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Abstract 

Climate change and the Urban Heat Island effect lead to increasingly high summer 

temperatures in many European cities. Expanding green space is one strategy for 

reducing the thermal discomfort of the city dwellers and the public health impact of 

heat stress. Plants indirectly cool the air by evapotranspiration (ET), a process that 

alters the energy balance by increasing latent heat flux in favour of sensible heat 

flux. The ET rate depends, among other factors, on water availability, but 

urbanisation has changed the hydrological cycle through soil sealing. Instead of 

infiltrating into the ground, rainwater runoff is directly discharged through sewage 

systems or stormwater drains, creating a lack of water for ET. Consequently, urban 

vegetation requires cost-intensive irrigation to survive in summer. This study 

analyses whether sustainable urban drainage systems (SUDS), such as rain 

gardens and green facades, are suitable solutions for mitigating this imbalance in the 

urban water balance. Based on the energy and water balance of exemplary urban 

canyons of the two typical European city centres of Vienna, Austria and 

Copenhagen, Denmark, an MS Excel-based model, named “CoolStreet”, was 

developed. Its aim is to balance rainwater supply and plant water requirements for 

ET by implementing SUDS and water storage volume in various scenarios. Surface 

temperatures in urban canyons in both cities were measured using hand-held 

infrared cameras to evaluate the cooling effect of urban vegetation. The results of 

the CoolStreet model show that runoff and the water requirement for ET can be 

balanced with 1000 m2 of green facades for a street of 100 m length, and 50 m3 or 

70 m3 of storage volume in Copenhagen and Vienna, respectively. The resulting 

latent heat flux is up to 50 % of the incoming radiation, indicating a significant cooling 

effect of the vegetation. Including SUDS in urban planning on the street level can 

contribute to local climate change adaptation and Urban Heat Island mitigation by 

improving pedestrian thermal comfort and the hydrological cycle, and restoring near-

natural conditions of the energy balance. 

Keywords: Sustainable Urban Drainage Systems; Urban Heat Island Effect; 

Evapotranspiration; Energy Balance; Climate Change Adaptation; Green 

Infrastructure; Nature-based Solutions  
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Abbreviations and Acronyms 

AET Surface area with evapotranspiration 

ARAD Austrian Radiation project 

Arunoff Runoff area 

BOKU University of Natural Resources and Life Sciences, Vienna 

CSO Combined sewer overflow 

DMI Danmarks Meteorologiske Institut – Danish Meteorological 

Institute 

dr Relative earth-sun distance 

ESS Ecosystem services 

ET Evapotranspiration 

ETo Reference evapotranspiration rate 

ETrel Relative evapotranspiration rate produced by a surface 

FAO Food and Agriculture Organization of the United Nations 

G Ground heat flux 

GI Green infrastructure 

H Sensible heat flux 

H-S Hargreaves-Samani equation for ETref 

IUCN International Union for the Conservation of Nature 

J Julian day 

KRS Adjustment coefficient 

LAI Leaf area index 

LE Latent heat flux 

LID Low impact development 

NbS Nature-based solutions 

P-M Penman-Monteith 

PET Physiological equivalent temperature 

PMV Predicted mean vote 
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PPD Predicted dissatisfaction 

r Precipitation, rainfall 

Ra Extra-terrestrial radiation 

Rs Incoming solar radiation 

SDGs United Nations Sustainable Development Goals 

SET Standard effective temperature 

SUDS Sustainable urban drainage systems 

SWMM Storm Water Management Model 

Ta Average daily temperature for a set period of days 

Tmax Maximum daily temperature 

Tmin Minimum daily temperature 

Tr Average daily temperature range for a set period of days 

UBL Urban boundary layer 

UCL Urban canyon layer 

UCPH University of Copenhagen 

UHI Urban heat island 

UHOH University of Hohenheim 

Wbalance;n Water balance 

Wbalance;n-1 Water balance at the beginning of day n-1 

WET Water requirement for evapotranspiration 

Wrunoff Water runoff volume 

WSUD Water sensitive urban design 

Wtank;n Water in tank at the beginning of day n; tank level 

ZAMG Zentralanstalt für Meteorologie und Geodynamik - Central 

Institute for Meteorology and Geodynamics (Austria) 

λ Latent heat of vaporization 

δ Solar declination 

ws Sunset hour angle 

φ Latitude 
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Summary 

This study investigated how sustainable urban drainage systems (SUDS) can 

contribute to local climate change adaptation and Urban Heat Island mitigation by 

providing water for evapotranspiration (ET). Based on the energy and water balance 

of a representative urban canyon, an MS Excel-based model, named CoolStreet, 

model was developed. It aims to calculate how much surface area of an urban 

canyon needs to be covered with SUDS to balance rainwater supply and the plant 

water requirement for ET throughout the vegetation period. The calculation of ET 

was based on the Hargreaves-Samani formula and the calculation of rainwater 

supply was based on 5-year daily data from weather stations in both cities. Besides, 

surface temperatures in urban canyons in both cities were measured using hand-

held infrared cameras (FLIR ONE® Gen3 by FLIR® Systems, Inc., Wilsonville, 

Oregon, United States of America) to evaluate the cooling effect of vegetation on 

surfaces.  

Figure 0-1 shows a graphical abstract of this thesis, with the case study cities 

Copenhagen, Denmark and Vienna, Austria on the top left, the basis of the 

CoolStreet model on the top right, the thermal camera measurement on the bottom 

right, and the concluding CoolStreet manual on the bottom right. 

The required amount of different types of SUDS is either 1000 m2 of green facades, 

400 m2 of rain gardens, 300 m2 of hedges or 200 m2  of shrubs, and the water 

storage per running meter of the urban canyon that is necessary to achieve a 

balance between water provision in the form of rainwater and water need for ET is 

0.5 m3 in Copenhagen and 0.7 m3 in Vienna. This amount should be adapted on the 

local level on the targeted cooling efficiency, described by the share of latent heat, 

and the climatic context.  

The thermal camera measurement showed the surface temperatures of parts of 

streets in Copenhagen and Vienna with vegetation were up to 13°C lower than parts 

of streets without vegetation, indicating the cooling function of plants. 
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Figure 0-1 Graphical abstract of thesis 

Based on the methodology for the CoolStreet model and the thermal camera results, 

a CoolStreet manual was developed to facilitate knowledge transfer between 

disciplines. It includes nine steps that are necessary for tackling heat in urban 

canyons with SUDS. 

Based on the CoolStreet model output and the thermal camera measurements, it 

can be concluded that the implementation of SUDS in urban planning on the street 

level can contribute to local climate change adaptation and UHI mitigation by 

improving the hydrological cycle and restoring near-natural conditions of the energy 

balance. 

The model can be requested from the authors via Anna Leitner 

(anna.maria.leitner@gmail.com) or Tuan Ngo Ngoc (henry.tuanngo@gmail.com).  

  

mailto:anna.maria.leitner@gmail.com
mailto:henry.tuanngo@gmail.com
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1 Introduction 

This thesis investigates how the implementation of SUDS could reduce heat in an 

urban canyon by combining the energy and water balance. The first chapter of this 

report introduces the cornerstones of the research, starting with the Relevance of the 

, proceeded by the Contribution of this study and the Aim and objectives. 

Subsequently, the Research questions and Hypothesis of this thesis are stated.  

1.1 Relevance of the study 

Given the interdisciplinary character of this thesis, the following chapter outlines the 

relevance of the study in several subchapters. First, the problem of Urban heat is 

introduced, followed by a brief overview of the concept of Green infrastructure. Then, 

the problem of Water availability is described, before the term Sustainable Urban 

Drainage Systems is introduced. 

1.1.1 Urban heat 

Cities are subject to several pressures resulting from climate change and 

urbanisation (Charlesworth, 2010; Oral et al., 2020). In many regions, climate 

change increases the frequency and severity of heat stress, as well as the frequency 

and intensity of rainfall events (IPCC, 2014). 

Furthermore, urbanisation has led to soil sealing, which alters the water balance as 

well as the energy balance of the urban landscape (Barron et al., 2013). As a result, 

the temperature within the city is higher compared to the surrounding natural 

landscape, a phenomenon called urban heat island (UHI) effect (Oke, 1973). It is 

especially pronounced during the night and with low wind conditions (Oke, 2011). 

In the hot summer months, the rising temperature due to climate change and the 

higher temperature in the city due to the UHI effect are combined (Lai et al., 2019).  

The impacts of high air temperatures in cities are diverse, among them are the 

following:  
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• Increase in energy consumption for indoor cooling, which in turn increases the 

air temperature at the street level (de Munck et al., 2013; Santamouris et al., 

2018) 

• Impact on thermal comfort and health of people in cities and decreased life 

quality (Pisello et al., 2018) 

• Increase in mortality (Forzieri et al., 2017). As an example, the heatwave in 

Europe in the summer of 2003 led to 25.000 to 70.000 additional deaths (Zou 

et al., 2019) 

• In combination with air pollution, heat can also lead to dangerous levels of 

ozone (Santamouris et al., 2018).  

There are four main strategies for urban heat mitigation (Chunhua et al., 2020; 

Gago et al., 2013; Lai et al., 2019; Santamouris et al., 2018):  

1. changing urban geometry 

2. adding vegetation 

3. creating cool surfaces with high albedo 

4. implementing water bodies. 

