vi et 

behov for et forenklet LCA-baseret værktøj til vurdering af miljøpåvirknin-

gerne af SWM-systemer der befinder sig på skitseprojektstadiet. En generisk 

procesopgørelse blev udviklet for 30 forskellige SWM-elementer, som base-

ret på få oplysninger kan estimere en miljøpåvirkning som kan understøtte 

beslutninger i fremtidens planlægning af SWM-systemer. 
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1 Introduction 

1.1 Stormwater management 

1.1.1 Background: climatic changes in Denmark 

Anthropogenic greenhouse gas emissions are changing the global climate and 

affecting humans and ecosystems as a consequence (IPCC, 2014). In Den-

mark, both temperature and precipitation patterns are expected to change. 

Increasing attention is being paid to the latter by Danish authorities after se-

vere cloudbursts across the country (Madsen et al., 2018). In 2011, large parts 

of Copenhagen were flooded, important infrastructure was damaged and the 

electricity supply to 10,000 households was disrupted (Institut for 

Beredskabsevaluering, 2012). Up to 135mm of rain fell in just 24 hours, 

which is the most severe event ever measured in the country (Vejen, 2011). 

In addition, Aarhus and Roskilde Fjord have been hit by severe cloudbursts in 

the past decade (Madsen et al., 2018). The intensity of these extreme events 

is expected to increase in the future, by 30% for events with a return period 

of 10 years, and by 40% for 100-year events (Arnbjerg-Nielsen, 2012). 

To limit damage to people, properties and infrastructure, Danish municipali-

ties have put increasing effort into developing climate change adaptation 

plans (Madsen et al., 2018). Significant investments have been made to up-

date and develop stormwater management (SWM) systems that can will cope 

with future climatic conditions.  

1.1.2 Stormwater management approaches 

Traditionally, stormwater is managed in piped drainage systems, either in 

combination with or separately from wastewater (Figure 1a). Alternative, sur-

face-based solutions have gained increasing attention (Figure 1b). In Danish, 

this type of system is often referred to as “LAR” (lokal afledning af reg-

nvand), and many terms are used internationally (Lerer et al., 2014). 

Throughout this thesis, however, the term “green infrastructure” (GI) is used 

when referring to surface-based, multi-functional systems.  
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Figure 1. Water flow to the recipient through a) subsurface systems and b) green infra-

structure systems. Stormwater takes up pollutants from roofs and roads (+), which are re-

moved through different mechanisms such as treatment, sedimentation and sorption (-). 

GI provides new possibilities to manage both small (everyday) and extreme 

(rare) rain events by managing stormwater locally, e.g. by infiltration from 

soakaways or discharge into open channels. Furthermore, it is expected to 

provide additional social, environmental and economic benefits by adding 

green and blue elements to the urban environment, examples of which in-

clude added recreational value, increased biodiversity and air quality im-

provements (Liu and Jensen, 2017; Qiao et al., 2018).  

While hydraulic modelling and economic assessments are inherent parts of 

urban water system (UWS) planning, the quantification of environmental 

benefits is a more challenging undertaking. GI is usually assumed to be more 

environmentally sustainable, but this assumption is rarely substantiated or 

quantified. As such, this project aimed to develop a framework for integrating 

environmental sustainability into the SWM planning process, thereby adding 

a new dimension to decision-making. 

1.1.3 Quantification of environmental impacts 

Life cycle assessment (LCA) is an internationally standardised method uti-

lised to quantify environmental impacts and damage (ISO, 2006a, 2006b). All 
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relevant processes occurring over the whole life cycle, from material extrac-

tion to disposal, are included in the assessment, which ensures a holistic un-

derstanding of all important impacts and prevents a shifting of burdens 

(European Commission, 2011).  

The application of LCA to UWSs has seen a sharp increase since 2005, with 

the main focus on drinking and wastewater sub-systems (Loubet et al., 2014). 

The assessment of SWM systems has recently gained more attention, focus-

ing mainly on single elements or installations. Very few studies have as-

sessed SWM strategies for complete catchments or neighbourhoods, with the 

main body of work excluding point source emissions during the use phase of 

SWM systems (Brudler et al., I). 

1.2 Objective and research questions 

With LCAs carried out by experts using different approaches on the one side, 

and qualitative assumptions by SWM planners on the other, we identified a 

need to systematically and quantitatively assess environmental impacts to 

support decision-making and improve the sustainability of SWM systems. In 

this project, a framework was developed and tested in several case studies, 

and a strategy for integrating LCA into the planning of urban stormwater sys-

tems was suggested. 

The central question of this project was how to systematically quantify envi-

ronmental impacts of SWM systems, by using LCA. The following research 

questions were addressed: 

1. Which processes associated with the life cycle of SWM systems have to 

be included in the system boundaries, in order to assess all relevant im-

pacts? 

2. How can these processes be quantified and integrated into the assessment?  

3. Which aspects of SWM contribute most to total environmental impacts? 

4. What are the main sources of uncertainty? 

5. How can LCA be integrated into the existing planning of SWM systems? 
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1.3 Structure of the thesis 

The thesis consists of the following chapters: 

- Chapter 2 explains the general characteristics of LCA and emphasises the 

choices and configurations necessary to make it applicable to SWM sys-

tems. 

- Chapter 3 introduces two case studies in which LCA is applied to evaluate 

different SWM systems, and discusses the main findings and conclusions. 

- Chapter 4 summarises existing tools and processes in the planning of 

SWM and introduces a tool that integrates LCA into the decision-making 

process. 

- Chapter 5 presents the conclusions of the thesis. 

- Chapter 6 outlines future work perspectives. 

- Chapter 7 lists all references in alphabetic order. 

- Chapter 8 consists of the scientific papers produced during the PhD pro-

ject. 
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2 Framework: life cycle assessment of 
urban stormwater systems 

2.1 Phases of a life cycle assessment 

An LCA consists of four phases (ISO, 2006a): 

1. Goal and scope definition: the goal states the background and objectives 

of the LCA while the scope then clearly defines the object(s) of the as-

sessment, and the characteristics of the assessment itself.  

2. Inventory analysis: the inputs and emissions of all relevant processes over 

the whole life cycle are quantified. Inputs, for example, can be energy and 

raw materials, and emissions are substances or particles that are released 

to air, water and/or soil. 

3. Impact assessment: the inventory is translated into environmental impacts, 

which can be expressed in different categories at a midpoint level, e.g. in 

terms of climate change or eutrophication. At the endpoint level, these 

impacts are translated into damage in different areas of protection, which 

are components of the environment of direct value to human society 

(UNEP/SETAC, 2005). 

4. Interpretation: this phase relates the results of the impact assessment to 

the initial goal and scope definition, and it provides the basis for refining 

the previous phases in an iterative process. 

Existing standards and guidelines specify further the requirements and choic-

es in the phases (e.g. European Commission, 2010). However, the framework 

is broad enough to make it applicable to many different objects and methodo-

logical choices are necessary when assessing SWM systems, which are de-

scribed in the sections below. 

2.2 Scope definition 

2.2.1 Functional unit 

To compare different solutions, it has to be ensured that they provide the 

same function, which, alongside its spatial and temporal specification, is de-

fined in the functional unit (Figure 2). Numerous approaches to defining a 

functional unit for LCA of SWM LCA were found in the literature (Brudler et 

al., I). Some researchers defined it as an area (De Sousa et al., 2012; Flynn 

and Traver, 2013; Spatari et al., 2011), while others used a volume of runoff 
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(Andrew and Vesely, 2008; Petit-Boix et al., 2015; Vineyard et al., 2015; 

Wang et al., 2013). Byrne et al. (2017) showed that defining the functional 

unit of roadway drainage systems by size, e.g. length, or capacity, e.g. flow 

capacity, changes the conclusion regarding the most, and least, sustainable 

system. 

The primary function of SWM is to prevent uncontrolled flooding, which was 

not expressed in any of the definitions found in the literature, and neither 

were the large variations in intensity and duration of rainfall (Brudler et al., 

I). The three points approach (3PA) defines three different domains according 

to return periods (T), collectively covering over 99% of the annual rainfall: 

the everyday domain (T ≤ 0.2 years), the design domain (T ≤ 10 years) and 

the extreme domain (T ≤ 100 years) (Sørup et al., 2016). Different elements 

of SWM systems manage different stormwater domains and incorporating 

this approach in the functional unit ensures that compared systems handle the 

same amount of stormwater according to the same safety level. 

We developed two different approaches to defining the functional unit based 

on the 3PA. The first approach was to express equal flood safety targets for 

each rain domain for all alternatives, which was chosen in Brudler et al. (I) : 

For rain events up to T = 10 years, no uncontrolled water was allowed on the 

surface, and for events up to T = 100 years, a maximum of 10cm of water on 

the surface was allowed (Figure 2). This definition was based on the Cloud-

burst Management Plan, which is the climate change adaptation plan for Co-

penhagen (HOFOR et al., 2013; The City of Copenhagen, 2012). 

Figure 2. Proposed definition of the functional unit for LCA of SWM systems, consisting 

of the primary function and the temporal and spatial scope. Exemplary values are given in 

italic.  

The second approach based the functional unit on existing standards, e.g. the 

Danish standard for sewer systems, which specifies that combined systems 

have to be dimensioned for events with T = 10 years, and separate systems 

for T = 5 years (IDA Spildevandskomiteen, 2005), which is within the range 
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of typically accepted European standards for flood safety and pollution man-

agement (Brudler et al., III). Unlike the first approach, the flood safety levels 

of compared systems were not equal when using this approach. However, it 

does reflect the reality of SWM, and therefore it better supports decision-

making.  

The spatial and temporal scope of the assessment was often not clearly de-

fined in the literature, hindering a comparison between studies and an inter-

pretation of conclusions (Brudler et al., I). Many studies only assessed single 

elements, e.g. green roofs or rain gardens (Andrew and Vesely, 2008; 

Chenani et al., 2015; Kosareo and Ries, 2007). However, these single ele-

ments can manage a certain volume of water but cannot in themselves pro-

vide the primary function of SWM, i.e. flood safety. Only a combination of 

different elements for the retention, detention and discharge of stormwater 

can prevent flooding, and so it is therefore necessary to assess whole catch-

ments and associated systems of interlinked SWM elements (Brudler et al., I, 

De Sousa et al., 2012; Spatari et al., 2011).  

SWM systems are usually planned for long time frames, since they require 

significant investment. The life spans of different SWM elements range from 

years up to a century, which means that renewal intervals vary. As such, in 

order to include these factors in the assessment, the assessment period has to 

be sufficiently long. Many existing studies apply this principle, using periods 

between 10 and 50 years (Brudler et al., I).  

2.2.2 Additional functions 

Besides water quantity management, SWM explicitly or implicitly includes 

water quality management. The amounts of pollutants emitted with storm-

water are often regulated depending on the recipient, thus making treatment 

before discharging necessary. While some SWM elements only have a single 

function, e.g. discharge of water in pipes, other elements fulfil several pur-

poses, e.g. retention and sedimentation in surface basins. Only two publica-

tions from New Zealand were found where water quality management was 

defined as the primary function, i.e. water quality targets were included in the 

functional unit (Andrew and Vesely, 2008; O’Sullivan et al., 2015). Both 

studies compared single elements with equal capacity to treat a certain vol-

ume of stormwater.  

However, when assessing systems instead of single installations, it is often 

challenging to design alternatives to meet the same water quality targets. 

Taylor and Barrett (2008) accounted for differences in water quality by nor-
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malising emissions based on removal efficiencies. Other researchers account-

ed for differences in pollutant emissions from stormwater discharges by inte-

grating these emissions into the inventory and assessing the resulting envi-

ronmental impacts (Byrne et al., 2017; Wang et al., 2013). This approach 

does not require the definition of a single water quality target, and instead it 

directly reflects differences in the removal efficiency of SWM systems 

through the LCA results. We adapted this concept in our assessment, which is 

described in more detail in section 2.3. 

Other than water quantity and quality targets, additional benefits can be 

achieved through SWM, for instance by creating aesthetic or recreational 

value. These co-benefits were not included in the functional unit or described 

explicitly in existing studies (Brudler et al., I), but they can be classified as 

positioning properties, i.e. they do not have to be reflected in the functional 

unit (European Commission, 2010a). Consequently, they do not have to be 

provided equally by all alternatives, albeit they might make one alternative 

more attractive than another to stakeholders.  

2.3 System boundaries and impact sources 

System boundaries describe which processes are included in the LCA (ISO, 

2006a), and processes can only be excluded when they do not change the 

conclusion of the assessment (ISO, 2006b). Contrary to other studies exclud-

ing single or several life cycle stages (Brudler et al., I), we included the mate-

rial production, transport, construction, operation and decommissioning pro-

cedures inherent in SWM systems (Figure 3). Most existing studies focused 

on the infrastructure itself and neglected emissions caused during system op-

eration. Discharges of polluted stormwater are usually evaluated through a 

risk assessment, which highlights extreme and worst-case scenarios, with 

safety being the main issue (Brudler et al., II). Only more recently has LCA 

been used to assess stormwater discharges, e.g. by Risch et al. (2015), who 

quantified impacts of treated and untreated discharges in Paris.  

Throughout this thesis, we use the following terminology to describe the two 

different sources of impacts in SWM (Figure 3): 

- Infrastructure: processes associated with the implementation, mainte-

nance, and decommissioning of the physical infrastructure. 

- Point source emissions: discharges of polluted stormwater.  
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Figure 3. Processes associated with the life cycle of a concrete pipe.  

To our knowledge, only Byrne et al. (2017) and Wang et al. (2013) assessed 

in combination both infrastructure and point source emissions. Byrne et al. 

(2017) calculated avoided impacts as a result of pollutant removal in different 

road drainage systems and subtracted them from impacts caused throughout 

the life cycle of the infrastructure. Wang et al. (2013) calculated the envi-

ronmental “cost” of nutrient removal, i.e. the caused impacts necessary to 

reduce eutrophication from stormwater discharges. Both approaches reflect 

that infrastructure and point source emission impacts are directly intercon-

nected, in that the pollutant load discharged into the environment is deter-

mined by the infrastructure for treatment. At the same time, the implementa-

tion and operation of treatment infrastructure causes environmental impacts. 

Consequently, both infrastructure and point source emissions have to be ana-

lysed in combination when the overall sustainability of SWM systems is as-

sessed. For the first time, we assessed all relevant impacts for SWM in a 

complete catchment, thereby allowing a holistic assessment and evaluation of 

the importance of point source emissions. 
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2.4 Process inventory and data collection  

 
Figure 4. Different steps in LCA with exemplary parameters and quantities. 

The process inventory describes the types of processes and associated quant i-

ties throughout the life cycle of SWM systems, e.g. the production of a spe-

cific amount of concrete, or the removal of sediment in defined intervals. The 

specification of single elements depends strongly on site-specific parameters 

like space availability and aesthetic requirements, and measured data is only 

available after implementation.  

To facilitate LCA of planned SWM systems with limited data available, a 

generic process inventory was developed. Typical configurations, processes 

and quantities were estimated based on a review of numerous planned and 

implemented systems in Copenhagen, Odense and Aarhus. Planning docu-

ments, drawings and bills were the main source of information. Site visits and 

expert interviews with planners, entrepreneurs and manufacturers provided 

additional information. These data were complemented with findings and 

recommendation taken from the literature, e.g. regarding maintenance inter-
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vals or the life span of elements (Brudler et al., I, III). Danish guidelines were 

used mainly (e.g. The City of Copenhagen, 2011) and supplemented with in-

ternational manuals where more detailed information was required (e.g. 

CIRIA, 2015). Other studies followed a less generic approach, focusing on 

specific installations with measured data available (Petit-Boix et al., 2015; 

Vineyard et al., 2015) or using only data from the literature (De Sousa et al., 

2012; Wang et al., 2013). By assessing a wide range of SWM systems and 

elements, we developed a generic inventory widely applicable to different 

scenarios and locations (Chapter 4). 

 
Figure 5. Documentation for site visits at a) green infrastructure in Bellinge, Odense, and 

b) the construction of a stormwater pipe at Langelinie, Odense. 

2.5 Life cycle inventory 

2.5.1 Infrastructure processes 

The life cycle inventory (LCI) specifies the inputs and emissions of each pro-

cess. For the LCI of infrastructure processes, we used the widely used ecoin-

vent database (Weidema et al., 2013), and where possible, data for Europe 

were chosen. EASETECH was used to model the LCI (Clavreul et al., 2014).  

2.5.2 Point source emissions 

Unlike risk assessment, LCA does not assess extreme or short-term effects; 

instead, it looks at accumulative, long-term impacts. To assess the impacts of 

point source emissions, we therefore needed to estimate the total discharges 
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of pollutants in stormwater over the whole assessment period. This is espe-

cially difficult, since the concentration of pollutants is characterised by high 

spatial and temporal variability, i.e. it depends heavily on the type of area and 

rain event. However, especially when assessing planned systems, concentra-

tions cannot be measured, in which case approximations have to be made.  

To address this challenge, we developed generic concentration data (Brudler 

et al., II), which were obtained by assessing concentrations of more than 300 

substances potentially present in untreated stormwater. Since measurement 

campaigns often focus on extreme, worst-case concentrations, and they are 

not reported in a standardised format, significant data elaboration was re-

quired. An additional challenge was posed by a lack of measured data for 

numerous substances potentially present in stormwater. Depending on data 

availability, three different approaches were used to calculate average con-

centrations of pollutants in stormwater (Brudler et al., II).  

Based on these generic concentrations, the total mass of pollutants in storm-

water discharged into soil and water can be obtained by analysing its flow 

paths through the SWM system. Flow paths differ for different rain domains, 

e.g. retention basins are normally used only for heavy events (Figure 6), and 

each flow path passes different elements with different removal mechanisms, 

e.g. sorption in filter soil or sedimentation in surface basins (Brudler et al., 

III).  

Tracking the flow of the more than 300 substances potentially present in 

stormwater would be extremely time-consuming. However, to estimate eco-

toxicity impacts, it is sufficient to assess copper and zinc point source emis-

sions only, as they cause more than 90% of the impacts (Brudler et al., II). 

This finding is in line with Risch et al. (2018), who found that copper and 

zinc caused 99% of the impacts of wet weather discharges in the Paris area. 

To assess eutrophication impacts, though, emissions of total nitrogen and 

phosphorous have to be included in the LCI. The removal efficiencies for 

these substances were obtained from the literature (Brudler et al., III). We 

found that the few studies assessing point source emissions neglected parts of 

the system, i.e. the fate of sludge from central wastewater treatment (Wang et 

al., 2013) and polluted soil (Byrne et al., 2017). In the case study carried out 

in this project, we analysed the complete flow path of copper, zinc and phos-

phorous to freshwater to calculate point source emissions (Figure 6). 
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Figure 6. Flow of pollutants in stormwater through an exemplary combined sewer system 

based on Brudler et al. (III). The width of the line indicates pollutant concentration, star t-

ing with 100% (P: 3.2mg/l, Cu: 59μg/l, Zn: 490μg/l (Brudler et al., II)). The grey lines 

mark pollutant “sinks”, i.e. compartments in which it is assumed the pollutants are (partly) 

bound. 

2.6 Life cycle impact assessment 

The life cycle impact assessment (LCIA) translates the LCI into environmen-

tal impacts using different methods (European Commission, 2010b). We 

chose the International Reference Life Cycle Data System (ILCD) recom-

mended impact method (European Commission, 2012) for the Nørrebro case, 

and ReCiPe (Huijbregts et al., 2016) for the Skibhus case study. Toxicity im-

pacts were assessed using the USEtox™ model (Rosenbaum et al., 2011). All 

selected methods fulfil scientific quality criteria set by the European 

Commission (2010c). 

LCIA results can be calculated at different points in the environmental mech-

anism (European Commission, 2010c) (Figure 4): 

- Midpoint level: point where a common mechanism exists for several sub-

stances within an impact category. 

- Endpoint level: consequences of the midpoint impacts within different 

areas of protection which are of direct value to human society 

(UNEP/SETAC, 2005). 

Two optional approaches exist in regard to facilitating the interpretation and 

communication of LCIA results: 

- Normalisation: internally, i.e. with reference to a baseline scenario or rela-

tive to each other in the case of a comparative LCA, or externally, i.e. 
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with a common reference such as the average impact per person in a spe-

cific area (Laurent and Hauschild, 2015) (Figure 7).  

- Weighting: usually based on the preferences of decision-makers or society 

as a whole, allowing to express impacts as a single score (Itsubo, 2015). 

 
Figure 7. Example for a) external and b) internal normalisation of life cycle impacts (cli-

mate change and ecotoxicity) of three exemplary systems. For external normalisation, the 

impacts are divided by the average impact per person per year in a certain area (e.g. Eu-

rope). For internal normalisation, the highest impact across systems is assigned the value 

1, and the impacts of the remaining systems are related to that. 

In this project, we used different approaches to normalise LCIA results. In 

Brudler et al. (I), we externally normalised impacts at midpoint level, using 

average impacts per person as external references (European Commission, 

2010d). This allowed expressing impacts across all categories in the common 

unit of person equivalents (Figure 7a). The normalised results give an indica-

tion of the relevance of the impacts, i.e. we can calculate what fraction of the 

total impacts caused by the people living in the catchment is caused by SWM.  
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We chose internal normalisation of midpoint impacts in Brudler et al. (III), 

namely by relating the impacts of different SWM systems to each other (Fig-

ure 7b). This approach allows for the easy identification of the most and least 

environmentally sustainable systems within an impact category, but it does 

not give an indication of the absolute importance of the impacts. To facilitate 

communication, we calculated endpoint impacts, i.e. aggregated midpoint 

impacts in 13 different categories into damage to three areas of protection 

(resource availability, ecosystems and human health). We chose not to use 

weighting in any of the assessments, since it relies on subjective choices and 

there is no scientific basis for reducing impacts to a single number (ISO, 

2006b; Itsubo, 2015).  

Throughout this thesis, we present environmental impacts and damage after 

internal normalisation, using the following formula: 

𝑁𝑖,𝑠 =
𝐼𝑖,𝑠

max(𝐼𝑖,1,𝐼𝑖,2,…,𝐼𝑖,𝑛)
                      (1) 

where N is the normalised impact or damage of system s, i is the category or 

area of protection, I is the impact or damage and n is the number of compared 

systems.  

2.7 Interpretation of results and uncertainty 

The interpretation of LCA results provides conclusions and recommenda-

tions. Besides analysing uncertainties (2.7.1), it should also include a contri-

bution analysis, where the most relevant life cycle stages, processes and ele-

mentary flows are identified. LCA is an iterative method, i.e. the interpreta-

tion of results leads back to the previous stages of the assessment (Figure 4). 

Based on identified issues, the scope, LCI and LCIA should be revised and 

improved (European Commission, 2010a). We conducted mutliple iterations 

while developing the generic inventory and conducting the case studies, in-

volving both LCA experts and SWM planners to refine the framework. 

