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Abstract 
The Sustainable Development Goals (SDGs) affect societal development within multiple sectors, 
both strategically and at street level. For instance, SDG 6 and SDG 11 have contributed to a shift in 
urban stormwater management that has traditionally been pipe-based, including only control of 
runoff volumes, to a more multi-functional nature-based blue-green infrastructure (BGI), where 
"blue" areas are characterized by (temporarily or permanent) open water and "green" areas by 
vegetative systems. As an alternative drainage approach, the use of BGI was developed and primarily 
evaluated in regions with temperate climates where a recent focus has been the role of BGI as 
providers of multiple ecosystem services within an urban context. 

However, as the use of BGI expands into non-temperate zones, there is a clear need to address the 
fact that these nature-based systems are not only blue and green.  For example, in northern climates 
BGI systems e.g., street-scale bioretention systems include white aspects (i.e.  snow) for varying time 
periods. Whilst the design options for bioretention are varied and complex, (e.g., differing 
combinations of construction styles, filter materials and plants) research into the impact of alternative 
design options has focused on technical evaluations, i.e., the impact on pollution treatment and/or 
hydraulic control of stormwater. Knowledge of how these different bioretention designs affect other 
sustainability criteria, such as economic, social, and environmental aspects, needs to be fully 
developed.  

The purpose of this licentiate thesis was to characterise and compare different street-scale 
bioretention designs to gain a better understanding of the relative sustainability of different 
bioretention systems and how the use of BGI can contribute to SDG delivery. In addition, the aim 
was to lay the theoretical foundation for an extended BGI concept by including white urban 
environments within the concept of blue-green-white infrastructure (BGWI). The overall goal was 
to contribute with new, relevant knowledge about the relative sustainability of alternative design 
aspects for bioretention systems in particular and the implications for BGI in general. A review of 
the literature informed the identification and approaches to benchmarking a series of social, 
economic, and technical-environmental criteria. In a life cycle assessment and a multi-criteria 
analysis, 12 different designs of bioretentions were evaluated. The results showed that, although 
design features had a large impact on the performance of bioretentions, no single design configuration 
scored highest across all sustainability criteria. The best performance in relation to social criteria was 
associated with the use of trees and smaller volumes of pumice in the filter material mixture. In the 
economic criteria, costs increased when using concrete constructions and a complex mixture of filter 
materials. Bioretention systems with a water-saturated submerged zone and a variety of plant species 
outperformed the other systems in the technical-environmental criteria.  

The foundation of and justification for the concept of BGWI was developed in a perspective essay, 
including the development of a theoretical framework to support the systematic expansion of BGI 
to BGWI and to inform and align future studies. The framework identifies the potential for the 
delivery of a wider range of ecosystem services via BGWI in comparison to BGI. However, while 
the technical functionality of BGI in temperate climates has an established evidence base, its 
performance in cold climates (as BGWI) is less well evaluated with the extension of the BGI concept 
to BGWI identified as an opportunity to address these knowledge gaps in a way that is sensitive to 
seasonal variations in ecosystem service delivery (both positive and negative). 

The results from this licentiate thesis can be directly used in both the strategic and practical planning 
of sustainable urban stormwater management strategies. Specifically in the early planning stage of 
BGI, design considerations should be made that recognise the differing role of BGI across seasons as 
an opportunity to aid multifunctional urban drainage implementation and thereby, the sustainable 
development of cities.
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Sammanfattning 
De Globala målen påverkar samhällsutvecklingen inom flera sektorer, både strategiskt och på 
gatunivå. Till exempel har Mål 6 och Mål 11 bidragit till en förändring av dagvattenhanteringen i 
städer som traditionellt har varit rörbaserad, enbart för kontroll av avrinningsvolymer, till en mer 
multifunktionell naturbaserad blågrön infrastruktur (BGI), där "blåa" områden kännetecknas av 
(tillfälligt eller permanent) öppet vatten och "gröna" områden av vegetativa system. Användningen 
av BGI, som alternativ dagvattenhantering, har utveckladats och utvärderadats, främst i regioner med 
tempererat klimat där BGI:s roll för tillhandahållande av flera urbana ekosystemtjänster har varit i 
fokus. 

Men eftersom användningen av BGI spridits till icke-tempererade zoner, finns det ett tydligt behov 
av att ta itu med det faktum att dessa naturbaserade system inte bara är blåa och gröna. Till exempel 
i nordliga klimat där BGI på gatunivå, exempelvis biofiltersystem, inkluderar vita aspekter (såsom 
snö) under vissa årstider. Även om utformningar av biofilter är varierande och komplexa, (till 
exempel olika kombinationer av konstruktionsstilar, filtermaterial och växter) har forskningen om 
effekterna av designalternativen fokuserat på tekniska utvärderingar, det vill säga påverkan på 
föroreningsbehandling och/eller hydraulisk kontroll av dagvatten. Kunskapen om hur dessa olika 
utformningar av biofilter påverkar andra hållbarhetskriterier, såsom ekonomiska, sociala och 
miljömässiga kriterier, behöver utvecklas. 

Syftet med denna licentiatuppsats var att karakterisera och jämföra olika utformningar av biofilter på 
gatunivå för att få en bättre förståelse för den relativa hållbarheten hos olika biofiltersystem och hur 
användningen av BGI under olika säsonger kan bidra till uppfyllelse av de Globala målen. Dessutom 
var syftet att lägga den teoretiska grunden för ett utökat BGI-koncept genom att inkludera vita 
stadsmiljöer inom konceptet blå-grön-vit infrastruktur (BGVI). Det övergripande målet var att bidra 
med ny, relevant kunskap om den relativa hållbarheten av alternativa designaspekter för 
biofiltersystem i synnerhet och följderna för BGI i allmänhet. Med hjälp av tidigare litteratur 
identifierades och utvärderades forskningsmetoder för utvärdering av en rad sociala, ekonomiska och 
tekniska-miljömässiga kriterier. Med en livscykelanalys och en multikriterieanalys har 12 olika 
utformningar av biofilter utvärderats gällande dessa kriterier. Resultaten visade att även om 
utformningen hade en stor inverkan på prestandan för biofiltren, fick ingen enskild 
designkonfiguration högst poäng gällande alla hållbarhetskriterier. Den bästa prestandan i förhållande 
till sociala kriterier var förknippad med användningen av träd och mindre volymer pimpsten i 
filtermaterialblandningen. I de ekonomiska kriterierna ökade kostnaderna vid användning av 
betongkonstruktioner och en komplex blandning av filtermaterial. Biofiltren med en vattenmättad 
zon och en mängd olika växtarter överträffade de andra systemen i de tekniskt-miljömässiga 
kriterierna. 

Ett teoretiskt ramverk, som utvecklats och diskuterats, möjliggjorde att den systematiska 
utvidgningen av BGI till BGVI kunde motiveras. Ramverket identifierade potentialen för ett bredare 
utbud av ekosystemtjänster via BGVI jämfört med BGI. Även om den tekniska funktionen hos BGI 
i tempererade klimat är etablerat, är dess prestanda i kalla klimat (som BGVI) mindre studerad med 
utvidgningen av BGI-konceptet till BGVI identifierad som en möjlighet att åtgärda dessa 
kunskapsluckor baserat på säsongsvariationer för ekosystemtjänster (både positiva och negativa). 

Resultaten från denna licentiatuppsats kan användas i både strategisk och praktisk planering, som 
syftar mot mer hållbara dagvattenlösningar i städer. Specifikt i det tidiga planeringsskedet av BGI bör 
designöverväganden göras som utvärderar BGI:s olika betydelse under säsonger som en möjlighet att 
hjälpa till med multifunktionell urban dagvattenhantering och därmed en hållbar utveckling av städer. 
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1 Introduction 
Since the concept of sustainable development was first described in the Brundtland report 
“Our Common Future” (WCED, 1987), sustainable development has often been defined 
using three equally important dimensions: economic development, social development, 
and environmental protection. For sustainable development to be achieved, it is often 
considered that a balance of these three pillars needs to be obtained. In 2000, the concept 
of sustainable development was incorporated into the eight Millennium Development 
Goals (MDGs) by the United Nations (UN). With the MDGs, the member states of the 
UN prioritised meeting the needs of the world's poorest countries and make a better life 
for the most vulnerable people (UN, n.d.a). Whilst reported to be the most successful 
anti-poverty movement in history, there was a call for further progress after the ending 
of the MDGs in 2015 (UN, 2015). The Post-2015 Development Agenda was a process 
led by the UN with the aim to develop a framework to succeed the MDGs. The outcome 
was the 2030 Agenda for Sustainable Development including 17 Sustainable 
Development Goals (SDGs) to align and support the benchmarking of activities to deliver 
Agenda 2030 objectives (UN, n.d.b). 

Parallel to the MDGs, the Millennium Ecosystem Assessment (MEA, 2005) explicitly 
recognised the dependence of humanity on the goods and services provided by nature 
and, by recognising this, undertook an evaluation of our impact on the environment and 
its ability to provide these essential services to current and future generations. It 
concluded that human actions have been depleting Earth's natural capital and that the 
ability of the planet's ecosystems to sustain future generations could no longer be taken 
for granted. A key finding was that the degradation of ecosystem services (ES) could grow 
significantly worse during the first half of this century. In 2019, this issue was again 
highlighted when the critical conditions of the world's biodiversity and ES were given 
international attention by the Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES, 2019). The IPBES report (2019) concluded that the 
SDGs will not be reached if the current critical conditions continue. However, the IPBES 
report (2019) also identified several recommendations to address needs, including stating 
that the increased use of nature-based solutions offered a cost-effective opportunity to 
contribute towards meeting SDG objectives in cities. The incorporation of multiple 
values of ecosystem functions and nature's contribution to people were concluded to be 
important processes to permit better ecological, economic, and social outcomes (IPBES, 
2019).  

Regarding the urban stormwater sector specifically, Brown and Farrelly (2009) stated that 
it is widely accepted that a shift from traditional to sustainable urban (storm)water 
management is required. The reasons behind this needed transition include increasing 
urbanisation (Walsh et al., 2005) and climate change (Grum et al., 2006), specifically 
changes in the duration, intensity, and frequency of extreme rainfall events, which are 
predicted to be more common in some parts of the world in the future (Fowler and Ali, 
2022).  More heavy rainfall and reduced permeable areas (an inherent feature of 
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urbanisation) are increasing both stormwater quantity and quality-related problems 
(Walsh et al., 2005). These factors have combined made stormwater management a 
challenge for cities globally. Hence, in recent decades there has been a shift in planning 
and designing urban drainage systems from almost solely dealing with the discharge of 
stormwater quantities ("drainage") towards incorporating better flood prevention (i.e., 
from flood prevention to adaptation) and latterly address stormwater quality aspects (i.e., 
runoff pollution). In addition, the focus has been to enhance the wider opportunities and 
benefits of urban drainage systems and to support recognition of stormwater as an 
alternative water resource (Fletcher et al., 2015).  