Changing urban geometry, such as building height and distance, has the highest 

impact on thermal comfort, followed by vegetation (Lai et al., 2019; Santamouris et 

al., 2018). However, in existing urban contexts, adding vegetation or small water 

bodies is often more feasible than changing the urban geometry (Lai et al., 2019).  

1.1.2 Green infrastructure 

Urban surfaces, including both vertical and horizontal, can be transformed into so-

called green infrastructure (GI). A network of GI can change the urban energy 

balance (Feng, 2019). Cities all over Europe and beyond have started incorporating 

GI as part of climate change adaptation and UHI mitigation programs (Carter, 2011), 

and the current COVID-19 pandemic highlights the importance of urban green space 

(Samuelsson et al., 2020).  

In the European Union, the Green Infrastructure Strategy and its “strategically 

planned network of natural and semi-natural areas” (European Commission, 2013, p. 

3), promotes an integration of nature-based solutions (NbS) into research, innovation 
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and policies. Thereby, ecosystem services (ESS) such as biodiversity and air 

pollution reduction, and increasing local resilience to extreme weather events, 

including droughts and floods, are increased. 

NbS are defined as “actions to protect, sustainably manage, and restore natural or 

modified ecosystems, that address societal challenges effectively and adaptively, 

simultaneously providing human well-being and biodiversity benefits” by the 

International Union for Conservation of Nature (IUCN) (Cohen-Shacham et al., 2016, 

p. 2). GI is a similar concept to NbS, but NbS is broader in its scope while GI is more 

focused on the infrastructure and the urban context aspect (Nesshöver et al., 2017; 

OECD, 2020). NbS are a key tool for urban climate change adaptation (Kabisch et 

al., 2017).  

Vegetation contributes to heat mitigation on several scales (Erell et al., 2011). Table 

1 shows an overview of the different levels and the corresponding UHI scale.  

Table 1. Contribution of vegetation to urban heat mitigation on various scales 

Level Mechanism Example 

City The combined effects of multiple green 
spaces reduce temperature extremes in 
neighbourhoods and influence the UHI 
effect, affecting heat accumulation and 
storage both during the day and during the 
night (Erell et al., 2011) 

Urban green areas can cool 
the surroundings by, typically, 
2-3°C with variation due to 
climate, season, plant types 
and urban geometry 
(Santamouris et al., 2018).  

Street Plants contribute to heat mitigation on the 
micro-scale through cooling by ET (Erell et 
al., 2011; Gkatsopoulos, 2017). They can 
substitute these units, which contribute to 
heat and thermal discomfort as 
anthropogenic heat sources (Girgis et al., 
2016) 

Trees can transpire hundreds 
of litres of water on a hot day if 
the water is available, 
reducing the cooling demand 
from air conditioning units 
(Gkatsopoulos, 2017; Moss et 
al., 2019).  

Building Shading, and insulation by trees, as well as 
green facades and green roofs, result in 
lower heat stress in buildings compared to 
dark, low albedo materials and grey 
infrastructure (Bevilacqua et al., 2017; 
Emmanuel and Loconsole, 2015; Jim, 2015; 
Oral et al., 2020).  

Green roofs and facades 
reduce heat in buildings (Besir 
and Cuce, 2018; Heneine, 
2008). Shading and ET during 
the day reduce the surface 
temperature, reducing the 
long-wave radiation during the 
night (Lai et al., 2019) 
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The focus of this thesis is on the street level, and the heat reduction perceived by 

pedestrians and other users of urban space during the day. In urban canyons, 

which are defined by a low sky view factor (SVF), incoming radiation is hindered at 

leaving the surface and reflected, short-wave and long-wave radiation combine and 

“produce massive outdoor local overheating” (Rosso et al., 2018, p. 1). While the 

UHI on the scale of the city is most pronounced during the night, it is especially 

relevant during the day for users of the urban space on the scale of the street (Oke, 

1973).  

The cooling impact of vegetation is highly localized (Jamei et al., 2016). Therefore, 

the widespread implementation of GI and its targeted design to maintain and 

improve the delivery of ES is crucial for achieving benefits for thermal comfort for 

more communities and neighbourhoods (European Commission, 2013).  

Plants ‘sweat’ to mitigate heat by absorbing water from the soil and releasing it into 

the air via the stomata of the leaves as water vapour. This process is called 

transpiration and combined with evaporation, which is the release of water as vapour 

from any surfaces, it is called evapotranspiration (ET) (Gkatsopoulos, 2017).  

A study in Florence, Italy, found that pedestrians experience "hot" conditions for 

several hours a day in unshaded asphalt or concrete environment, while the "hot" 

period is reduced to only half an hour in the afternoon on a grass lawn, due to the 

cooling from ET (Massetti et al., 2019). The reason is that the energy that is needed 

to convert water into vapour is taken from the atmosphere, thereby indirectly cooling 

it. This process alters the energy balance of the area by increasing latent heat flux 

in favour of sensible heat flux. This process is the basis for this study.  

1.1.3 Water availability 

However, several factors including water availability decrease the ability of urban 

vegetation to effectively cool the urban canyon (Jamei et al., 2016). During droughts, 

when water restrictions are applied and costly irrigation of urban green space is 

reduced, ES of vegetation are further reduced (Massetti et al., 2019). There are high 

standards for ESS from urban GI, but in the event of a dry heatwave, the expected 

cooling potential cannot be reached if there is not enough available water 



  Introduction 

16 

(Santamouris et al., 2018). Maintaining adequate water supply during heat waves is 

important, as a lack of water can lead to higher leaf temperatures and reduced 

transpiration that in turn increase the sensible heat flux (H) (Santamouris et al., 

2018).  

Cities that must deal with such dry conditions typically try to use plants with high 

drought tolerance and low ET rates, leading to increased temperature because of the 

lack of cooling from ET (Vahmani and Ban-Weiss, 2016). This leads to a vicious 

cycle when less vegetation is planted and it is irrigated at lower levels because of 

increased heat and decreased water availability, reinforcing the heat (Broadbent et 

al., 2018).  

To reap the benefits of green spaces for cooling through ET in urban areas, the 

water supply is crucial (Gromke et al., 2015; Taleghani, 2018). By using rainwater 

from surface runoff, the costs of water supply for irrigation can be compensated to 

reap the benefits of vegetation in dense urban areas (An et al., 2015). 

1.1.4 Sustainable Urban Drainage Systems 

In a broad sense, SUDS are a set of technologies, management practices and 

techniques that aim at draining stormwater or runoff in a more sustainable way 

(Fletcher et al., 2015). Instead of removing water from urban spaces, SUDS can help 

to ensure water availability for ET. Thereby, they help to mitigate and adapt to some 

of the pressures from urbanisation and climate change.  

SUDS are systems that allow localized infiltration and ET of rainwater through the 

use of vegetation and innovative structures such as permeable pavements, filter 

soils, green facades and green roofs, and include structures for detention (storage) 

and conveyance (transport) of water for reuse and irrigation (Hoffmann et al., 2015). 

SUDS retain and detain rainwater locally and can thereby make this rainwater 

available to vegetation over the subsequent hours and days. As such, SUDS can 

transform the urban hydrological cycle to a near-natural state on the local scale and 

provide cool spaces in urban neighbourhoods (Broadbent et al., 2018). 

The provision of water for ET is only one benefit of SUDS, in addition to their 

fundamental benefits for stormwater management. Cities are facing the challenge of 
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changing precipitation patterns and an increase in extreme rainfall events (Grimm et 

al., 2008; IPCC, 2014). In Austria as well as in Denmark, the mean rainfall is not 

expected to change drastically in the coming decades. However, the frequency of 

extreme rainfall events will increase, and especially in the summer months, rainfall 

will be concentrated in extreme events (Gaudry et al., 2017; Københavns Kommune, 

2012).  

Traditional urban drainage systems focus on collecting rainwater runoff from 

impervious surfaces and conveying it either together with wastewater or separately, 

to a receiving water body, ideally after having passed through a waste-water 

treatment plant (Charlesworth 2010). When the design capacity of such 

infrastructure is exceeded due to increased rainfall intensity and frequency, the result 

is controlled and/or uncontrolled combined sewer overflow (CSO) and flooding.  

CSOs, and subsequent discharges of pollutants into water bodies, are regulated in 

the EU under the Urban Wastewater Treatment Directive (OJ L 135, 2014). Non-

compliance has recently required costly large-scale mitigation measures, such as the 

Thames Tideway Tunnel to avoid fines (Bazalgette Tunnel Limited, n.d.). In addition 

to its effect on UHI, the local implementation of SUDS is a source control measure 

for flooding and reduces pressure on conventional drainage systems, and limits 

pollution of water bodies (Pucher et al., 2018). 

1.2 Contribution of this study 

In studies of urban microclimates, temperature reduction provided by vegetation and 

the cooling power of ET has received wide attention (Bowler et al., 2010; Hunter et 

al., 2014; Lai et al., 2019; Pisello et al., 2018). Likewise, in urban rainwater 

management literature, SUDS are acknowledged for their positive impact on the 

urban water cycle (Charlesworth, 2010; Hoyer, 2011; Pucher et al., 2018).  