In the case of SWM, infrastructure and point source emission impacts can be 

interpreted either separately or in combination, with the latter having the ad-

vantage of allowing conclusions regarding the overall sustainability of sys-

tems. However, when interpreting both emission sources separately, trade-

offs can be identified (Byrne et al., 2017; Wang et al., 2013), and this infor-

mation can be valuable in the decision-making process. We therefore suggest 

analysing impacts both separately and in combination (Brudler et al., III). 
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Impacts can be allocated to different flood safety targets. Different elements 

of SWM systems cope with different rain events, i.e. they contribute to dif-

ferent flood safety targets. For example, stormwater from small rain events 

can be infiltrated in green areas. During heavy events, the maximum infiltra-

tion capacity will be reached quickly, thereby making additional infrastruc-

ture such as retention basins necessary. By allocating the impacts caused by 

single elements to the corresponding flood safety target, the contribution of 

the targets to total impacts can be analysed (Brudler et al., I). 

2.7.1 Sensitivity and uncertainty analysis 

Uncertainty in LCA of SWM can be classified as parameter uncertainty, 

model uncertainty and uncertainty due to model choices. Additionally, spatial 

and temporal variability, and variability between sources and objects, have to 

be considered (Huijbregts, 1998). Uncertainty and variability should be as-

sessed systematically by carrying out uncertainty and sensitivity analysis 

(ISO, 2006b).  

The process inventory is characterised by parameter uncertainty, e.g. the 

amount of concrete needed for construction of a basin. Many of these uncer-

tainties originate from the fact that the assessed systems are only planned, 

and various parameters can only be measured after implementation. To eval-

uate the sensitivity of the results, alternative values for parameters contrib-

uting significantly to total impacts, or characterised by high uncertainty, 

should be assessed (Huijbregts, 1998). Since these parameters usually lie 

within physically defined boundaries, it is often sufficient to analyse best- 

and worst-case scenarios (Brudler et al., I, III). Another source of uncertainty 

in the process inventory is the long time horizon usually attached to SWM 

system planning, which can stretch over many years, especially in large 

catchments. Furthermore, decommissioning processes lie far in the future, as 

SWM systems are typically planned for several decades. Future technologies 

and processes can only be estimated, and different alternatives should there-

fore be tested.  

Variability is mainly present in the LCI. Unit processes obtained from data-

bases do not provide technological, geographical or time-related representa-

tiveness (European Commission, 2010a). However, it is necessary to use unit 

processes when analysing planned systems, as measured data cannot be ob-

tained. Approximations are required, and so when processes specifically for 

Europe are not available, for instance, global data have to be used instead. 
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Uncertainties in model choices and model uncertainties characterise the 

LCIA. However, the inherent uncertainties caused by temporal and spatial 

aggregation will reflect equally in the results of all assessed alternatives, in 

that comparative interpretation is possible. 

A more structural type of uncertainty is introduced at the level of selecting 

the compared alternatives. The ILCD handbook states that existing alterna-

tives that may perform better environmentally may not be left out (European 

Commission, 2010a). However, this principle is very difficult to apply to an 

LCA of SWM, since countless alternatives exist to provide the same func-

tional unit. Combining elements differently, using other materials or chang-

ing dimensions affect the environmental impacts of the system. For example, 

pipes made from concrete, different types of plastic and glass fibre are avail-

able for the same diameter. These pipes are dimensioned relative to the reten-

tion capacity of the system, i.e. if a larger retention basin is planned, the di-

ameter of the pipes can be reduced. This leads to countless system configura-

tions, making it impossible to assess all possible alternatives or to quantify 

the uncertainty introduced by this necessary limitation. However, if the LCA 

is simplified, as suggested in section 4.3.2, alternative configurations can be 

assessed easily, based on a hotspot analysis. If, for example, concrete produc-

tion for pipes is identified as one of the main contributors to environmental 

impacts, an alternative configuration using plastic pipes can be compared, in 

order to determine the environmentally preferable option.  
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3 Application: case studies and outcomes 

3.1 Introduction to the case studies 

Two Danish case study areas were selected to test the developed LCA 

framework: Nørrebro in Copenhagen, and Skibhus in Odense. Both catch-

ments are 260ha large. These two catchments were chosen because they rep-

resent typical Danish conditions, and the existing sewer systems have to be 

adapted to climatic changes if existing flood safety standards are to be met 

(HOFOR et al., 2013; Rambøll, 2016). However, the approaches and assessed 

SWM systems differed between the case studies, as described in the follow-

ing sections. 

 
Figure 8. Maps of the case study areas in a) Nørrebro, Copenhagen and b) Skibhus, Oden-

se. The maps were obtained from the map service of the Danish Ministry for Data Supply 

and Efficiency (2017). 

3.1.1 Nørrebro, Copenhagen 

The Nørrebro catchment consists of residential areas of different building 

densities, commercial areas and large recreational areas (Brudler et al., I). It 

was chosen as a representative catchment to assess the environmental impacts 

of planned climate adaptation in Copenhagen as defined in the Cloudburst 

Management Plan (HOFOR et al., 2013; The City of Copenhagen, 2012). The 

plan is designed to handle all additionally expected rain from 2010 to 2110 

separately from the existing combined sewer system by using GI, namely 
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green roads and stormwater retention in lowered park areas. We compared 

this plan to a traditional subsurface system, consisting of pipes and retention 

basins.  

Both systems provided the same functional unit, which was defined as differ-

ent flood safety targets for different rain domains up to a return period of 100 

years (Brudler et al., I). Uncertainties were associated with the surface-based 

system due to the early planning stage, i.e. assumptions and estimates regard-

ing design specifications and materials were necessary. Furthermore, the sub-

surface solution was originally designed to benchmark the GI based solution 

economically, and alternative discharge paths and surrounding catchments 

were not taken into account, potentially leading to a suboptimal design (Bru-

dler et al., I).  

3.1.2 Skibhus, Odense 

Skibhus is a mainly residential catchment with low-density housing and rec-

reational areas in the form of gardens, parks and allotment gardens. It is 

planned to utilise GI for climate change adaption in the area (Rambøll, 2016). 

We dimensioned four different SWM systems from scratch, based on catch-

ment characteristics such as topography, buildings and infrastructure in the 

form of two subsurface systems (one combined, one separate system) and two 

systems utilising GI (one with soakaways, one with swales). Conversely to 

the Nørrebro case study, these systems are expected to handle not only addi-

tional stormwater due to climatic changes, but all stormwater over the next 25 

years. 

The functional unit was defined as SWM according to existing Danish flood 

safety and pollution management standards (IDA Spildevandskomiteen, 

2005), which describe higher flood safety levels for combined rather than for 

separate systems, due to the higher human health risk during flooding with 

combined sewage (Brudler et al., III). 

3.2 Infrastructure impacts 

Even though the catchments are similar in size, it is difficult to compare the 

results of both case studies, due to differences in the SWM systems, the func-

tional unit and the LCIA methodology (Brudler et al., I, III). While the sys-

tems for Nørrebro only handle expected additional stormwater due to climate 

change, the Skibhus systems manage all stormwater. System boundaries were 

defined differently in the two case studies: Avoided road renewal due to the 

implementation of green infrastructure on existing roads was credited for as 
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avoided impacts in the Skibhus case study and included as an impact source 

in the Nørrebro case study. To enable a comparison between case studies, the 

impacts of the Nørrebro systems were recalculated using the system boundary 

definition from the Skibhus case study. Lastly, we used the ILCD recom-

mended method (European Commission, 2011) for the Nørrebro case study, 

and ReCiPe 2016 (Huijbregts et al., 2016) was applied in the Skibhus case 

study. These two methodologies take different approaches to calculating im-

pacts, and results cannot be compared directly. We therefore only discuss im-

pacts in categories included in both methods, and which were internally nor-

malised using equation (1) in this thesis. Absolute impacts can be found in 

Brudler et al. (I, III). 

Figure 9. Internally normalised annual infrastructure impacts of different SWM systems in 

the a) Nørrebro catchment for climate change adaptation (Brudler et al., I) and b) Skibhus 

catchment for stormwater management according to existing flood safety and pollution 

management standards (Brudler et al., III). The impacts are normalised relative to the 

highest impact in each category. Negative values indicate avoided impacts. Impact catego-

ry abbreviations: climate change (CC), stratospheric ozone depletion (SOD), freshwater 

eutrophication (FE), fossil resource scarcity (FR), mineral resource scarcity (MR), terres-

trial acidification (TA), particulate matter formation (PM), ecotoxicity (ETOX).   



21 

The subsurface systems caused higher impacts than the GI based systems in 

both case studies (Figure 9). This conclusion for holistic SWM strategies is in 

line with the findings of other studies limited to SWM sub-systems (Byrne et 

al., 2017; De Sousa et al., 2012; Vineyard et al., 2015). The green infrastruc-

ture systems had negative impacts in six out of eight categories, i.e. environ-

mental impacts were avoided.  

3.2.1 Subsurface systems 

Material production caused significant impacts in all assessed subsurface sys-

tems (27% to 98% across all categories) (Figure 10), which is in line with 

findings in the existing literature (Byrne et al., 2017; De Sousa et al., 2012; 

Wang et al., 2013). These were mainly caused by concrete, steel and plastic 

production for pipes and subsurface basins. We assumed that concrete pipes 

would be filled with lightweight concrete at the end of their life, which 

caused marked impacts for most categories (up to 48%). Since these end-of-

life processes stretch several decades into the future, they are characterised 

by high uncertainty regarding regulations and available technology.  

 
Figure 10. Contribution of the single life cycle stages to the infrastructure impacts of three 

different subsurface systems: a) combined system with wastewater treatment (Skibhus) 

(Brudler et al., III); b) separate system with wastewater treatment for climate change adap-

tation (Nørrebro) (Brudler et al., I) and c) separate system without wastewater treatment 

(Skibhus) (Brudler et al., III). Refer to Figure 9 for impact category abbreviations. 

In the systems where stormwater is treated in combination with wastewater at 

a central treatment plant, the operation phase caused up to 42% of the im-

pacts (Figure 10). Existing LCA studies did not differentiate between elec-

tricity consumption for waste- and stormwater (Fang et al., 2016; Godskesen 

et al., 2013; Renzoni and Germain, 2007; Risch et al., 2015). It is important 
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to note that average electricity consumption for combined sewage treatment 

cannot be used here, as only marginal electricity consumption for stormwater 

treatment is relevant. Based on data for the Ejby Mølle treatment plant in 

Odense, we calculated this to be 0.07 kWh/m
3
, which is one order of magni-

tude lower than for combined sewage (Brudler et al., III). 

Transport and construction did not contribute markedly in any of the systems 

(less than 15%), except for the fossil resource scarcity and ecotoxicity im-

pacts of the subsurface system in Nørrebro (Figure 10). This is due to the 

large required retention volume, which was provided in 14 basins ranging in 

size between 227m
3
 and 60,000m

3
, and resulting transport and excavation 

demands. Replacing these basins with one single basin reduced the impacts 

by 9% to 15%, but testing the hydraulic feasibility of this simplification was 

beyond the scope of the case study. 

3.2.2 Green infrastructure systems 

Avoided impacts from road materials dominated in six out of eight categories 

for two of the green infrastructure systems (up to ten times higher than the 

caused impacts in other life cycle stages) (Figure 11a,c). To our knowledge, 

only Wang et al. (2013) also included avoided asphalt maintenance in their 

assessment, which they estimated by using an economic input-output model 

for generic repair and maintenance processes, finding them to be a lot less 

significant than in our study (lower than -10%). The substantial contribution 

established in our case studies highlights the importance of including not on-

ly maintenance, but renewal and resulting material demands in the assess-

ment. Besides avoided materials, changes in traffic patterns could lead to ad-

ditional benefits, but these were not assessed herein (Gössling and Choi, 

2015). 

Avoided road material impacts only offset impacts caused by the production 

of plastic for soakaways in three categories (Figure 11b). However, recycling 

of plastic lead to substantial avoided impacts in this system, even resulting in 

overall negative values in four categories. Changes in disposal processes, e.g. 

incineration instead of recycling, and assumed life span significantly increase 

the impacts of GI systems, even making soakaways less sustainable than sub-

surface systems (Brudler et al., III). 
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Figure 11. Contribution of the single life cycle stages to the infrastructure impacts of three 

different green infrastructure systems: a) separate system util ising green areas, channels 

and surface-based retention for climate change adaptation (Nørrebro) (Brudler et al., I), b) 

separate system utilising soakaways only (Skibhus) (Brudler et al., III) and c) separate 

system utilising swales only (Skibhus) (Brudler et al., III). Refer to Figure 9 for impact 

category abbreviations. 

We tested an alternative scenario in which the systems were implemented in a 

new development, i.e. on unused ground instead of existing road areas, and 

avoided road impacts were not factored in. The green infrastructure systems 

then caused, instead of avoided, impacts across categories, but they did re-

main more sustainable than the subsurface systems. The only exception was 

the soakaway system, where plastic demands caused higher fossil resource 

scarcity and ecotoxicity than the separate subsurface system in the Skibhus 

catchment.  
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3.2.3 Allocation of impacts to rain domains 

 
Figure 12. Contribution of managing the different rain domains to the infrastructure 

impacts of a) separate system with wastewater treatment and b) separate system utilising 

green infrastructure for climate change adaptation (Nørrebro) (Brudler et al., I). The rain 

domains were defined according to Sørup et al. (2016), and the impacts were allocated 

using a weighting-based allocation scheme assigning all domains equal importance (Bru-

dler et al., I). Refer to Figure 9 for impact category abbreviations. 

Different elements in SWM systems manage different rain domains. Basins, 

for example, are usually only used during heavy events, while infiltration in 

green areas only has a significant effect during small events. To analyse the 

contribution of managing different rain domains to total environmental im-

pacts, we allocated the impacts of the two systems for the Nørrebro catch-

ment to the different rain domains. We assumed that the management of the 

different rain domains would have equal importance, i.e. that managing small 

events is as relevant as handling extreme events (Brudler et al., I). Managing 

events with a return period of 10 years (design domain) caused the major 

share of the impacts (79 to 97%) in the subsurface system. For the green in-

frastructure system, this share was significantly smaller and almost equal to 

the impacts caused by handling events with a return period of 100 years (ex-

treme domain) (Figure 12). This highlights a difference in system approaches, 

in that while elements in traditional, subsurface systems are dimensioned for 

specific return periods, green infrastructure elements are more flexible in 
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handling events in both the design and in the extreme domain (Brudler et al., 

I). Avoided road renewal in the GI system could not be allocated to any do-

main, since it provided no SWM function. 

3.2.4 Relative importance of infrastructure impacts 

External normalisation gives an indication of the relative importance of envi-

ronmental impacts relative to other human activities. Exemplarily, climate 

change and ecotoxicity impacts were normalised with reference to average 

annual impacts per person in Europe (8096 kg CO2-eq./person/yr (European 

Commission, 2010d); 5060 CTUe/person/yr (Laurent et al., 2011)). The im-

pacts for SWM in the Nørrebro catchment ranged between 15 and 89 person 

equivalents per year (PE/yr), with the figures between -1 and 34 PE/yr for the 

Skibhus catchment. These impacts account for less than 1% of the average 

impacts of all people living in each catchment area (Nørrebro: 30,000, 

Skibhus: 6,000). Considering that the normalisation references aim to include 

all human activities, such as housing, transportation and consumption, this 

order of magnitude seemed reasonable. 

External normalisation refers to the status quo, but it does not indicate abso-

lute environmental importance, i.e. if it endangers the stability of the global 

environment. The planetary boundaries concept was developed to allow such 

an evaluation, defining thresholds which must not be exceeded if the planet is 

to be kept within balance (Rockström et al., 2009; Steffen et al., 2015). Pre-

liminary results from Sørup et al. (2018) indicated that UWSs cause critically 

high infrastructure impacts, with SWM and CC adaptation contributing al-

most 20% in this regard. Decreasing infrastructure issues is therefore essen-

tial in order to prevent unacceptable long-term environmental changes. 

3.3 Point source emission impacts 

We calculated the ecotoxicity and eutrophication impacts of the four different 

systems in the Skibhus catchment, assuming that all stormwater would be 

discharged to freshwater (Brudler et al., III). When using median removal 

efficiencies based on values found in the literature, the combined subsurface 

system, where stormwater is treated at a central wastewater treatment plant, 

had the lowest impacts in both categories. The separate subsurface system, 

where pollutants are removed through sedimentation in a basin, had the high-

est ecotoxicity impacts, and both green infrastructure systems had the highest 

eutrophication impacts (Figure 13a).  
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Figure 13. Internally normalised point source emission impacts of four different SWM 

systems for the Skibhus catchment, assuming a) median removal efficiencies, b) minimum 

removal efficiencies and c) maximum removal efficiencies of green infrastructure ele-

ments. Impact category abbreviations: ecotoxicity (ETOX), freshwater eutrophication (FE). 

The removal efficiencies of low-tech elements like basins, vegetation and 

filter soil are characterised by high uncertainty and are influenced by geogra-

phy and hydrology (Byrne et al., 2017; Center for Watershed Protection, 

2007). When using minimum removal efficiencies, the combined subsurface 

system remained the most sustainable option, but the relative difference to 

the other systems increases, with green infrastructure systems causing up to 

three times higher ecotoxicity and ten times higher eutrophication impacts 

(Figure 13b) (Brudler et al., III). Using maximum removal efficiencies in-

stead of median efficiencies changed conclusions regarding the environmen-

tally preferable option, whereby the combined subsurface system caused the 

highest point source emission impacts, while swales had the least impacts in 

both categories (Figure 13c). This highlights not only the need for further 

research to reduce the uncertainties associated with these removal efficien-

cies, but also the potential to optimise the sustainability of green infrastruc-

ture systems. For example, using specifically designed filtration media, com-

bining basins with forebays, and regular maintenance can significantly in-

crease pollutant removal and consequently reduce environmental impacts 

(CIRIA, 2015a; Seelsaen et al., 2006).  

An additional source of uncertainty is the fate of pollutants in soil, which is 

not adequately represented in impact assessment methods (Fang et al., 2016). 

USEtox™ includes factors to model the fate of pollutants emitted into agri-

cultural or natural soil and accounts for long-term effects like washing out 

pollutants, which we assumed correct in the case of emissions into agricultur-

al soil. In GI elements, metals accumulate in the top layer of filter media or 
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soil until the maximum sorption capacity is reached and pollutants migrate 

downwards (Tedoldi et al., 2016). To limit migration and subsequent leaching 

into groundwater, polluted soil from GI elements is renewed and landfilled 

regularly, and standard LCIA fate factors cannot be applied. We instead mod-

elled the fraction of pollutants not retained in soil as direct emissions into 

groundwater. Since no characterisation factors are available for groundwater, 

a worst case assumption of all pollutants in the aquifer eventually seeping 

into surface freshwater was chosen (Brudler et al., III). As highlighted by 

Lemming et al. (2010), environmental impacts on groundwater are strongly 

site-specific and therefore difficult to assess when using standard LCA meth-

ods. Consequently, point source emissions from systems where stormwater is 

infiltrated, e.g. soakaways, are potentially significantly lower.  

3.3.1 Relative importance of point source emission impacts 

If only infrastructure impacts were assessed, the combined subsurface system 

was the least sustainable option, while it was the most sustainable system re-

garding point source emission impacts (Brudler et al., III). This highlights the 

importance of assessing both impact sources jointly, to allow for comprehen-

sive conclusions – as also identified by Byrne et al. (2017) for the SWM 

roadway drainage sub-system. 

Point source emission impacts were significantly higher than infrastructure 

impacts (ecotoxicity: four orders of magnitude; eutrophication: three orders 

of magnitude), and since emissions from processes related to the infrastruc-

ture, such as material production, are regulated and therefore limited, and 

discharges of stormwater are direct emissions into receiving water bodies, 

this difference is not surprising (Brudler et al., III). 

Using the same approach to external normalisation as in section 3.2.4, eco-

toxicity impacts between 32,377 and 48,599 PE/yr were calculated for the 

different systems. These impacts exceeded the expected average impact of the 

6,000 inhabitants in the catchment by up to eight times, which indicates that 

stormwater discharges are not considered in the normalisation reference 

(Brudler et al., II). The problem with unaccounted processes in normalisation 

references is known (Laurent and Hauschild, 2015) but has not been linked 

previously to SWM. 
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3.4 Environmental damage 

To assess infrastructure and point source emission impacts in combination, 

we quantified the resulting environmental damage for the Skibhus catchment, 

which was calculated for the areas of protection resource availability, ecosys-

tems and human health. Human health damage was found to be negligible and 

is therefore not discussed further herein (Brudler et al., III).  

Infrastructure impacts cause both resource availability and ecosystem dam-

age, while point source emissions only contribute to ecosystem damage. A 

contribution analysis showed that over 99% of ecosystem damage was caused 

by point source emissions across all systems, which underlines further the 

importance of limiting discharges of polluted stormwater, to improve the sus-

tainability of SWM. This can be achieved either by introducing more ad-

vanced treatment or by avoiding pollution at the source, i.e. regulating the 

use of heavy metals in building materials and cars (Brudler et al., III). 

There is no clear conclusion regarding the most or the least sustainable sys-

tem when looking at environmental damage. The combined subsurface sys-

tem caused the lowest ecosystem and the highest resource availability dam-

age. The separate subsurface system performed worst regarding the ecosys-

tem, and second worst regarding resource availability. Swales performed bet-

ter than soakaways, causing the second lowest ecosystem damage and most 

avoided resource availability damage (Figure 14). 

Figure 14. Internally normalised ecosystem and resource availability damage for four dif-

ferent SWM systems for the Skibhus catchment (based on Brudler et al., III). 
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Implementing more advanced treatment, i.e. reducing the pollutant load fur-

ther, leads to higher resource availability damage through increased material 

and energy demands, as evidenced in the combined subsurface system. On 

the other hand, low-tech treatment often used in green infrastructure reduces 

resource consumption but increases point source emissions. This conflict was 

also highlighted by Clauson-Kaas et al. (2012), who found that the most CO2-

efficient option to treat combined sewer overflows negatively influences re-

ceiving water bodies. Wang et al. (2013), who counted infrastructure impacts 

as costs and avoided point source emission impacts as benefits , concluded 

that green infrastructure can increase the cost-efficiency of improving water 

quality. Byrne et al. (2017) chose a similar approach by comparing roadway 

drainage systems to a no-treatment scenario, concluding that avoided point 

source emission impacts outweighed infrastructure impacts. In this project, 

we chose to use absolute instead of avoided impacts, since the definition of a 

baseline scenario is problematic and no-treatment is not a realistic option in a 

Danish regulatory context.  
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4 Implementation: integrating LCA into 
stormwater management planning 

Based on the case studies discussed above, hotspots and important parameters 

were identified which could serve as a guideline for optimising the sustaina-

bility of SWM systems. However, a more detailed assessment has to be site-

specific, since no two systems are the same. SWM systems depend strongly 

on geography, land use, soil type and other catchment-specific parameters. 