Two approaches in urban drainage can be recognized: the technically-oriented and 
centralized solution (the traditional piped approach) and the nature-based de-centralised 
solution (promoted as a sustainable approach) (Cettner, et al., 2012). The term nature-
based solutions (NBS) is an umbrella concept that refers to a range of ecosystem-related 
approaches. In urban areas at street level, blue-green infrastructure (BGI) is an approach 
of NBS for stormwater management. Within an urban drainage context, BGI refers to 
open water management at the surface (‘blue’) and in systems that include vegetation 
(‘green’) that often provide additional ES. These services and multiple benefits of BGI 
for stormwater management are for instance: urban runoff pollution treatment and 
hydraulic control; recreation and aesthetics; flow regime restoration; ecology of receiving 
waters; resilience and microclimate (e.g., Jose et al., 2014).  For traditional, pipe-based 
(grey) infrastructure systems, the main aim is to quickly discharge urban runoff in sub-
surface pipe networks with little or no possibilities of runoff pollution treatment or the 
delivery of other ES. Compared to the traditional, pipe-based, approach of stormwater 
management, BGI are multifaceted systems with the potential to offer multiple 
functionalities in relation to design, component composition and context.  

One BGI measure that embodies a variety of design options at an urban street scale that 
has gained a lot of attention recently is stormwater bioretention (Biswal et al., 2022). 
Urban bioretention systems are typically shallow depressions underlain with a vegetated 
filter material. Their primary function is to deliver stormwater pollution treatment by 
infiltration of runoff incorporating various physical, biological, and chemical processes. 
After the infiltration process, the treated runoff can be conveyed downstream by a pipe 
network or infiltrated to the surrounding soil/groundwater. In Figure 1, four 
bioretention types (A, B, C, and D) with various designs and configurations are shown. 
Bioretention design can vary regarding construction components (e.g., concrete or kerb 
stones) and vegetation (e.g., flowering/grass plants, bushes, and trees) or unvegetated 
systems. Furthermore, many different filter material compositions and amendments, 
including materials such as gravel, soil, sand, biochar, pumice, and/or compost have been 
evaluated (e.g., Chahal et al., 2016; Mohanty et al., 2018; Tian et al., 2019). Bioretention 
systems can also include other features e.g.: sediment pre-treatment utilities, water-
saturated (submerged) zones, overflow structures, and different water storage capacities. 
To date, the focus of introducing and evaluating these various bioretention setups has 
been primarily their impact on runoff pollution treatment efficiencies and hydraulic 
performance (Tirpak et al., 2021; Biswal et al., 2022) to improve and optimise the 
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technical performance of bioretention systems. For instance, bioretention systems have 
been evaluated for nutrient removal (Dietz and Clausen, 2005); dissolved metals removal 
(Søberg, et al., 2019); biological transformation of pollutions (Read et al., 2008); heavy 
metal removal (e.g., Blecken et al., 2009); and hydraulic conductivity and water holding 
capacity (Fassman-Beck et al., 2015). Other aspects have also been studied and Flynn and 
Traver (2011) created a life cycle assessment (LCA) approach to quantify the cumulative 
impacts of green infrastructure activities with its use later demonstrated in a case study of 
a bio-infiltration cell where environmental impacts and benefits were analysed (Flynn and 
Traver, 2013).  

However, the social, technical, environmental, and economic assessments of bioretention 
systems have so far mainly focused on single design setups without including comparisons 
of the many design possibilities of bioretention systems. Since previous assessments 
encompassed this narrow focus without considering the diversity of bioretention designs, 
the knowledge of the sustainability performance of bioretention systems can be developed 
by including various design features of these systems. In addition to the many design 
possibilities of nature-based solutions for stormwater management, BGI systems have 
been implemented within a diversity of environments and climates. However, this factor 
has essentially ignored the fact that in many regions of the world, blue-green spaces 
seasonally are neither blue nor green but also include e.g., white (snow-covered) or 
yellow/brown (because of dormant vegetation or drought) spaces. The implications of 
this for BGI design at locations outside the temperate climate zones are yet to be robustly 
evaluated regarding both their technical-environmental functioning and the delivery of 
ES and sustainability performance.  

 
Figure 1 Four street scale bioretention types (A, B, C, and D) with various designs implemented in Sweden.   
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1.1 Aim and research objectives 
This licentiate thesis aimed to deepen the existing knowledge of the sustainability 
performance of bioretention systems and compare the technical, environmental, 
economic, and social impacts of selections of various design elements, construction 
components, and plants of these systems. Furthermore, the outcomes of this thesis aim to 
better understand how BGI systems can be designed and constructed for improved 
compliance with sustainability requirements (including contribution to SDG objectives) 
across seasons. The research questions of this thesis were: 

- What technical, environmental, social, and economic impacts are stormwater 
bioretention systems with various designs and construction components incurring? 

- How can BGI be designed to sustain functionality and deliver ES across seasons? 

1.2 Thesis structure 
Three journal papers comprise the theoretical framework upon which this thesis was 
based (see Appendix: Paper I-III). The environmental impacts of various bioretention 
system designs and construction components were assessed using an LCA approach in 
Paper I. The findings of this paper can be used in strategic planning of stormwater 
bioretention systems in particular, and urban drainage in general. In Paper II, a multi-
criteria analysis (MCA) was used to support an assessment of the sustainability 
performance of the same bioretention systems. By combining the findings of Paper II 
with those of Paper I, an integrated sustainability assessment (technical, environmental, 
economic, and social impact analysis) of bioretention systems was presented in this thesis. 
As a result, it became clearer how various design decisions and building materials can 
impact a bioretention systems' overall sustainability performance. Furthermore, by 
employing this integrated method, it was feasible to assess how the negative 
environmental consequences (evaluated in the LCA - Paper I) could potentially be offset 
by other benefits (considered in the MCA - Paper II), highlighting potential areas for 
improvement and competing objectives of the bioretention design.  

The need for novel thinking for integrated stormwater and snow management was 
discussed in Paper III, a perspective essay covering blue-green infrastructure across 
seasons. The discussion focused on the concept of sustainability and how expanding 'blue-
green' aspects of nature-based urban drainage measures can lead to the delivery of a wider 
range of ES on a seasonal basis and, potentially, compliance with year-round functional 
requirements and sustainable development of cities. The synthesis of Papers I, II, and III 
is illustrated in Figure 2.  
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Figure 2 Synthesis of the papers included in the licentiate thesis. 

  

5652326_Inlaga.indd   175652326_Inlaga.indd   17 2022-11-17   11:592022-11-17   11:59



 

 
 

  

5652326_Inlaga.indd   185652326_Inlaga.indd   18 2022-11-17   11:592022-11-17   11:59



 

7 
 

2 Background 
The language covering urban drainage measures and concepts has expanded rapidly in 
recent decades. Fletcher et al. (2014) investigated and analysed this terminology and 
identified the origin and analogy of the many expressions and concepts surrounding urban 
drainage. To summarise, the broad principles being used covering the entire urban water 
sector are Integrated Urban Water Management (IUWM) and Water Sensitive Cities 
(WSC). Broad concepts that are more related to urban stormwater management are 
Water Sensitive Urban Design (WSUD) and Low Impact Design (LID). The concepts 
that specifically relate to urban drainage are e.g., Sustainable Urban Drainage Systems 
(SUDS), Best Management Practices (BMPs), and Stormwater Control Measures (SCMs) 
(Fletcher et al., 2014). Fletcher et al. (2014) also described the general and global concept 
of (blue-)green infrastructure (BGI) that focus on both specific stormwater measures but 
also more broad urban water management principles.  

Related to urban stormwater management, the BGI concept covers several measures 
including green roofs, vegetated swales, ponds, and bioretention systems. How these 
systems are designed and implemented have an impact on water treatment efficiency, 
hydraulic control, and the potential to deliver ES. For example, the concept of BGI has 
mainly been developed in temperate climates, but in many regions where BGI systems 
are used, they are neither blue nor green for substantial parts of the year, but also include 
white, yellow, or brown components (from e.g., snow, dormant plants, or drought). 
When ES have been evaluated previously, these 'multi-coloured' aspects have not been 
fully considered. For example, the delivery of ES by snow (white space) is a novel concept 
that has been identified as an abiotic component of the ecosystem (Smith et al., 2017). 
However, only limited information is available in the literature on the delivery of ES by 
abiotic components (van der Meulen et al., 2016), with even less consideration given to 
the ES delivered specifically by snow. Smith et al. (2017) found that abiotic factors are 
rarely mentioned in a systematic review of 780 papers, with only four papers referring to 
the delivery of ES by snow identified (three referred to the contribution of snow to water 
supply and a fourth to freshwater fisheries). Hence, these aspects are also covered in the 
work of this licentiate thesis. 

Furthermore, compared to traditional grey infrastructure, BGI systems have numerous 
design options and possibilities. For instance, urban stormwater bioretention systems, 
which is the BGI measure mainly analysed in this thesis (Papers I and II), can have 
different filter material components, design features (such as water-saturated submerged 
zones, sediment pre-treatment, etc), constructions (e.g., different building materials) and 
types/quantities of vegetation. The technical, environmental, economic, and social 
impacts of these different bioretention design options have been studied to varying 
degrees. So far, the emphasis has been on technical performance (e.g., Tirpak et al., 2021; 
Biswal et al., 2022), as well as some benefit assessments (e.g., Hamann et al., 2020) and 
economic performance (e.g., Wang et al., 2016; Xu and Zhang, 2019). However, 
detailed knowledge of the impacts incurred by different design choices for bioretention 
system components in particular (and BGI in general), has yet to be developed. 
Furthermore, whilst a few studies have examined the sustainability performance of 
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bioretention systems using an integrated approach that considers environmental, 
economic, and social factors (Koc et al. 2021; Jato-Espino et al., 2022), the social impact 
evaluations of these systems have not been researched in depth. The following sections 
review relevant BGI evaluations as follows: integrated approaches (section 2.1), the 
technical-environmental (section 2.2), economic (section 2.3), and social (section 2.4) 
performances of urban stormwater bioretention systems. In Section 2.5, the SDGs 
relevant to BGI systems are reviewed.  