The intersection of both topics, cooling and urban drainage, has received less 

attention, with rare exceptions such as an analysis of co-benefits from Sponge City 

and UHI mitigation (He et al., 2019). Occasional studies have investigated the 

benefits of certain SUDS on both issues, such as an analysis of the potential of rain 
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gardens to mitigate heat and flood risk; and a study about the benefits of 

transpiration by trees on stormwater management (Liu, 2015; Thom et al., 2020).  

However, no literature was found that incorporates the two fields at the street level 

and the implementation of green rainwater management infrastructure for heat 

mitigation in a specific urban canyon. Most studies about cooling from vegetation by 

ET show the effect on the city scale, but not on the street level. Research about the 

cooling effect of vegetation is mostly focused on larger parks, even though small 

green areas are considered just as important for increasing thermal comfort (Y. Kim 

et al., 2016; Santamouris et al., 2018; Zou et al., 2019; Žuvela-Aloise et al., 2016).  

The literature review by Bartesaghi Koc et al. (2018) showed that there is a lack of 

studies about the necessary amount of street greening to increase the thermal 

comfort of pedestrians. Studies have shown the necessity of urban planning 

guidelines for the early design stage to benefit from GI for combating the UHI effect 

(Jamei et al., 2016). Pedestrian thermal comfort should also be increased in existing 

dense urban areas, and criteria for mitigating heat in retrofitting of streets are 

necessary. Nevertheless, most studies about the influence of urban greening on 

pedestrian thermal comfort are focused on street trees and urban parks (Gülten et 

al., 2016; Jamei et al., 2016; Kong et al., 2016; Smithers et al., 2018; Zölch et al., 

2019).  

This study aims to bridge the gap between cooling by ET from vegetation and SUDS 

for water harvesting by developing an MS Excel-based model (CoolStreet) for the 

implementation of SUDS in urban heat mitigation in a fictional urban canyon in a 

European city centre of a metropolitan area such as Vienna or Copenhagen. 

Additionally, a list of step-by-step tasks, the CoolStreet manual, is developed to 

facilitate implementation. Figure 1-1 shows a simple overview of how the water and 

energy balance, explained in more detail in chapters 2.1.4 and 2.2.1, interact in the 

urban canyon. 
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Figure 1-1 Water balance and energy balance in an urban canyon 

This report focuses on daytime cooling by ET as a heat mitigation strategy, as ET is 

the process that links the urban climate/ energy balance and urban water systems. 

Other relevant strategies for heat mitigation, such as the reduction of short- and 

long-wave radiation through changing the urban geometry, as well as other cooling 

effects of vegetation such as shadowing, are not considered here due to logistical 

constraints.  

This holistic, interdisciplinary approach aims to combine areas of research that are 

often managed and researched separately, including the urban climate, the urban 

water system, vegetation, and public health. A literature review of methods for 

investigating the cooling effect of vegetation concluded that more in-situ 

measurements are needed (Bartesaghi Koc et al., 2018). Therefore, in addition to 

the CoolStreet model, surface temperatures in urban canyons in Vienna and 

Copenhagen are assessed with hand-held infrared cameras to investigate 

vegetation-induced surface temperature differences in urban canyons.  
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All parts of this thesis focus on the scale of the street level as opposed to the city 

level for three reasons:  

• The urban micro-climate varies highly due to the heterogeneity of urban 

spaces and therefore, the cooling effect of vegetation is very localized 

• The street level is where pedestrians use the city and at which they are most 

intensely subjected to urban heat during the day.  

• The street level is often the operational level in urban planning for city or 

district administrations. 

1.3 Aim and objectives 

This report aims to analyse the possible contribution of SUDS to heat reduction 

through ET in urban canyons, with case studies in Vienna and Copenhagen. More 

specifically, the authors aim to reach the following objectives: 

1. Develop a model for balancing water supply (rainwater runoff), water 

requirement for ET, and water storage in a street with scenarios of varying 

degree of SUDS implementation.  

2. Analyse the suitability of hand-held infrared cameras such as FLIR ONE® to 

assess surface temperature differences related to vegetation in streets in 

Copenhagen and Vienna, within the broader purpose of identifying urban heat 

hotspots on the street level, and monitoring the effects of added vegetation on 

the energy balance. 

3. Propose a general step-by-step process for balancing water supply (rainwater 

runoff), water requirement for ET, and water storage in a street with scenarios 

of varying degrees of SUDS implementation to increase thermal comfort as 

potential input for urban planning guidelines. 

1.4 Research questions 

This report aims to answer the following main research question:  

1. “How can rainwater supply and plant water requirement for ET be balanced in 

an urban canyon using SUDS with storage volume, and what change of the 
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water and energy balance of the urban canyon be achieved to alleviate urban 

heat street?“ 

A secondary study is carried out within this project to answer the following question: 

2. “What is the relative surface temperature difference between comparable 

parts of streets with and without vegetation in Vienna and Copenhagen?“ 

The first and the second research question are answered for both Vienna and 

Copenhagen. The results of the first and second research questions support the 

development of the answer to the third question, which is: 

3. “How can the methodology used to pursue the research questions number 

one and two and the achieved results be converted into an urban planning 

manual for the tackling heat in urban canyons with SUDS which is 

comprehensible for practitioners in all implicated fields of expertise and 

departments?“ 

The third research question is answered for the two case studies together, as the 

generalized list of tasks should be applicable in diverse urban contexts.  

1.5 Hypothesis 

Underlying the objectives and research questions are the following hypotheses, 

which will be tested in the report. 

• Hypothesis 1: If SUDS are implemented in an urban canyon to balance 

rainwater runoff and water requirement for ET, the latent heat flux (LE) 

increases and the urban energy balance approaches that of the natural 

saturated landscape.  

• Hypothesis 2: If vegetation is present in an urban canyon, the surface 

temperature measured at the street level with FLIR ONE® Gen 3 infrared 

cameras (by FLIR® Systems, Inc., Wilsonville, Oregon, United States of 

America) is lower compared to non-vegetated urban canyons. 

• Hypothesis 3: The methodology behind the CoolStreet model, including the 

data collection, can be generalised and simplified to be used in planning 

guidelines. 
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2 Theory 

In chapter 2 of this report, the theory behind the CoolStreet model and the infrared 

camera experiment is presented to ensure that they have a sound scientific 

foundation. The theoretical part is necessary to understand the connections between 

urban climate and heat mitigation, the urban water system and rainwater 

management, and ET. This theoretical part is structured in two subchapters, starting 

with the Urban climate system, and further outlining the Urban water system.  

2.1 Urban climate system 

Urban climate differs from the climate in the surrounding landscape due to 

heterogeneity of the urban form, soil sealing, the heat capacity of buildings, a 

modified energy balance, and modified wind conditions (Ahmed and Bharat, 2012; 

Erell et al., 2011). While not all aspects of the urban climate can be described here, 

the following chapter first describes the Urban Heat Island effect, the Urban canyon, 

where this thesis is set, the concept of Thermal comfort, and the urban Energy 

balance, before describing Radiation and Evapotranspiration in more detail.  

2.1.1 Urban Heat Island effect 

According to Oke (1973), there are four main types of UHI on different scales: 

● Boundary UHI: the UHI effect at the Urban Boundary Layer (UBL) describes 

the temperature difference at up to 1-2km altitude above the city during the 

day and 200-300m during the night above a large city.  

● Canopy UHI: the UHI effect at the Urban Canopy Layer (UCL) describes the 

temperature difference up to about the roof level of the city. 

● Surface UHI: the UHI effect at the surface describes the difference in air 

temperature at the atmospheric interface with the urban elements (buildings, 

trees, ground). 

● Soil UHI: the UHI effect at soil level describes the difference in soil 

temperature between urban areas and the surrounding landscapes. 
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Figure 2-1 shows the different scales of the UHI effect on the primary y-axis ranging 

from micro to meso, with the UBL in red and the Surface Layer in grey. The 

secondary y-axis shows the temperature change over different urban areas, which 

are seen on the x-axis (rural, suburban, urban, urban park, and suburban). The lower 

graph shows the urban canyon magnified, with the Canopy UHI, Surface UHI and 

Soil UHI on the y-axis.  

 

Figure 2-1 Urban heat islands at different scales 

2.1.2 Urban canyon 

Research on the UHI phenomenon revealed a series of causal relationship between 

urban factors and climate (Akbari and Taha, 1992; Chandler, 1976; Jauregui, 1997; 

Oke, 1988). Urban geometry, such as building height, and thermal properties of 

urban surfaces, such as albedo, are the two main factors influencing urban climate 

(Arnfield, 2003; Oke, 1988, 1973). Albedo is explained in more detail in chapter 
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2.1.5. At neighbourhood and smaller scales, urban geometry has the highest effect 

(Arnfield, 2003; Todhunter, 1990). 

The urban street canyon is the "basic geometric unit which can be reasonably 

approximated by two-dimensional cross-sections, neglecting street junctions, and 

assumes that buildings along the urban canyon axis are semi-infinite in length" (Oke, 

1988). The Urban Canyon Layer (UCL) is the layer of the atmosphere where most 

life occurs: from the ground up to the mean height of roofs (Oke, 1988). The ratio 

specified by the height of building/width of the street (H: W), designated as aspect 

ratio, sets out the urban canyon geometry.  