Based on an analysis of available decision support tools, and the existing 

planning process, we identified requirements for an LCA-based tool that 

could be integrated into SWM system planning. Input and output parameters 

were defined and background data developed. 

4.1 Existing tools to support stormwater 

management planning 

The frame for planning SWM systems is set by hydraulic modelling. Eco-

nomic costs are an inherent part of the planning process and are often as-

sessed by using unit prices for implementation and operation. For subsurface 

systems, these prices are based on decades of experience, while GI costs are 

characterised by higher uncertainties. Within the Danish project Vand i Byer 

(2015), difficulties collecting data, and inconsistent information, led to dis-

carding the goal of gathering cost data for GI elements, and instead the 

LARøkonomi framework, for collecting cost data, was developed. The 

PLASK tool developed for the Ministry of Environment and Food of 

Denmark (2018) defined unit prices for the implementation and the operation 

of both subsurface and GI elements.  

As Godskesen et al. (2012) pointed out, economic parameters only describe 

one pillar of UWS sustainability, and so they developed a framework for as-

sessing effects of UWS on the environment, the economy and society in 

combination. However, the assessment of environmental and societal parame-

ters is often challenging, and a number of tools have been developed to facili-

tate this process. 

RegnKvalitet is a tool developed by DHI (2015) to compare the risk of 

stormwater discharges to different environmental compartments. The user has 

to specify the area and type of stormwater source, based on which the pre-

dicted environmental concentration is calculated and then compared to the 

predicted no-effect concentrations. The underlying concentration data are 
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very limited, and pollutant removal is not considered. When using tools based 

on LCA instead of risk assessment, both infrastructure and point source emis-

sion impacts can be assessed. The LCA-based WaLa model calculates the 

impacts of drinking water supply and wastewater systems in fifteen impact 

categories (Loubet et al., 2015). It is based on generic modules that can be 

combined freely by the user. The alternative to a simplified tool is that  a full 

LCA is conducted, as exemplified in this project’s case studies. Godskesen et 

al. (2012) suggested this approach, which requires significant time and re-

sources.  

Other existing tools provide qualitative instead of quantitative results. 

PLASK can be used to compare qualitatively different SWM systems regard-

ing CO2 emissions, effects on the urban landscape, recreational value and bi-

odiversity (Ministry of Environment and Food of Denmark, 2018). The user 

has to select the magnitude of these additional benefits on a scale ranging 

from “low or negative” to “high”, which are then visualised. No background 

data or calculations are provided, which limits the informative value of this 

tool.  

A guide developed by CNT and American Rivers (2010) suggests steps to 

assess additional benefits quantitatively and qualitatively. The guide is lim-

ited to five different GI elements (green roofs, tree planting, bioretention and 

infiltration, permeable pavement, water harvesting). The BeST tool (CIRIA, 

2015b) and the Green Infrastructure Valuation Toolkit (The Mersey Forest et 

al., 2010) follow a similar approach, providing quantitative and qualitative 

results in different categories. These tools require extensive data collection, 

manual calculations and partly even separate assessments to provide input 

data for the user. The types of system that can be assessed are restricted, 

since specific formulas and steps are only provided for a limited number of 

elements. 
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Figure 1. Mapping of existing tools (1-7) to evaluate additional functions and the benefits 

of urban water/stormwater systems, according to the complexity of required input and 

number of outputs.  

The mapping of the different tools shows that information provided by them 

correlates with the complexity of the inputs, in that if inputs are limited, only 

a small amount of information is generated. Tools that require detailed in-

formation and expert knowledge provide more outputs (Figure 15). The com-

plexity of inputs was rated according to both the number of inputs and the 

required level of knowledge of the system, technology, catchment or method. 

Outputs varied widely between tools, including both quantitative (e.g. CO2 

emissions, health cost savings) and qualitative parameters (e.g. increased la-

bour productivity, aesthetic improvements). The trade-off between time and 

resource requirements and informative value has to be considered when de-

veloping tools for decision support. Additionally, too many outputs can limit 

the applicability and usability of the tool, since additional evaluation or 

weighting by the decision-maker is necessary. 

4.2 Stormwater management planning 

To understand better the existing planning process, several workshops were 

carried out with the three partner water utilities in this PhD project: VCS 

Denmark, Aarhus Vand and HOFOR. These three utilities provide all services 

related to UWS in the three largest cities in Denmark (Copenhagen, Aarhus 

and Odense). 

Together with planners at VCS Denmark, the following central decisions sur-

rounding SWM planning were identified (Figure 16): 
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- System: Is stormwater handled separately from or together with 

wastewater? 

- Recipient: Where is stormwater discharged to? 

- Treatment: What are the quality requirements for stormwater discharge, 

and what technologies are used to achieve these obligations? 

- Retention: How much stormwater has to be retained, and how can suffi-

cient retention volume be provided? 

- Discharge: How is stormwater transported? 

- Collection: How does stormwater enter the system? 

Each decision concludes two or more solutions that were mapped in a solu-

tion space representing typical systems in a Danish context (Figure 16). This 

initial mapping of the solution space was then used as the basis for work-

shops with planners from all three utilities, in order to discuss existing plan-

ning processes. Three main characteristics were identified and are discussed 

in the following sections. 

4.2.1 Strategic vs. flexible planning 

The theoretical solution space includes numerous elements that can be com-

bined in many different ways (Figure 15). Two main approaches were identi-

fied to deal with this multitude of options. The first approach aims to use the 

whole solution space, i.e. all possible solutions are evaluated case-

specifically, with as few restrictions as possible, while the second approach 

limits the options through strategic planning. Aarhus Vand follows this latter 

approach, with a clear prioritisation of solutions (Figure 15), whereby exist-

ing combined systems are separated, and GI and infiltration to groundwater 

are implemented. Only when these solutions are not possible, e.g. because of 

space restrictions, can other options be evaluated. VCS Denmark follows this 

approach for new developments, but not for existing systems, where different 

solutions are developed without restrictions. This gives more power to the 

individual project planner (4.2.3); however, physical boundary conditions 

usually reduce the solution space, e.g. regarding the recipient.  

These different approaches are also reflected in the definitions of the flood 

safety targets. HOFOR sets one flood safety level for its entire service area, 

while VCS Denmark and Aarhus Vand support more flexible targets, depend-

ing on the vulnerability of the area.  
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Figure 16. Solution space for stormwater management planning, used as the basis for workshops with the different water utilities. As an exam-

ple, the outcomes of the workshop with Aarhus Vand are shown (green: preferred solution, yellow: acceptable solution, red: undes irable solu-

tion). 
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4.2.2 Iterative decision-making 

While the initial expectation was to find a linear decision-making process, the 

workshops showed that it is strongly iterative, especially when a flexible ap-

proach is chosen. However, the planning often starts with the choice of recip-

ient, which is usually determined by the physical characteristics of the area.   

4.2.3 Influencing factors 

Multiple criteria besides water quantity and quality targets, which are evalu-

ated using hydraulic modelling, influence UWS planning. Economic consid-

erations, often in the form of cost-benefit analysis, are an integral part of 

planning, but multi-functionality has also gained more importance recently 

(Madsen et al., 2018). These additional functions, such as aesthetic and recre-

ational value, are not considered systematically. VCS Denmark internally 

uses a qualitative approach to rate and prioritise projects in six different cate-

gories (economy, security of supply, services, organisation and work envi-

ronment, city and climate, and environment and climate), but benefits and 

impacts are not quantified currently. 

4.3 LCA tool for decision support 

In this project, we aim to establish environmental sustainability as a quantita-

tive parameter in the planning of SWM. Based on the identified aspects of the 

planning process and existing tools, three main requirements for including 

LCA in the decision-making process were identified, and these are addressed 

in the following sections.  

4.3.1 Timing 

The decision-making process is iterative and flexible, which makes it difficult 

to identify a single point where the environmental assessment should be car-

ried out. The further along in the planning process, the more detailed infor-

mation is available, i.e. fewer assumptions regarding design specifications, 

construction processes and material demands are necessary. While this reduc-

es uncertainties, the influence the assessment’s conclusion can have is also 

decreasing (Hauschild et al., 2004). If the LCA is carried out after implemen-

tation, it serves as an evaluation tool, as done, for example, by Petit-Boix et 

al. (2015). At the conceptual design stage (Danish: skitseprojekt), elements 

and dimensions of different system configurations were developed while still 

allowing to influence decisions, thereby making it the optimal point to assess 

environmental impacts.  
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4.3.2 Solution space 

A large range of elements is considered in the planning of SWM systems. We 

identified 40 such elements commonly used in Danish SWM systems, for 

which we developed a generic process inventory (Table 1). The data were 

based on existing implemented and planned SWM systems, databases, expert 

interviews, literature and estimates (Section 2.4). To assess point source 

emissions, an inventory of average concentrations, based on Brudler et al. 

(II), and median treatment efficiencies from the literature was compiled. 

Building on this process inventory, an LCI and environmental impacts and 

damage can be modelled (Section 2.5, 2.6).  

Table 1. Exemplary infrastructure process inventory for one type of pipe and a subsurface 

basin. 

 Material 
production 

Transport Construction Operation Decom-
missioning 

Pipe,  

Ø 400-
600mm, 

1m 

Concrete: 
382kg 
Gravel: 
274kg 

Truck: 
131,239kg.km 

Excavation: 

0.9m
3 

Soil transport: 
29,955kg.km 

Inspection: 
0.03l/yr 

Concrete:   
54kg 

Truck: 
10,799kg.km 

Subsurface 
basin,  
1m

3 

Concrete: 
0.3m

3 
Steel:   
52kg 

Truck: 
166,573kg.km 

Excavation: 

1.8m
3 

Soil transport: 
270,027kg.km 

- - 

      

4.3.3 Usability 

Environmental sustainability is currently either not quantified or has to be 

assessed by an expert. Qualitative estimates lead to high uncertainties and 

consequently limited informative value, but an LCA reduces these uncertain-

ties, albeit it requires considerable resource and time demands.  

An LCA-based Excel tool that can be used without prior LCA knowledge can 

bridge this gap. Using a modular approach with generic, combinable elements 

similar to the WaLa model (Loubet et al., 2015) limits both time and required 

LCA knowledge demands. Based on the developed generic inventory (4.3.2), 

the environmental impacts of catchment-scale SWM systems can be quanti-

fied. 

User inputs, specifying the types and dimensions of single elements, should 

be as simple as possible. Drop-down menus can be used for many parameters, 
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e.g. the type of material for a pipe, but some parameters require manual input, 

e.g. the volume of a retention basin. To assess point source emission, the flow 

path of stormwater through the system has to be specified. This can be done 

by specifying the fraction of stormwater and then choosing the different 

treatment steps from drop-down menus (Table 2). 

Table 2. Example input parameters for specifying pipes, subsurface basins and flow paths. 

Grey boxes indicate manual input, and arrows indicate drop-down menus. 

Alternative 1 

Pipes Concrete               ▼ Ø: 400-600mm          ▼ Length: 300---------m 

Plastic                   ▼ Ø: 200-400mm          ▼ Length: 800---------m 

Subsurface basin Reinforced concrete Volume: 1200---------m
3  

    

Flow path 1  97--% of stormwater WWTP                      ▼ -                            ▼ 

Flow path 2  3 ---% of stormwater -                                ▼ -                            ▼ 

    

To support decision-making, both comparative and in-depth analyses can be 

used. The aim should be to provide overviews of results, to allow the identifi-

cation of preferable systems and hotspots. This can be done, for instance, by 

visualising internally normalised impacts (Figure 17) or the relative contribu-

tion of different elements in each system. Additionally, absolute numbers 

should be provided to allow more in-depth analysis and support reporting and 

communication between stakeholders. 

 
Figure 17. Example comparative output for two alternative SWM systems, showing inter-

nally normalised impacts and damage.  
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5 Conclusions 

This thesis presented an LCA-based framework to assess SWM systems, the 

main conclusions from its application to two case studies and a strategy to 

integrate environmental sustainability into the planning of SWM systems. 

The application of LCA to assess different UWS aspects, including SWM, 

has seen an increase in recent years. However, published studies are not con-

sistent regarding methodological choices. Important methodological aspects 

were identified and, based on that, a generic framework for quantitatively 

assessing the environmental impacts of SWM systems was proposed. We 

suggested defining the functional unit as flood safety targets for different rain 

domains on a catchment level to reflect the characteristics of SWM planning 

and ensure comparability. Besides processes associated with the implementa-

tion, operation and decommissioning of infrastructure usually included in an 

LCA, point source emissions from discharges of polluted stormwater have to 

be included in the system boundaries to allow for system-level conclusions.  

Data collection for both the infrastructure processes and point source emis-

sions of planned SWM systems is challenging, as they are strongly site-

dependent and measurements are not available until after implementation. To 

facilitate LCA of SWM systems, we developed a generic process and life cy-

cle inventory for 30 different SWM elements. Data for infrastructure process-

es was collected from documentation and planning documents pertaining to a 

wide range of SWM systems and complemented with estimates from expert 

interviews and the literature. We calculated mean concentrations of pollutants 

in stormwater and resulting generic ecotoxicity and eutrophication impacts 

from discharges to receiving water bodies. Heavy metals, especially copper 

and zinc, were clearly identified as the main contributors to ecotoxicity im-

pacts (>90% of total impacts). We therefore included point source emissions 

of copper, zinc, nitrogen and phosphorous in the life cycle inventory.  

The framework developed herein was applied to assess the environmental 

impacts of different SWM systems in two Danish catchments (Nørrebro in 

Copenhagen, and Skibhus in Odense). In both cases, the infrastructure im-

pacts of GI systems were lower than those of subsurface systems across all 

categories. Material production and decommissioning were identified as the 

main contributors to environmental impacts. Operation only caused signifi-

cant impacts in systems that require continuous electricity consumption via 

wastewater treatment or pumping. Avoided material demands for road renew-
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al where new green areas are implemented on existing roads, and resulting 

avoided impacts caused a marked contribution across categories for GI sys-

tems. The analysis of point source emission impacts highlighted the im-

portance of pollutant removal, and identified subsurface systems where 

stormwater is treated at a central WWTP as the most sustainable option. This 

outcome contrasts with conclusions from the infrastructure impact assess-

ment, where subsurface systems were found to be the least favourable option. 

The same contradiction arose when assessing resulting damage, in that re-

source availability damage, which is caused solely by infrastructure impacts, 

is highest for subsurface systems. Point source emission impacts caused over 

99% of ecosystem damage, which was lowest for subsurface systems utilising 

WWT. These findings highlight not only the importance of including point 

source emissions, but also the trade-off between the impacts of advanced 

treatment versus the resulting pollutant reduction, which have to be balanced.  

The efficiency of SWM elements to remove metals, organic compounds and 

nutrients is characterised by high uncertainty. When maximum removal effi-

ciencies were assumed, GI systems were more sustainable than subsurface 

alternatives. This emphasized the importance of optimizing the removal effi-

ciency of low-tech elements through targeted design and maintenance. 

This study showed that LCA can provide more valuable information than 

quantitative estimates, but also identified the need for simplification to allow 

users with limited knowledge and resources to include environmental impacts 

in SWM planning. An approach using generic modules representing different 

elements was suggested, which limits the required user inputs. Comparative 

and detailed environmental impacts could be calculated based on the devel-

oped generic life cycle inventory of infrastructure processes and point source 

emissions. This would allow for quantifying systematically the environmental 

impacts of SWM systems, adding a new valuable dimension of sustainability 

to the decision-making process.  
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6 Perspectives: future work 

When urban areas are flooded, disposal and reparation processes are neces-

sary, causing environmental impacts (Hennequin et al., 2018; Petit-Boix et 

al., 2017). If different flood safety levels are defined in the functional unit, as 

is the case for the Skibhus catchment, these reductions vary between systems. 

For the Skibhus catchment, flood damage avoided in a combined system de-

signed for events with a return period of ten years possibly outweighs the en-

vironmental benefits of the green infrastructure systems designed for events 

with a return period of five years (Brudler et al., III). However, more detailed 

modelling is necessary to verify this hypothesis, though these preliminary 

findings highlight the importance of including flood damage in the assess-

ment. 

A recently published report suggested site-specific maximum levels storm-

water on the surface for specific return periods, based on an economic cost-

benefit analysis (IDA Spildevandskomiteen, 2017). By including LCA in the 

analysis, a broader definition of sustainability could be applied, thereby en-

suring a more holistic evaluation. A first step in this direction was suggested 

in this thesis by allocating environmental impacts to different flood safety 

levels (3.2.3). 

Only limited data are available for removal efficiencies, maintenance and life 

span of GI elements. We found that impacts are sensitive to changes in these 

parameters, and so more measurements and data reporting would reduce any 

associated uncertainties. While subsurface systems are better established than 

GI, knowledge of the effects of decoupling stormwater on a large scale is still 

limited. The quality and quantity of the inflow affects removal efficiency and 

electricity consumption at WWTPs (Brudler et al., III). Decoupling potential-

ly also affects methane emissions from sewers, which have been found to be 

significant (Liu et al., 2015). The scale of these effects, and their influence on 

the environmental impacts, needs to be investigated.   

The LCA-based tool suggested herein needs to be developed further and im-

plemented in the organisational structure of water utilities. Additionally, it 

could be extended to incorporate other parts of UWS, e.g. drinking water 

supply. Rainwater reuse as an option for combining SWM and water supply 

has recently gained attention in Denmark, and recently published LCA stud-

ies could serve as initial sources of data (Faragò et al., 2018; Rygaard et al., 

2014).  



41 

7 References 

Andrew, R.M., Vesely, É.T., 2008. Life-cycle energy and CO2 analysis of stormwater 

treatment devices. Water Sci. Technol. 58, 985–993. doi:10.2166/wst.2008.455 

Arnbjerg-Nielsen, K., 2012. Quantification of climate change effects on extreme 

precipitation used for high resolution hydrologic design. Urban Water J. 9, 57–65. 

doi:10.1080/1573062X.2011.630091 

Byrne, D.M., Grabowski, M.K., Benitez, A.C.B., Schmidt, A.R., Guest, J.S., 2017. 

Evaluation of Life Cycle Assessment (LCA) for Roadway Drainage Systems. 

doi:10.1021/acs.est.7b01856 

Center for Watershed Protection, 2007. National Pollutant Removal Performance Database. 

Version 3. 

Chenani, S.B., Lehvävirta, S., Häkkinen, T., 2015. Life cycle assessment of layers of green 

roofs. J. Clean. Prod. 90, 153–162. doi:10.1016/j.jclepro.2014.11.070 

CIRIA, 2015a. The SuDS manual. London, UK. 

CIRIA, 2015b. BeST – New tool assesses the benefits of SuDS. London, UK. 

Clauson-Kaas, J., Sørensen, B.L., Dalgaard, O.G., Sharma, A.K., Johansen, N.B., Rindel, 

K., Andersen, H.K., 2012. Carbon footprint and life cycle assessment of centralised 

and decentralised handling of wastewater during rain. J. Water Clim. Chang. 3, 266–

275. doi:10.2166/wcc.2012.036 

Clavreul, J., Baumeister, H., Christensen, T.H., Damgaard, A., 2014. An environmental 

assessment system for environmental technologies. Environ. Model. Softw. 60, 18–

30. doi:10.1016/j.envsoft.2014.06.007 

CNT, American Rivers, 2010. The Value of Green Infrastructure. A Guide to Recognising 

Its Economic, Environmental and Social Benefits. Chicago, Il., US. 

Danish Ministry for Data Supply and Efficiency, 2017. Map service (Kortforsyningen) 

[WWW Document]. URL https://kortforsyningen.dk/ (accessed 9.21.18). 

De Sousa, M.R.C., Montalto, F. a., Spatari, S., 2012. Using Life Cycle Assessment to 

Evaluate Green and Grey Combined Sewer Overflow Control Strategies. J. Ind. Ecol. 

16, 901–913. doi:0.1111/j.1530-9290.2012.00534.x 

DHI, 2015. Regnvandskvalitet og klimatilpasning – Screeningsværktøjet ”RegnKvalitet” – 

Dokumentation. 

European Commission, 2012. – Joint Research Center – Institute for Environment and 

Sustainability: Characterisation factors of the ILCD Recommended Life Cycle Impact 

Assessment methods. doi:10.2788/60825 

European Commission, 2011. – Joint Research Centre – Institute for Environment and 

Sustainability: International Reference Life Cycle Data System (ILCD) Handbook - 

Recommendations for Life Cycle Impact Assessment in the European context. EUR 

24571 EN. Publications Office of the European Union, Luxemburg. doi:10.278/33030 

European Commission, 2010a. – Joint Research Center – Institute for Environment and 

Sustainability: International Reference Life Cycle Data System (ILCD) Handbook - 

General guide for Life Cycle Assessment - Detailed guidance. Publications Office of 

the European Union, Luxembourg. doi:10.2788/38479 

European Commission, 2010b. – Joint Research Centre – Institute for Environment and 



42 

Sustainability. International Reference Life Cycle Data System (ILCD) Handbook : 

Analysing of existing Environmental Impact Assessment methodologies for use in 

Life Cycle Assessment. Eur. Comm. 115. doi:10.2788/38479 

European Commission, 2010c. – Joint Research Center – Institute for Environment and 

Sustainability: International Reference Life Cycle Data System (ILCD) Handbook - 

Framework and Requirements for Life Cycle Impact Assessment Models and 

Indicators. Publications Office of the European Union, Luxembourg.  

European Commission, 2010d. Final Report Summary – PROSUITE (Development and 

application of standardized methodology for the PROspective SUstaInability 

assessment of TEchnologies). Project reference: 227078. 

Fang, L.L., Valverde-Pérez, B., Damgaard, A., Plósz, B.G., Rygaard, M., 2016. Life cycle 

assessment as development and decision support tool for wastewater resource 

recovery technology. Water Res. 88, 538–549. doi:10.1016/j.watres.2015.10.016 

Faragò, M., Brudler, S., Godskesen, B., Rygaard, M., 2018. An eco-efficiency evaluation 

of community-scale rainwater and stormwater harvesting in Aarhus, Denmark.  

Submitted. 

Flynn, K.M., Traver, R.G., 2013. Green infrastructure life cycle assessment: A bio-

infiltration case study. Ecol. Eng. 55, 9–22. doi:10.1016/j.ecoleng.2013.01.004 

Godskesen, B., Hauschild, M., Rygaard, M., Zambrano, K., Albrechtsen, H.J., 2013. Life-

cycle and freshwater withdrawal impact assessment of water supply technologies. 

Water Res. 47, 2363–2374. doi:10.1016/j.watres.2013.02.005 

Godskesen, B., Hauschild, M., Rygaard, M., Zambrano, K., Albrechtsen, H.J., 2012. Life 

cycle assessment of central softening of very hard drinking water. J. Environ. 