2.1 Integrated sustainability assessment 
Integrated assessments of the sustainability performance (environmental, economic, and 
social evaluation) of BGI have gained more attention recently (Jia et al., 2013; Liquete et 
al., 2016; Li et al., 2017; Hua et al., 2020; Koc et al., 2021; Jato-Espino et al., 2022). A 
summary of various criteria, including sub-criteria, that have been applied in prior 
sustainability evaluations of BGI systems are listed in Table 1, which identifies that 
diversity of sub-criteria that have been covered in the previous literature. In Table 1, 
these sub-criteria are presented in relation to the sustainability (social, economic, 
technical-environmental) criteria they have been associated with.  
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Table 1 The criteria and sub-criteria in previous sustainability assessments of BGI systems. (Table from Paper II: 
Supplementary material) 

Criteria Sub-criteria Foxon et 
al., 2002 

Jia et al., 
2013 

Liquete et 
al., 2016 

Li et al., 
2017 

Hua et 
al., 2020 

Koc et 
al., 2021 

Social 

Employment probability     ✔ 

Community resistance      ✔ 

Aesthetic  ✔ ✔ ✔  ✔ 

Rainwater reuse  ✔  ✔   

Ecological  ✔ ✔ ✔  ✔ 

Impact on risk to human health ✔      

Acceptability to stakeholders ✔      

Participation and responsibility ✔      

Public awareness and 
understanding ✔      

Social inclusion ✔      

Economic 

Construction cost ✔  ✔  ✔ 

Operational cost  ✔    ✔ 

Maintenance cost  ✔  ✔   

Produce market goods  ✔    

Reduce public costs  ✔    

LID return period      ✔ 

Life cycle cost ✔    ✔  

Willingness to pay ✔      

Affordability ✔      

Financial risk exposure ✔      

Technical-
environmental 

Environmental impact ✔    ✔  

Runoff quantity control ✔ ✔ ✔ ✔ ✔ 

Peak flow  ✔  ✔ ✔ ✔ 

Flow rate  ✔     

Flood peak retardation time  ✔   

Improve water quality  ✔    

- Suspended sediments ✔  ✔  ✔ 

- Oxygen-depletion material ✔  ✔  ✔ 

- Bacteria viruses  ✔     
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- Nutrients  ✔  ✔  ✔ 

 

- Heavy metal  ✔     

- Toxic organic compounds ✔     

Groundwater recharge potential   ✔ 

Greenhouse gas emissions    ✔ 

Resource provision ✔      

Service provision ✔      

Operation feasibility     ✔ 

Meeting design goals ✔     

Operation stability and risks ✔     

Operational     ✔  

Performance of the system ✔      

Reliability ✔      

Durability ✔      

Flexibility and adaptability ✔      

 

Regarding integrated sustainability assessments of bioretention systems, only a limited 
number of studies have been conducted (e.g., Koc et al., 2021; Jato-Espino et al., 2022). 
Koc et al. (2021) theoretically assessed the sustainability performance of Low Impact 
Development (LID) measures including a stand-alone bioretention system and different 
combinations of a bioretention system with either: a green roof; a green roof and 
permeable pavement system; and a green roof, permeable pavement system, and 
infiltration trench in Turkey. 16 social, economic, and environmental criteria were 
assessed. The evaluation included stormwater quality and quantity parameters 
(environmental criteria) as well as aesthetic, community resistance, and employment 
probability (social criteria) and investment and maintenance costs, operation feasibility, 
and LID return period (economic criteria). The results indicated that the closeness 
coefficient (CCi i.e., the target value used for selection of the best alternative, where a 
high value indicated better performance) was highest in the overall assessment for the 
bioretention system (0.536) compared to an infiltration trench (0.483) and green roof 
(0.471) when the systems were assessed separately. For the overall performance of 
different combinations of systems, the bioretention system together with a green roof 
performed best (CCi = 0.564). Koc et al. (2021) concluded that the most significant 
indicator for LID scenario selection were community resistance, operation feasibility, and 

TTaabbllee  11 The criteria and sub-criteria in previous sustainability assessments of BGI systems.  Continued 
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quantitative manner (i.e., volume reduction and peak runoff reduction). However, the 
design of the different LID measures was kept constant, and variations of design elements 
and construction components of the LIDs were not included in the assessment. 

This was also the case when Jato-Espino et al. (2022) compared traditional, grey (pipes 
and manholes) drainage systems with Sustainable Drainage Systems (SuDS): a permeable 
pavement and bioretention area. The design elements of the SuDS alternatives were 
limited to a single setup of a permeable pavement system and a bioretention area. The 
traditional approach and SuDS were assessed using comparative LCA incorporating 
social, environmental, and economic criteria. The result showed that the overall 
environmental impacts associated with the use of the selected SuDS were lower compared 
to traditional drainage. The life cycle costs of the SuDS alternative were higher, mainly 
due to the high maintenance needs during the operation phase compared to the 
traditional approach. When the costs of the drainage systems were compared, the cost 
during the construction and operation phases was 43% and 57% of the total cost 
respectively for the traditional drainage. For the SuDS, the corresponding relative costs 
were 38% (construction) and 62% (maintenance). The social impacts were negative for 
the traditional drainage and positive for the SuDS alternative meaning that benefits were 
potentially provided to the community by the SuDS, in terms of thermal regulation, 
ecological connectivity, air purification, energy efficiency or human welfare (Jato-Espino 
et al., 2022). Based on the environmental, economic, and social impact assessment, Jato-
Espino et al. (2022) concluded that the permeable pavement and bioretention area were 
not favourable from an economic point of view. However, the evaluated SuDS approach 
outperformed the traditional drainage in environmental terms and was also found to 
provide benefits to people's health and welfare, social inclusion, and job creation. Jato-
Espino et al. (2022) concluded that the social dimension of sustainability evaluations of 
drainage systems has historically been disregarded and that previous assessments have 
focused on the environmental and economic dimensions, emphasising the need for 
various design elements and construction components used in BGI systems to be further 
studied in relation to this neglected pillar of sustainable development.  

2.2 Technical-environmental performance  
The technical and environmental performances of bioretention systems are often 
interlinked and mainly referred as technical-environmental criteria in this licentiate thesis. 
To exemplify the relation between technical and environmental aspects, the 
multifunctionality of bioretention systems can be reviewed. For instance, treatment 
efficiency and hydraulic control (technical function) of these systems affect the status of 
receiving waters (environmental aspect). Furthermore, the plants in BGI systems can act 
as facilitators of pollution treatment and enhance infiltration processes (environmental 
and technical function) and at the same time also increase the urban biodiversity 
(environmental aspect). However, these multifunctional parameter interactions are 
usually complex, and Larrey-Lassalle et al. (2022) discussed that they are often difficult to 
fully incorporate in assessments. 
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2.2.1 Technical performance 
The technical performance of urban stormwater bioretention systems is often evaluated 
based on pollutant reductions of e.g., suspended sediments, metals (e.g., copper (Cu), 
zinc (Zn), etc) and nutrients (e.g., nitrogen (N), phosphorous (P), etc) (treatment 
parameters) and runoff volume and/or peak flow retention performance (hydraulic 
parameters) in laboratory, pilot, or field studies (e.g. Dietz and Clausen, 2005; Davis et 
al., 2006; Zinger et al., 2013). The performances are usually evaluated based on how 
different design parameters (e.g., plants, filter material composition) and/or different 
ambient conditions (climate, rain, etc.) affect these technical aspects. It is important to 
note that technically functional bioretention facilities contribute to a positive 
environmental performance since their technical function is water retention and runoff 
pollution treatment.  

2.2.1.1 Vegetation 
Plants in stormwater bioretention systems play an important role in terms of both runoff 
pollution treatment and hydraulic aspects. From a stormwater quantity perspective 
vegetation in BGI, e.g., the use of urban trees, has been shown to reduce runoff volumes 
by intercepting rainwater in the canopy, allowing evapotranspiration and enhancing 
infiltration processes via the root system (Berland et al., 2017). Furthermore, Read et al. 
(2008) showed that plants have a significant positive impact on nutrient removal in 
bioretention systems. Other positive impacts from plants have been shown to be 
enhanced metal retention (Read et al., 2008). Also, for smaller particles (20–100 μm), 
Lange et al. (2022) showed that the treatment efficiency of microplastic in road runoff 
through a vegetated bioretention was higher than that reported for an unvegetated sand 
filter. However, Read et al. (2008) and Lange et al (2020) also found large variations in 
metal removal among plant species, highlighting the complex plant-substrate-pollutant 
interactions. Skorobogatov et al. (2020) reviewed the impact of filter material and plant 
selections (and their interactions) on bioretention performance. Skorobogatov et al. 
(2020) identified several studies that presented evidence of bioretention systems as an 
effective stormwater measure with regard to reducing runoff volumes, peak flows, and 
increased time to concentration in laboratory setups. However, plant-material 
interactions were found to not have been investigated in the field. However, in a large-
scale columns study, Le Coustumer et al. (2009) found that plants enhanced the hydraulic 
performance since thick-rooted vegetation limited clogging.  

2.2.1.2 Filter materials  
The filter material composition in a bioretention system usually consists of differing ratios 
of sand, soil, and gravel, with other materials added e.g., compost, biochar, or pumice. 
The functions of the filter material are to enable the runoff pollution treatment processes, 
to allow runoff infiltration, and to sustain a sound environment for the plants in the 
system. However, the implications on the technical-environmental performance of 
different filter material components are complex. 

For instance, Tirpak et al. (2021) reviewed the effects of different filter material properties 
and found that smaller sized materials decreased the infiltration capacity and increased 
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water retention, the risk of clogging, and pollutant removal. Larger sized material showed 
the opposite relationship: increased infiltration and decreased water retention, risk of 
clogging, and pollutant removal. Furthermore, Søberg et al. (2014) showed that more 
coarse materials (e.g., rough sand) in plant soil was beneficial for metal and P removal. 
On the contrary, P removal was shown to be less efficient with a higher ratio of finer 
fractions and/or organic matter in the filter material due to fine particle leaching (Hunt 
et al., 2006; Li and Davis, 2009).  

Regarding filter material amendments, Chahal et al. (2016) observed nutrient and Cu 
leaching when the filter material was fertilized with compost for plant growth. Mohanty 
et al. (2018) reviewed the usage of biochar for stormwater treatment and concluded that 
biochar is a promising material in terms of both stormwater pollution treatment and 
hydraulic control perspective, highlighting the need for further field studies, particularly 
to explore long-term performance, and the physical erosion of biochar particles. Mohanty 
et al. (2018) reported that P treatment was both improved and worsened when biochar 
was used. Søberg (2019) did not observe a significant effect of using biochar regarding 
metal adsorption behaviours. In Tian et al. (2019), improved N removal was associated 
with the addition of biochar in the filter material. The hydraulic properties of filter 
material including pumice were analysed by e.g., Cheng et al. (2018), with results 
showing a small positive effect on P removal when pumice was used.  

2.2.1.3 Sediment pre-treatment and water-saturated submerged zone  
In addition to filter material and vegetation, other design elements have also been 
investigated in terms of what effect different features have on nutrient and metal 
treatment. A pre-sedimentation buffer strip or forebay is a commonly installed feature to 
minimise the sediment loads entering a bioretention system e.g., to reduce clogging. In 
an evaluation of an 11-year-old system in the US, Johnson and Hunt (2016) concluded 
that the accumulation of pollutants was limited to the bioretention forebay due to the 
presence of a well-functioning sediment pre-treatment. The study highlighted the 
importance of regular accumulated sediment and mulch removal due to the high 
pollution concentrations in the forebay. Also, Furén et al. (2021) highlighted the 
importance of a sediment forebay. 