Urban geometry and thermal properties of urban surfaces are the two main factors 

influencing urban climate (Arnfield, 2003; Oke, 1988). Urban canyons restrict the sky 

view and free movement of air. They also cause multiple reflection of solar radiation, 

also referred to as SVF, which leads to overlaying heat effects in urban canyons 

(Rosso et al., 2018). Although aspect ratio is an important factor for thermal comfort 

in urban canyons due to the shading effect of buildings, other factors are more 

influential (Jamei et al., 2016).  

2.1.3 Thermal comfort 

The comfort condition outdoors strongly influences the usage of outdoor spaces in 

an urban environment (Jamei et al., 2016; Nikolopoulou et al., 2001). However, 

urban climate and outdoor thermal comfort are generally given little importance in the 

urban planning and design processes (Eliasson, 2000). It is important to not only 

focus on temperature reduction but also consider thermal comfort, especially when 

ET is the targeted cooling mechanism, as high temperatures combined with high 

humidity can lead to thermal discomfort (Santamouris et al., 2018).  

Thermal comfort is coined as the “conditions of mind” that illustrate a subjective level 

of satisfaction with the surrounding thermal environment (Lobaccaro et al., 2019). 

There is no absolute thermal comfort level or a certain acceptable temperature range 

that will please everybody (Fanger, 1973). This is due to human thermal comfort 

being a personal expression that varies based on multiple subjective criteria. The 

thermal comfort of a person depends primarily on the environment, followed by the 

physical aspects of the body. Many factors affect the heat flux from the body, and 
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therefore the thermal comfort (Darby and White, 2005). Researchers have classified 

these factors into three categories (Auliciems and Szokolay, 1997):  

• climatic factors,  

• personal factors (metabolism, clothing) 

• contributing factors (acclimation, age, sex, etc.) 

For outdoor thermal comfort, the climatic parameters are those that researchers 

consider most often since they are the most concrete and measurable aspects (Lee 

et al., 2017). The four basic microclimatic parameters determining thermal comfort - 

wind speed, air temperature, thermal radiation, and humidity - are often aggregated 

to “equivalent temperature” (Jamei et al., 2016). Pedestrian thermal comfort is 

investigated using different indices, which include climatic variables and personal 

variables (J. Kim et al., 2016). Examples of such indices are (J. Kim et al., 2016): 

• physiological equivalent temperature (PET) 

• predicted mean vote (PMV) 

• standard effective temperature (SET) 

• predicted dissatisfaction (PPD).  

Increasing outdoor thermal comfort is one goal of urban planning in heat island 

mitigation. However, there are trade-offs for improving human thermal comfort 

between summer and winter in temperate climates. One example is the condition 

that narrow streets are cooler in summer thanks to building shades, but colder in 

winter due to increased wind speed (Jamei et al., 2016). The literature is not clear 

yet about which design aspects are particularly important for increasing thermal 

comfort. For example, the exact influence of high-albedo materials and its impact on 

re-radiation for pedestrian thermal comfort is still unclear (Jamei et al., 2016). 

Likewise, the effect of ET on thermal comfort is not fully understood (Bartesaghi Koc 

et al., 2018). According to some studies, the most effective way to increase thermal 

comfort of pedestrians is to decrease the exposure to radiation and re-radiation from 

surrounding surfaces, as the radiation has the highest effect (Massetti et al., 2019).  

Green spaces also contribute to increased thermal comfort (Park et al., 2016; Stangl 

et al., 2019). Vegetation has a higher effect than cool materials such as white-

painted surfaces or light-coloured stones (Taleghani, 2018), which should only be 
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used on horizontal surfaces, not on vertical surfaces (Rosso et al., 2018). As a 

consequence, green facades could contribute to a decrease in re-radiation from 

vertical surfaces.  

A study in Sydney, Australia showed that a net increase in thermal comfort can only 

be achieved through the reduction of ambient air temperature, as cooling from ET 

increases humidity, which in turn harms thermal comfort in humid climates (Ma et al., 

2018). However, simulations in Germany have shown that a mixture of grass lawns 

and trees with cluster arrangement has the highest effect on thermal comfort 

(Rahman et al., 2020a).  

2.1.4 Energy balance 

This thesis aims to analyse the possible contribution of SUDS to heat reduction in 

urban canyons. This revolves around the increase in LE 

 due to ET. Therefore, the energy balance is the basis for the CoolStreet model. It is 

described in detail in this chapter. 

The energy balance is an equation ( 1) which describes the relationship between 

incoming radiative energy (Rn), the ground heat flux (G), the sensible heat flux (H), 

and the latent heat flux (LE) (Lofgren et al., 2013). 

  𝑅𝑛 − 𝐺 = 𝑅𝑛 ∗ = 𝐻 + 𝐿𝐸 ( 1) 

  𝑅𝑛 = 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 ( 2) 

  𝐺 = 𝑔𝑟𝑜𝑢𝑛𝑑 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 ( 3) 

  𝑅𝑛 ∗ = 𝑛𝑒𝑡 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 ( 4) 

  𝐻 = 𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 ( 5) 

  𝐿𝐸 = 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 = 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 ( 6) 

This equation only includes vertical fluxes, while horizontal fluxes of energy that are 

transported by advection are not included. According to the Food and Agriculture 

Organization of the United Nations (FAO), the use of this simplified energy balance 

is restricted to large homogenous surfaces (Allen and Food and Agriculture 
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Organization of the United Nations, 1998). An urban canyon, with turbulent flows and 

advection, would be not considered such a surface. However, the urban canyon is 

assumed to be a closed system (horizontally) to allow calculations with the energy 

and water balance, while being aware of the limitation of this approach.  

𝑅𝑛 is determined by the weather circumstances (chiefly in terms of cloudiness), 

latitude, the time of the year, the SVF, the aspect ratio of an urban canyon, and the 

pollution level. It is described in more detail in the next chapter. 𝐺 in the energy 

balance is small compared to the net radiation, especially in vegetated surfaces, and 

is therefore assumed to be zero for the daily calculation (Allen and Food and 

Agriculture Organization of the United Nations, 1998).  

𝐻 is the part of the energy balance that we feel because it increases the air 

temperature. 𝐻 is therefore relevant for the thermal comfort of pedestrians in the 

street. 𝐿𝐸 is the energy that is needed for ET or the energy needed for the change of 

state of water from liquid to gaseous state. The theory of ET is further explained in 

chapter 2.1.6.  

The smaller 𝑅𝑛 and the bigger 𝐿𝐸, the smaller is 𝐻. In other terms, the higher the 

fraction of 𝑅𝑛 that is consumed by 𝐿𝐸 due to ET, the lower the available 𝑅𝑛 that can 

heat the air with 𝐻 (Zou et al., 2019). The ratio of 𝐻 to 𝐿𝐸 is called Bowen ratio, and 

is mostly used in meteorology and hydrology to describe the importance of ET over a 

surface (American Meteorological Society, 2012).  

The energy balance differs between the urban space and the surrounding 

landscape. This is due to the higher coverage with impermeable surfaces in the 

urban space, which both disrupts the water cycle and increases heat capacity. It is 

also due to the lack of natural water bodies and vegetation for cooling through ET.  
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Figure 2-2 Comparison of energy balance over natural saturated landscape and urban area 

Figure 2-2 shows the energy balance over a water-saturated landscape on the left 

side and on the right side an urban area. Over both surfaces, approximately 5-10% 

of the incoming energy is absorbed as 𝐺. What is different between the urban area 

and the water-saturated landscape, however, is the Bowen ratio (Erell et al., 2011). 

On the left, the ET over water and vegetation lead to a dominance of t 𝐿𝐸. On the 

right, without much water available for 𝐿𝐸, 𝐻 dominates.  

As stated above, this thesis aims to analyse how SUDS can alter the energy balance 

in an urban canyon by increasing ET and consequently, increasing 𝐿𝐸. 

2.1.5 Radiation 

The net solar radiation consists of direct and diffuse radiation. In the urban space, 

several factors, such as air pollution, modify the short-wave radiation compared to 

the surrounding landscape. The blockage of incoming radiation by buildings is a 
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particularly important aspect. Because of long shadows, this influence is higher in 

mid-latitude cities than in near-equatorial settings, where the sun is shining in a 

higher angle (Erell et al., 2011). Another factor in the radiation balance is the energy 

that is stored and later emitted back as long-wave radiation, as seen in Figure 2-3. 

 

Figure 2-3 Generic effects of urban surface geometry on the penetration, absorption and reflection of solar 
radiation, and the emission of long-wave radiation 

The amount of long-wave radiation that is emitted by a material is called emissivity. It 

ranges from 0.95 for asphalt to 0.13 to 0.28 for corrugated iron (Erell et al., 2011). 

The reflected short-wave radiation is determined by the albedo of the surface 

material. Typical albedos of urban surface materials range from 0.05-0.20 for asphalt 

to 0.70 to 0.90 for fresh white paint, while an albedo of 1.00 would mean a full 

reflection of incoming short-wave radiation (Erell et al., 2011).  

Radiation was found to be especially important for the thermal comfort of pedestrians 

(Erell et al., 2011). Thus, the thermal imaging emerges as an effective tool to 

measure the thermal conditions in human-dominated environments because of their 

ability and precision to capture and read great amounts of scenic pixel-level data 

rather than just single-spot temperature (Park et al., 2016). Infrared imagery can 
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reveal the complexity of the urban surface temperature distribution, which is 

responsible for the surface UHI effect (Oke, 2011). 