Manage. 105, 83–89. doi:10.1016/j.jenvman.2012.03.030 

Gössling, S., Choi, A.S., 2015. Transport transitions in Copenhagen: Comparing the cost of 

cars and bicycles. Ecol. Econ. 113, 106–113. doi:10.1016/j.ecolecon.2015.03.006 

Hauschild, M.Z., Jeswiet, J., Alting, L., 2004. Design for environment – do we get the 

focus right? CIRP Ann. – Manuf. Technol. 53, 1–4. 

Hennequin, T., Sørup, H.J.D., Dong, Y., Arnbjerg-Nielsen, K., 2018. A framework for 

performing comparative LCA between repairing flooded houses and construction of 

dikes in non-stationary climate with changing risk of flooding. Sci. Total Environ. 

642, 473–484. 

HOFOR, The City of Copenhagen, Rambøll, 2013. Concretion of the Cloudburst 

Management Plan for the Nørrebro catchment (Konkretisering af Skybrudsplanen for 

Nørrebro-Oplandet). Copenhagen, Denmark. 

Huijbregts, M., 1998. Application of uncertainty and variability in LCA. Int.  J. Life Cycle 

Assess. 3, 273–280. doi:10.1007/BF02979835 

Huijbregts, M.A.J., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, 

M.D.M., Zijp, M., van Zelm, R., 2016. ReCiPe 2016: A harmonized life cycle impact 

assessment method at midpoint and enpoint level - Report 1 : characterization. Natl. 

Inst. Public Heal. Environ. 194. doi:10.1007/s11367-016-1246-y 

IDA Spildevandskomiteen, 2017. Metoder til bestemmelse af serviceniveau for regnvand 

på terræn. Skrift nr. 31. 

IDA Spildevandskomiteen, 2005. Funktionspraksis for afløbssystemer under regn. Skrift 

nr. 27 66. 



43 

Institut for Beredskabsevaluering, 2012. Redegørelse vedrørende skybruddet i 

Storkøbenhavn lørdag den 2 . juli 2011. Copenhagen, Denmark. 

IPCC, 2014. Climate Change 2014: Synthesis Report. Geneva, Switzerland. 

ISO, 2006a. Environmental Management – Life Cycle Assessment – Principles and 

framework - ISO 14044, ISO 14044:2006. Brussels, Belgium. 

ISO, 2006b. Environmental Management – Life Cycle Assessment – Requirements and 

guidelines - ISO 14044, ISO 14040:2006. Brussels, Belgium. 

Itsubo, N., 2015. Weighting, in: Hauschild, M.Z., Huijbregts, M. (Eds.), LCA 

Compendium - The Complete World of Life Cycle Assessment. pp. 301–330. 

Kosareo, L., Ries, R., 2007. Comparative environmental life cycle assessment of green 

roofs. Build. Environ. 42, 2606–2613. doi:10.1016/j.buildenv.2006.06.019 

Laurent, A., Hauschild, M.Z., 2015. Normalisation, in: Hauschild, M.Z., Huijbregts, 

M.A.J. (Eds.), LCA Compendium – The Complete World of Life Cycle Assessment. 

Springer Press, pp. 271–300. doi:10.1007/978-94-017-9744-3_14 

Laurent, A., Lautier, A., Rosenbaum, R.K., Olsen, S.I., Hauschild, M.Z., 2011. 

Normalization references for Europe and North America for application with 

USEtox(TM) characterization factors. Int. J. Life Cycle Assess. 16, 728–738. 

doi:10.1007/s11367-011-0285-7 

Lemming, G., Hauschild, M.Z., Bjerg, P.L., 2010. Life cycle assessment of soil and 

groundwater remediation technologies: Literature review. Int. J. Life Cycle Assess. 

15, 115–127. doi:10.1007/s11367-009-0129-x 

Lerer, S.M., Arnbjerg-Nielsen, K., Mikkelsen, P.S., 2014. A mapping of tools for 

informing Water Sensitive Urban Design planning decisions – questions, aspects and 

context sensitivity. Water 1–29. doi:10.3390/w60x000x 

Liu, L., Jensen, M.B., 2017. Climate resilience strategies of Beijing and Copenhagen and 

their links to sustainability. Water Policy 19, 997–1013. doi:10.2166/wp.2017.165 

Liu, Y., Ni, B.J., Sharma, K.R., Yuan, Z., 2015. Methane emission from sewers. Sci. Total 

Environ. 524–525, 40–51. doi:10.1016/j.scitotenv.2015.04.029 

Loubet, P., Roux, P., Bellon-Maurel, V., 2015. WaLA, a versatile model for the life cycle 

assessment of urban water systems: formalism and framework for a modular 

approach. Water Res. Submitted. doi:10.1016/j.watres.2015.09.034 

Loubet, P., Roux, P., Loiseau, E., Bellon-Maurel, V., 2014. Life cycle assessments of 

urban water systems: A comparative analysis of selected peer-reviewed literature. 

Water Res. 67, 187–202. doi:10.1016/j.watres.2014.08.048 

Madsen, H.M., Andersen, M.M., Ryggard, M., Mikkelsen, P.S., 2018. Definitions of event 

magnitudes, spatial scales, and goals for climate change adaptation and their 

importance for innovation and implementation. Water Res. 144, 192–203. 

doi:10.1016/j.watres.2018.07.026 

Ministry of Environment and Food of Denmark, 2018. PLASK - klimatilpasningsværktøj 

til dialog og beregning [WWW Document]. 

O’Sullivan, A.D., Wicke, D., Hengen, T.J., Sieverding, H.L., Stone, J.J., 2015. Life Cycle 

Assessment modelling of stormwater treatment systems. J. Environ. Manage. 149, 

236–244. doi:10.1016/j.jenvman.2014.10.025 

Petit-Boix, A., Sevigné-Itoiz, E., Rojas-Gutierrez, L.A., Barbassa, A.P., Josa, A., 

Rieradevall, J., Gabarrell, X., 2017. Floods and consequential life cycle assessment: 



44 

Integrating flood damage into the environmental assessment of stormwater Best 

Management Practices. J. Clean. Prod. 162, 601–608. 

doi:10.1016/j.jclepro.2017.06.047 

Petit-Boix, A., Sevigné, E., La, R.-G., Barbassa, A., Josa, A., Rieradevall, J., Gabarrell, X., 

2015. Environmental and economic assessment of a pilot stormwater infiltration 

system for flood prevention in Brazil. Ecol. Eng. 84, 194–201. 

doi:10.1016/j.ecoleng.2015.09.010 

Qiao, X.J., Kristoffersson, A., Randrup, T.B., 2018. Challenges to implementing urban 

sustainable stormwater management from a governance perspective: A literature 

review. J. Clean. Prod. 196, 943–952. doi:10.1016/j.jclepro.2018.06.049 

Rambøll, 2016. Skibhuskvarteret Stormwater Masterplan. Überlingen, Germany / Odense, 

Denmark. 

Renzoni, R., Germain, A., 2007. Life Cycle Assessment of Water: From the pumping 

station to the wastewater treatment plant (9 pp). Int. J. Life Cycle Assess. 12, 118–

126. doi:10.1065/lca2005.12.243 

Risch, E., Gasperi, J., Gromaire, M.C., Chebbo, G., Azimi, S., Rocher, V., Roux, P., 

Rosenbaum, R.K., Sinfort, C., 2018. Impacts from urban water systems on receiving 

waters – How to account for severe wet-weather events in LCA? Water Res. 128, 

412–423. doi:10.1016/j.watres.2017.10.039 

Risch, E., Gutierrez, O., Roux, P., Boutin, C., Corominas, L., 2015. Life cycle assessment 

of urban wastewater systems: Quantifying the relative contribution of sewer systems. 

Water Res. 77, 35–48. doi:10.1016/j.watres.2015.03.006 

Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F.S., Lambin, E., Lenton, 

T.M., Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., de Wit, C.A., Hughes, 

T., van der Leeuw, S., Rodhe, H., Sörlin, S., Snyder, P.K., Costanza, R., Svedin, U., 

Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V.J., Hansen, J., Walker, B., 

Liverman, D., Richardson, K., Crutzen, P., Foley, J., 2009. A safe operating space for 

humanity. Nature 46. doi:10.5751/ES-03180-140232 

Rosenbaum, R.K., Huijbregts, M.A.J., Henderson, A.D., Margni, M., McKone, T.E., Van 

De Meent, D., Hauschild, M.Z., Shaked, S., Li, D.S., Gold, L.S., Jolliet, O., 2011. 

USEtox human exposure and toxicity factors for comparative assessment of toxic 

emissions in life cycle analysis: Sensitivity to key chemical properties. Int. J. Life 

Cycle Assess. 16, 710–727. doi:10.1007/s11367-011-0316-4 

Rygaard, M., Godskesen, B., Jørgensen, C., Hoffmann, B., 2014. Holistic assessment of a 

secondary water supply for a new development in Copenhagen, Denmark. Sci. Total 

Environ. 497–498, 430–439. doi:10.1016/j.scitotenv.2014.07.078 

Seelsaen, N., McLaughlan, R., Moore, S., Ball, J.E., Stuetz, R.M., 2006. Pollutant removal 

efficiency of alternative filtration media in stormwater treatment. Water Sci. Technol. 

54, 299–305. doi:10.2166/wst.2006.617 

Sørup, H.J.D., Brudler, S., Godskesen, B., Dong, Y., Lerer, S.M., Rygaard, M., Arnbjerg-

Nielsen, K., 2018. SDG implications for urban water management conflicts with 

global planetary boundaries (in preparation). 

Sørup, H.J.D., Lerer, S.M., Arnbjerg-Nielsen, K., Mikkelsen, P.S., Rygaard, M., 2016. 

Efficiency of stormwater control measures for combined sewer retrofitting under 

varying rain conditions: Quantifying the Three Points Approach (3PA). Environ. Sci. 

Policy 63, 19–26. doi:10.1016/j.envsci.2016.05.010 



45 

Spatari, S., Yu, Z., Montalto, F.A., 2011. Life cycle implications of urban green 

infrastructure. Environ. Pollut. 159, 2174–2179. doi:10.1016/j.envpol.2011.01.015 

Steffen, W., Richardson, K., Rockström, J., Cornell, S.E., Fetzer, I., Bennett, E.M., Biggs, 

R., Carpenter, S.R., Vries, W. de, Wit, C.A. de, Folke, C., Gerten, D., Heinke, J., 

Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, B., Sörlin, S., 2015. Planetary 

boundaries: Guiding human development on a changing planet. Science (80-. ). 347. 

doi:10.1126/science.aaa9629 

Taylor, S., Barrett, M., 2008. Assessing Environmental Impact of Storm Water Treatment 

Controls Through a Carbon Signature, in: 11th International Conference on Urban 

Drainage, Edinburgh, Scotland, UK, 2008. 

Tedoldi, D., Chebbo, G., Pierlot, D., Kovacs, Y., Gromaire, M.C., 2016. Impact of runoff 

infiltration on contaminant accumulation and transport in the soil/filter media of 

Sustainable Urban Drainage Systems: A literature review. Sci. Total Environ. 569–

570, 904–926. doi:10.1016/j.scitotenv.2016.04.215 

The City of Copenhagen, 2012. Cloudburst Management Plan 2012. Copenhagen, 

Denmark. 

The City of Copenhagen, 2011. Method catalogue for local rainwater drainage [WWW 

Document]. URL 

http://kk.sites.itera.dk/apps/kk_pub2/index.asp?mode=detalje&id=1319 (accessed 

6.27.18). 

The Mersey Forest, Natural Economy Northwest, CABE, Natural England, Yorkshire 

Forward, The Northern Way, Design for London, Defra, Tees Valley Unlimited, 

Pleasington Consulting Ltd, Genecon LLP, 2010. GI-Val: the green infrastructure 

valuation toolkit. Version 1.5. 

UNEP/SETAC, 2005. Life Cycle approaches: The road from analysis to practice, 

Assessment. Paris. 

Vand i Byer, 2015. Notat om udviklingen af LARøkonomi. En excel-platform til 

registrering af anlægs- og driftsudgifter i LAR-projekter. Frederiksberg/Taastrup, 

Denmark. 

Vejen, F., 2011. Tropisk styrtregn over København den 2. juli 2011. Vejret 128.  

Vineyard, D., Ingwersen, W.W., Hawkins, T.R., Xue, X., Demeke, B., Shuster, W., 2015. 

Comparing Green and Grey Infrastructure Using Life Cycle Cost and Environmental 

Impact: A Rain Garden Case Study in Cincinnati, OH. J. Am. Water Resour. Assoc. 

51, 1342–1360. doi:10.1111/1752-1688.12320 

Wang, R., Eckelman, M.J., Zimmerman, J.B., 2013. Consequential environmental and 

economic life cycle assessment of green and gray stormwater infrastructures for 

combined sewer systems. Environ. Sci. Technol. 47, 11189–11198. 

doi:10.1021/es4026547 

Weidema, B.P., Bauer, C., Hischier, R., Mutel, C., Nemecek, T., Reinhard, J., Vadenbo, 

C.O., Wernet, G., 2013. The ecoinvent database: Overview and methodology, Data 

quality guideline for the ecoinvent database version 3. 

  



46 

8 Papers 

 

I Brudler, S., Arnbjerg-Nielsen, K., Hauschild, M. Z., Rygaard, M. (2016). 

Life cycle assessment of stormwater management in the context of 

climate change adaptation. Water Research, 106, p. 394-404. 

 

II Brudler, S., Rygaard, M., Arnbjerg-Nielsen, K., Hauschild, M. Z., 

Ammitsøe, C., Vezzaro, L. (2018). Pollution levels of stormwater 

discharges and resulting environmental impacts. Submitted. 

 

III Brudler, S., Arnbjerg-Nielsen, K., Hauschild, M. Z., Ammitsøe, C., 

Hénonin, J., Rygaard, M. (2018). Life cycle assessment of point source 

emissions and infrastructure impacts of four types of urban stormwater 

systems. Submitted. 

 

 

 

 

 

 

 

 

 



lable at ScienceDirect

Water Research 106 (2016) 394e404
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Life cycle assessment of stormwater management in the context of
climate change adaptation

Sarah Brudler a, b, *, Karsten Arnbjerg-Nielsen a, Michael Zwicky Hauschild c,
Martin Rygaard a

a Urban Water Systems, Department of Environmental Engineering, Technical University of Denmark, Denmark
b VCS Denmark, Denmark
c Quantitative Sustainability Assessment, Department of Management Engineering, Technical University of Denmark, Denmark
a r t i c l e i n f o

Article history:
Received 20 June 2016
Received in revised form
7 October 2016
Accepted 8 October 2016
Available online 11 October 2016

Keywords:
Allocation
Environmental impact
Flood protection
Functional unit
LCA
Three Points Approach
* Corresponding author. Urban Water Systems, D
Engineering, Technical University of Denmark, Denm

E-mail address: sabr@env.dtu.dk (S. Brudler).

http://dx.doi.org/10.1016/j.watres.2016.10.024
0043-1354/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Expected increases in pluvial flooding, due to climatic changes, require large investments in the retro-
fitting of cities to keep damage at an acceptable level. Many cities have investigated the possibility of
implementing stormwater management (SWM) systems which are multi-functional and consist of
different elements interacting to achieve desired safety levels. Typically, an economic assessment is
carried out in the planning phase, while environmental sustainability is given little or no attention. In
this paper, life cycle assessment is used to quantify environmental impacts of climate change adaptation
strategies. The approach is tested using a climate change adaptation strategy for a catchment in
Copenhagen, Denmark. A stormwater management system, using green infrastructure and local reten-
tion measures in combination with planned routing of stormwater on the surfaces to manage runoff, is
compared to a traditional, sub-surface approach. Flood safety levels based on the Three Points Approach
are defined as the functional unit to ensure comparability between systems. The adaptation plan has
significantly lower impacts (3e18 person equivalents/year) than the traditional alternative (14e103
person equivalents/year) in all analysed impact categories. The main impacts are caused by managing
rain events with return periods between 0.2 and 10 years. The impacts of handling smaller events with a
return period of up to 0.2 years and extreme events with a return period of up to 100 years are lower in
both alternatives. The uncertainty analysis shows the advantages of conducting an environmental
assessment in the early stages of the planning process, when the design can still be optimised, but it also
highlights the importance of detailed and site-specific data.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Climate change (CC) is expected to change the volume and
pattern of precipitation in the future (IPCC, 2014). In particular,
precipitation extremes are expected to increase worldwide (IPCC,
2012). To protect people, properties and infrastructure from dam-
age caused by pluvial flooding, adaptation measures are necessary,
especially in urban areas. New ways of managing runoff are
increasingly utilised, many focusing on local infiltration and the
retention and discharge of water on the surface, which additionally
introduces green and blue elements in cities (Wong and Brown,
epartment of Environmental
ark.
2009). This approach differs significantly from traditional under-
ground solutions that mainly utilise pipes and sub-surface reten-
tion basins. Material demands and construction, operation and
disposal processes vary between the two approaches, which leads
to different environmental impacts throughout their life cycle.
Given the foreseeable extent of CC adaptation measures in the
future, their environmental impact is an important parameter.
While economic evaluations are frequently carried out, quantitative
environmental assessments, including all life cycle stages, are
usually not included in the planning process of urban drainage
systems. Using life cycle assessment (LCA), the environmental im-
pacts of different adaptation strategies can be quantified. LCA is a
standardised approach to evaluating the environmental perfor-
mance of products and systems (ISO, 2006a), and it is increasingly
used in the assessment of water technologies and systems (Loubet
et al., 2015). LCA methods are also starting to gain attention in the
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sub-domain of stormwater management (SWM). A review of
existing literature in LCAs of SWM shows a limited number of
publications, and the scope is rather inconsistent across studies
(Table 1). Urban water systems are complex and serve various
purposes. SWM has to meet multiple targets regarding environ-
mental quality, flood safety and liveability. The clear definition and
separation of the elementary (primary) function, and additional
(secondary) functions, is crucial in comparative LCA. All alternatives
have to provide the same primary function, as defined and quan-
tified in the functional unit, to allow a comparison of environ-
mental impacts. Various approaches employed to define the
functional unit have been chosen in previous research. Some re-
searchers define only a specific area, and not the actual service
provided, as the functional unit (Flynn and Traver, 2013; Spatari
et al., 2011). De Sousa et al. (2012) define a drainage area as the
functional unit and implicitly state the function, which in this case
is the reduction of annual combined sewer overflow volume. Other
researchers define the management of a water volume as the
functional unit. This volume is often defined as the runoff from a
specific area during a design event (Andrew and Vesely, 2008;
Wang et al., 2013) or as a standard volume, for example one cubic
meter (Petit-Boix et al., 2015). Secondary functions, for example
recreational benefits, are not explicitly stated in any of the reviewed
studies. Water quality parameters are considered by various re-
searchers (Clauson-Kaas et al., 2012; Kosareo and Ries, 2007; Taylor
and Barrett, 2008), for example by including information regarding
treatment efficiencies in the study, without directly relating it to
LCA results. Water quality and removal efficiency requirements are
included in the functional unit only by Andrew and Vesely (2008)
and O'Sullivan et al. (2015).

Differences in the functional unit, leading to problems when
comparing alternatives, have been dealt with differently in previ-
ous research. Spatari et al. (2011), for instance, account for differ-
ences in runoff reduction by crediting the systemwith savings due
to a reduced wastewater treatment (WWT) demand, while Taylor
and Barrett (2008) normalise pollutant removal efficiency of each
alternative in incorporating differences inwater quality. Wang et al.
(2013) compare systems which are dimensioned for different
design events, by crediting the positive impacts of reduced system
capacity requirements. A territorial approach to handling different
functionalities is introduced by Loiseau et al. (2013) and adapted to
urban water systems by Loubet et al. (2015): An area is defined as
the reference flow, which is equal for all the studied alternatives,
from which individual functions are derived for different land use
scenarios. Results are provided both in the form of environmental
impacts and land use functions, which are only partly assessed
qualitatively. This allows one to assess alternatives that do not have
the same function, which is otherwise not possible in LCA (ISO,
2006b). However, it only permits qualitative and no consistent
quantitative comparison.
Table 1
Study scope of the existing literature on life cycle assessment in stormwater managemen
(O), decommissioning and disposal (D), transport (T). *Study does not explicitly define a

Reference Region Functional unit Tempora

(Kosareo and Ries, 2007) Pittsburgh, US Roof area* 50 years
(De Sousa et al., 2012) Bronx, US Area 50 years
(Spatari et al., 2011) New York City, US Area (not spe
(Taylor and Barrett, 2008) California, US Area* 20 years
(Wang et al., 2013) Northeast US Water volume* (not spe
(Andrew and Vesely, 2008) North Shore City, NZ Water volume 50 years
(Flynn and Traver, 2013) Villanova, US Area 30 years
(Clauson-Kaas et al., 2012) Copenhagen, DK Water volume 1 year
(Petit-Boix et al., 2015) Sao Carlos, BR Water volume 10 years
(O'Sullivan et al., 2015) NZ Water volume 30 years
Apart from differences in the methodological approach, previ-
ous research also covers a diverse range of alternatives. Most re-
searchers include a comparison between multi-functional, green
infrastructure approaches and traditional SWM. Some focus on
single technologies or installations, e.g. green roofs (Chenani et al.,
2015; Kosareo and Ries, 2007), rain gardens or sand filters (Andrew
and Vesely, 2008). Amore comprehensive approach is chosen by De
Sousa et al. (2012), who assess the environmental impacts of a
combination of different elements to reduce combined sewer
overflows, and Spatari et al. (2011), who evaluate the SWM system
of a neighbourhood block. From an urban hydrologic viewpoint, it
can be problematic to narrow the scope to single installations,
because catchments are interconnected. An inflow in one area de-
pends on the characteristics of upstream areas, such as impervi-
ousness and detention and retention capacity. Previous studies
have not assessed a CC adaptation strategy that is designed to
protect people and assets from more severe rainfall events, and
environmental impacts of single elements are only a fraction of the
impacts that arise when flood protection targets have to be met.
Only with a comprehensive solution, combining various elements
over whole catchments, can this goal be achieved. In the following,
we present a novel method to analyse and evaluate the environ-
mental performance of CC adaptation strategies for urban areas.

The reality of rainfall with large variations in intensity, duration
and event frequency is not taken into account in any of the
reviewed papers. It is neither included in the functional unit defi-
nition nor incorporated in the analysis of the results. Different
rainfall events, ranging from small to extreme, require different
solutions and elements; for example, retention basins are usually
designed for a 10-year event in Denmark, and they will not be fully
utilised in the case of smaller events or provide sufficient capacities
to store runoff from larger events. This consequently leads to
different environmental impacts that arise frommanaging different
fractions of rainfall. By analysing this coherency, LCA can actively
support decision-making during the design phase and help to
communicate different stakeholder perspectives and priorities.

The aim of this paper is to address the limitations identified in
previous research by answering the following questions:

� How can the functions of CC adaptation strategies be defined to
take into account all relevant elements and thus ensure
comparability between alternatives?