Bioretention systems with water-saturated submerged zones showed higher removal rates 
of N compared to systems without water-saturated areas (e.g., Glaister et al. 2017). This 
finding was confirmed by Wang et al. (2018), which observed increased N removal when 
a water-saturated submerged zone was used. The removal rate of total N increased to 
73% when a 600 mm saturated water zone was used compared to 35% total N removal 
in systems without a water-saturated area (Wang et al., 2018). Søberg (2019) also 
concluded that N removal was improved by a submerged water-saturated zone in colder 
climates. Also, P removal was enhanced by a water-saturated zone with an embedded 
carbon source (Søberg et al., 2020). However, the authors concluded that bioretentions 
without a water-saturated submerged zone also performed well in terms of P removal 
indicating that the practical value of improved efficiencies may be marginal.  
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2.2.2 Environmental performance 
The environmental performance of bioretention systems has often been evaluated with 
LCA methods where technical parameters and ES have been included to differing extents. 
With this approach, environmental impacts associated with all life cycle stages including 
raw material extraction, distribution, commissioning, operation, and maintenance 
(O&M), and decommissioning phases of bioretention systems have been evaluated. A 
direct comparison of LCA results is only meaningful if the assumptions and context of 
each LCA study are equivalent. These LCA assumptions and study design choices cover 
e.g., the scope including the functional unit definition and/or selection of life cycle 
impact assessment methods for environmental impact calculations. Regarding these 
issues, Brudler et al. (2016) highlighted inconsistencies of functional units, temporal 
scope, number of alternatives and impact categories, and life cycle stages that have been 
included in previous LCA studies. Larrey-Lassalle et al., (2022) confirmed some of these 
issues when literature regarding LCA of (water-related) NBS was reviewed. The 
conclusion was that the multifunctionality of NBS often has been difficult to fully 
incorporate in LCA studies of NBS so far.   

Despite these inconsistencies, LCA results can indicate the environmental impacts that 
may be associated with the life cycle stages of BGI systems, and general conclusions can 
be made. For instance, Spatari et al. (2011) estimated that 0.4 metric tons in avoided 
greenhouse gas emissions and 7.3 GJ in annual energy savings were possible if a low-
impact design (LID) strategy, consisting of permeable pavement and street trees, was 
implemented instead of a conventional approach in a neighbourhood in New York. 
However, based on these values the payback times based on energy and greenhouse gas 
savings were calculated to be 70 – 100 and 130 - 180 years respectively, indicating slow 
environmental payback times (Spatari et al., 2011). Spatari et al. (2011) used a single LID 
configuration in the analysis of potential long-term benefits, and factors such as aesthetics 
and other cultural ES were not included in the study. To alternate the design (e.g., to 
use different construction materials) and include the multiple benefits that BGI systems 
often are associated with could potentially decrease the payback times.  

Bhatt et al. (2019) evaluated the cradle-to-grave impacts of six LID systems (three 
bioretention setups and three permeable pavement systems respectively) and compared 
the environmental impacts of each LID system with the impacts of a hypothetical 
stormwater pond. The results indicated that the manufacturing of raw material incurred 
the largest impact for all the LID systems: approximately 50% of identified impacts 
referring to ozone depletion, global warming, smog potential, acidification, carcinogenic 
emissions, respiratory effects, and fossil fuel depletion. Compared to the pond, the impacts 
were approximately 20% lower for the LID systems. A further finding was that the 
bioretention systems outperformed the permeable pavements regarding life cycle 
environmental impacts when the treated impervious area of each system was accounted 
for. The environmental payback time i.e., when the benefits outweigh the environmental 
impacts, for the eutrophication, non-carcinogenic, and ecotoxicity categories were 
approximately 11 years for the bioretention compared to approximately 52 years for the 
permeable pavement. However, as discussed by both Brudler et al. (2016) and Larrey-
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Lassalle et al. (2022), the definition of functional unit (in this case the impervious area 
treated) affected the LCA results. If the systems instead were compared by “1 m2 of LID 
footprint” i.e., that the permeable pavement and bioretention would manage rainwater 
from an equally sized area, the impacts were comparable.  

2.3 Economic performance 
The economic performance of bioretention systems and BGI have, for example, been 
evaluated in terms of cost-effectiveness in relation to different stormwater quality or 
quantity objectives. Xu and Zhang (2019) evaluated the flood control and nutrient 
management of seven different bioretention systems using LCA and life cycle cost analysis 
(LCCA). The design variations included the plant selection (plant species based on total 
N uptake capacity: low/medium/high) and an internal water storage zone (IWSZ: 
0/30/45/60 cm). Based on the trade-offs between nutrient control, performance, 
environmental impact, and costs, Xu and Zhang (2019) concluded that a depth of 45 cm 
for the IWSZ performed best. Wang et al. (2016) analysed the cost-effectiveness of a 
stormwater bioretention system in response to different climate change and urbanisation 
scenarios. One finding indicated that, in terms of monetary expenses and environmental 
impacts, material transportation and maintenance of the systems were the most important 
factors. Furthermore, Wang et al. (2016) concluded that based on four urbanisation and 
climate change scenarios, the cost-effectiveness of bioretention systems decreased at 
different levels and hence, further investigations of design parameters was recommended, 
to find and enable a bioretention system to be most resilient to potential increases in 
rainfall intensity and imperviousness.  

Cost-benefit analysis tools have also been developed recently to evaluate the impacts and 
benefits of sustainable urban drainage measures e.g., Benefits Estimation Tool (B£ST) 
(CIRIA, 2019) and The Economics of Ecosystems and Biodiversity (TEEB, 2010). 
Hamann et al. (2020) compared these two tools in a case study in Luleå (northern 
Sweden), a newly constructed area whose principal economic advantages were related to 
amenities, property values, health, and social cohesion (in line with the results by Jato-
Espino et al. (2022) as described in section 2.1). However, evaluating the change in value 
of the current land due to a loss of green areas and trees, indicated that the proposed 
development would have negative economic impacts (i.e., costs) on carbon sequestration 
and biodiversity. The use of B£ST resulted in the identification of more negative effects 
than the TEEB approach. However, since these categories and how the monetised values 
are determined in each case vary, a direct comparison of each category used in each tool 
was not possible (Hamann et al., 2020).    

2.4 Social performance 
Urban green spaces have an important role in delivering cultural ES i.e., the non-material 
benefits that can improve the quality of human life and environmental sustainability 
(Cheng et al., 2021). Specific assessments of solely social impacts of bioretention systems 
are to the author’s best knowledge lacking. However, the social performance of more 
generic green infrastructure systems (including e.g. rain gardens and other measures) has 
been assessed by, for instance, evaluating the willingness to pay (WTP) for green spaces 
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(Mell et al., 2013). According to the findings of Mell et al. (2013), study participants' 
WTP was closely proportional to the size and greenness of the planned investment, as 
well as their estimates of added value. Results indicated that 75% of respondents were 
willing to pay for green infrastructure initiatives. The analysis shows increasing WTP for 
larger (i.e., more green) projects. Mell et al. (2013) concluded that - while green 
investments vary in size and function - when asked how much the public was willing to 
pay to fund and maintain such investments, respondents assessed the specific and broader 
value of green infrastructure resources regardless of the systems’ size and function.   

2.5 BGI and the sustainable development goals (SDGs) 
The Sustainable Development Goals (SDGs) are a set of 17 interconnected global goals 
intended to serve as a shared blueprint for the delivery of peace and prosperity for people 
and the planet, today and in the future (UN, n.d.b). Each SDG involves targets and 
indicators that are used to track progress toward achieving the SDG. Urban drainage and 
stormwater management are crucial components of urban life and urban development 
and, hence, BGI systems are important for reaching the SDGs. Sørup et al. (2019) 
developed an SDG-based framework for assessing urban stormwater management systems 
to address how nature-based solutions for stormwater management relate to the SDGs, 
primarily in a Danish setting. Except for the mitigation of urban heat island effects, they 
encountered essentially no difficulties in determining appropriate SDGs and 
benchmarking performance against targets. However, Sørup et al. (2019) concluded that 
many of the SDG indicators provided by the UN were difficult to apply directly to BGI 
systems. Sørup et al. (2019) stated that this is not surprising given that the SDG indicator 
framework is designed to be comprehensive and address all significant challenges for 
global sustainable development. However, Sørup et al. (2019) highlighted the importance 
of revising the SDG framework to include project-specific indicators to make the goals 
and targets more practical in practice. 

Figure 3 illustrates SDGs, including relevant targets, that are/could readily be connected 
to BGI. Because the studies in this licentiate thesis are focused on generic scenarios rather 
than case studies, relevant SDGs were highlighted at a target level. Other SDGs and 
targets, such as SDG 17 regarding global partnership and SDG 8 on economic growth, 
could also be linked to BGI, but more indirectly and hence, not included in Figure 3. 
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11.3 inclusive 
and sustainable 
urbanisation 

11.5 Reduced 
impact of (water-
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11.6 reduce 
the 
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impact of 
cities 

11.7 access to 
safe, inclusive, 
and accessible, 
green, and 
public spaces 

11.a 
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regional 
development 
planning 

11.b implementing integrated 
policies and plans towards inclusion, 
resource efficiency, mitigation and 
adaptation to climate change, 
resilience to disasters 

 

6.3 improve 
water quality 

6.4 increase water-
use efficiency 
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water 
resources 
management 

6.6 restore 
water-related 
ecosystems 
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water and 
sanitation 
management 

 

 

14.1 prevent 
and 
significantly 
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14.2 sustainably 
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protect marine and 
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the impacts of 
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acidification 
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9.4 
environmentally 
sound 
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12.2 
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use of natural 
resources 

12.8 awareness of 
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nature 

    

 

13.1 resilience 
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climate-related 
hazards 

13.3 Improve 
education on 
climate change 
mitigation 

    

 

15.5 action to 
reduce the 
degradation of 
biodiversity 

15.9 integrate 
ecosystem and 
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into national and 
local planning 

    

 

1.5 build 
resilience to 
climate-related 
extreme events 

     

 

3.9 reduce the 
number of 
deaths and 
illnesses from 
water 

     

 

Figure 3 The Sustainable Development Goals and targets that BGI systems can be associated with on a generic level. 
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3 Material and methods 
Three studies (Papers I-III) accounted for the theoretical framework that the results, 
discussions, and conclusions in this licentiate thesis were based on. To determine the 
sustainability performance and evaluate how various design features of bioretention 
systems impact the technical, environmental, economic, and social aspects, the methods 
used in these studies were a life cycle assessment (LCA) and a multi-criteria analysis 
(MCA). In the LCA (Paper I) and MCA (Paper II) studies, bioretention systems 
implemented in Sweden in the last five years were analysed. Furthermore, a perspective 
essay (Paper III) was written and included in this thesis. In Paper III, a review of BGI 
design for improved delivery of ES across seasons was conducted.  