Thermal cameras prove more reliable than remote sensing satellite data for 

investigating small-scale effects of UHI as their resolution is sufficiently high to help 

guide planning on street level (Gaitani et al., 2017). Infrared cameras can be an 

essential tool for evaluating the UHI effect at small scale. The obtained data is, 

therefore, more valuable for planning and design of cool streets than other methods 

(Chui et al., 2018).  

In an experiment that involved capturing a great variation of short-distance 

measurement of temperature, thermal cameras proved to yield similarly accurate 

results to remote sensing surface temperature results (Hartz et al., 2006). In one 

study, the temperature results measured by thermal cameras in a park also closely 

resemble those of a microclimate simulation, suggesting that thermal cameras 

provide a useful and faster alternative for temperature measurements by avoiding 

complicated simulations (Yang et al., 2017). Thermal cameras were also used to 

indirectly observe the ET effect of urban vegetation (Park et al., 2012).  

Researchers in South Korea compared two streets influenced by the conversion of 

parking space into green space with thermal cameras (Park et al., 2016). They 

concluded that the average surface temperature was reduced, which suggested the 

effectiveness of vegetation in improving cooling the surrounding elements. However, 

as thermal cameras are used for one-time data collection, there are limitations to the 

interpretation (Stangl et al., 2019). Details on the use of thermal cameras and the 

analysis of thermal images can be found in the methodology (chapter 3.5).  

2.1.6 Evapotranspiration 

This chapter describes the process of ET in more detail. ET is the combination of 

evaporation, which occurs from all surfaces, and transpiration, which occurs from 

plants, as the two processes can hardly be separated in measurements (Feng, 

2019). Calculating ET is usually a two-step process. The first step is calculating 

potential ET, which is only governed by incoming energy. The second step is 

reducing this potential ET by a crop coefficient or a water stress coefficient to 
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calculate actual ET that includes realistic limitations (Feng, 2019). The main factors 

that influence the actual ET are (Gkatsopoulos, 2017): 

• Environmental factors such as radiation, vapour pressure deficit of the 

atmosphere, air temperature and wind speed  

• Plant physiological factors such as the ability to regulate transpiration with the 

stomata, the plant pores. The stomatal resistance is the degree to which 

plants hold back or transpire water by opening plant stomata.  

Because of this combination of environmental and plant physiological factors, the 

exact calculation of ET rates in a specific location from a given surface is a complex 

task and any estimation is inevitably flawed (Gkatsopoulos, 2017). While the cooling 

effect from ET is known, it is not easily integrated into the design process as it is 

difficult to simulate ET in the complex urban context. Most research about plant-

specific ET rates focused on crops and comparably more homogenous agricultural 

contexts (Gkatsopoulos, 2017).  

Additionally, the UHI can increase ET rates in urban areas (Zipper et al., 2017). This 

results in a lack of data about ET from urban GI because the multi-layer nature of 

urban greenery and the heterogeneous surface of the urban morphology and 

microclimate is not well aligned with the traditional ET calculations (Feng, 2019; 

Gkatsopoulos, 2017). Other options for gathering data about urban ET, such as 

remote sensing with satellite data or drones, fall short as well, because resulting data 

is either not yet fine-grained enough or too expensive to obtain to help in assessing 

ET on the street level (Santamouris et al., 2018). 

To estimate ET from GI, various formulas are used (Feng, 2019):  

• Penman-Monteith (P-M) (Penman, 1948) 

• Priestley-Taylor: (Priestley and Taylor, 1972) 

• Thornthwaite (Black, 2007) 

• Hargreaves-Samani (H-S) (Hargreaves and Samani, 1985) 

P-M is most often used, despite drawbacks as the direct use of P-M for urban green 

spaces contradicts the main criteria of homogeneous surface (Feng, 2019). The FAO 

P-M formula for ET calculates a reference ET rate that is then multiplied with a 

species-specific crop coefficient. However, crop coefficients for non-agricultural 

species are hard to find in the literature (Gkatsopoulos, 2017). As a result, most 



  Theory 

32 

calculated estimates of ET of urban GI fails to capture the extreme ET rates that are 

related to the specific urban context (Feng, 2019).  

The H-S formula is used in the hydrological model for Storm Water Management 

(SWMM) of the United States Environmental Protection Agency (Hargreaves and 

Samani, 1985; Rossmann and Huber, 2016). Researchers further developed the 

model parameters for the calculation of ET of urban vegetation that are used in the 

SWMM Model (Hörnschemeyer, 2019). In this report, the simplified H-S formula for 

ET is used, combined with estimates for ET rates from SUDS are based on 

literature. 

The ET rates differ between plants and especially between SUDS types, depending 

on the relative share of plant species in the vegetation, open water bodies, water 

storage, and pavement. The reference ET that is calculated with the H-S formula is 

calibrated for lysimeters with fescue grass (Hargreaves and Samani, 1985). The 

details of how this formula was used in this report are described in the methodology.  

2.2 Urban water system  

The urban water system, just like the urban climate, differs from the surrounding 

landscape’s water system because soil sealing and altered geometry change the 

hydrological cycle in the city. This chapter outlines the urban Water balance and 

Drainage in urban areas, before introducing Sustainable urban drainage systems in 

more detail and describing Evapotranspiration from SUDS.  

2.2.1 Water balance 

The water balance is interlinked with the LE of the energy balance through ET. Other 

main fluxes in the water balance are precipitation, surface runoff, and subsurface 

runoff. Figure 2-4 compares the water balance of a saturated natural landscape to 

that of an urban canyon. The percentages shown in the figure are examples of the 

typical share of the water balance.  
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Figure 2-4 Comparison of the water balance of a natural and an urban area 

Equation ( 7) shows a simplified water balance.  

  𝑟 = 𝑊𝐸𝑇 + 𝑊𝑟𝑢𝑛𝑜𝑓𝑓 + 𝑊𝑖𝑛𝑓𝑖𝑙𝑡 ( 7) 

  𝑟 = 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙, 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ( 8) 

  𝐸𝑇 = 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 ( 9) 

  𝑊𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑢𝑛𝑜𝑓𝑓 ( 10) 

  𝑊𝑖𝑛𝑓𝑖𝑙𝑡 = 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟, 𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑢𝑛𝑜𝑓𝑓 ( 11) 

𝑟 is typically higher over urban areas than over rural areas, because of increased 

cloud formation and reduced wind speed. Interception is the process that temporarily 

retains part of 𝑟 in vegetation, which is then partially transferred downwards to the 

ground and partially released to the atmosphere again through ET. However, 

because it mostly only delays the water, it can be assumed to be only temporary and 

result in either evaporation or infiltration (Rahman, 2020). Interception is therefore 

not included in the CoolStreet model.  
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𝑊𝑟𝑢𝑛𝑜𝑓𝑓, which is a function of precipitation, infiltration, and surface area, is 

typically higher in urban areas compared to the natural landscape. Figure 2-5 shows 

the hydrograph, which plots the flow volume of the runoff on the primary y-axis, time 

on the x-axis, and precipitation on the secondary y-axis. 

 

Figure 2-5 Comparison of natural and urban hydrograph 

The lag time describes the time that passes between the highest intensity of 

precipitation, and the time when the highest runoff volume occurs (peak runoff). In 

non-urbanised watersheds with a natural water system and hydrological cycle, the 

lag time is long, and the peak of the runoff is low. This is because several factors: 

water is intercepted in leaves and tree crowns, retained in soils by infiltration, 

released back in the air by ET, partially transferred down towards groundwater, and 

detained before being transported downstream.  

In contrast, the lag time in the urbanised watershed is shorter and the peak of the 

runoff volume is typically higher due to soil sealing and a lack of retention and 

detention opportunities, leading to the immediate discharge of runoff (Murata and 

Kawai, 2018). The volume of the surface runoff, seen as the area under the function, 

is higher in urban areas because less water is infiltrated, evaporated, and transpired 

due to a lack of green space and open soil (Ursino, 2015).  



  Theory 

35 

2.2.2 Drainage 

The conventional grey infrastructure for drainage is based on the premise that pipes 

transport the rainwater out of the city and into a receiving water body as fast as 

possible. This is achieved either through open or closed stormwater drains or in the 

combined sewer system together with wastewater. Consequently, a water deficit 

arises, and water has to be transferred to the urban area for various reasons such as 

sanitation based on flush toilets, drinking water, but also increasingly for irrigation of 

urban GI (Feng, 2019). For example, the City of Vienna faced additional costs of one 

million € in spring 2020 for irrigating its vegetation compared to previous years 

(Winterer, 2020). 

In Vienna and Copenhagen, the dominant system for wastewater management in 

most of the dense city centre is the combined sewer system. The other widespread 

option is the separate sewer system, which is used in newer development areas. In 

the combined system, rainwater and municipal wastewater are collected in the same 

sewer. This combined sewer leads to the wastewater treatment plant, in the regular 

case ensuring that all wastewater is treated to a certain degree before being 

released to the receiving water, i.e. in the Danube in Vienna or the Øresund in 

Copenhagen (Digital Water City, 2019; Wien Kanal, n.a.).  