� What are sources of uncertainty, and how do they influence the
life cycle impacts of CC strategies?

� How do different flood protection goals and system capacities
contribute to total environmental impacts?

� In terms of environmental impacts, how do strategies managing
stormwater locally and above surface perform compared to
traditional solutions?
t. Life cycle stage abbreviations: material production (M), construction (C), operation
functional unit.

l scope No. of alternatives No. of impact categories Life cycle stages1

3 15 O, D, T
3 1 M, O, T

cified) 2 2 M, O, T
7 1 C, O

cified) 3 2 M, C, O, T
3 2 M, C, O, D
1 8 M, C, O, D, T
4 13 M, O, D
3 10 M, C, D, T
3 18 M, C, O, T
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2. Methods and data

2.1. Climate change adaptation in Nørrebro, Copenhagen

The approach developed to meet the stated objectives was
tested using the Nørrebro catchment in Copenhagen, Denmark
(Fig. 1). In adapting to climatic change, cloudburst management
plans (CMP) have been developed for the whole city of Copenhagen
(The City of Copenhagen (2015a)). These plans, which are specified
for seven sub-catchments, utilise green infrastructure and local
retention as key elements in themanagement of stormwater, which
are implemented by redesigning parks and roads. They are com-
plemented by routing on the surface as well as underground pipes
to meet flood safety requirements. In addition, large areas in parks
are lowered and used, e.g. for sports, during dry periods, but they
can retain water during extreme events. The system is designed to
handle all additional runoff, which is expected due to CC until 2110,
while the current runoff is managed in the existing combined
sewer system. To benchmark the CMP for Nørrebro (HOFOR, 2013),
an alternative, where green and blue elements are replaced by
underground pipes and basins, is assessed. In this sub-surface
alternative (SSA), it is assumed that the water is routed via a
combined sewer system and treated in an existing wastewater
treatment plant (WWTP), before being discharged into the harbour.
In extreme events, the runoff is not or only partially cleaned before
discharge.

2.2. Assessment methodology

The suggested methodology is in accordance with the four steps
Fig. 1. Water flow in the Nørrebro catchment (courtesy of Rambøll & Atelier Dreiseitl).
defined in ISO (2006a), namely goal and scope definition, inventory
analysis, impact assessment and results interpretation. The impact
assessment is performed using EASETECH, which focuses on ma-
terial flow modelling and allows a simple set-up of different sce-
narios (Clavreul et al., 2014). The processes are modelled using the
widely used ecoinvent database (Weidema et al., 2013). The Inter-
national Reference Life Cycle Data System (ILCD) recommended
method is used for the impact assessment, and combines methods
to assess 16 different impact categories (European Commission,
2010a). Thirteen of these are implemented in EASETECH. The re-
sults are presented at midpoint level and are normalised using
factors developed in the PROSUITE project (European Commission,
2010b). Furthermore, characterised impacts, which are impact in-
dicator scores with individual units, are aggregated and expressed
in person equivalents (PE). This normalisation relates the impact to
the average impact per person per year in Europe. The actual effects
on endpoint level to humans and ecosystems, such as a decrease in
biodiversity or an increase in diseases, are specified in the ILCD
handbook (European Commission, 2011).

2.3. Goal and scope definition

The functional unit, which is equal for both alternatives, is the
management of all additional runoff expected due to CC in a
catchment area of 2.6 km2, while meeting well-defined flood safety
requirements, for the next 100 years. The amount of water handled
in both alternatives is the expected additional runoff due to climatic
change, which is calculated using delta changes proposed for
Denmark by Arnbjerg-Nielsen (2012). The safety levels are directly
linked to the Three Points Approach (3 PA) introduced by Fratini
et al. (2012). The 3 PA divides all rainfall events into three
different domains based on their return period (RP): A) the
everyday domainwith an RP up to 0.2 years; (B) the design domain
with an RP up to 10 years and (C) the extreme domainwith an RP up
to 100 years (Sørup et al., 2016). The corresponding flood safety
levels are specified in Table 2, as well as the different strategies
utilised in the CMP and the SSA to meet these targets. The combi-
nation of all elements constitutes the reference flow for the LCA,
which differs between the two alternatives.

Runoff from different rain events flows through the system
along different paths (Fig. 2). Runoff from domain A events is not
retained but infiltrated (CMP) or discharged to the WWTP (SSA).
Based on the planning documents, it is assumed that all domain A
runoff can be handled in a 7330 m2 green area implemented in
areas currently used as roads. This is done by reducing the number
of lanes or by narrowing existing streets and sidewalks. Plants
potentially have beneficial local effects, e.g. air pollutant removal
and carbon storage. However, as newly implemented green areas
cover less than 1% of the total catchment area, these potential
benefits from plants are not expected to affect the environmental
impacts significantly. Domain B runoff is discharged into pipes and
channels and retained in retention volumes in parks and roads in
the CMP. Assumptions are necessary regarding the ratio of water
that will be discharged via pipes or channels and then retained or
discharged directly. In the SSA, it is assumed that all domain B
runoff is temporarily stored in retention basins and partly treated at
the WWTP (25%) or discharged directly (75%) via pipes. During
domain C events, water will be on the surface in both alternatives,
before discharge into a lake (CMP) or a harbour (SSA). The runoff is
not treated in the SSA, while it is still partly purified by filtration in
drainage layers in the CMP.

Different approaches to including water quality in an assess-
ment can be found in literature, but no standard approach exists at
the moment. Water quality parameters are not considered herein,
and it is assumed that the same requirements are met in both



Table 2
Flood safety levels and reference flows for the different alternatives. The return periods refer to anticipated precipitation amounts for Copenhagen in 2110.

Flood safety level (for the year 2110) Reference flow

Cloudburst Management Plan Sub-surface alternative

Domain A: No water on the surface for events with a return period
up to 0.2 years

Green road elements Pipes, WWTP

Domain B: Water above the surface only in designated areas for events
with a return period up to 10 years

Pipes, channels, retention volumes in
parks, drainage layers

Pipes, underground retention basins,
wastewater treatment plant

Domain C: A maximum of 10 cm of water on the surface for events
with a return period up to 100 years

Pipes, channels, retention volumes in
parks, drainage layers

Pipes

Fig. 2. Runoff flow from different rain domains through the system, for the Cloudburst Management Plan and the sub-surface alternative.
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alternatives, in that runoff is sufficiently cleaned by either infil-
tration (CMP) or treatment in a traditional WWTP (SSA). Additional
functions not directly related to SWM could be defined, e.g. adding
recreational value by increasing green areas. If these functions are
included as primary functions, they have to be provided by all al-
ternatives, which would have to be ensured through system
expansion (European Commission, 2010a). In this example, this
would mean that the same amount of additional green areas would
have to be constructed in the SSA, as in the CMP. Since that option is
not considered in the planning phase (and indeed is not feasible),
the analysis is carried out by assuming that recreational value is a
secondary function. It is only provided by the CMP, and is therefore
not assessed to ensure comparability with the SSA.

All life cycle stages in the two systems are considered: material
production and manufacturing, transport to site, construction and
operation. Decommissioning and disposal are included to ensure
comparability between the alternatives, even though a partial reuse
or transformation is more likely than a complete decommissioning.
Some processes occur identically in both alternatives, and thus they
can be excluded from the comparison; for instance, the mainte-
nance requirements of redesigned park areas (CMP) and park areas
in current state (SSA)s are assumed to be equal, and no new park
areas are implemented in either alternative. The operation and
maintenance of parks is therefore not part of the assessment. Other
processes are not included because only a minor fraction would be
allocated to the assessed system. Runoff from Nørrebro is treated in
the Lynetten WWTP in the SSA which has a catchment area of
76 km2, i.e. 30 times the size of the Nørrebro catchment
(Lynettefællesskabet, 2015); consequently, the construction and
end of life of this WWTP are not included. All processes included in
the modelling of the two systems are listed in Table 3. The temporal
scope of the LCA covers the planning period of 100 years.
2.4. Uncertainty

Following Huijbregts (1998), uncertainties in LCA are divided
into three categories: parameter uncertainty, uncertainty from
model choices and model uncertainty.

2.4.1. Parameter uncertainty
Parameter uncertainty describes uncertainty in data input into

the life cycle inventory of the assessment, resulting, for example,
from a lack of data or limited representability. The uncertainty of
central parameters is tested for their sensitivity by varying the
following inputs (Table 4):

� Pipe construction: a great deal of variety can be found in the
literature regarding the construction demands for laying pipes.
In the baseline scenario, only excavation work is included in the
inventory, as done by several researchers (Andrew and Vesely,
2008; Flynn and Traver, 2013; O'Sullivan et al., 2015). To test
this simplification, an estimate of 75 L diesel per metre of pipe is
used in the model. This is based on measured data from a con-
struction site in Denmark with comparable characteristics. It
includes fuel consumption for all required machinery, e.g. soil
compressors, and the transportation of soil to treatment
facilities.

� End-of-life pipes: pipes are usually not excavated when no
longer needed, in order to avoid disruptions due to large con-
struction sites. To prevent collapse, they are filled with thermo
beton, which is a lot less dense than normal concrete. This
technology is assessed in the baseline scenario, and only small
polyethylene pipes are excavated and recycled. Since the
decommissioning would take place in 100 years' time and the
actual processes can only be guessed, an alternative approach is
tested in which concrete pipes are also excavated and treated.



Table 3
Considered processes and lifetimes for the different elements in all life cycle stages of the two alternatives. The detailed inventory is provided in the supporting information. *
Components of the elements have varying lifetimes, e.g. grass areas will be completely renewed every 2 years, while trees only have to be planted once. ** Complete reuse of
existing pavement material, and no additional material demands are assumed.

Element Alternative Materials Transport Preparation &
construction

Operation &
maintenance

Decommiss. & disposal Life time

Roads Channels CMP Concrete Truck Excavation, soil disposal Cleaning Excavation, treatment 25 years
Green areas CMP Grass seeds, tree

seedlings
Truck Sowing, planting Cutting, composting Excavation, composting 2e100

years*
Renewed road SSA Asphalt, bitumen, gravel Truck Excavation, soil disposal Cleaning Exc., treatment,

landfilling
25 years

Parks Lowered areas CMP e e Excavation, soil disposal e e e

Drainage layers CMP Clay & gravel Truck Excavation e Excavation, landfilling 25e50
years*

Paved areas CMP e** e Excavation, soil disposal e e 30e95
years*

Pipes Concrete pipes CMP, SSA Concrete Truck Excavation, soil disposal Cleaning, inspection Filling with thermo
beton

100 years

Polyethylene pipes CMP, SSA Polyethylene Truck Excavation, soil disposal Cleaning, inspection Excavation, recycling 100 years
Basins Underground

retention
basins

SSA Reinforced concrete Truck Excavation, soil disposal e Excavation, treatment 100 years

WWTP Wastewater
treatment

SSA e e e Electricity consumption e e

Table 4
Approach for testing the importance of parameter uncertainty.

Parameter Baseline approach Alternative approach

Pipe construction Only excavation works Excavation, transport and other processes
End-of-life concrete pipes Filling of pipes with thermo beton Excavation and treatment
Reuse of stones 100% reuse 50% reuse
Maintenance of green areas Only mowing and disposal of clippings Mowing, disposal of clippings and transport
Road materials 10 cm asphalt, 10 cm bitumen, 55 cm gravel Total material reduction by 20%
Channel design Concrete surface Grass surface
Number of basins 14 (99,942m3) 1 (100,000m3)
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� Reuse of stones (only CMP): some paved areas in parks, e.g.
paths, have to be decommissioned during reconstruction,
whereby areas are lowered and drainage layers are installed. It is
assumed in the baseline scenario that all paved areas can be
reinstalled using decommissioned material, and no additional
stones have to be produced and transported to the area. In the
uncertainty assessment, a reduced reuse rate of 50% is tested.

� Maintenance of green areas (only CMP): in the baseline scenario,
onlymowing and the disposal of grass cuttings are considered in
the operation phase. The frequency is assumed to be 26 times
per year, which is an average of higher demands in summer and
lower demands in winter. The alternative scenario includes a
transport demand of 5 tons/km for every mowing.

� Roadmaterials (only SSA): where there are channels in the CMP,
it is assumed that conventional roads are maintained in the SSA.
A possible reduction in road material demand by 20% is
assessed, which could be achieved with a change in road design.

Another type of uncertainty important in the case study is
caused by “structural” uncertainty and arises from the choice of
boundary conditions for the assessment:

� The CC adaptation plan for Nørrebro is in the relatively early
planning stage. The system design is currently not specified in
detail, and numerous options to implement the different ele-
ments are possible. For example, the channels can be imple-
mented using either concrete walls or planted surfaces. This
choice is tested with a simplified “green” channel approach,
assuming only grass and no other plants on the surface, to
benchmark against the baseline scenario with concrete surfaces.
� The SSA is designed to economically benchmark the CMP. It
could be optimised if surrounding catchments and other
possible discharge paths were taken into account. For example,
the SSA suggests 14 sub-surface basins, ranging in size between
227 m3 and 60,000 m3, which would not realistically be con-
structed in a densely populated area like Nørrebro. A simple
option to improve the system by introducing only one basin is
therefore tested.

Additional parameter uncertainty stems from lack of knowledge
in particular about the future operation of the system:

� The assessment has a temporal scope of 100 years, which makes
assumptions regarding future operation and disposal processes
necessary. In the assessment, it is assumed that currently
available processes will still be used in the year 2110. Also, the
construction phase of all elements is expected to take place in
the coming decades, which is not taken into account in the
assessment. The inventory is based on the simplified notion that
the plans are fully implemented at the beginning of the planning
period.

� “Green” SWM is relatively new in Denmark, and only limited
measured data are available for the maintenance and renewal
processes. Assumptions are made based on expert interviews
and handbooks developed by the Copenhagen Municipality
(e.g., The City of Copenhagen, 2011). Measured data could
decrease uncertainty, but they are currently not available.

Not only is the operation of the system in the future uncertain,
but also its performance under changing conditions. Water systems
are vulnerable towards climate and socio-economic changes, which



S. Brudler et al. / Water Research 106 (2016) 394e404 399
cannot be predicted with certainty (Lempert, 2013). However, the
optimisation of the assessed alternatives regarding possible future
scenarios does not lie within the scope of this paper and the future
performance is therefore not assessed.

2.4.2. Uncertainty from model choices and model uncertainty
Uncertainty from model choices generally describes potential

inaccuracies resulting from choices made throughout the whole
assessment process, from the definition of the functional unit to the
choice of modelled processes. Huijbregts (1998) proposes stand-
ardising approaches and methods as one possible option to reduce
this type of uncertainty, which is done here by following interna-
tional standards (ISO, 2006a, 2006b). Model uncertainty describes
uncertainty inherent in the model due to, for example, spatial and
temporal aggregation or characterisation factors used to transfer
emissions to impacts. Limitations due to model uncertainty lead to
choices, which is why uncertainty from model choices and model
uncertainty are described conjointly in this section.

There are known shortcomings and limitations in the impact
assessment phase of LCA. Laurent and Hauschild (2015), for
instance, identify problems in normalisation references arising
from the inventory, characterisation factors and incomplete
coverage of environmental flows. This uncertainty is especially high
for toxicity categories. Therefore, results in the toxicity categories
(carcinogenic and non-carcinogenic human toxicity and ecotox-
icity) are not presented in this paper, as it is assumed they do not
reflect the actual impacts. Resource depletion relative to global
reserves is not included, as impacts resulting from the depletion of
metals are likely to be overestimated, while impacts from the use of
mineral resources are underestimated (Rørbech et al., 2014). The
stratospheric ozone depletion impacts are not discussed, as they
most likely reflect inaccuracies in the applied process data, since all
important ozone-depleting gases were abandoned in 1996.
Consequently, six categories are left out, as uncertainties are
identified as unacceptably high. This leaves eight impact categories
within the ILCD recommended impact assessment method that are
included in the discussion.

All impacts are calculated solely from the processes illustrated
in Table 3. Processes arising from the discharge of polluted runoff in
the system, such as accumulation of substances in the soil or
discharge into freshwater bodies, are not considered. Further
research is necessary to include these local impacts in the
assessment.

2.5. Allocation of impacts

To meet the different defined flood safety levels, specific ele-
ments are utilised. The overall impacts of the system can therefore
be allocated to different safety levels. This can be useful when
communicating with different stakeholders, or for optimisation
during the design phase. Two allocation schemes are tested, one
Table 5
Volume of runoff from the different domains managed by single elements, and the resu

Element Allocation factors: volum

Domain A Dom

CMP Roads Channels 0% 96%
Green areas 100% 0%

Parks Lowered areas 0% 98%
Drainage layers 0% 98%

Pipes Concrete & PE pipes 0% 96%
SSA Basins Sub-surface basins 0% 100%

Pipes Concrete pipes 75% 24%
WWTP Wastewater treatment 93% 7%
volume-based and one importance-based (Table 5).
Volume-based allocation builds on the flow of runoff from the

different domains throughout the system (Fig. 2). Domain A events
contribute 75% to the total annual runoff, 25% stem from domain B
and 1% from domain C events (Sørup et al., 2016). The quantities of
water that pass through the single elements are analysed and based
on these, the impacts are allocated to the different domains. If an
element, for example, only handles domain A runoff, all impacts
arising over the life cycle of this element are allocated to domain A.
If several domains are managed in an element, the impacts are
allocated based on the fraction of the total water volume handled in
the element that is contributed by each domain. For instance, 93%
of thewater treated at theWWTP stems from domain A events, and
only 7% from domain B events, which directly translates to alloca-
tion factors.

The other tested allocation scheme is based on a rating of the
importance of single flood safety targets, i.e. handling single do-
mains. Stakeholders might value the targets differently: while
planners often focus on the design domain (B), people living in
flood-prone areas will value protection against extreme events (C)
higher, and utilities will try to reduce the flow of lightly polluted
everyday runoff (A) through the WWTP. Herein, it is assumed that
all flood protection targets are equally important, which means if
an element handles runoff from different domains, the impacts will
be allocated equally to all domains. If an element handles only
runoff from one domain, all impacts will be allocated to that
domain (Table 5).

Some impacts cannot be allocated in both allocation schemes,
since they do not arise from processes directly contributing to flood
safety. They are caused by necessary by-processes, e.g. for decom-
missioning of park inventory before lowering. Other impacts
cannot be allocated due to the comparative nature of the assess-
ment; for instance, where channels are implemented in the CMP,
conventional roads have to be maintained in the SSA.

The choice of allocation scheme depends on the context. While
flow-based allocation can advocate designing the system and
defining flood safety levels, the importance and cost-based
schemes are useful support for communication between stake-
holders and the analysis of trade-offs.
3. Results and discussion

3.1. Life cycle inventory

Data for the inventory were collected from plans and expert
interviews and complemented with information from databases.
Since the planning is in the rather early stage, numerous assump-
tions based on existing literature and expert opinions have been
made, upon which the life cycle inventory is built. Some important
choices are:
lting allocation factors.

e-based Allocation factors: importance-based

ain B Domain C Domain A Domain B Domain C

4% 0% 50% 50%
0% 100% 0% 0%
2% 0% 50% 50%
2% 0% 50% 50%
4% 0% 50% 50%
0% 0% 100% 0%
1% 33% 33% 33%
0% 50% 50% 0%



Fig. 3. Normalised environmental impacts for the Cloudburst Management Plan (CMP)
and the sub-surface alternative (SSA) per year. Impact category abbreviations: climate
change (CC), ionising radiation (IR), photochemical oxidant formation (POF), fresh-
water eutrophication (FE), marine eutrophication (ME), resource depletion (fossil)
(RD(f)), terrestrial acidification (TA), terrestrial eutrophication (TE).
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� Elements have different lifetimes and partly have to be renewed
during the assessed time period of 100 years. The resulting
material, transport, construction and disposal demands are
included in the inventory. Several elements consist of different
materials which have varying lifetimes, e.g. roads, where the
asphalt, bitumen and gravel layers have different renewal de-
mands (Fachverband Infra, 2016).

� To model WWT, only electricity consumption at the plant is
considered, as proposed by Godskesen et al. (2013), who
develop data specific for Copenhagen.

� No detailed plans for vegetation in the newly implemented
green areas have been developed yet. As a simplification, it is
assumed that the areas are covered with grass, and trees are
planted at a density of 1/40m2. They are assumed to be common
lime (Tilia x europaea) (Sæbø et al., 2003), which influences the
disposal processes: based on the average height and diameter of
the species, the volume of wood for composting at the end of life
is calculated.

Extensive data collection is carried out for processes in all life
cycle stages (Table 3). The inventory specifies energy, fuel, transport
and material demands. Table 6 lists the central material demands,
and a comprehensive inventory including assumptions is provided
in the supporting information.
3.2. Impacts of climate change adaptation

The impacts of the CMP vary between 3 and 18 PE/year. The
impacts of the SSA are consistently higher in all impact categories,
ranging between 14 and 103 PE/year (Fig. 3). The magnitude of the
results seems reasonable considering that 79,000 people live in the
administrative area Nørrebro (The City of Copenhagen (2015b)),
which is to a large extent covered by the catchment. The impacts of
the passive SWM systems only contribute a small fraction of the
total impacts that arise in the catchment, which take into account
all goods and services, such as transport and energy. For climate
change impacts, this translates to approximately 0.02% of the
average total impacts per person, which is less than Clauson-Kaas
et al. (2012) estimate as a contribution of stormwater treatment
alone (0.15%e0.5%). It is difficult to compare the calculated impacts
to the results found in the literature, since different methodology
and system definitions are used. De Sousa et al. (2012) compare two
different SWM alternatives for a catchment area of 784 ha, which is
three times the size of the Nørrebro catchment. Assessing the im-
pacts arising from green infrastructure elements, or a retention
basin alternative, they found that the implementation of the green
infrastructure caused emissions of 20,000 t CO2 eq., that 100,000 t
CO2 eq. are caused by the basin. Overall emissions for the CMP are
11,500 t CO2 eq., and 31,200 t CO2 eq. for the SSA. In both cases, the
impacts of the green infrastructure-based system are significantly
lower, and a major share of the impacts in all alternatives stems
from material production.

For both the CMP and the SSA, the category with the highest
impacts is depletion of fossil resources (18 PE/year for the CMP, and
103 PE/year for the SSA), mainly caused by the production of con-
crete, steel and road materials, and the consumption of fuels for
construction. For the CMP, the second-highest impacts are caused
Table 6
Quantities of the most important materials in both alternatives. The complete inventory

Material Concrete [t] Steel [t] Asphalt [t] Bitum

Cloudburst Management Plan 40,905 e e e

Sub-surface alternative 46,355 4497 17,586 3920
by a group of categories (climate change and marine and terrestrial
eutrophication) with impacts at around 14 PE/year, which mainly
stem from fuel combustion in the production of materials like
concrete. For the SSA, the second-highest impacts are for climate
change (52 PE/year). Across the categories, impacts from the SSA
are three to 12 times higher than the impacts from the CMP. The
largest difference is observed for freshwater eutrophication.
Eutrophication impacts in freshwater are caused by discharges of
phosphorus and phosphates, and only emissions from life cycle
processes and theWWTP are taken into account. As water quality is
defined as a secondary function, no direct discharges from runoff
are taken into account. This could possibly increase the eutrophi-
cation impacts of the CMP, and so further research is necessary to
quantify this indication.