3.1 Bioretention systems evaluated with LCA and MCA 
In Sweden, design guidelines for BGI systems are lacking, and hence, the components 
and design features being used in e.g., bioretention systems can vary widely. The 
bioretention systems included in the work of this thesis were based on four types of 
bioretention systems: A, B, C, and D covering 12 bioretention configurations (A1 - D11) 
in total (see Figure 4 and Table 2). The specifications for the systems in each type varied 
regarding construction materials, filter material mixture, vegetation, and other design 
features (e.g., sediment pre-treatment and water-saturated submerged zones). The 
construction materials and filter material mixtures were identified using the construction 
specifications of materials used (or calculated based on construction drawings obtained 
from the operator) for each bioretention facility. In Figure 4, a schematic drawing of the 
overall differences between the system types (A, B, C, and D) is illustrated.   

 
Figure 4 Schematic illustrations of bioretention types A, B, C, and D. (Figure from Paper II) 

Detailed information about the quantities of construction materials and plant selections 
can be found in Table 2. The studied bioretention systems in the LCA and MCA were 
the same with one exception: system A3-S was added in the MCA to incorporate the 
technical impacts of a water-saturated submerged zone. The LCA results (environmental 
impacts) of A3-S were assumed to be the same as A3 since the inclusion of the water-
saturated zone was expected to not affect the environmental impacts incurred before the 
operational phase. 
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Table 2 The specifications of each bioretention system (A1-D11) included in the MCA. (Table from Paper II)  

  A B C D 

  A1 A2 A3-S/A3 A4 A5 B6 B7 C8 C9 D10 D11 

Footprint m2 91 91 91 30 30 300 368 99 99 52 115 

Drainage area m2 1590 1590 1590 530 530 1500 1500 2000 2000 1400 3100 

Excavation m3 360 360 360 120 120 450 550 100 100 105 225 

Construction 
material             

Concrete m3 68 68 68 23 23 7 9 6 6 3 4 

Reinforcing steel kg 1200 1200 1200 400 400 68 92 66 66 27 45 

Paving stone kg 540 540 540 180 180 7150 9900 6820 6820 2750 4950 

Geotextile m2 0 0 120 0 0 0 0 0 0 76 135 

PVC pipe 110 m 75 75 75 25 25 45 55 60 60 0 0 

PEH pipe 110 m 0 0 0 0 0 0 0 0 0 18 31 

Filter material 
mixture             

Sand m3 176 189 361 5 5 9 11 84 84 2 2 

Gravel m3 127 115 120 36 36 51 63 11 11 13 19 

Pumice m3 177 177 0 0 9 15 0 0 0 2 6 

Biochar m3 0 0 0 0 0 0 0 0 11 0 0 

Soil m3 0 0 0 119 118 241 331 17 6 16 52 

Compost m3 0 0 0 25 9 15 0 0 0 2 6 

Other design 
features             

Overflow  ✔ ✔ ✔ ✔ ✔ ✔ - ✔ ✔ ✔ ✔ 

Saturated zone  - - ✔/- - - - - - - - - 

Pre-treatment  ✔ ✔ ✔ ✔ ✔ - - ✔ ✔ - - 

Water storage 
capacity  med low med low low high high med med low low 

Vegetation  
a, b, 
c, d 

a, b, c, 
d a, b, c, d a, b, c, 

d 
a, b, c, 

d 
a, b, c, 

d, e 
a, b, c, 

d, e b, d b, d a, b, 
d a, b, d 

a) shrubs b) perennial c) bulbs d) grasses e) trees 

 

3.2 Life cycle assessment  
In an LCA, the environmental impacts of a product or service can be evaluated by 
performing the following steps: definition of goal and scope, inventory analysis, impact 
assessment, and interpretation of results. Based on how the goal and scope are defined, 

5652326_Inlaga.indd   325652326_Inlaga.indd   32 2022-11-17   11:592022-11-17   11:59



 

21 
 

the level of detail and complexity of the LCA is determined. For instance, in a cradle-to-
grave approach, several life cycle phases are included: raw material extraction, 
manufacturing and processing, transportation, usage, and waste disposal. Guidelines on 
how to perform an LCA and what to include in each of the four steps identified above 
are described in the ISO14000 standards (ISO, 2006a; ISO, 2006b).  

For the environmental impact assessment (presented in Paper I), the International 
Reference Life Cycle Data System (ILCD) midpoint  method (EC-JRC, 2012) was used, 
which includes 16 impact categories in the LCA: climate change; ozone depletion; 
human toxicity (non-cancer and cancer effects); particulate matter; ionizing radiation 
(human health and ecosystems); photochemical ozone formation; acidification; terrestrial 
eutrophication; freshwater eutrophication; marine eutrophication; freshwater 
ecotoxicity; mineral, fossil, and renewable resource depletion; water resource depletion 
and land use.  

The environmental impacts incurred until the commissioning date of the 11 bioretention 
systems, i.e., before the systems became operational, were assessed. The study boundary 
is illustrated in Figure 5 and the functional unit, used to normalise results, was defined as 
“m2 impervious catchment area“. As described in Paper I, a normalisation factor for 
ionizing radiation (ecosystems) was not available and thus, that category was excluded. 
For all the other impact categories the normalisation factor set developed by the European 
Commission (EC-JRC, 2014) was used. For the LCA modelling and calculations, the 
LCA software SimaPro Ph.D. v9.1.1.1 developed by PRé Sustainability 
(https://simapro.com/) was used. 

 
Figure 5 Study boundary (dotted line) of the LCA. (Figure from Paper I) 
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A scoring process was used to convert the environmental impacts to value scores. The 
LCA results were scored using relative scaling, meaning that the system with the highest 
environmental impact received 0 value points and the system with the lowest impact 
received 100 value points. With this approach, high-value scores were associated with 
relatively higher environmental performances.  

3.3 Multi-criteria analysis 
A multi-criteria analysis (MCA) was performed to incorporate the technical, economic, 
and social impacts that various design elements of the studied bioretention systems incur 
(see Paper II for details). One bioretention system was added in the MCA compared to 
the LCA. That system (A3-S) was assumed to have the same environmental impact as 
bioretention system A3 since the only difference between the two systems was a water-
saturated submerged zone that was assumed to enhance N removal (included in the 
MCA), but not affect the environmental impacts incurred before the operational phase 
(LCA results).    

MCA is a method that allows information to be managed and analysed collaboratively 
and systematically, regardless of whether the input data is qualitative or quantitative. This 
approach allows for the evaluation of the multifunctionality of bioretention systems. In 
an MCA, different options are evaluated against pre-defined criteria and indicators. Based 
on the objective of an MCA, the output data can be used for ranking options; to find a 
single most preferred option out of several options or differentiating between acceptable 
and unacceptable options. This is achieved by scoring, weighing, and/or aggregating 
scores and weights of the defined criteria and use final scores to develop an order of 
preference. In the MCA study, the focus was to score each bioretention option based on 
certain indicator performances to enable comparisons of the various design elements. The 
conversion of indicator performance to value scores used relative scaling, with the least 
preferred system receiving the lowest value score (0 points or, for P removal, -100 points 
since systems may leach P) and the most preferred system receiving 100 points in each 
criterion.  

The sustainability criteria (technical-environmental, economic, and social) were divided 
into sub-criteria. Indicators were defined to assess the included sub-criteria. The criteria, 
sub-criteria, and indicators used are summarised in Table 3. The criteria selection was 
based on previous MCA studies that include several sub-criteria (see Table 1). In the 
method section of Paper II, the criteria and sub-criteria selection as well as how these 
were assessed including the definition of the indicators are described in more detail.   
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Table 3 Criteria, sub-criteria, and indicator selection for sustainability performance assessment of the bioretention 
systems. SEK is the cost in Swedish currency. (Table from Paper II) 

Criteria Sub-criteria Indicator Quantitative/qualitative 
(unit) Aim 

Social 

Amenity Vegetation type Qualitative 
(low/medium/high) High - low 

Human 
toxicity 
impact 

Comparative 
Toxic Unit for 
human (CTUh) 

Quantitative (per m2 
catchment area) Low - high 

Economic 

Construction 
cost 

Calculation of 
costs 

Quantitative (SEK/m2 
catchment area) Low - high 

Operation & 
maintenance 

cost 

Calculation of 
costs 

Quantitative (SEK/(year, 
impervious catchment 

area)) 
Low- high 

Technical-
environmental 

Climate 
change 
impact 

Greenhouse gas 
emissions 

Quantitative (per m2 
catchment area) Low - High 

Biodiversity Number of plant 
species 

Quantitative (plant 
species richness) High – low 

Robustness Expert judgement Qualitative 
(low/medium/high) High- Low 

P removal Treatment 
efficiency Quantitative (%) High – low 

N removal Treatment 
efficiency Quantitative (%) High – low 

Cu removal Treatment 
efficiency Quantitative (%) High – low 

Zn removal Treatment 
efficiency Quantitative (%) High - low 

Runoff 
retention 

Maximum 
average return 
interval (ARI) 

Quantitative (years) High - low 

  

3.4 BGI across seasons 
As described in section 2, the assessment of potentials and constraints linked to BGI 
implementation throughout different seasons was based on prior research on ES delivery 
associated with abiotic components like snow (white urban spaces). The potential effects 
of weather/seasonality outside the temperate climate zone on BGI functionality and 
ecosystem delivery were discussed based on the evaluated literature and expert opinions. 
Based on that, the effects of challenging climates on BGI functionality and their possibility 
to deliver ES across seasons were conceptualised in a perspective essay (see Paper III). 
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4 Results 
4.1 LCA and MCA 
The results showing the incurred technical-environmental, social, and economic impacts 
of various bioretention designs consist of the output of the LCA and MCA that were 
presented in Paper I and Paper II. In the following sections, these results are presented 
both as environmental impacts (LCA results) separately and as integrated technical-
environmental, social, and economic impacts (MCA results). 

4.1.1 Environmental impacts 
According to the LCA results (see Paper I for details), several environmental impacts were 
incurred to varying degrees until the systems are commissioned i.e., before the 
operational phase. The categories with the highest impact are presented in Figure 6: 
climate change, human toxicity (non-cancer and cancer effects), particulate matter, 
photochemical ozone formation, acidification, terrestrial eutrophication, marine 
eutrophication, freshwater ecotoxicity and mineral, fossil and renewable resource 
depletion. 