Conventional urban drainage is under increasing pressure from climate change, with 

more frequent extreme weather events being just the most obvious threat (Grimm et 

al., 2008). The design capacity of the wastewater and urban drainage infrastructure 

is exceeded more and more often, and this is expected to worsen in the future 

(Charlesworth, 2010). It is projected that an increase of the intensity of heavy rainfall 

by 20-50% (Christensen, 2004) together with a 30% rise of the intensity of rain with a 

10-year-return by 2100 (Københavns Kommune, 2011) would overwhelm the 

conventional urban drainage and sewage systems in Copenhagen.  

In the case of a rainfall event with precipitation exceeding the design rainfall of the 

drainage system, the combined sewer is too small and wastewater is discharged into 

receiving water bodies via CSO structures (Wien Kanal, n.a.). This is a controlled 

process that regularly compromises environmental objectives of receiving water 

bodies, makes water bodies unsuitable for bathing and, for EU member states, 

results in fines when objectives of the UWWTD are not achieved (OJ L 135, 2014). 
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In Copenhagen, bypass events happen up to 75 times per year (Digital Water City, 

2019).  

However, in the case of extreme weather events, even this outlet is not sufficient, 

and the capacity of the sewer system is exceeded, leading to the uncontrolled 

discharge of wastewater directly to the streets. This causes hygiene issues resulting 

from public exposure to the combination of rainwater runoff with untreated municipal 

wastewater, and potentially serious damage to ecosystems (Københavns Kommune, 

2012). In Copenhagen, a flood resulting from an extreme rainfall event in 2011 led to 

the development of a so-called “Cloudburst Management Plan” (Københavns 

Kommune, 2012; Strickland and Stuart, n.d.).  

This plan revolves around a major engineering project, which includes creating 

dedicated cloudburst streets that should allow rainwater to safely reach the ocean 

and harbour without destroying houses and other infrastructure (Københavns 

Kommune, 2012). As part of the Cloudburst Management Plan and in the Climate 

Change Adaptation Plan, the city of Copenhagen plans to implement SUDS 

(Københavns Kommune, 2012, 2011).  

It is important to note that even this sort of conventional grey infrastructure with 

combined or separate sewers, followed by a wastewater treatment plant, is non-

existent in many parts of the world(World Health Organization and UN-Habitat, 

2018). In this regard, the findings of this report apply to urban areas with 

conventional grey infrastructure, and European city centres in particular. 

2.2.3 Sustainable urban drainage systems 

SUDS are constructions that allow infiltration and/ or ET locally to prevent a part of 

the rainwater from travelling downstream. Generally, there are two goals for the 

stormwater management of Copenhagen: the first goal is to cope with big rainfall 

events up to the 100-year rainfall event, and that is what the Cloudburst plan is for. 

The second goal is to expand the drainage capacity of the sewer system to face the 

expected 30% increase in precipitation because of climate change. This is part of the 

Climate Change Adaptation Plan (Københavns Kommune, 2011). 

 How this expansion of the capacity should happen is not clear yet. It could either be 

achieved by disconnecting streets from the combined sewer system and allowing 
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local retention by infiltration and ET, or by stormwater basins and other conventional 

solutions such as increased sewer size or stormwater tunnels that merely ensure the 

detention of rainwater to smoothen the peak runoff (Liu and Jensen, 2017). 

However, there are already some privately owned streets with implemented SUDS 

and some local projects that combine SUDS and conventional drainage in 

Copenhagen (Hoffmann et al., 2015; Yeung, 2020).  

In Vienna, the current approach for stormwater management are stormwater basins 

(Wien Kanal, n.a.). Rainwater is only managed locally in some pilot projects (Grimm, 

2010).  

SUDS are only one of many similar concepts that developed in parallel over the last 

decades in different parts of the world. Similar concepts include (Fletcher et al., 

2015):  

• Water sensitive urban design (WSUD) in Australia (Engineers Australia and 

International Conference on Water Sensitive Urban Design, 2012) 

• Best management practices (BMP) and Low impact development (LID) in the 

USA 

• Sponge cities in China. 

All these approaches have in common that they fall under the category of source 

control of rainwater runoff and they all aim to decrease pressure on existing 

infrastructure by decreasing the amount of rainwater runoff that is discharged 

through the sewer system.  

The main hydrological functions of SUDS are retention through infiltration and ET, as 

well as the detention of rainwater for regulated, throttled outflow to avoid peak 

discharge. The detention function of SUDS in combination with rainwater harvesting 

systems such as cisterns and tanks allows for the temporary storage of water 

(Campisano et al., 2017). This function is used in this thesis for the provision of 

rainwater for ET. Several SUDS can be combined in SUDS trains to combine the 

benefits of different systems and ensure benefits for water quality, quantity, and 

biodiversity (Charlesworth, 2010). The minimum space requirement for SUDS 

implementation can be considered as 1 m2 (Jiménez Ariza et al., 2019).  
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Depending on site conditions and management of the systems, SUDS, urban GI and 

NbS potentially offer many other benefits and ESS, including: 

• Added aesthetic value (Lai et al., 2019) 

• Positive effect on psychological and mental well-being of people (Klemm et 

al., 2015; Santamouris et al., 2018). 

• Progress towards the achievement of several United Nations Sustainable 

Development Goals (SDGs), such as SDG 11 Sustainable Cities and 

Communities, SDG 13 Climate Action, SDG 14 Life below Water, and SDG 16 

Life on Land (Francis and Jensen, 2017; Öhlander et al., 2019; United 

Nations, 2015) 

• Contribution to climate change mitigation by enabling less carbon-intensive 

lifestyles. Examples are the decrease in indoor cooling demand and the 

related decrease in energy consumption and anthropogenic heat, an increase 

in active transport modes such as cycling and walking through increased 

thermal comfort in streets (Emmanuel and Loconsole, 2015) and additional 

carbon storage in plants and soil, depending on the vegetation type 

(Charlesworth, 2010). 

There are many different types of SUDS, ranging from vegetation-based systems 

such as raingardens to systems that more closely resemble grey infrastructure such 

as Dual Porosity Filtration (Jensen et al., 2011). The most common types of SUDS 

are green roofs, rain gardens, bioretention cells, and permeable pavements 

(Hoffmann et al., 2015).  

In this report, SUDS that are vegetation-based or at least include vegetation features 

are selected, as the focus of the CoolStreet model is on cooling by ET, for which 

vegetation is needed. Additionally, only SUDS with a cooling effect on the street level 

are selected, excluding green roofs. The next chapters explore different SUDS, the 

different range of ESS that they provide, and their various potential to provide ET-

based cooling in urban canyons.  

2.2.3.1  Green facade 

Green facades cover a building’s wall or fences utilizing climbing vegetation such as 

vines, scramblers and lianas by directly attaching them to building facades or 
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applying them indirectly with mesh, trellis or steel cables as supporting structures 

(Yin et al., 2017).  

They function as bioretention systems in a vertical structure which retain a 

percentage of rainfall that, according to several preliminary studies, can go up to 

45%-75% (Webb, 2010). The benefits of using green facades with climbers, such as 

the species Virginia creeper or Wisteria, for heat mitigation are manifold.  

• Providing cooling at the street level, as opposed to green roofs that have no 

direct impact on thermal comfort of pedestrians because of their distance to 

the street level (Jim, 2015). 

• Using green facades makes additional square meters available for vegetation, 

as they effectively use the otherwise unused vertical surface of the urban 

canyon and can cover the whole building surface with exception of openings 

and windows (Hoelscher et al., 2016).  

• Green facades are very efficient in terms of air quality improvements in urban 

canyons (Abhijith et al., 2017).  

Green facades can reduce surface temperature, air temperature and energy 

demand, but their effectiveness depends on the applied technology (e.g. soil-based 

vs. wall-based systems), species, and the orientation of the covered wall 

(Santamouris et al., 2018). Partly, the net radiation that reaches the green facades is 

converted to sensible heat, contributing to warming, and partly, it is converted to 

latent heat by ET, contributing to cooling (Jim, 2015).  

Green facades are a good option for air temperature reduction because of the high 

ET rate in comparison to the small horizontal area that they require (Hoelscher et al., 

2016). Unfortunately, the difference in air temperature in front of the vegetated wall 

versus the bare wall is not easy to measure because of the mixing of air (Hoelscher 

et al., 2016).  

The most important factors for the cooling and shading effect of green facades are 

foliage density (or Leaf Area Index – LAI) and the moisture of the substrate, which 

determines the water availability (Santamouris et al., 2018). A high coverage ratio of 

greenery on a facade is more important for the cooling effect than the orientation of 

the wall (Morakinyo et al., 2019).  
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For a noticeable cooling effect at the neighbourhood level, the ratio of green facades 

must be 30-50% in a high-density neighbourhood (Morakinyo et al., 2019). The City 

of Vienna recently passed a regulation requiring all new buildings above 7.5 m of 

height to cover at least a fifth of the façade in green (red, wien.ORF.at, 2020).  

In an experiment in Hong Kong, it was shown that a green facade on the south-

oriented wall resulted in the highest cooling effect from ET compared to the bare 

wall, because the effect depends on the amount of radiation, which is higher on east, 

south and west-facing walls (Jim, 2015). If enough water is available, the ET 

increases with increasing radiation. Compared to green roofs, green facades are 

exposed to less solar radiation in terms of duration and intensity (Jim, 2015). The 

same study also found that the cooling benefit of green facades is just as important 

for outside air temperature as it is for cooling of the outside wall surface and indoor 

air temperature (Jim, 2015).  