Analysing the contribution of the single life cycle stages to the
total impacts shows that material production contributes most to
the total impacts in both alternatives (42e75% for the CMP, and
62e96% in the SSA) (Fig. 4). This is in accordance with (Flynn and
Traver, 2013), who assess the impacts of rain gardens. They find
that 80% stem from material production, and only 20% from con-
struction processes, while other life cycle stages haveminor or even
positive impacts. In the CMP, concrete production for channels and
pipes causes between 75 and up to 99% of the material production
impacts. The channels are implemented on road areas which ex-
plains the high contribution of roads in the CMP to the overall
impacts (55e67%). Parks are the elements with the second-highest
impacts (10e41%), with the transport of material for the drainage
layers for runoff treatment being the most significant process
(36e74% of the park impacts). More than 7,000t of gravel and 1,500t
of clay are assumed to be necessary to construct the drainage layers,
and these extend over an area of almost 5,000m2. It is also assumed
that the gravel layer has to be renewed every 25 years, due to the
accumulation of pollutants. Positive environmental impacts are
caused by recycling pipes made from polyethylene, which reduces
the overall impacts by between 12 and 21%.
is provided in the supporting information.

en [t] Gravel [t] Clay [t] Grass seeds [t] Total transport [tons.km]

29,102 3392 12 9,761,526
16,408 e e 19,013,544



Fig. 4. Contribution of the single life cycle stages and system elements to the total environmental impacts of the Cloudburst Management Plan and sub-surface alternative.
*Negative impacts result from reduced resource consumption, due to the recycling of polyethylene. Refer to Fig. 2 for abbreviations.
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Steel used in basins causes most of the impacts to the SSA at the
material production stage (26e79%), with concrete being the sec-
ond most causal material (6e28%). Also, asphalt and bitumen
required for road renewal in the SSA cause relatively high impacts
(14e69% of the material production impacts). This leads to high
contributions to the total impacts by both roads (16e65%) and
basins (28e80%) (Fig. 4). Emissions of carbon dioxide, NOx, sulphur
dioxide and phosphate cause high impacts in the different impact
categories. They are mainly due to high energy demands for the
production process of steel, and in the model it is assumed that this
energy is provided by burning coal, gas and oil. The Danish gov-
ernment is aiming to replace these completely with renewable
energy sources by 2050 (The Danish Government, 2011). This
change would lead to reductions in impacts, e.g. for fossil resource
depletion due to electricity consumption for WWT.

Operation contributes insignificantly in both alternatives and
across impact categories. This is due to the fact that even though
the systems have to be maintained over 100 years, the attributed
resource and energy demands are small compared to the initial
implementation stage, where large amounts of materials and
intensive construction works are necessary. Decommissioning and
disposal only take place once, and since a lot of the waste can be
composted (grass and tree clippings) or landfilled (gravel and soil),
these processes also only contribute marginally.
3.3. Uncertainty

3.3.1. Sensitivity analysis
Parameters that are characterised by high uncertainty are tested

for their influence on the results in a sensitivity analysis. Impacts
from alternative scenarios with significant influence are illustrated
in Fig. 5. The parameter showing the largest effect in both scenarios
is the pipe construction process: taking into account not only
excavation, but also other machinery use based on an expert
estimate, increases total impacts across the categories by 1%e68%
for the CMP and by < 1e18% for the SSA (Fig. 5). The terrestrial
eutrophication impacts are most affected, with NOx emissions from
fuel combustion causing the largest share of the impacts. The high
sensitivity shows the importance of taking into account supporting
processes and using case-specific data. Depending on the size and
depth of the pipe, as well as the characteristics of the area (existing
structures and restrictions), the required machinery and processes
for laying pipes vary widely. These data can only be collected with
certainty during the implementation phase of the project.

Opposed to the construction phase, the end-of-life of pipes does
not contribute significantly. The overall impacts only vary by up to
3% for the CMP, and less than 1% for the SSA, if the concrete pipes
are excavated and treated instead of being filled with thermo beton.
Also, the alternative maintenance scenario, which includes trans-
port of equipment to the site, does not lead to significant increases
in CMP impacts (<1% for all impact categories). Assuming a reduced
reuse rate of 50% for stones for paved areas in the CMP increases the
overall impacts by 13e30%. A reduction in used road materials by
20% in the SSA lowers the impacts by 3e13% (Fig. 5). The reuse rate
of materials and the demand for roadmaterials are parameters that
can be optimised, and they should therefore be taken into consid-
eration throughout the planning of a CC adaptation strategy.
However, all tested alternative SSA scenarios have higher impacts
than the CMP scenarios. Taking parameter uncertainty into ac-
count, therefore, does not change the overall conclusion that the
CMP is the environmentally preferable alternative.
3.3.2. Structural uncertainty
Two different system designs are tested to assess structural

uncertainty. For the CMP, a change in design from concrete to
“green” channels reduces the impacts by 9e27% (Fig. 6). The
assessment of the “green” channel design is simplified, and the
impacts could therefore likely be higher, albeit still below the



Fig. 5. Normalised environmental impacts of the Cloudburst Management Plan (CMP) and sub-surface alternative (SSA) baseline scenario and four alternatives with varying input
parameters. Refer to Fig. 2 for abbreviations.

Fig. 6. Normalised environmental impacts of the Cloudburst Management Plan (CMP) and the sub-surface alternative (SSA) baseline scenarios and two structurally different
scenarios. Refer to Fig. 2 for abbreviations.
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baseline scenario, as the use of concrete causes significant impacts
in all life cycle stages: It is energy-intensive to produce, heavy to
transport and poses a significant burden at the end of its life. The
large differences between alternative channel layouts highlights
the possibility of influencing environmental impacts during the
system design and is a strong argument for conducting an LCA to
reveal optimisation possibilities and potential trade-offs already in
an early stage of the planning, when substantial design choices are
yet to be made. Changes in design that reduce the demand for
resource- and energy-intensivematerials, i.e. “green” elements that
fulfil the same function, will lower the environmental impacts of
SWM solutions. This conclusion is in accordance with O'Sullivan
et al. (2015), who find that stormwater treatment systems using a
lot of concrete have the largest environmental impacts.

For the SSA, an improved design alternative incorporating only
one basin, instead of 14, is tested. This leads to a reduction in im-
pacts between 9 and 15% (Fig. 6). Additionally, for a decreased
number of basins, a reduction in retention volume would be envi-
ronmentally beneficial. It might also be economically favourable to
compensate the greater damage that would arise from flooding
instead. This option could be considered in the decision-making
process. However, the CMP remains the environmentally prefer-
able option, regardless of structural changes in the systems.
3.4. Allocation of impacts to rain domains

Using the volume-based allocation scheme, the management of
domain B events with return periods between 0.2 and 10 years
causes the major share of impacts in both alternatives (90e95% for
the CMP, and 30e81% for the SSA) (Fig. 7). This seems like a logical
consequence of the fact that events with a return period of 10 years
are usually used to design SWM systems. Domain A runoff has a
much larger total annual volume, but it can be handled in smaller
systems, i.e. designed to infiltrate instead of discharge, which
causes fewer environmental impacts. As it is assumed that all
domain A runoff can be handled in the newgreen areas, the share of
impacts of this domain is very small in the CMP (1e6%). Other el-
ements, like channels and pipes, are possibly used during domain A
events, which would lead to a higher share of impacts allocated to
domain A. Only a detailed flow analysis during a later planning
stage can reduce the uncertainty of the results based on the volume
based allocation.

The handling of domain C runoff, which stems from extreme
events with a return period greater than 10 years, does not
contribute significantly to the overall results (4e5% of the CMP, and
�1% of the SSA) (Fig. 7), due to the primary function of the system,
which allows 10 cm of water on the surface during domain C
events. This creates a retention space without actually imple-
menting SWM elements. Also, it is assumed that structures
designed for domain B events are used during domain C events,
until their capacity is reached and thewater “overflows”, either into
lakes (in the CMP) or a harbour (in the SSA).

However, using the importance-based allocation scheme,
domain C contributes muchmore significantly to the impacts of the
CMP (48e49%), which is equal to the contribution of domain B. It is
assumed that all discharge and retention elements of the CMP are
both used in cases of domain B and C events. If both domains are
valued equally, the impacts have to be distributed uniformly,
regardless of the frequency and depth of the events.

In the SSA, the share of domain C is still small compared to



Fig. 7. Environmental impacts of the Cloudburst Management Plan and a sub-surface alternative, allocated to different rain domains based on water volume and the weighting of
flood safety targets. Refer to Fig. 2 for abbreviations.
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domain B (1e3%, and 39e81% respectively). The increased capacity
of the sewer system, by introducing pipes, is assumed to ensure a
maximum water level of 10 cm on the surface during domain C
events, and no additional structures like basins are used, which
limits the environmental impacts.

The share of unallocated impacts not directly linked to the
functional unit is quite large for the SSA (16e65%) (Fig. 7). These
impacts mainly result from renewed roads, in that where there are
channels implemented in the CMP, it is assumed that the traditional
road surface has to bemaintained in the SSA, which causes renewal,
operation and disposal demands. The roads do not handle runoff,
though, and their impacts can therefore not be allocated to any of
the three domains. These implicitly required elements causing
“hidden” impacts have to be included to ensure comparability be-
tween systems. Unallocated impacts arise also in the CMP, due to
necessary preparation works, for example in connection with
reconstructing parks. They constitute amuch smaller fraction of the
total impacts than in the SSA (�1%).

The volume-based allocation shows that even though the plans
aim to prevent damage from extreme events, environmental im-
pacts mainly arise from handling smaller events. In the planning
processes, especially when defining flood safety targets, this is
valuable information. By adjusting both acceptable water levels and
the frequency of allowed flooding, environmental impacts can be
reduced, but greater damagewill occur. By allocating the impacts to
rain domains, this trade-off can be quantified and therefore sup-
ports a transparent decision-making process. Importance weight-
ing can add more information, if flood safety levels are valued
differently. While some plans, as in this case, aim to handle over
99% of all rain events, others focus on frequent, small rain events to
reduce the load going into the sewer system. Importance based-
allocation reflects this prioritisation; for example, if domain A
events are the focus of an adaptation plan, it seems acceptable that
they will also contribute the main share of the impacts. If, on the
other hand, secondary interests cause significant environmental
impacts, there is potential for optimisation in the planning phase.
The difference in results between the allocation schemes shows a
discrepancy between anticipated system design and actual system
function: The main goal is protection against extreme events,
which is mirrored in the weighting-based allocation. However,
implemented elements are mainly used in the case of events with a
return period of up to 10 years, and not during more severe events.

4. Conclusion

LCA of CC adaptation strategies provides quantitative informa-
tion regarding the environmental impacts of different adaptation
options. By defining the primary function as providing flood safety
targets, the comparability of the alternatives is ensured. However,
defining a water volume or catchment area as the functional unit
does not allow the same conclusions. This novel approach to
defining the system and scope allows conclusions on a system level,
in contrast to previous research focused on single installations or
only parts of SWM systems, instead of comprehensive strategies.
The focus of previous research is often on CO2 emissions and energy
demands, but analysing eight impact categories gives a broader
picture of occurring environmental impacts. Using the Three Points
Approach to differentiate between rainfall domains allows a clear
definition of the functional unit. As such, we found that:

� Allocating environmental impacts to different flood safety levels
provides valuable information during the planning process. It
allows for analysing the contribution to the overall impacts of
managing the different domains, which can be used to optimise
systems and define design criteria. It also facilitates communi-
cation between stakeholders with different priorities and allows
one to quantify trade-offs between environmental sustainability
and flood safety.

� In order to optimise the environmental performance of SWM
systems, LCAs are ideally conducted at different stages of the



S. Brudler et al. / Water Research 106 (2016) 394e404404
planning process, in order to influence the design process
already in an early stage. Uncertainty has to be assessed sys-
tematically, in order to be able to draw conclusions. Parameter
and structural uncertainty is high in early planning stages, and a
sensitivity analysis allows one to identify environmentally
preferable design alternatives while taking uncertainties into
account.

� The case study shows that the Cloudburst Management Plan,
which mainly uses green infrastructure elements, has 71e92%
fewer environmental impacts than a sub-surface alternative
(3e18 PE/year for the CMP, and 14 to 103 PE/year for the SSA).
Material production processes cause the largest share of overall
impacts, with concrete, steel and road materials contributing
most in this regard. Handling of events with a return period
between 0.2 and 10 years contributes most to the impacts. Small
events (return period up to 0.2 years) contribute the least,
regardless of the allocation scheme. Analysing uncertainty
highlights the importance of using site-specific data.
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Abstract 

Stormwater carries pollutants that potentially cause negative environmental 

impacts to receiving water bodies, which we assess 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 concentra-

tions, which we then translated to generic impacts per litre of stormwater dis-

charged, 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 consump-

tion and agriculture. Conversely, contribution to aquatic eutrophication im-

pacts was modest. Metals were identified as the main contributor to ecotoxi-

city 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. 
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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 nega-

tive environmental impacts when discharged to surface waters. Several stud-

ies have measured pollutant levels in urban stormwater (Gasperi et al., 2014a; 

Zgheib et al., 2012), quantified their toxic effect (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 envi-

ronmental 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 sub-

stances 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 interna-

tionally 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 contribu-

tions 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 re-

sulting 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.  



4 

 
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 calcu-

lated. (c) EMC for specific sites are reported in literature in different formats. (d) Life cy-

cle impact assessment requires the estimation of a mean concentration, based on which 

environmental impacts are calculated using existing characterisation factors.  

Life cycle impact assessment is based on an inventory of emissions. For 

stormwater discharges, these emissions are determined by the concentration 

of pollutants in stormwater. Available measurements of pollution levels in 

stormwater are inherently characterized by high spatial and temporal variabil-

ity 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 pro-

cesses. Monitoring of stormwater is also characterized by several inherent 

sources of uncertainty (Bertrand-Krajewski, 2007). All these factors contrib-

ute to the high heterogeneity of the available data (Figure 1c), which also dif-

fer in terms of sampling approaches, measurement methodologies, and report-

ing style (Göbel et al., 2007). Since LCA operates on total pollutant flows, it 

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 micropol-

lutants. Attempts have been made to obtain a “representative, average con-

centration” (Göbel et al., 2007), but little attention has been given to the 

characteristic of the reported data in those calculations. 
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The main goal of this study was to evaluate the long-term environmental im-

pacts of stormwater discharges, and to identify the most problematic pollu-

tants 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 envi-

ronmental 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 ident i-

fy potential shortcomings.  

2 Methods and data 

2.1 Available data for pollutants in stormwater 

Information on stormwater pollutants was obtained from reports of measure-

ment 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 be-

tween source types (roofs, roads, etc.) was attempted as data were insufficient 

to calculate specific averages. Also, available data suggested that variations 

in concentration levels between standard urban catchments were small com-

pared to the variation between different events at a particular location 

(Arnbjerg-Nielsen et al., 1999; Zgheib et al., 2012). 
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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 refere nce, 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. 

Nutri-
ents 

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. 
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2.2 Defining mean concentrations 

To calculate the average pollutant concentrations needed for calculation of 

total pollutant emissions for LCA, 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 to-

tal phosphorous and nitrogen (assumed to cover the whole nutrient con-

tent); 

- The triple estimate approach (Lichtenberg, 2000) was used for pollutants 

with limited data availability and expected high relevance for toxicity im-

pacts, 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 organ-

ic 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 respective-

ly, and a best guess (Lichtenberg, 2000). Assuming that data follow a skewed 

distribution, the mean concentration (Cmean,i) was calculated using the follow-

ing formula (Lichtenberg, 2000):  

 𝐶𝑚𝑒𝑎𝑛,𝑖   ≈  
𝐶𝑚𝑖𝑛,𝑖+3∗𝐶𝐵𝐺,𝑖+𝐶𝑚𝑎𝑥,𝑐𝑜𝑟𝑟,𝑖

5
                   (1) 

The best guess (CBG,i) was calculated as the median of reported concentra-

tions in four key references, which were selected due to their scope and de-

tailed methodology description (Gasperi et al., 2014b; Sebastian, 2013; 

Wicke et al., 2015; Zgheib et al., 2012). If no data was available in the key 

references, the median value of measurements available in a large Danish da-

tabase of stormwater pollutants(GEUS, n.d.) was used. The minimum concen-

tration (Cmin,i ) was determined by the lowest value found in any of the avail-

able references. To remove extremely high values which showed great devia-

tions from average values, the following formula was used:  
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 𝐶𝑚𝑎𝑥,𝑐𝑜𝑟𝑟,𝑖 = {

𝐶𝑚𝑎𝑥,𝑖

3𝐶𝐵𝐺,𝑖

𝑖𝑓

𝑖𝑓

𝐶𝑚𝑎𝑥,𝑖 ≤ 3𝐶𝐵𝐺,𝑖

𝐶𝑚𝑎𝑥,𝑖 > 3𝐶𝐵𝐺,𝑖

                 (2) 

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 con-

centrations of free ion and inorganic complexes and excluding organic com-

plexes) is considered bioavailable and hence potentially toxic (Diamond et 

al., 2010). If reported total concentrations exceeded maximum possible dis-

solved concentrations (Cmax,diss,i), they were therefore corrected using the fol-

lowing formula for trivalent metals: 

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  (3) 

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). Dissolved metal concen-

trations may exceed this theoretical maximum concentration if organic lig-

ands are present to form complexes, shielding the metal ions from precipita-

tion, 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 

We calculated the generic impact of one litre of stormwater discharged to 

different environmental compartments based on the calculated mean concen-

trations. The local impacts of a stormwater management system can be calcu-

lated by multiplying the generic impact of one litre with the total runoff vol-

ume from a given catchment. Stormwater harvesting for human consumption 

always requires treatment, therefore we assumed no long-term direct expo-

sure to humans and did not consider human health impacts resulting from 

toxicity and pathogen exposure. 
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2.3.1 Ecotoxicity impacts 

Ecotoxicity impacts were quantified using existing characterisation factors 

(CF) for discharges of pollutants to freshwater and marine water (Dong et al., 

2017; Rosenbaum et al., 2008). To avoid double counting, we only consid-

ered impacts occurring in the first compartment reached by the pollutant, and 

not subsequent impacts such as when runoff is discharged to a stream (fresh-

water) 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: 

𝐼𝑒𝑐𝑜𝑡𝑜𝑥,𝑖 {

𝐶𝐹𝑖𝐶𝑖𝑉                   𝑤ℎ𝑒𝑟𝑒 𝐶𝐹 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙. 𝑓𝑜𝑟 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑖

𝑚𝑒𝑑𝑖𝑎𝑛(𝐶𝐹𝑚)     𝐶𝑖𝑉 𝑤ℎ𝑒𝑟𝑒 𝐶𝐹 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙. 𝑓𝑜𝑟 𝑎 𝑐𝑙𝑎𝑠𝑠 𝑜𝑓 𝑝𝑜𝑙𝑙. , 𝑚
   (4)           

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 com-

pounds, only freshwater ecotoxicity impacts could be calculated, as CFs for 

marine ecotoxicity were not available. Freshwater ecotoxicity CFs were spec-

ified for 163 of the 286 organic compounds potentially present in runoff, 

which were used to calculate median CFs for seven substance classes. Im-

pacts were calculated for 88 organic compounds with both concentration data 

and CFs available, and 57 compounds with only concentration data available 

(Table 2). 
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Table 2. Number of organic compounds named in literature and with freshwater ecotoxic i-

ty 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 litera-
ture [#] 

CF avai-
lable [#] 

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 hydro-
carbons  

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

Other oil com-
ponents 

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. com-
pounds 

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 ma-

rine 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: 

𝐼𝑒𝑢𝑡𝑟𝑜𝑝,𝑘  = 𝐶𝑘𝑉                          (5) 

Where Ck is the median concentration of nutrient k, and V is the normaliza-

tion volume of one litre.  

2.3.3 Uncertainty analysis 

The data processing described in section 2.2 represents a source of uncertain-

ty in the calculation of ecotoxicity impacts. The importance of this uncertain-

ty was quantified by testing five alternative concentration scenarios: 
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- Triple estimate, corrected for dissolution (TE-diss): As some references 

state total concentrations and only dissolved metals are relevant for eco-

toxicity impacts, Cmean,i for dissolved concentrations was calculated (eq. 1) 

by multiplying the baseline average concentrations with dissolved frac-

tions found in literature (Ingvertsen et al., 2011);  

- Triple estimate, minimum concentration is zero (TE-0): Cmean,i was cal-

culated (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 de-

tection limits);  

- Triple estimate, uncorrected maximum (TE-uncorr): Cmax,i was used in-

stead 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 an-

thropogenic 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 stand-

ards (EQS) defined by European and Danish legislation (European 

Commission, 2013, 2008; Miljø- og Fødevareministeriet, 2016). This resem-

bles the approach used in Johnson et al. (2017) to evaluate the risk of differ-
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ent chemicals in freshwater, where EQS were compared to median measured 

concentrations. To assess how often EQS might be exceeded by stormwater 

discharges, we calculated the frequency of exceedance (fexc), using the com-

plete dataset of concentrations found in literature: 

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
    (6) 

Where Nobs is the number of available data, and Crep,i are reported concentra-

tions. fexc provides an estimation of how often the maximum allowed concen-

tration (MAC-EQS) is expected to be exceeded based on available measure-

ments. Chronic exposure to metals was evaluated by comparing average con-

centrations (Cmean,i) against annual averages (AA-EQS). For organic com-

pounds, no average concentrations could be calculated due to insufficient da-

ta (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 com-

pounds, 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 pollu-

tants. 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 
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be made (selection of key references, definition of outliers, and calculation of 

average values). These difficulties have been identified also in connection 

with 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. 

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 nitro-

gen, the concentrations ranged between 0.20 mg/l and 14.0 mg/l, with a me-

dian 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 as-

sumed 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 deter-

mined 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). This is in line with concentrations 

in rainwater and roof runoff reported in Göbel et al. (2007). The concentra-

tions 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 or-

ganic 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 com-

pounds, and less than five concentrations were reported for more than 80% of 

the compounds with available data. 
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Figure 2. Concentration ranges for priority substance measured in separate stormwater systems (blue lines, expressed as minimum and uncor-

rected maximum value), AA-EQS (green lines) and MAC-EQS (red lines). The width of the blue line is proportional to the number n of availa-

ble 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 receiv-

ing 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 con-

tributor (94%). 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 fresh-

water (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), re-

flecting 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 4). Without marine CFs for organic 

compounds we can only speculate that metals would dominate the calculated 

ecotoxicity in marine environments as well. 
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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 met-

als. Metals occur in many different forms, and only the free ions are toxic.  