 
Figure 6 Normalised environmental impacts of the most influential categories per functional unit (m2 impervious 
catchment area) for bioretention systems, A1-D11. (Figure from Paper I) 

The results in Figure 6 were converted to value scores to better show the relative 
performance of each bioretention system and these value scores are presented in Figure 
7. These results show that during the construction phase of the bioretention systems, 
systems A1 and A2 incurred the highest environmental impact (indicated by low-value 
scores – close to 0 points in all impact categories), and type C and type D systems were 
associated with relatively lower environmental impacts (score close to 100 points in 
Figure 7b and 7f). Type B systems incurred relatively higher impacts in the particulate 
matter category in relation to type C and D, as well as systems A3-A5, and comparable 
to the impacts of the A1 and A2 systems (as shown in Figure 7e). The A3-A5 systems 
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incurred lower impacts than A1 and A2 in all categories, which was an interesting finding 
since the bioretention construction is the same for these systems. However, systems A3-
A5 were distinguished by a simpler filter material mixture (sand based) with relatively 
little amounts of other added substrates compared to A1 and A2 (consisting of 40% 
pumice and 60% sand/gravel) that were associated with higher impacts. Type B systems 
were also associated with these low-impact filter materials, but their bioretention area to 
impervious catchment area ratio is larger, indicating that large systems are associated with 
higher environmental impacts.     

   

 
Figure 7 Environmental impacts indicated by value scores (0-100 points). Higher scores indicate lower 
environmental impact.  

The environmental impacts assessed in the LCA covered three construction phases: 
production, transportation, and installation. In Figure 8, the relative impact distribution 
of these three phases for all impact categories is presented. Four systems (A1, B6, C8, and 
D10) were used to illustrate the impact distribution for the bioretention types (A, B, C, 
and D). Figure 8 shows that, for type A and type C systems, the transportation phase 

5652326_Inlaga.indd   385652326_Inlaga.indd   38 2022-11-17   11:592022-11-17   11:59



 

27 
 

incurred most of the impacts. For the type B and type D systems, most of the impacts 
were associated with the production phase. For all system types, the installation phase 
accounted for the lowest impact.  

 
Figure 8 Relative environmental impact distribution of the production, transportation, and installation phases of all 
impact categories for bioretention types A, B, C, and D. (Figure from Paper I) 

Also, the impact distribution for all systems was included in the LCA study (see 
Supplementary materials, Paper I). The results show that there were differences within 
the system types. However, when the results are compared for the type B, type C, and 
type D systems, these variations were small. But the relative impact distribution of the 
type A systems was broad, as seen in Figure 9, which is shown with the results of the A1 
and A4 systems. The environmental impacts related to A1 were primarily the result of 
the transportation phase, which can be associated with pumice being used in the filter 
material. The production phase of A4 was primarily responsible for its environmental 
impacts, which was related to the extensive use of concrete in the type A systems.  
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Figure 9 Relative environmental impact distribution of the production, transportation, and installation phases of 
bioretention A1 and A4. (Figure from Paper I) 

4.1.2 Technical-environmental, social, and economic impacts 
To further investigate the sustainability of bioretention systems, the environmental 
impact assessment (undertaken using LCA, see Paper I) was complemented with an 
evaluation of technical, economic, and social aspects. The indicators used to assess these 
criteria were evaluated both qualitatively and quantitatively in an MCA (see Table 3 for 
details). In Table 4, the performance matrix of the MCA study is presented.  
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Table 4 Performance matrix of bioretentions A1-D11 in all the sub-criteria analysed in the MCA. (Table from Paper II) 

Criteria Social Economic Technical-environmental 

Sub-
criteria 

Ame-
nity 

Human 
toxicity 

Construc-
tion cost O&M cost Climate 

change 
Biodiver-

sity 
Robust
-ness 

P 
rem-
oval 

N 
rem-
oval 

Cu 
rem-
oval 

Zn 
rem-
oval 

Runoff 
reten-
tion 

Unit  

per m2 
catch-
ment 
area 

SEK/m2 
catch-

ment area 

SEK/(year, m2 
catchment 

area) 

per m2 
catch-

ment area 

species 
richness 

(nbr) 
 % % % % 

Max 
ARI 

(years) 

Biore-
tention 
system 

            

A1 mid 0.062 1610 72 0.0047 14 high 70 0 80 90 50 

A2 mid 0.062 1600 72 0.0047 9 high 70 50 80 90 16 

A3 mid 0.040 1580 71 0.0016 20 high 70 50 80 90 50 

A3-S mid 0.040 1580 71 0.0016 20 high 70 80 80 90 50 

A4 mid 0.035 1580 72 0.0014 23 high -200 0 80 90 4 

A5 mid 0.039 1550 71 0.0018 23 high -200 0 70 80 9 

B6 high 0.009 970 48 0.0008 14 low -200 0 70 80 250 

B7 high 0.009 1040 49 0.0006 14 low -150 25 80 90 200 

C8 low 0.005 310 11 0.0003 8 mid 70 50 80 90 50 

C9 low 0.005 330 12 0.0003 8 mid 70 80 80 90 25 

D10 mid 0.004 510 37 0.0002 8 low -200 0 70 80 1 

D11 mid 0.002 440 23 0.0002 10 low -200 0 70 80 1 

 

The performance matrix was used to allocate value scores to all the bioretention systems 
(A1-D11), and these value scores are presented in Figure 10a-10d. One important finding 
was that all bioretention system designs showed both high and low-value scores on 
occasion (when all the sub-criteria were analysed), i.e., no single bioretention design was 
identified to consistently outperform other designs. This underlines clearly, that 
compromises in multi-functionality may be required. Out of the studied bioretention 
systems (A1-D11), no system design performed “optimally” in all categories and hence, 
there is room for improvements regarding bioretention design choices. In Figure 10a, the 
type B systems show high scores in the amenity sub-criterion, while the type C systems 
were associated with the lowest amenity scores. However, the type C together with the 
type B systems show high human toxicity scores (close to 100 points meaning low human 
toxicity impacts were incurred). The type A systems incurred relatively low scores in 
both the amenity and human toxicity sub-criteria due to relatively few plant species being 
used in combination with pumice in the filter material and a lot of concrete in the 
bioretention structure.  
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Figure 10b indicates that the construction as well as operation and maintenance cost 
scores were relatively high (meaning low costs) for the type C and type D systems and 
lower (i.e., higher costs) for the type A and type B systems. The results indicate that high 
construction cost was often related to high operation and maintenance cost, and vice 
versa. 

In Figure 10c, the pollution control scores (mean P, N, Cu, and Zn removal rates) were 
highest for A2, A3, A3-S, and type C systems. The only systems showing high scores in 
the retention sub-criterion were of type B. However, type B systems were associated 
with lower pollution control scores. For the type D systems, the pollution control and 
retention scores were both low.         

 
Figure 10a) The amenity and human toxicity scores, b) construction cost and O&M cost scores, c) pollution control and retention 
scores, and d) climate change, biodiversity, and robustness scores of all the studied bioretention options. High scores indicate 
better performance in Figures 10a, 10c, and 10d or lower costs in Figure 10b. (Figure adopted from Paper II) 

The pollution control performance was also assessed as P, N, Cu, and Zn removal rate 
scores separately, as shown in Figure 11. The results show that nutrient removal rate 
scores were high for the A2, A3, A3-S, C8, and C9 systems. The other systems were less 
efficient to remove N and/or P. The main reason was that the filter material in these 
facilities contains relatively high amounts of nutrients (mainly P), which is related to an 
increased risk of leaching. Negative P removal scores were also observed for A4, A5, B6, 
B7, D10, and D11 indicating the issue of P leaching. For the Cu and Zn removal, all 
systems were associated with high scores.   
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Figure 11 Individual scores of the pollution treatment as phosphorus, nitrogen, copper, and zinc removal for all bioretention 
options. (Figure from Paper II) 

The MCA results have, so far, been shown at the sub-criteria level. To get a more generic 
view of the sustainability performance of the bioretention systems, the results were also 
analysed at a criteria level (i.e., social, economic, and technical-environmental) and in 
Figure 12, these results are presented. In the social criteria, the type B systems were 
associated with relatively higher scores. A1 and A2 showed lower social scores compared 
to the other systems. The economic criteria showed that the type C and D11 systems 
(i.e., those with a simpler construction) outperform the type A and B systems. The highest 
scores in the technical-environmental criterion were associated with systems A3-S and 
A3. When the social, economic, and technical-environmental criteria were analysed 
jointly, one single bioretention design out of the 12 analysed systems that were associated 
with high scores in all criteria could not be identified.     

 
Figure 12 Value scores of the MCA for the bioretention systems at the criteria level. (Figure from Paper II) 
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4.2 Blue-green-white infrastructure (BGWI)  
The concept of BGI was developed in temperate climate zones. However, the systems 
are implemented in regions with different weather and/or climate conditions, globally. 
Thus, design considerations of BGI need to be applied considering the ambient 
conditions in the environment where the systems are built. A discussion regarding BGI 
designs for various seasons was established in Paper III. The discussion was based on how 
white urban spaces, i.e., snowy urban environments, should be incorporated into the 
conceptualisation of BGI through integration of a white aspect as blue-green-white 
infrastructure (BGWI). In Figure 13a, this conceptualisation and expansion of BGI to 
BGWI are exemplified, which shows the relative importance of the seasonal blue, green, 
and white structures. In Figure 13a, it can be observed that blue and green spaces are of 
little importance during the winter season and that during winter, white urban spaces are 
of more importance for e.g., ES delivery. Based on this, the same conceptualisation was 
also expanded to other regions. In Figure 13b and Figure 13c, this is illustrated for two 
regions with other seasons and different demanding climates, a warmer, Mediterranean 
climate with dry and warm/hot summers and a temperate climate with cold, but usually 
without snowy winters.  
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The results in Paper III emphasised the need for including different seasonal 
functionalities e.g., consider the potential role of BGI during winter and summer. This 
conceptualisation is exemplified in Figure 14, where the winter and summer functions of 
BGWI are illustrated.  

 
Figure 14 Visualization of a street section with integrated stormwater management systems and functions varying according to 
season. Adapted from Gällivare municipality (2016). (Figure from Paper III) 

In Figure 15, the winter component of BGI as BGWI is further illustrated. This figure 
shows how a swale (left) for snow storage can be used as a skiing track (right).  

 
Figure 15 Example of a simple utilisation of snow to deliver recreational ES. Left: a swale used for snow storage only. Right: a 
swale is used as skiing track during winter. Both pictures taken in April in Luleå, northern Sweden. (Figure from Paper III)  
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5 Discussion 
5.1 Technical, environmental, social, and economic impacts 
The findings of the LCA and MCA (presented in Papers I and II) show that different 
designs of bioretention systems generate varying degrees of social, economic, and 
technical-environmental impacts. Furthermore, the results show that the incurred 
environmental impacts can vary at a bioretention system level, within bioretention types, 
e.g., see the comparison of A1 and A4 in Figure 7 and Figure 9. These findings are 
important results since when compared to other BGI or grey infrastructure systems for 
urban drainage, bioretention systems per se are often seen homogeneously as a more 
sustainable stormwater management choice. For instance, results from previous LCA have 
shown that bioretention systems outperform other green (Bhatt et al., 2019; Wang et al., 
2020) and/or grey (O’Sullivan et al., 2015; Vineyard et al., 2015) infrastructure systems 
regarding environmental impacts. However, the results presented in this licentiate thesis 
demonstrate that the social, economic, and technical-environmental impacts of 
alternative bioretention system designs/compositions can vary considerably depending 
on how they are designed and implemented. This implies that, rather than assuming that 
the bioretention technology is sustainable per se, the sustainability performance of each 
individual system typology should be assessed based on the design configurations of each 
intended bioretention and for each specific situation that the systems are planned (i.e., if 
pollution treatment, hydraulic control, amenity, and/or, biodiversity, etc should be 
prioritised). 