Because of the importance of ET for the cooling effect of green facades, the species 

selection is critical. A study confirms that individual plant characteristics have a 

strong influence on the degree of cooling and thus, no two plant types with different 

properties can cool the facade to the same degree (Cameron et al., 2014). Species 

with higher transpiration rates and with higher foliage coverage, i.e. with a higher LAI 

have a higher cooling effect (Jim, 2015).  

However, in some plants such as Jasminum ssp. and Lonicera ssp., shading delivers 

a better cooling effect than ET, while in Prunus ssp. and Stachys ssp., shading and 

ET contribute equally to the cooling effect (Cameron et al., 2014). Additionally, not 

only leaves but also stems add a significant extra dimension to the cooling effect as 

a network of stems impacts the air flux around the canopy along with the shading 

role, thus enhancing the cooling potential of multiple-stemmed climbing plants 

(Cameron et al., 2014).  

In a study in Germany, the ET rates of a green facade of 36 m2 were found to be 

25.2. to 45.0 litres per day (Hoelscher et al., 2016). The water demand of three 

different climber species (Parthenocissus tricuspidata, Hedera helix and Fallopia 

baldschuanica) in green facades in Berlin, Germany, on a hot summer day, was 

measured to be up to 2.5 litres per square meter of vegetation wall area (Hoelscher 
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et al., 2016). The supply of this amount of water for a climber plant that, in most 

urban contexts, only has a limited rooting zone, is critical.  

Experiments suggest that the cooling effect of climber walls can vanish and even 

turn negative when the plants are not sufficiently irrigated, as the surface of the 

leaves heats up (Hoelscher et al., 2016). One negative effect of green facades in the 

context of heat mitigation is the insulation effect, leading to reduced heat release 

from the individual building during the night. However, on the street and 

neighbourhood scale, this insulation effect is positive, especially in the winter when 

less heating is necessary (Hoelscher et al., 2016). 

Green facades are one type of SUDS, which allow local use of rainwater. This 

rainwater can be used to meet water requirements for ET and decrease the need for 

irrigation with fresh water. One example is a living green wall on The Rubens Hotel 

in London, UK, where water is stored in tanks at the rooftop and distributed to the 

plants via drip irrigation (Verband für Bauwerksbegrünung, 2020). Meanwhile, R-

Urban in Paris, France, also harvests rainwater in an open storage basin placed in 

the basement of its building which gathers runoff through multiple conveyance 

slopes and pump the water to the wall for irrigation (Atelier d’Architecture Autogérée, 

2015). 

2.2.3.2  Raingarden 

The function of raingarden in urban neighbourhoods is to alleviate the pressure 

imposed on sewers by diverting rainwater from the rooftops and letting it infiltrate in 

the garden, to utilise the rainwater on-site as a resource (Hoffmann et al., 2015). 

Raingardens, planted with grasses, shrubs or perennials usually receive rainwater 

from the roof of a building through the runoff and conveyance gutter or other 

rainwater collectors and retain water by absorbing and filtering the runoff, while also 

providing ET through the vegetation (Hoffmann et al., 2015). 

Another prominent characteristic of raingardens is the overflow area with stones and 

gravel. It aims to slow runoff and direct excess water out of the garden in case of a 

large rain event. These stormwater control measures provide hydrologic losses 

through redistribution of soil moisture in the rooting zone, enhanced transpiration via 
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vegetation in dry periods (Hamel et al., 2012), and temporary storage of infiltrated 

runoff volume in engineered rooting zone soils and gravel-filled underlayers. 

Based on simulations by Demuzere et al., the design of a raingarden needs to 

provide sufficient storage to ensure ET from biofiltration systems during dry periods 

(Demuzere et al., 2014).  

2.2.3.3  Urban hedges and shrubs 

Hedges consist of various vegetation types of different heights, including grasses, 

shrubs and short woody plants (Zou et al., 2019). In a simulation in Shenzhen, 

China, hedges were shown to have a positive impact on average street surface 

temperature, which is strongest around noon, when the difference to the surface 

temperature of asphalt can be over 20°C (Zou et al., 2019).  

Hedges and shrubs are used in the scenarios of this thesis because of the lower risk 

in terms of trapping of air pollution and wind modification compared to street trees 

(Abhijith et al., 2017; Jamei et al., 2016). Hedges and shrubs can be used in 

innovative ways for ET-based management of rooftop rain runoff, such as the 

Climate Screen in Copenhagen (State of Green, 2019).  

2.2.3.4 Other types of SUDS and GI 

Other important types of SUDS and GI that are not included in this report are 

bioretention basins and filters, grassed strips, trees, and green roofs.  

Bioretention filters and basins are systems that slow and treat on-site surface water 

runoff ((D)rain for Life, 2007). Bioretention filter involves filtration and the removal of 

sediment or other particles from surface water runoff by trapping them within the soil 

or on plants as well as on geotextile layers (Woods-Ballard et al., 2015). The system 

features filter strips, filter trenches and bioretention areas.  

Filter strips are generally sloping areas of grass where water is directed across 

towards another component of the filter such as a filter rain or a swale. To free up 

any residual clog around the downstream components, the filter strips are tasked 

with removing any silt in the water. Similar to filter strips, filter trenches which are 
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shallowly dug and are filled with gravel and small rock to serve as a temporary 

subsurface storage for infiltration of runoff (Silva, 2007). 

Bioretention areas are covered with vegetation and specially designed technical 

substrates and sand layers, which filter out and diffuse pollutants from surface water 

runoff (Woods-Ballard et al., 2015). The chosen vegetations can be aimed at certain 

species diversity and aesthetic features to improve local landscape character, and at 

certain growth patters or heights to increase ET.  

Bioretention areas are often excavated areas put in the ground to be more suitable 

for storage and attenuation (Woods-Ballard et al., 2015). Trees can also be another 

option for the bioretention systems and thus can be incorporated with tree pits in 

streetscapes and other public areas. The retention reservoirs of the filter are 

appropriately used in public areas such as parks, walking squares that can be readily 

used after precipitation (Poleto and Tassi, 2012).  

A study points out that grassed or tree-lined strips can decelerate and partially 

infiltrate laminar flows which mostly derive from impermeable urban surfaces such as 

parking areas and other surfaces (Silveira, 2002). They act as escape zones for 

flooding in case of macro-drainage. Thus, if applied in large stretches, besides 

significantly reducing the speed of surface runoff, the grassed strips help decrease 

peak flows in urban areas (Poleto and Tassi, 2012). 

Regarding the grassed strips, they are proved to be effective for sediment control as 

Another study shows an exponential decrease in the concentration of sediment 

along the grass strip, reaching a constant value at some point (Delectic, 2005). One 

drawback of this SUDS is that constant maintenance such as regular trimming and 

irrigation in case of dry spells is a must (Poleto and Tassi, 2012). 

Integrating established trees in rainwater management could reduce runoff by 17% 

due to ET, one study found (Thom et al., 2020). Outside of urban canyons, trees are 

known to contribute to cooling in urban areas, especially in parks, squares, and 

groups of trees (Rahman et al., 2020b). When trees are used, the ET and therefore 

the cooling is significantly higher for trees planted in bigger soil volumes with grass 

cover, than for trees in cut-out pits (Rahman et al., 2020b). Thin leaves with simple 
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leaf shape have higher transpiration rates and therefore higher cooling (Rahman et 

al., 2020a).  

However, if trees in urban canyons are not optimally placed, they risk being a trap for 

pollution in the urban canyon (Abhijith et al., 2017). In deep urban canyons, street 

trees can harm thermal comfort when they increase humidity through ET but 

decrease wind velocity (Jamei et al., 2016). Therefore, trees are not included in the 

scenarios for this CoolStreet model as the right placement cannot be ensured 

because of a lack of aerodynamic/ wind factors in this report. In dense urban areas, 

trees are not the prioritised heat mitigation strategy, as the shadow from buildings is 

too important and other greening options, such as green facades use less horizontal 

space (Santamouris et al., 2018). 

Permeable pavement is an infiltration device that captures surface runoff and 

precipitation, leads it to flow through its porous surface, store the water in the 

underlying stone reservoir while letting it infiltrate directly into the subsoil or 

discharge via a drain tile (Selbig and Buer, 2018). With the surface runoff’s volume 

being alleviated and the ground soil receiving precipitation, the pavement can restore 

the surface’s surrounding microclimate to a more natural hydrologic balance 

(Urbonas and Stahre, 1993).  

Permeable pavement relieves the pressure on cities’ stormwater management by 

averting fast, large amounts of precipitation through the system and reducing peak 

rates of discharge in those storm events (Abbott and Comino-Mateos, 2007). Its 

benefit extends as it can diffuse the pollutants that normally concentrate on the 

surface runoff by trapping them in the soil, in the pavement itself or by vegetation 

growing in-between the pavers. Moreover, the pavements enable cooling of urban 

runoff, which would relieve the impact on urban streams and lakes (Poleto and 

Tassi, 2012). Porous pavements are often appropriately incorporated into parking 

areas, pedestrian streets like this study’s designated site or light traffic roads.  