The CFs have been corrected by Dong et al. (2014) to reflect the decreased 

bioavailable fraction – however, this fraction also has higher toxicity than the 

total metal, which results in modest overall changes in the CFs. Metals are 

more persistent than organic substances, but in the fate module used to calcu-

late the CFs (Rosenbaum et al., 2008), the residence time of freshwater is on-

ly 100 days and one year for coastal water bodies, which limits the influence 

of the long-term persistence of the metals. We thus consider the found domi-

nance of metals in the overall ecotoxicity scores for stormwater discharges to 

be realistic. 
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The ecotoxicity potential of metals depends on the characteristics of the re-

ceiving 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 po-

tentials, 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 concentra-

tion of copper depends heavily on the concentration of dissolved organic car-

bon 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 dis-

solved 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, using the uncorrected maximum values Cmax,i (WC-

uncorr) led to a factor of 110 (Figure 4). This analysis underlines how con-

centrations measured close to pollutant sources (e.g. roof runoff from metal-

lic roofs) or reflecting the natural variability of stormwater runoff (i.e. corre-
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sponding to extreme events) can lead to an overestimation of the average im-

pacts 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 im-

pacts for the five different scenarios, with Zinc being most contributing sub-

stance in all scenarios (SI). 

 
Figure 4. Freshwater ecotoxicity impacts for the different concentration scenarios de-

scribed in section 2.5. Impacts are shown on a logarithmic scale. 

When using the maximum CF instead of the median CF for substances with-

out specific CF available, the freshwater ecotoxicity impacts of organic com-

pounds 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 com-

pounds (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 ap-

proach is overestimating the potential impacts of organic pollutants. 
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3.3 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 find-

ings, just 12m
3
 of stormwater with the toxicity impacts of 0.72 CTUe/l has 

the same potential as the normalisation reference. In Denmark an average of 

125m
2
 impervious area per person is connected to a stormwater management 

system (75 m
2
 to a separate, and 50 m

2
 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, 53m
3
 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 overesti-

mation of the toxicity impacts. On the other hand, we suspect the normalisa-

tion reference to underestimate the actual impacts of human activities, since it 

does not take into account numerous emissions associated to human activi-

ties. Ecotoxicity pressure is potentially exerted by thousands of different sub-

stances released from industry, agriculture or households. Current normalisa-

tion 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 mag-

nitude 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 the a Ger-

man 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 impact com-

pared to other activities, including agriculture. Assuming an urban area of 
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125m
2
 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 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 urban areas. This is in the same order of magnitude of the relative nutri-

ent release from agricultural areas. Between 10 and 17 kgN/ha.yr were esti-

mated 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 Envi-

ronment Agency, who showed that 75% of nitrogen, and 50% of phosphorous 

found in German surface waters stem from agriculture (German Environment 

Agency, 2017). 

3.4 Legal screening 

Comparing measured stormwater pollutant concentrations against EQS clear-

ly 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 concentra-

tions, except for strontium and molybdenum with concentrations never ex-

ceeding EQS (Figure 2). The highest fexc was calculated for Cu (78%) and Zn 

(84%), which have also been identified as causing the highest impacts. Addi-

tionally, 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). 

Most organic pollutants either complied with EQS, or no EQS are defined. 

Within organic pollutants, PAHs were the most problematic class from a le-

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

tributyltin and pentachlorophenol of 20% (four, and three reported concentra-

tions 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, ben-

zo[a]pyrene, chrysene, dibenzo[ah]anthracene, fluoranthene, methylnaphtha-

lene, pyrene), one other hydrocarbon (pentachlorobenzene), two pesticides 

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

nonylphenol), and perfluorooctanesulfonic acid.  On average, 12 concentra-

tions 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 organ-

ic pollutants potentially present in stormwater.  

 
Figure 5. Frequency of exceedance of reported concentration compared with maximum 

allowed concentration environmental quality standard (MAC-EQS) for metals and organic 

compounds. 
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4 Conclusions 

The main findings of this study are: 

 Significant manual corrections and assumptions are necessary when calcu-

lating mean pollutant concentrations in stormwater due to very heteroge-

neous ways of analysing and reporting values in the literature. Data on or-

ganic compounds are very limited. 

 Average concentrations of metals range between 0.1 μg/l (Hg) and 490 

μg/l (Zn). Maximum concentrations of organic compounds of up to 232 

μg/l (Glyphosate) are reported in literature, while 75% of the reported con-

centrations are below 1 μg/l. The median concentration of total phospho-

rous and nitrogen is 0.32 mg/l, and 2.0 mg/l respectively. 

 Using LCIA, the total ecotoxicity impact of stormwater discharges to 

freshwater are calculated as 0.72CTUe/l, and 0.82 CTUe/l for discharges to 

the sea. Eutrophication impacts are 3.2E-07 kgP-eq/l for freshwater, and 

2.0E-06 kgN-eq/l for marine waters. 

 Metals are 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 show a high significance when 

comparing to impacts from other pollutant sources, i.e. consumption and 

agricultural processes. In contrary, eutrophication impacts from storm-

water are less significant. 

 Metals, especially copper and zinc, are 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 do not cover all pollutants potentially present in runoff, which in 

combination with limited concentration data availability limits the conclu-

sions and highlights the need for further research.  
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Abstract 

The implementation, operation and decommissioning of stormwater manage-

ment systems causes environmental damages, while at the same time reduc-

ing pollutant loads in receiving waters by treating stormwater. The focus in 

research has been either on assessing impacts caused by stormwater infra-

structure, or risks associated with stormwater discharges, but rarely have 

these two sources of environmental impacts been combined to allow a holistic 

evaluation of stormwater management. We assess the sustainability of four 

different generic stormwater management systems for a catchment of 260ha 

by a) modelling the flow of pollutants in stormwater, and resulting point 

source emissions to freshwater, and b) quantifying emissions of all relevant 

processes associated with the life cycle of the infrastructure. Using life cycle 

impact assessment, we quantify the resulting environmental impacts and 

damages. Our assessment shows that combined stormwater management 

causes the lowest ecosystem damages (8.2E+07 species.yr/yr), and systems 

handling stormwater separately in pipes or soakaways cause the highest 

(1.2E+08 species.yr/yr). Contrary, the combined system causes the highest 

resource availability damages (8.8E+03 USD/yr), while soakaways and 

swales even avoid resource availability damages (-3.7E+03, and -5.2E+03 

USD/yr). The results are most sensitive to changes in pollutant removal eff i-

ciency of the stormwater treatment system, and assumptions regarding dis-

posal processes and lifetime of the infrastructure elements. We found that the 

identification of the most sustainable stormwater system is strongly influ-

enced by impacts from stormwater discharges, which highlights the im-

portance of considering point source emissions. 
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1 Introduction 

Stormwater management (SWM) aims to prevent damages to humans, proper-

ty and the environment by limiting exposure to polluted stormwater and pre-

venting flooding. At the same time, the implementation, operation, and de-

commissioning of these systems cause environmental damages, e.g. through 

emissions of greenhouse gases associated with the energy and transport that 

is involved. In this paper, we use life cycle assessment (LCA) to quantify the 

caused environmental damages (ISO, 2006a, 2006b). The whole life cycle 

from implementation (material generation, transport and construction), 

through operation and maintenance, to end of life (decommissioning and dis-

posal or recycling) is considered. As a novelty, we complement the LCA with 

an assessment of damages from discharges of polluted stormwater during the 

operation.  

LCA is increasingly used to analyse multifunctional systems, such as urban 

water systems (UWS) (Loubet et al., 2014). Numerous studies assessed the 

impacts of single installations and some also considered complete SWM sys-

tems (Brudler et al., 2016). However, most publications focused on environ-

mental impacts caused by the systems, and did not include impacts from dis-

charges of stormwater itself. Taylor and Barrett (2008) took pollutant dis-

charges to the environment into account indirectly by relating life cycle im-

pacts of different alternatives to their removal efficiency. Spatari et al. (2011) 

assessed the changes in electricity consumption at the wastewater treatment 

plant (WWTP) caused by alternate discharge paths, but neglected impacts by 

direct discharges. Clauson-Kaas et al. (2001) included eutrophication and 

toxicity impacts of selected pollutants, but only assessed combined sewer 

overflow treatment and not a holistic SWM strategy. Byrne et al. (2017) used 

a similar approach for roadway drainage systems. Wang et al. (2013) includ-

ed eutrophication impacts of stormwater discharges in the LCA of more ho-

listic SWM scenarios, but neglected ecotoxicity impacts.  

Many compounds, including nutrients and toxic substances such as metals, 

are present in stormwater (Brudler et al., 2018; Ingvertsen et al., 2011). As-

sessing their impacts using LCA is challenging, as stormwater discharges are 

characterized by large temporal and spatial variations, which are difficult to 

represent in LCA which quantifies total emissions but not the resulting envi-

ronmental concentrations. Existing publications on pollutants in stormwater 

have a strong focus on peak concentrations and associated risks (Göbel et al., 



4 

2007; Gosset et al., 2017; Wicke et al., 2015). In contrast, LCA quantifies 

long-term, accumulative effects, for which average concentrations are need-

ed. Only recently has life cycle impact assessment been used to quantify im-

pacts of stormwater discharges. Brudler et al. (2018) calculated generic im-

pacts of stormwater discharges, and Risch et al. (2018) assessed the impacts 

of wet and dry weather discharges. The relative importance of stormwater 

discharges for the environmental impacts of SWM systems across all impact 

categories has never been quantified at catchment scale. Excluding storm-

water discharges does not only influence the magnitude of the total impacts, 

but could also lead to incorrect decisions when comparing different SWM 

systems with different treatment efficiencies. 

  To distinguish impacts resulting from stormwater discharges from other im-

pacts traditionally assessed in LCA, we denote impacts that are caused by 

stormwater discharges as point source emission impacts (United States 

Federal Law, 2002). All other impacts resulting from implementation, opera-

tion, and decommissioning of SWM systems are denoted as infrastructure 

impacts. A reduction of point source emission impacts may be accompanied 

by increased infrastructure impacts if it is achieved through more extensive 

treatment. This trade-off has been highlighted also in other areas, e.g. reme-

diation of contaminated sites (Lemming et al., 2010). As a novelty, we quan-

tify all relevant infrastructure and point source emission impacts of four 

complete SWM systems in a generic case study. We then combine the two to 

calculate the total environmental damages to assess the environmental per-

formance for the different SWM systems (Figure 1). 

 
Figure 1. Sources of environmental impacts in stormwater management: infrastructure and 

point source emission impacts, causing damages. 
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The following research questions are addressed: 

- How do different archetypal SWM systems perform relative to each other 

regarding their environmental impacts? 

- What are the total environmental damages of different SWM systems?  

- What is the relative importance of damages resulting from point source 

emissions and infrastructure? 

- How do these damages relate to the environmental benefits of SWM? 

- What are the uncertainties accompanying the assessed damages? 

2 Methods and data 

Impacts occurring over the complete life cycle are assessed, which prevents 

unintentional shifting of burdens and allows a holistic evaluation. When 

comparing different systems, it has to be ensured that all alternatives fulfil 

the same essential, primary function, which is expressed in a functional unit 

(ISO, 2006b). In our case, we defined the functional unit as stormwater man-

agement according to existing Danish flood safety and pollution management 

standards (IDA Spildevandskomiteen, 2005) in a catchment area of 260 ha 

(100ha impervious area) over 25 years. In compliance with these standards, 

three separate systems were dimensioned for events with a return period of 

five years, while the combined system was dimensioned for ten years due to 

the higher human health risk during flooding with combined sewage. This is 

within the typically accepted range of standards for sewer systems in Europe.  

The catchment characteristics, and infrastructure elements and pollution 

management in the different systems are further explained in section 2.3.  

2.1 Inventory 

The processes required within each of the systems to provide the defined 

functional unit were collected using documentation of existing and planned 

SWM systems, literature, and expert interviews (SI). Their exchanges with 

the environment were modelled in EASETECH V2.4.5 (Clavreul et al., 2014) 

using standard unit process data from the Ecoinvent database (Weidema et 

al., 2013), and compiled in the life cycle inventory (ISO, 2006b). 

 We considered point source emissions of pollutants in stormwater during the 

operation stage separately. We first assessed the flow path of stormwater 
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through the different systems, and then quantified the pollutant loads using 

generic concentration data, derived from Brudler et al. (2018). Besides nutri-

ents, only copper and zinc emissions were included in the point source emis-

sion inventory, as they have been shown to cause over 90% of the ecotoxicity 

impacts of stormwater discharges across a wide variety of stormwater com-

positions (Brudler et al., 2018). Removal efficiencies were calculated based 

on values found in literature and databases for the single SWM elements, and 

the flow of pollutants was modelled accordingly. Leaching of metals from 

agricultural soil was modelled using fate factors from the USEtox® model 

(Rosenbaum et al., 2011). For phosphorous, a conservative leaching rate of 

50% was assumed based on runoff and infiltration factors for different soil 

types published by Kirkeby et al. (2013). 

2.2 Impact assessment 

In the life cycle impact assessment (LCIA), the life cycle inventory was 

translated to environmental impacts (ISO, 2006b). Midpoint impacts I in 13 

different categories i were calculated as the sum the single substance emis-

sions or resource consumption E, multiplied with a midpoint characterisation 

factor (CFm,i) that for each flow represents its ability to contribute to the 

modelled impact: 

𝐼 𝑖 = ∑(𝐸 ∗ 𝐶𝐹𝑚,𝑖)                                 (1) 

 We used the characterisation factors from ReCiPe 2016 for 10 impact cate-

gories (Huijbregts et al., 2016). Point source emissions of phosphorous were 

translated to freshwater eutrophication impacts employing the methodology 

described by Brudler et al. (2018). To assess toxicity impacts of direct dis-

charges, we used characterisation factors for from the USEtox® model 

(Rosenbaum et al., 2008). As impacts on groundwater are not represented in 

standard LCIA (Lemming et al., 2010), we used characterisation factors for 

freshwater discharges for leachate reaching groundwater to represent its eco-

toxicity impacts assuming that all pollutants in the aquifer eventually seep 

into surface freshwater, which is a worst case assumption.  

Annual point source emissions were calculated directly based on the dis-

charge of pollutants over one year. Infrastructure impacts were first calculat-

ed for the whole assessment period of 25 years, and then normalized in rela-

tion to the lifetime of the single elements. Annual operation impacts were 

found as the average annual impacts over the assessment period of 25 years. 

Total annual impacts Iinfrastructure,annual,i,k of system k in the impact category i 
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were then calculated by adding the impacts from all elements the system con-

sists of: 

𝐼𝑖𝑛𝑓𝑟𝑎𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒,𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,𝑘 

= ∑ (
𝐼𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑖,𝑗+𝐼𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡,𝑖,𝑗+𝐼𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛,𝑖,𝑗+𝐼𝑑𝑖𝑠𝑝𝑜𝑠𝑎𝑙,𝑖,𝑗

𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒𝑗
+

𝐼𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛,𝑖,𝑗

𝑎𝑠𝑠𝑒𝑠𝑠𝑚𝑒𝑛𝑡 𝑝𝑒𝑟𝑖𝑜𝑑
)𝑗           (2) 

Where Ii,j are the total impacts over the assessment period of 25 years, and 

lifetimej is the expected life span of the element j. 

Impacts at midpoint level allow to compare systems within specific catego-

ries, e.g. to evaluate which scenario has the lowest global warming impacts. 

To assess the relative performance of the systems at midpoint level, an inter-

nal normalisation was performed relating the impacts to the systems with the 

highest and lowest impact in each category by assigning each impact a value 

between 1 (highest impact) and 0 (lowest impact): 

𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑,𝑖,𝑘 =
𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,𝑘−min(𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,1,…,𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,𝑛)

max(𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,1,…,𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,𝑛)−min(𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,1,…,𝐼𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,𝑛)
     (3) 

Where Iannual,normalised,i,j is the annual normalised impact, Iannual,i,j is the annual 

impact of system k in the impact category i, and n is the number of compared 

systems. 

At midpoint level, point source emission impacts were assessed separately 

from the infrastructure impacts, and the conclusions regarding the environ-

mental sustainability of the systems for both impact sources were compared.  

The scores for the midpoint impact categories are expressed in category spe-

cific units, which means that the systems cannot be compared across impact 

categories. To allow such a comparison, damages were calculated for the 

midpoint scores, reflecting their ability to contribute to damaging different 

areas of protection that represent components of the environment of direct 

value to human society (UNEP/SETAC, 2005). In ReCiPe , the areas of pro-

tection are defined as ecosystems, resource availability, and human health 

(Goedkoop et al., 2013). Damages from different impact categories to the 

same area of protection are expressed in the same unit, which means that the 

systems’ performance can be compared across midpoint impact categories 

within each area of protection. A midpoint impact category contributes to 

damages to one or more areas of protection, for example climate change 

causes damage to ecosystems and human health, but does not affect resource 

scarcity in the ReCiPe methodology (Huijbregts et al., 2016). We multiplied 
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midpoint impacts with endpoint characterisation factors CFe  from ReCiPe 

2016 and the USEtox® model, and then added infrastructure and point source 

emission damages up to calculate total annual damages Dtotal,annual to each ar-

ea of protection p: 

𝐷𝑡𝑜𝑡𝑎𝑙,𝑎𝑛𝑛𝑢𝑎𝑙,𝑝,𝑘 

= ∑ (𝐼𝑖𝑛𝑓𝑟𝑎𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒,𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,𝑘 ∗ 𝐶𝐹𝑒) + ∑ (𝐼𝑝𝑜𝑖𝑛𝑡 𝑠𝑜𝑢𝑟𝑐𝑒,𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,𝑘 ∗ 𝐶𝐹𝑒)𝑖𝑖             (4) 

Where Iannual,i,k is the annual impact of system k in the impact category i. 

2.3 Case description and systems 

Figure 2. Schematic sketches of the elements in the four different stormwater management 

systems. The water level during an event with a return period of 5 (10) years is illustrated 

in light (dark) blue. The water level rises above surface level for events with a r eturn peri-

od of 10 years in the systems 2-4. 

The Skibhus catchment in Odense, Denmark was used as the basis for a ge-

neric case study (Zhou et al., 2012). It has an extent of 260ha, with a reduced 

area of 100ha, and approximately 3,400 buildings and 6,000 inhabitants. The 

catchment characteristics are typical in a European context: The area is main-

ly residential, with little industry. It consists of low density housing and 

green areas, which are used as gardens, parks and allotment gardens. These 

area characteristics were used to develop four different SWM systems, each 
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dimensioned based on full hydrodynamic modelling (MIKE URBAN, DHI) 

or simplified modelling (WEST, DHI) of such systems. All elements were 

designed according to existing guidelines and recommendations (CIRIA, 

2015; The City of Copenhagen, 2011) (Figure 2).  

S1: Combined subsurface system 

Stormwater and wastewater are handled in one pipe system with pipe diame-

ters ranging between 200mm and 3000mm. The system was dimensioned to 

prevent surcharging for events with a return period of up to 10 years. A sub-

surface retention basin for mixed sewage was designed to limit combined 

sewer overflows to the recipient to five times per year (Nature Agency DK, 

2011), which results in a basin volume of 7000m
3
. Except for overflows, all 

combined sewage is treated in a central WWTP. No separate WW system has 

to be implemented, which was factored in as avoided material demands for 

WW pipes. 

S2: Separate subsurface system 

Stormwater is handled separately from wastewater, in pipes dimensioned to 

prevent surcharging for events with a 5 year return period (Ø = 200-

2000mm). A surface retention basin was dimensioned according to an exist-

ing design criterion (200m
3
 per reduced ha), which results in a basin volume 

of 20,000m
3
. This criterion is based on water quality considerations, allowing 

sedimentation and subsequent pollutant removal before discharge (Vollertsen 

et al., 2012). 

S3: Separate system with soakaways 

Stormwater is managed completely in soakaways dimensioned for a 5-year-

event, which results in a total soakaway volume of 26,700m
3
. The system is 

decentralized, i.e. the soakaways are implemented on private properties and 

existing roads, and not connected. Sand traps for roof runoff and green strips 

for road runoff partly remove sediments and pollutants. All stormwater is in-

filtrated from the soakaways. Where existing road areas are transformed to 

green areas, avoided impacts by reduced asphalt demands were subtracted.  

S4: Separate system with dry swales 

Stormwater is handled in dry swales with a total volume of 20,600m
3
, which 

is provided mainly above the surface. The swales are implemented on exist-

ing road areas, and avoided impacts from avoided asphalt demands were ac-

counted for. The surface area is vegetated for additional pollutant removal. 
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Stormwater percolates through filter soil and gravel before entering a perfo-

rated pipe (Ø = 80mm). Infiltration is prevented by a geotextile liner.  

2.4 Assumptions and uncertainties 

To make the case study as generic as possible, four simplifications were 

made:  

- The existing SWM system was neglected, and it was assumed that a sys-

tem would be built from scratch; 

- Only one element (e.g. swales) was used for each system instead of a 

more realistic combination of different elements typically employed in 

retrofitting; 

- It was assumed that elements on existing roads would be implemented 

when road renewals are required, or would only move renewals up in 

time, i.e. that renewal demands do not differ between the systems;  

- We assumed that stormwater and WWTP effluent is discharged to fresh-

water, which made a worst-case scenario. In reality, the Skibhus catch-

ment is atypical and discharges its stormwater to the harbour, and WWTP 

effluent to freshwater. 

The freshwater bodies that the stormwater is discharged to are assumed not to 

be used for drinking water, and point source emission damages to human 

health are therefore not considered. Additionally, human health damages 

from stormwater are expected to mainly be caused by pathogens, which is not  

included in existing LCIA methods.  

Electricity consumption has been found to cause the major share of environ-

mental impacts of wastewater treatment (Godskesen et al., 2013), and we 

therefore did not include other processes at the WWTP. The electricity de-

mand differs depending on the quantity and quality of the influent. Since we 

were only interested in the incremental change caused by the treatment of 

stormwater, we analysed electricity consumption at the existing wastewater 

treatment plant in the catchment for the year 2016 and estimated an average 

electricity consumption of 0.07 kWh/m
3
 for stormwater (SI). 

Impacts from sanitary wastewater management were only considered when 

they differed between the systems. We assumed that wastewater is treated in 

a central WWTP in both combined and separate systems, and therefore did 

not consider point source emissions of treated wastewater. This is a simplifi-
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cation, as the treatment efficiency and consequently the effluent pollutant 

concentration depends on the influent concentration. Mixing wastewater with 

stormwater will lead to lower removal efficiencies, which results in different 

impacts from treated stormwater in combined and separate system. We did 

not have sufficient data to quantify this effect. However, we included point 

source emission impacts caused by discharges of untreated wastewater in the 

combined system (S1). Using data from the year 2016, we calculated an an-

nual combined sewer overflow volume of 4414m
3
, of which 3% is 

wastewater. 