Systems A1 and A2 stand out regarding the environmental impacts incurred during the 
production, transportation, and installation of the bioretention systems. The construction 
of those systems is associated with the highest environmental impact (i.e., indicated by 
low scores) in all categories. The high environmental impact incurred in the human 
toxicity (cancer effects) category is a result of the transportation of pumice and the 
production of concrete needed for the bioretention systems A1 and A2. The identified 
environmental impacts relate to both the high likelihood of effects and increased severity 
of the toxicological response of associated chemical emissions. Pumice, a substrate 
occasionally used in the filter material mixture (Cheng et al., 2018), required long 
transportation by boat before being added to the biofiltration systems. The filter material 
mixture of systems A1 and A2 contains high amounts of pumice (approximately 40%) 
compared to the other type A systems. Hence, the effects of the transportation of pumice 
are highlighted when the categories of photochemical ozone formation, acidification, 
terrestrial eutrophication, and marine eutrophication are analysed. The A5 and B6 
systems exhibit smaller peaks in these impact categories since only smaller amounts of 
pumice are used in the filter material mixture of those systems. This finding suggests that 
the use of locally sourced resources would reduce the negative effects of transportation 
on the environment. However, the fact that the filter material also has an impact on 
pollution treatment should be considered. For example, type A systems, with high 
pollution treatment scores, suggest that there may be a conflict between the negative 
environmental effects of using more complex filter material in bioretention systems and 
the effectiveness of their pollution treatment. The C8 system, on the other hand, is also 
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associated with relatively higher pollution treatment scores, although the filter material 
in that system is a more conventional mixture of sand, gravel, and soil. However, as 
Tirpak et al. (2021) highlighted, the use of typical filter materials may limit the removal 
of dissolved pollutants but are effective in the treatment of particulate-bound pollutants. 
Consequently, amendment materials in the filter material may be employed for other 
reasons e.g., improved treatment of dissolved pollutants or to sustain a sound plant 
environment in the bioretention system that thereby, potentially provides additional ES 
such as long-term biodiversity and amenities. 

High environmental impacts are also connected with the development of concrete 
intensive bioretention structures (such as type A systems). To reduce environmental 
consequences, system design and construction components as e.g., used in type C, are 
preferred. On the other hand, concrete may still be a preferable material due to its 
durability and long technical lifetime. This could be significant for assessing technical 
functionality and maintenance requirements, for example. This is evident in the MCA 
results (see Figure 10d), where type A systems are associated with relatively higher 
robustness scores. This finding is important, especially when the result of Beryani et al. 
(2021) is considered. Beryani et al., (2021) found that at least 40 % of 26 bioretention 
facilities did not have enough capacity to retain every day and/or design rainfall due to 
design and/or construction flaws. With this in mind, it could be argued that, regardless 
of various design considerations, the sustainability performance of bioretentions (and BGI 
in general) is poor if functionality is not maintained throughout the system's lifetime. 

The results of the type B systems presented in Figure 7, emphasise the need to consider 
the bioretention area to catchment area ratio to minimise negative impacts due to over-
dimensioned systems. Based on the results in this thesis (see Paper I for details), negative 
environmental effects of bioretention systems experienced before and during 
construction can be minimized if this ratio and design features are effectively chosen e.g., 
by using locally sourced materials and to plan the design based on specific requirement 
needs. This must be considered without compromising the technical functioning, i.e., 
the runoff pollution treatment and hydraulic function. Andrew and Vesely (2008) showed 
that smaller bioretention systems can result in greater lifetime savings regarding 
environmental impacts, but however, it is crucial to keep in mind that larger urban blue-
green infrastructure systems might enhance additional benefits (e.g., amenity, 
biodiversity, CO2 sequestration, urban heat mitigation, etc.) compared to smaller systems 
that could be able to offset any unfavourable effects on the environment. This is to some 
extent exemplified by the type B systems, which outperform the other systems in the 
social criteria, as shown in Figure 10a, including the amenity of the systems. It is evident 
that large systems such as type B can still be preferred if potential negative environmental 
effects seen before the operation are offset by improved runoff pollution treatment and 
hydraulic performance and the provision of other benefits. In a case study, Flynn and 
Traver (2013) evaluated the benefits of avoiding the negative environmental impacts of 
a bioretention system. They demonstrated that negative effects could be offset by impacts 
that were avoided throughout the operation. The following impact categories were most 
significantly impacted by avoided consequences (shown as a negative percentage): 
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eutrophication potential (-90%); human health, cancer and non-cancer effects (-50 to -
70%); global warming potential ( -90%); and ecotoxicity ( -90%) (Flynn and Traver, 
2013).   

The construction cost scores of the large type B systems are higher compared with the 
smaller, but more costly, type A systems indicating that concrete structures (see type A 
systems) are more expensive and that there might be positive scaling effects when building 
large systems (see type B systems). Furthermore, the high O&M costs appear to be 
connected to the high construction costs, see e.g., type A systems in Figure 10b. These 
results imply that, primarily because of the high resetting cost, initially high construction 
costs could also incur larger operation and maintenance costs over time. As shown in the 
Figure 10b, the best economic performance scores relate to type C systems.  

As shown in Figure 7, type D systems have low environmental impacts. However, the 
primary bioretention functions, namely pollution treatment and hydraulic control, of the 
type D systems were associated with lower scores (see Figure 10c). Consequently, one of 
the main issues of bioretention design is to plan systems, like e.g., D10 or D11, but with 
enhanced pollution treatment and hydraulic control while maintaining a low 
environmental impact performance. For instance, one option could be to implement a 
water-saturated submerged zone to increase nutrient removal rates but however, that 
would most likely also increase costs and the negative impacts incurred by the materials 
needed for the bioretention structure since the system would need to be modified for this 
purpose (e.g., sealed).       

5.1.1 Trade-offs and prioritising functions 
Trade-offs between the technical-environmental, social, and economic criteria assessed 
in this licentiate thesis have been identified and these are important to consider when 
designing bioretention systems for low-impact outcomes. The inclusion of compost in 
the filter material, for example, which encourages plant growth and supports the plant 
environment on the one hand, while it on the other hand increases the risk of nutrient 
levels, is an example of how aesthetic benefits and runoff pollution treatment performance 
can conflict. Thus, a clear definition and prioritisation of goals with the implementation 
of bioretention systems must be addressed. High amenity values, for example, are 
connected with relatively poor economic and technical-environmental scores (e.g., type 
B systems). Furthermore, for type A systems, poor economic performance is associated 
with high pollution treatment scores. This is due to the comparatively expensive concrete 
structure and/or pumice in the filter material, rather than any specific adaption to runoff 
pollution treatment. Type C systems with a similar filter material and thus similarly high 
treatment performance, use a simpler construction (nearly entirely avoiding concrete) 
that is more cost-effective and show higher scores in the environmental impact assessment 
(Figure 7), mainly due to lower emissions from cement production and less construction 
material transport.  

The main question is if there is a bioretention system that is really multifunctional and 
handles all urban drainage issues as well as the advantages of BGI, or if functions must be 
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prioritised. The results in this licentiate thesis unequivocally demonstrate that all aspects 
of multifunctionality have not been optimised by one design type when applying BGI. 

5.1.2 Sustainable bioretention design 
As demonstrated by the results, one bioretention design configuration does not 
outperform all others in the examined sustainability criteria, see Figure 12. Instead, system 
design features have been found to have differing effects on the sustainability performance 
of bioretention, and certain competing and conflicting interests have been identified. To 
determine the best bioretention design for each specific implementation situation, factors 
like the location, need for runoff pollution treatment or hydraulic control, application, 
and other requirements need to be accounted for, by, for instance, including stakeholder 
perspectives and weighing the scores of the criteria and sub-criteria included in the MCA 
study (Paper II).  

To illustrate how bioretention designs could consider the implementation needs in 
diverse circumstances, some examples were provided in the MCA study (see Paper II). 
For instance, if a bioretention system is proposed in an area where N removal is given 
priority, a water-saturated zone (A3-S) should be put into place. If P removal is the 
primary concern, finer particles and/or materials with high organic matter/nutrient 
content in the filter material (like those in systems A4, A5, B6, B7, D10, and D11) must 
be avoided, and organic matter/nutrient-poor materials (like those in systems A1, A2, 
C8, and C9) should be used despite the use of fewer adapted plant species, which may 
have an impact on biodiversity and amenity. Thus, if enhancing urban amenities is the 
primary goal, the vegetation-related factors could be given priority, presumably at the 
expense of P removal (or even P leaching). In these situations, planning and evaluation 
of the requirements to identify which design features that should be prioritised are 
required. In addition, if the bioretention system is intended to have an as low as possible 
environmental impact, e.g., concrete and pumice (A1 and A2) should be avoided. 
Multifunctional bioretention systems could potentially provide benefits beyond runoff 
pollution treatment and hydraulic control when the wider context, as illustrated above, 
is taken into account.  If this is accomplished, bioretention systems may play a bigger part 
as essential elements in helping urban areas meet both urban drainage and sustainability 
requirements.   

5.2 Multicolour thinking 
In addition to the design choices and implications of various design elements, the setting 
in which BGI systems are planned and implemented is of importance for technical 
functionality and their ability to deliver ES in an urban environment. Whilst the concept 
of BGI was developed in regions with temperate climates, the approach is increasingly 
employed in other climates, including places with snow or drought, and the implications 
of this were considered and explored in this thesis (see Paper III for details). Parts of 
North America, Scandinavia, Iceland, and Russia as well as mountainous areas that 
frequently have snow cover are included in the regional scope of the term blue-green-
white infrastructure (BGWI). These areas have a cold environment with lengthy, snowy 
winters, which creates unique pre-conditions and requirements for BGI. Therefore, 
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understanding and maintaining the performance of municipal infrastructures and ES 
providers between seasons is one of the major difficulties that cities in such places need 
to address due to the fluctuations in temperature and the changes in e.g., the 
type/intensity of precipitation from summer to winter. 

Year-round ES delivery under demanding temperature and precipitation events add 
another dimension (winter-summer component), or colour, to the integrated planning 
of stormwater and snow management. However, in this case, this white dimension is 
conceptualised as an ES asset instead of as only an obstacle (see Figure 13a). While green 
structures are useful for stormwater management during the summer, they are less useful 
for water management during the winter because all precipitation falls as snow. Instead, 
they provide local snow deposit sites during that season. Green corridors could be used 
for bicycle and pedestrian mobility both in the summer and in the winter, see Figure 14, 
which illustrates a model street section with BGWI integration and potential operations 
and services in both winter and summer. For a partially multifunctional BGI system in 
the summer, local snow storage can be paired with winter roads for e.g., snowmobiles 
and as meeting spaces such as playgrounds in the winter. Surfaces that are not required 
for stormwater management in the winter (due to no water flows) can be used for this 
purpose. It is proposed that BGWI where snow is stored should be viewed as an 
opportunity, as shown in Figure 15, where snow stored on the swale is prepared as a ski 
track. 

Clearly, with a multicolour approach, the local conditions become decisive for each 
planned system. This means that several design choices need close consideration regarding 
the climate that the systems are planned in. For instance, Lönnqvist et al (2021) showed 
that colonisation by unintended plant species is regularly observed in green infrastructure 
in cold climates, indicating that these systems are prone to change if they are not planned 
for current circumstances. Furthermore, other design considerations for the technical 
functionality of bioretention systems in cold climates were discussed by Kratky et al. 
(2017). They showed that e.g., coarser filter material is recommended in regions with 
colder winters to prevent frost from forming in the filter that otherwise could damage 
the structure. Additionally, peak flow and volume reduction can be maintained over the 
spring, summer, and fall seasons if the systems are emptied before freezing. Physical 
removal of pollutants can be achieved during cold climates. The removal of dissolved 
pollutants, nutrients, and organics, on the other hand, are far more variable in their ability 
to be removed or degraded via bioretention in cooler temperatures (Kratky et al., 2017), 
but consistent positive removal has still been reported (Søberg et al, 2020). Winter road 
salts have been shown to have a negative impact on the removal of some contaminants 
while having a positive impact on others (Kratky et al., 2017). Furthermore, Søberg et 
al., (2021) concluded that outflow concentrations of N compounds increased with the 
increasing length of antecedent dry time in a bioretention column study. Consideration 
of weather circumstances for technical functionality are important for the implementation 
of BGI systems in all climates.  
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To develop a wider perspective of how the conceptualisation of BGI to a multicolour 
approach can be developed in other (both warmer and temperate) climates, where snow 
is not apparent, Figure 13b and 13c show that non-blue-green seasons are also prevalent 
in other regions. Thus, it is important to consider situations that are recognizable by 
different BGI dimensions, such as "yellow-brown" areas in regions with persistent dry 
seasons or drought and "grey-brown" areas in winter in temperate climates (see Figure 
13). With this in mind, the growth and use of the BGI concept have the potential to 
enhance the provision of year-round ES and several benefits in cities, globally, by 
analysing and finding not only blue-green but all feasible multicoloured urban spaces.       

5.3 Sustainable BGI design across seasons 
According to the findings discussed in this thesis, different design choices have varying 
degrees of impact on the environmental, technical, economic, and social performance of 
bioretention systems. When combined with the discussion that the technical functioning 
and delivery of ES should better incorporate the ambient climate conditions of the site 
where BGI systems are intended to be implemented, i.e., the multicoloured aspects, the 
results demonstrate that BGI's sustainability performance has both physical (i.e., 
dependent on materials and other design features) and temporal (i.e., seasonal conditions 
that change over time) components. 

One strategy to incorporate these components while also managing the trade-offs that 
frequently emerge in BGI decision-making processes is to properly define the goal and 
scope of each BGI implementation that consider both design elements (physical 
parameters) and the multicoloured aspects (temporal parameters). Then, in the decision-
making and implementation processes of these systems, it would be possible to manage 
the difficulties caused by e.g., potentially competing target functions and demanding 
climates or seasonal changes. This could be done by, for instance, analysing stakeholder 
perspectives (e.g., from stormwater managers, city planners, landscape architects, public 
and private actors, etc.), allocating weights to year-round functions and criteria, and 
identifying the primary functions that the system should perform in each specific case. 
However, as Ashley et al. (2022) discussed, there are many perspectives on the value of 
BGI, and thus these issues must be addressed early in the planning process. The context 
in which bioretention systems are planned varies depending on factors such as the existing 
blue-green spaces, socioeconomic preferences, traffic intensity on the street where the 
BGI is planned, weather conditions, etc.  

By evaluating these implementation requirements, BGI as a multifunctional system could 
potentially contribute further to the sustainable development of cities globally. 
Consequently, cities' efforts to meet sustainability requirements and the SDGs could be 
facilitated. Concerning SDG compliance in urban areas, Figure 16 illustrates an estimate 
of how design element implications and multicoloured aspects can support the relative 
SDG compliance when compared to BGI which does not take these elements into 
account. In Figure 16, the relevant SDGs and the comparison of (i) BGI without 
consideration of physical components or multicoloured aspects, (ii) BGI that incorporates 
various design factors, and (iii) BGI that also analyses the multicoloured component and 
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ES delivery across seasons are presented. In Figure 16, the estimated relative improvement 
potentials regarding the accomplishment of the SDGs are highlighted by a more intense 
green colour.  
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SDG 

i) BGI without 
consideration of physical 

components or 
multicoloured aspects 

ii) BGI considering 
design element 

implications 

iii) BGI considering 
design element 

implications and 
multicoloured aspects 

 

No poverty (target 1.5) + ++ +++ 

 

Good health and well-
being (target 3.9) + ++ +++ 

 

Clean water and 
sanitation (targets 6.3, 
6.4, 6.5, 6.6, and 6.b) 

++ +++ +++ 

 

Industry, innovation, 
and infrastructure 

(targets 9.1 and 9.4) 
+ ++ +++ 

 

Sustainable cities and 
communities (targets 
11.3, 11.5, 11.6, 11.7, 

11.a, and 11.b) 

+ ++ +++ 

 

Responsible 
consumption and 

production (targets 12.2 
and 12.8) 

+ +++ +++ 

 

Climate action (targets 
13.1 and 13.3) + ++ +++ 

 

Life below water 
(targets 14.1, 14.2, and 

14.3) 
++ +++ +++ 

 

Life on land (targets 
15.5 and15.9 ++ ++ +++ 

Figure 16 The relative impact on the SDGs 1, 3, 6, 9, 11, 12, 13, 14, and 15 when i) BGI without physical or temporal 
consideration, ii) BGI considering design implications, and iii) BGI considering design implications and multicolour aspects are 
compared. More intense green colour and + / ++ / +++ represent an estimation of the importance to compliance with the 
SDG targets included in brackets.  
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5.4 Future research 
In this licentiate thesis, the focus was on a generic sustainability assessment including the 
technical-environmental, economic, and social performance of bioretention systems and 
the functionality and ES delivery of BGI across seasons. As presented in this thesis, BGI 
systems have been well studied especially in terms of technical-environmental 
functionality. Furthermore, several tools for monetary evaluation of BGI impacts and 
benefits have been developed recently (e.g., B£ST, TEEB). Ashley et al. (2022) 
concluded that given the diversity of perspectives on value, it is critical to address the 
benefits sought, stakeholder demands, and the more general question of what is and what 
might be needed by society as a whole early on in the planning process of BGI. To 
produce the most value for society, the integrated value from nature-based BGI 
implementation should ideally be directed toward supporting as many social services as 
possible. Regarding these issues, the knowledge regarding stakeholders’ perceptions and 
implementation resources of BGI and the implications of various design choices including 
the multicoloured aspects (as e.g., BGWI) can be developed. Hence, future studies on 
the public and private actors’ perception of BGI (including BGWI) implementation are 
therefore recommended. Moreover, because the results of this licentiate thesis indicate 
that BGI is not inherently sustainable, more research should be conducted comparing 
different systems on a technological level of BGI while emphasising various design 
implications, i.e., compare specific BGI designs not only in relation to traditional, grey, 
infrastructure.  

Furthermore, other aspects that can complement the technical knowledge of BGI in 
demanding climates (as e.g., BGWI) is recommended to be further studied, e.g., by 
evaluating the ES delivery by abiotic factors, like snow.  
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6 Conclusion 
This research aimed to investigate the technical, environmental, social, and economic 
impacts of various bioretention system designs and the functionality and wider ES 
delivery of BGI across seasons. The assessments were undertaken to evaluate the relative 
sustainability performance of alternative bioretention system designs and to show how 
BGI implementation can contribute to improved compliance with sustainability 
requirements, including pertinent SDGs.  

Based on quantitative and qualitative evaluations of the sustainability performance of four 
types of bioretention systems (incorporating 12 designs), a key finding was that different 
designs have varying degrees of social, economic, and technical-environmental impacts. 
The results indicated that there was no optimal bioretention design i.e., a design that 
consistently outperformed all other systems studied. The impacts incurred varied not only 
between the four bioretention typologies, but also within types at a system-by-system 
level, emphasizing the importance of planning, including scope and aim definition, for 
bioretention systems regarding construction materials, filter materials, and plants in each 
specific bioretention implementation. 

Early in the bioretention systems planning process, trade-offs between functionality and 
design choices should be considered. This is important because, when compared to other 
BGI or grey, pipe-based, infrastructure technologies for urban drainage, bioretention 
systems per se are often homogeneously viewed as ‘a more sustainable’ stormwater 
management option. However, the findings of this thesis showed that a more nuanced 
approach should be applied. For example, the inclusion of trees and smaller quantities of 
pumice in the filter material mixture was related to high performance under the social 
criteria. When employing concrete and a more complex mixture of filter materials, the 
economic performance was relatively poorer. In the technical-environmental criteria, 
bioretention systems with a water-saturated submerged zone and a variety of plant species 
outperformed the other systems. However, these technical-environmental, social, and 
economic impacts were not the output of a single bioretention design. Hence, the 
findings of this licentiate thesis indicated that, rather than assuming that the bioretention 
technology is inherently sustainable, the sustainability performance of each individual 
system should be evaluated based on the design configurations of each intended 
bioretention and the situation in which the systems are planned. 

Regarding BGI performance across seasons, the provision of year-round ES supply under 
different temperature and precipitation events adds another (temporal) layer to BGI 
design. In this thesis, primarily a white dimension, from urban snow, was discussed, and 
the conceptualisation of BGI to blue-green-white infrastructure (BGWI) was shown to 
be a potential ES asset. The inclusion of this ‘multicoloured’ approach, i.e., the winter-
summer component, to integrated stormwater and snow management planning was 
highlighted as a promising concept for the year-round technical functionality of BGI, as 
BGWI, which enhances the probability of ES provision across seasons.   

Based on these conclusions, the recommendation is that practitioners in stormwater 
management should consider BGI designs that match the needs (e.g., runoff pollution 
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treatment, hydraulic control, social amenities, and/or other functions) and requirements 
across seasons for each specific bioretention case. As shown, this can e.g., be done by 
considering the sustainability impacts of various design components and the 
multicoloured approach of BGI. If this is realised, both strategic and practical planning 
for urban stormwater management can contribute to improved compliance with several 
SDGs and - potentially - facilitate the sustainable development of cities around the world. 
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