Nitrogen present in stormwater may cause marine eutrophication impacts 

when discharged to marine water. ReCiPe 2016 does not define characterisa-

tion factors for marine eutrophication at mid- or endpoint level (Huijbregts et 

al., 2016), and these impacts are therefore not included. However, long-term 

damages are not expected from nitrogen discharges due to mixing and dilu-

tion effects in the sea. 

2.4.1 Uncertainty analysis 

To evaluate the uncertainty of infrastructure and point source emission dam-

ages, we identified processes contributing significantly to total damages, and 

varied the input parameters (SI). Uncertainties in infrastructure processes 

were classified according to Huijbregts (1998): 

- Parameter uncertainty: filter strip areas for soakaways, and the lifetime of 

green infrastructure elements (soakaways, filter strips, swales); 

- Uncertainty due to choices: electricity demands and production mix at the 

WWTP and pumping, and disposal process for plastic. 

The point source emissions are determined by the removal efficiency of the 

single elements in the systems. While pollutant removal in WWTPs is well 

documented and regulated (Danish Nature Agency, 2014), large variations in 

the efficiency of low-tech elements like retention ponds and filter soil are 

documented in literature (Center for Watershed Protection, 2007). Addition-

ally to calculating median removal efficiencies, maximum and minimum re-

moval efficiencies were tested for all separate systems (S2-4). Some studies 

reported negative removal, i.e. addition of pollutants. This is caused by initial 

wash out of pollutants from soil, which will fade during operation (Clary and 

Jones, 2016). Negative removal efficiencies were therefore not considered in 

the calculation of median removal efficiencies, but included in the uncertain-

ty analysis. 
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We assumed that the top 20cm of soil in green strips and swales has to be 

renewed, and that sediment in the surface basin has to be removed every ten 

years due to accumulation of pollutants. However, the fate of polluted soil 

and sediment is unclear as no treatment requirements are defined. Extensive 

treatment, such as thermal treatment or washing, is only required for heavily 

polluted soils, for example stemming from industrial or waste handling sites. 

We assumed landfilling or use in construction instead, which is a practice 

commonly used for soil with limited metal contamination (McAdams and 

Shanight, 2014; Mulligan et al., 2001), and from which leaching was consid-

ered to be negligible. We tested the sensitivity of this assumption by analys-

ing a worst case scenario, where removed soil and sediment is applied to nat-

ural soil, leaching to surface water by erosion. The resulting ecotoxicity im-

pacts were modelled using USEtox® characterisation factors (Dong et al., 

2014) for emissions of metals to natural soil. For nutrients, a conservative 

leaching rate of 50% was used based on factors for agricultural soil published 

by Kirkeby et al. (2013).  

3 Results and discussion 

3.1 Pollutant flow and discharges 

The fate of metals and nutrients depends on the flow path of stormwater and 

the removal efficiencies of the single elements in each system (Figure 3). 

WWTPs (S1) remove both metals (70-90%) and nutrients (84%) efficiently 

(Table 1), largely through accumulation in the sludge (Yoshida et al., 2015). 

50% of sludge is applied to agricultural soil for fertilization in Denmark 

(Kirkeby et al., 2013). The remaining sludge is incinerated, landfilled, miner-

alized, or exported, and it is assumed that pollutants will not be released into 

the environment during any of these processes.  

None of the other elements is as efficient as the WWTP in removing pollu-

tants. Sedimentation in surface basins (S2) removes around half of the pollu-

tants (Table 1). Green strips implemented before soakaways and swales do 

not remove phosphorous, but bind metals (35-57% in green strips, and 46-

65% in swales). Sand traps only show a very limited potential to remove pol-

lutants (0-22%). Large fractions of metals (25-83%) and phosphorous (42%) 

remain in the soil during infiltration both in soakaways (S3) and swales (S4) 

(Table 1). All separate systems (S2-4) are designed for events with a five 

year return period, and stormwater stemming from more severe events passes 
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through the system without removal and is discharged directly. This accounts 

for 3% of the total annual rain volume (Sørup et al., 2016). 

Table 1. Median removal efficiencies of copper, zinc, and phosphorous by different 

stormwater infrastructure elements. Minimum and maximum efficiencies are given in 

brackets. * If the calculated median removal efficiency was negative, no removal was as-

sumed. 

Element Median removal efficiency (minimum – maxi-
mum) 

References 

 Copper Zinc Phosphorous  

WWTP 90% 70% 84% (Danish Nature Agency, 2014) 

Surface 
basin 

46% 
(1% - 95%) 

65% 
(1% - 96%) 

52% 
(12% - 91%) 

(Center for Watershed 
Protection, 2007; CIRIA, 
2015; Clary and Jones, 2016) 

Sand trap 22% 0%* 
(-23% - 0%) 

0%* 
(-6% - 0%) 

(Caltrans, 2003) 

Green strip 35% 
(-6% - 52%) 

57% 
(52% - 62%) 

0%* 
(-100% - 0%) 

(Cederkvist et al., 2016; 
CIRIA, 2015; Clary and 
Jones, 2016) 

Swales 46% 
(1% - 95%) 

65% 
(1% - 96%) 

0%* 
(-100% - 99%) 

(Center for Watershed 
Protection, 2007; Clary and 
Jones, 2016) 

Infiltration 
(soakaways/  

swales) 

25% 
(2% - 90%) 

83% 
(33% - 100%) 

42% 
(-233% - 88%) 

(Cederkvist et al., 2015; 
Center for Watershed 
Protection, 2007; Clary and 
Jones, 2016; Langeveld et al., 
2012; Rembout et al., 2007) 
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Figure 3. Pollutant flow in the four different systems, starting with 100% of the pollutant 

load in runoff (P: 3.2mg/l, Cu: 59μg/l, Zn: 490μg/l (Brudler et al., 2018)). The grey boxes 

mark pollutant “sinks”, i.e. compartments in which it is assumed the pollutants are bound 

and disposed without leaching.  
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3.2 Infrastructure and point source emission 

impacts 

The conclusions regarding the most (and least) sustainable systems differ 

when evaluating infrastructure and point source emission impacts. The com-

bined system (S1) has the highest infrastructure impacts in all impact catego-

ries, with up to two times the impacts of the separate system (S2). Concur-

rently, it has the lowest point source emission impacts. Both green infrastruc-

ture systems have low infrastructure impacts, with swales (S4) having the 

lowest infrastructure impacts in nine, and soakaways (S3) in four out of 13 

infrastructure midpoint impact categories. However, with 54% higher impacts 

than the combined system, the green infrastructure systems have the highest 

freshwater eutrophication impacts caused by point source emissions. The 

separate system (S2) has the highest point source ecotoxicity impacts (4-50% 

higher than the other systems). Detailed values are listed in SI, and the max-

imum impact across all systems in each category is shown in Figure 4. 

Figure 4. Annual infrastructure and point source emission impacts of the four different 

systems, normalized with reference to the highest (1) and lowest (0) impact in the single 

impact categories (GW = global warming, SOD = stratospheric ozone depletion, IR = ion-

izing radiation, HOF = human damage ozone formation, PM = particulate matter for-

mation, EOF = ecosystem damage ozone formation, TA = terrestrial acidification, FE = 

freshwater eutrophication, MR = mineral resource availability, FR = fossil resource avail a-

bility, WC = water consumption, ETOX = ecotoxicity, HTOX = human toxicity (c = can-

cer, nc = non-cancer)). Toxicity impacts are expressed in comparative toxic units (CTU).  
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This highlights that including point source emissions clearly changes the 

conclusions regarding the environmental sustainability of the systems. If only 

infrastructure impacts, which are traditionally assessed in LCA, are included, 

the combined system (S1) is clearly the least sustainable option. In contrast, 

only analysing point source emissions would lead to the conclusion that it is 

the most sustainable system. 

3.3 Environmental damages 

To compare the systems across impact categories, and analyse point source 

emission and infrastructure impacts in combination, we calculated resulting 

damages to three areas of protection: resource availability, ecosystems, and 

human health (Goedkoop et al., 2013). There is no system clearly performing 

best or worst across all areas. The combined system (S1) performs best re-

garding ecosystem damages, but causes the highest damages to resource 

availability and human health. Soakaways (S3) and swales (S4) prevent dam-

ages to resource availability, with the latter also performing well regarding 

ecosystem and human health damages. The separate system (S2) causes the 

highest ecosystem damages (Table 2). 

Total ecosystem damages range between 8.2E+07 (S1) and 1.2E+08 spe-

cies.yr/yr. Ecotoxicity is dominating both point source emission and infra-

structure damages, contributing to more than 99% of all ecosystem damages 

in the four systems. Terrestrial ecosystems are significantly less affected than 

freshwater ecosystems (up to eight orders of magnitude) (Table 2). Soaka-

ways cause the highest damages, but these damages are calculated using 

characterisation factors for freshwater, assuming that stormwater infiltrated 

to groundwater eventually reaches surface water. Consequently, the ecosys-

tem damages of soakaways are potentially significantly lower than the calcu-

lated results. 

If all stormwater would be discharged directly without treatment 2.3E+08 

species.yr/yr would be lost by ecosystem damages. For each system, the 

damages caused by implementing all four systems and treating the storm-

water are lower than this value. That implies that all systems are effective in 

reducing ecosystem damages. This is in line with Clauson-Kaas et al. (2001) 

and Byrne et al. (2017), who concluded that the avoided environmental im-

pacts outweigh the impacts of implementing and operating single SWM ele-

ments. 
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Table 2. Annual infrastructure and point source emission (in italic) damages to three areas of protection (resource availability, ecosystems, hu-

man health), caused by four different systems for managing stormwater according to Danish flood safety and pollution management standards in 

a catchment area of 260ha, over 25 years. The midpoint categories contributing to terrestrial ecosystem and human health dama ges are not 

listed, since the total resulting damages are assumed to be negligible.  

 

1 Combined 2 Separate 3 Soakaways 4 Swales 

 

Infrastruc-
ture 

Point 
source 

emission 

Infrastruc-
ture 

Point 
source 

emission 

Infrastruc-
ture 

Point 
source 

emission 

Infrastruc-
ture 

Point 
source 

emission 

Resource availability 
[USD/yr] 

        

Mineral resource availability 1.2E+02  7.1E+01  -8.7E+00  -9.0E+00  

Fossil resource availability 8.7E+03  4.0E+03  -3.7E+03  -5.2E+03  

SUM 8.8E+03  4.1E+03  -3.7E+03  -5.2E+03  

Ecosystems [species.yr/yr]         

Freshwater ecosystems         

Global warming 2.1E-08  1.0E-08  6.5E-09  3.7E-09  

Eutrophication 1.4E-05 3.3E-04 7.7E-06 4.2E-04 -7.4E-07 5.1E-04 -1.7E-06 5.1E-04 

Ecotoxicity 2.8E+04 8.2E+07 1.8E+04 1.2E+08 1.0E+04 1.4E+08 -2.8E+03 9.9E+07 

Water consumption 9.5E-10  6.5E-10  4.8E-11  5.8E-10  

Terrestrial ecosystems  8.9E-04  4.3E-04  2.5E-04  1.6E-04  

SUM 2.8E+04 8.2E+07 1.8E+04 1.2E+08 1.0E+04 1.2E+08 -2.8E+03 9.9E+07 

Human Health [DALY/yr] 3.6E-01  1.9E-01  4.1E-01  5.9E-02  
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Damages to resource availability, expressed as surplus cost, range between 

4.1E+03 (S2) and 8.8E+03 USD/yr (S1) for the systems utilizing pipes. The 

difference in damages can be partly explained by the difference in flood safe-

ty level, i.e. larger pipes, and consequently more resources, are necessary for 

the combined system (S1) than for the separate system (S2). The green infra-

structure systems save resource costs, with prevented damages ranging from -

3.7E+03 (S3) to -5.2E+03 USD/yr (S4). Damages to fossil resource availabil-

ity are 2-3 orders of magnitude higher than damages to mineral resource 

availability across all systems (Table 2).  

Flooding of infrastructure and buildings cause significant environmental 

damages due to disposal and renovation processes (Hennequin et al., 2018; 

Petit-Boix et al., 2017). The higher the flood safety level of the SWM system, 

the more economic and environmental damages are prevented. Based on 

Hennequin et al. (2018), we calculated the environmental damages to re-

source availability caused by the recovery from a 15cm flooding of a single 

house to 516 USD. A rain event with a return period of 10 years would be 

managed without flooding in the combined system (S1), but would create 

flooding in the separate systems (S2-4) and cause incremental environmental 

damages. If only nine (S2) to 27 (S4) houses are flooded during such an 

event, the differences in resource availability damages to the combined sys-

tem (S1) are offset, effectively making the combined system the most sus-

tainable system. Detailed modelling of these damages is beyond the scope of 

this paper, and would be too case dependent to be of generic interest. It 

points, however, towards the fact that accounting for differences in flood 

safety levels by including flood damages could substantially affect the con-

clusions of the comparative assessment. This is aligned well with studies us-

ing economic assessments of cost of infrastructure versus reduction of eco-

nomic damage from flooding (Olsen et al., 2015; Zhou et al., 2012). 

The infrastructure related damages to human health range between 5.9E-02 

(S4) and 3.6E-01 DALY/yr (S1) (Table 2). The systems are designed to pre-

vent flooding and subsequent human contact with contaminated water, i.e. 

minimize human health damages from contact with contaminated water. The 

WHO estimated that 3.7% of global DALYs are attributable to water, sanita-

tion, and hygiene (Prüss-Üstün et al., 2002), and the caused damages are as-

sumed to be negligible in comparison to the prevented damages. Human 

health damages are therefore not analysed further. 
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3.3.1 Sensitivity of ecosystem damages 

The contribution of point source emissions to ecosystem damages is between 

four and five orders of magnitude higher than the infrastructure damages in 

all systems (Table 2). Emissions of toxic substances during processes like 

material or energy generation are limited and regulated. Since point source 

emissions stem from direct discharges of polluted stormwater to receiving 

water, this difference in magnitude is not surprising, and highlights the im-

portance of stormwater management for ecosystem health (Brudler et al., 

2018).  

With point source emissions causing over 99% of ecosystem damages, 

changes in the infrastructure inventory have negligible effect on total damag-

es. Total ecosystem damages are determined by the removal efficiencies of 

the systems and leaching rates of polluted soil, which are characterized by a 

high uncertainty for green infrastructure.  Ecosystem damages increase by one 

order of magnitude if minimum removal efficiency is assumed in all separate 

systems. Assuming 50% leaching from disposed soil and sediment, the dam-

ages are increased only within the same order of magnitude (SI), i.e. ecosys-

tem damages are less sensitive to changes in leaching rates, than to changes 

in removal efficiency. Assuming the worst case scenario of minimum remov-

al efficiencies, swales (S4) are the least sustainable, and soakaways (S3) are 

the most sustainable system. When assuming maximum removal efficiencies, 

the preference is inverted and swales become the most (8.0E+06 spe-

cies.yr/yr), and soakaways the least sustainable system (2.3E+08 spe-

cies.yr/yr). For this best case scenario, all separate systems perform better 

than the combined system (Figure 5).  

Pollutant removal in swales and soakaways is based on sorption of pollutants 

to soil. Flushing effects, e.g. of nutrients that are transformed from organic, 

sediment-bound form can lead to addition of pollutants (Winer, 2000). On the 

other hand, metals generally sorb strongly to soils and a large fraction re-

mains in the top layers of the soil (Johnson and Hunt, 2016; Lemming et al., 

2010; Turer et al., 2001). In surface basins, removal takes place through sed-

imentation, which is significantly influenced by the basin design. For exam-

ple, implementing a forebay can remove up to 80% of particles and subse-

quently a large fraction of metals (CIRIA, 2015). Similarly, elements like 

green strips can be optimized to maximize removal before stormwater enters 

soakaways. Swales give the opportunity to use designed filter media to max-

imize metal removal. This highlights the possibility to significantly increase 
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the sustainability of SWM systems: Low-tech elements can be very efficient 

in removing pollutants and consequently minimizing environmental damages, 

when designed accordingly. Additionally, regular maintenance of all green 

infrastructure is necessary to ensure efficient removal over time (CIRIA, 

2015).  

Figure 5. Damages to a) resource availability, b) ecosystems, caused by four different sys-

tems managing stormwater according to Danish flood safety and pollution management 

standards in a catchment area of 260ha, over 25 years. Negative values indicate prevented 

damages. Error bars illustrate the damages for a worst and best case for each system, vary-

ing both infrastructure processes and point source emissions.  

Since removal at the WWTP in the combined system (S1) is well documented 

and regulated (Danish Nature Agency, 2014), we did not test this parameter. 

Application of sludge from treatment to agricultural soil causes half of the 

damages. We assume that the pollutants are distributed equally over the 

sludge, i.e. that 50% of the metals end up in the environment because 50% of 

the sludge is applied to agricultural soil. However, this is a worst case scenar-

io, as Danish regulation specifies maximum concentrations of metals in 

sludge that can be applied to agricultural soil (Ministry of Environment and 

Food DK, 2006). It is difficult to evaluate how this affects the total mass of 

metals that ends up on agricultural soil, as pre-treatment of sludge and metal 

content depend strongly on the treatment facility. For treatment facilities in 

larger cities, sludge is not applied to soil at all, since the transport to agricul-

tural areas makes this economically unattractive. Consequently, the damages 

of wastewater treatment could potentially be lower than in the base case, fur-

ther increasing the efficiency of the combined system. 

Alternatively to designing the systems to increase the removal efficiency of 

pollutants, damages can also be limited at the source: Rain is only lightly pol-

luted, and takes up toxic compounds and nutrients from roofs and roads. If 

the sources of pollutants in runoff are regulated, e.g. by restricting the use of 
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metals in buildings and car parts, the sustainability of SWM systems can be 

increased further (Ledin et al., 2004). 

3.3.2 Sensitivity of resource availability damages 

Damages to resource availability are only caused by infrastructure processes, 

and within these mainly by material generation and decommissioning pro-

cesses. The contribution of transport and construction are minor in all sys-

tems. Operation consists of removal of polluted sediment and soil and 

maintenance of green areas in separate systems, which contributes insignifi-

cantly to the total impacts (Figure 6). Only in the combined system (S1), con-

tinuous electricity consumption for WWT and pumping during the operation 

stage causes a major share of the damages (29%). The energy consumption at 

the WWTP strongly depends on the treatment design, and the quantity and 

quality of the influent. It is hence a parameter characterized by a high uncer-

tainty, but low sensitivity: Changes in electricity demand or production mix 

only lead to -2% to 4% changes in damages (SI). 

 
Figure 6. Relative contribution of life cycle stages to the total resource availability dama g-

es. 

The resource availability damages associated with pipes are higher in the 

combined system (S1: 5.8E+03 USD/yr) than in the separate system (S2: 

4.0E+03 USD/yr) (SI). Larger pipes are needed in the combined system, and 

the avoided damages for not implementing a separate WW system (S1: -

1.5E+02 USD/yr) do not offset these damages. However, the relative im-

portance of pipes is significantly higher in the separate system (S2), where 

they account for 99% of the damages (S1: 66%). This is because the separate 
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system doesn’t require any continuous operation processes, and has very lim-

ited material demands for the surface basin.  

Plastic is used in significant amounts in all systems, for pipes with a diameter 

up to 400mm (S1-2), soakaways (S3) and geotextiles (S4). Soakaways and 

the connected infrastructure of pipes and sand traps, require most plastic 

(1,265t). Recycling of 1kg of plastic prevents resource availability damages 

of 0.39 USD, which is more than half of the damages caused by the produc-

tion of 1kg of polypropylene and polyethylene (0.64 USD), and equal to the 

damages caused by the production of 1kg polyvinylchloride. These values are 

characterized by some uncertainty, since the type of plastic could not be spec-

ified in the recycling process used to model the impacts, and the resulting 

avoided impacts could potentially be lower due to losses in the recycling pro-

cess. Additionally, the disposal process itself is uncertain, as technologies 

and legislation cannot be foreseen with certainty. If we assume plastic is in-

cinerated instead of recycled, resource availability damages change signifi-

cantly in all separate scenarios (+12% in S1 to +432% in S3), making soaka-

ways the least sustainable system (SI).  

Where green infrastructure is implemented on existing road areas, it leads to 

avoided material demands for road renewal, and avoided damages conse-

quently. These avoided damages negate the caused damages during other life 

cycle stages of swales (S4), and in combination with benefits from plastic 

recycling also negate caused damages of soakaways (S3). The size of the 

green strips implemented before soakaways consequently has a large influ-

ence on the damages, and assessing minimum and maximum area require-

ments affects the damages significantly (-77% to +37%) (SI). 

Grey infrastructure, i.e. pipes and retention basins, was assumed to have a 

longer life time than green infrastructure. Halving the life time of green infra-

structure elements from 30 to 15 years reduces the avoided damages for 

swales by 45% (S4), and even leads to induced, instead of avoided damages, 

for soakaways (SI). The lifetime is characterized by a high uncertainty, since 

experience with green infrastructure is still limited. Continuous maintenance, 

which is included in our assessment, can prolong the lifetime, and should 

therefore be a priority when planning green infrastructure. 

3.4 Differentiation from risk assessment 

An impact assessment of point source emissions cannot replace a risk as-

sessment (RA), as is traditionally carried out when applying for discharge 
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permits. A RA assesses worst case scenarios, i.e. analyses maximum peak 

discharges, and takes into account local recipient characteristics. However, 

our assessment allows to compare the solutions between each other, and to 

assess the long-term, accumulative effects. In the planning of stormwater sys-

tems, a life cycle impact assessment would realistically be supplemented by a 

RA, and further assessments, e.g. regarding economic, recreational, and aes-

thetic value of different systems. 

4 Conclusions 

The main findings of this study are: 

- The conclusions regarding the most, and least, sustainable system for 

managing stormwater differ for infrastructure and point source emission 

impacts. The combined system causes the highest infrastructure impacts, 

and the lowest point source emission impacts. Green infrastructure has 

significantly lower infrastructure impacts due to limited material and op-

eration demands, but it removes less pollutants in stormwater and causes 

relatively high point source emission impacts. 

- Point source emission impacts are significantly higher than infrastructure 

impacts (ecotoxicity: four orders of magnitude, eutrophication: up to one 

order of magnitude). They cause over 99% of the ecosystem damages, 

with infrastructure contributing less than 1%. This highlights the im-

portance of stormwater discharges for ecotoxicity impacts in receiving 

waters. The magnitude of these damages strongly depends on the removal 

efficiency of the single elements in the different systems, which are char-

acterized by a high uncertainty specifically for low-tech solutions. 

- Underground pipe systems cause resource availability damages mainly 

through production of the used materials and decommissioning processes 

of the pipe systems. Green infrastructure systems prevent damages to re-

source availability when roads are transformed to green areas, and materi-

als are recycled.  

- The sustainability of green infrastructure can be optimized, e.g. through 

maximizing the life time with targeted and continuous maintenance, or 

through using filter soil designed to remove metals. 
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