The design would then still focus on vegetation but combine vegetated SUDS with 

permeable pavement as a reservoir. However, permeable pavements still need to be 

used jointly with another SUDS for retention purpose as it only provides temporary 

water storage (Poleto and Tassi, 2012).  
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Green roofs are covered with soil and vegetation such as perennials, shrubs, trees, 

or mosses (Oberndorfer et al., 2007). The plant cover should be designed to have 

average growth and is planted on an impermeable base. Green roofs also include 

additional layers, such as a barrier of roots, a drainage and an irrigation system (U.S. 

Environmental Protection Agency, 2008). Green roofs relieve the sewer system by 

decreasing local peak flows and the total volume discharged into the conventional 

drainage system.  

Heneine’s simulations show a reduction of the effects of torrents of rain and a heat 

decrease in buildings are noted with green roofs (Heneine, 2008). They also provide 

benefits for fauna. In terms of the vegetation system, there are two distant 

approaches. Intensive green roofs require more depth, a higher soil volume, and can 

fit medium to large plants such as bushes or even trees. Whereas extensive green 

roofs require little soil and usually accommodate wines and grasses.  

The retention function by green roofs is carried out by the natural holding power 

existing in the vegetation, which provides a delay in runoff from the system (Poleto 

and Tassi, 2012). Therefore, green roofs function as a discharge buffer as the runoff 

volume is lower and less concentrated compared to those generated by normal roofs 

without any type of water containment. 

Besides their positive effects on rainwater management, green roofs are noted to 

enhance thermal insulation, which provides thermal comfort in the building (Oliveira, 

2009). The simulations in Oliveira’s study show that they can efficiently reduce the 

temperature of the internal and external environment of buildings. The heat emission 

reduction characteristics of green roofs prove that they can alter the surrounding 

microclimate and mesoclimate, while not being as effective in changing the Bowen 

ratio as cool roofs with white paint (Coutts et al., 2013a). 

However, studies show that the cooling function of green roofs at the street level for 

pedestrian thermal comfort is non-existent or not substantial if it is implemented as 

reduced extensive green roofs with sedum plant societies, especially in dense urban 

areas or on buildings that are several stories high (Santamouris et al., 2018; 

Taleghani, 2018). Therefore, green roofs are not a focus in this report and roofs are 

instead used for runoff collection. 
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2.2.4 Evapotranspiration from SUDS 

ET from GI is the link between the hydrological system of the city and the urban 

energy balance, i.e. the urban climate (Feng, 2019). It influences how successful the 

GI is in terms of providing cooling benefits and in terms of limiting costs for irrigation 

(Feng, 2019).  

Figure 2-6 shows a combination of the energy balance described on page 26ff and 

the water balance described on page 32ff. The two equations are linked through LE 

and ET. This is the critical point where SUDS can provide co-benefits: they increase 

ET and potentially supply the necessary water themselves by storing rainwater, 

thereby contributing to flood and drought control as they alleviate the burden on 

sewer systems (Liu, 2015).  

 

Figure 2-6 Water balance and energy balance in an urban canyon 
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The cooling efficiency of SUDS depends on their contribution to the LE and thus it is 

necessary to calculate the water requirement for ET (WET) by estimating the relative 

ET rates of different plant communities and SUDS. The present chapter summarises 

the ET from different types of SUDS and describes some of the SUDS in more detail.  

Table 2 gives an overview of absolute and relative ET rates from urban GI found in 

literature, starting with the ET rates of the four SUDS that are the focus of this report, 

before showing the ET rates of selected other SUDS and GI types. 

Table 2. Evapotranspiration rates from various green surfaces 

Green 
surface type 

Unit 
ET 
rate 

Note Source 

Green 
facade 

litres/ m2 2.5  of vegetation wall 
area per day 

(Hoelscher et al., 2016) 

Rain gardens mm/ day 1.5 – 
9  

 (Ebrahimian et al., 2019) 

Hedge  mm/ m2*hour 
mm/ m2*day 
% 

0.38 
~ 8  
60-70  

Hymenocallis 
littoralis, 0.4 m 
high 
 
fraction of 
radiation for latent 
heat 

(Zou et al., 2019) 

Shrubs mm/ m2*hour 
mm/ m2*day 
 

0.33  
~ 8  

Ligustrum quihoui, 
0.5 m high 
This is likely an 
overestimation, 
because of the 
choice of surface 
for the reference 
ET. 

(Zou et al., 2019) 

Short cut, 
irrigated 
grass:  

% 70-80  of open water 
surface 

(Erell et al., 2011) 

Bioretention 
units  

mm/ m2*day 2-9   (Hess et al., 2015) 

Permeable 
pavement 

mm/ m2*day 0.5-
1.5  

 (Brown and Borst, 2015) 

Green roofs mm/ m2*day 0.003-
11.38  

 (DiGiovanni Kimberly et al., 
2013; Feng et al., 2018; 
Heusinger and Weber, 
2017; Jahanfar et al., 2018; 
Marasco et al., 2015) 
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3 Methodology and Materials 

Literature research is the foundation to understand the parameters that are 

necessary to calculate how to balance water supply and water requirement to 

influence thermal comfort an urban canyon. The findings are applied in the two case 

study cities Copenhagen, Denmark, and Vienna, Austria (Study area).  

To deepen the understanding of the parameters and seek methodological 

inspiration, Expert interviews with experts from various fields were conducted. Based 

on the above steps, an MS Excel-based model was developed (CoolStreet model: 

balancing runoff and ET).  

To document the impact of vegetation on surface temperatures, hand-held Thermal 

Cameras are used. Finally, to facilitate the dissemination of results, the Development 

of CoolStreet manual was carried out. Figure 3-1 shows a flow chart of the 

methodology of this report. 

 

Figure 3-1 Research flow chart with the progression of tasks from the development of the calculation to the 

manual 
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3.1 Literature research 

Literature research for this report is conducted by searching for scientific articles 

related to urban heat and sustainable rainwater management using the search terms 

in Table 3 in various digital libraries, such as Google scholar, BOKU LIT: search and 

the Danish Royal Library (Francis and Jensen, 2017). Additional used media are 

legal information systems and relevant websites of ministries and government 

agencies. 

Table 3. Search terms (keywords) for the systematic literature research 

Topic Keywords 

Urban heat mitigation Cooling, heat, temperature reduction, UHI, 
microclimate, urban + cooling, cooling + 
vegetation, ET 

Rainwater management Vegetation, rainwater, GI, urban GI, WSUD, 
SUDS, LID, green roofs, raingarden, green 
facades, NbS 

Additionally, the snowball method is employed by using the bibliography of key 

books and journal articles as starting points to find further relevant literature 

(Education and Research departement of University of Groningen Library, 2019).  

3.2 Study area 

Two cities in Europe serve as case studies for this thesis (Figure 3-2).  

First, Vienna, the capital of Austria, which is located in the South-Eastern, 

continental part of Central Europe. The climate in Vienna is characterized by hot 

summers with up to 35°C and cold winters with below 0°C, with a low yearly 

precipitation of 600 mm on average, most of it occurring in the summer season 

(Climate-data.org, 2020b).  

Second, Copenhagen, the capital of Denmark, which is located in the Northern, more 

oceanic part of Central Europe. The climate in Copenhagen is more influenced by 

the sea, featuring relatively mild summers with up to 20°C and cold winters with 
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around 0°C. The precipitation is also around 600 mm per year on average but is 

more distributed over the year (Climate-data.org, 2020a).  

 

Figure 3-2 Case study cities Copenhagen, Denmark and Vienna, Austria. Data from (Climate-data.org, 2020a, 
2020b) 

Vienna was chosen as a case study for this report because of a combination of 

factors. First, the climate in Vienna is continental, with hot summers and cold 

winters. Due to climate change and the UHI effect, Vienna has experienced 

increasing temperatures during the past years and is expected to experience, by 

2050, climatic conditions similar to current day Skopje, the capital of North 

Macedonia (Bastin et al., 2019).  

Heatwaves are expected to increase in frequency and severity for both cities, and 

Vienna is ranked as one of the most affected European capitals in this regard (Smid 

et al., 2019). The combined increase of droughts and more erratic rainfall could 

result in higher ET rates and lack of water in Vienna (Blöschl et al., 2018).  
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In Vienna, the UHI phenomenon is well researched, and thermal discomfort and heat 

stress reduction are present in recent policy initiatives. Vienna‘s UHI Strategy was 

published in 2015 (Czachs et al., 2013; Stadt Wien, 2015). However, vegetation in 

Vienna has to be irrigated in the summer months, and even with extensive irrigation 

regimes, vegetation often lacks water to provide cooling from ET. This year, in 2020, 

the dry spring already resulted in additional costs for irrigation of 1 million € 

(Winterer, 2020). Compared to the yearly budget of 46 million € for the management 

of all parks and green areas, including 500.000 city trees, this is a significant amount 

(Stadt Wien, 2019). 

There is growing interest in SUDS implementation in Vienna, as is demonstrated in 

the new urban development area called Biotope city, the construction of “cool 

streets” and research about the water quality of urban surface runoff (Allabashi et al., 

2019; Bezirksvorstehung Neubau, 2020; Caritas der Erzdiözese Wien - Hilfe in Not, 

2020). Water quality is an important consideration in this case because of the risk of 

groundwater pollution by the infiltration of polluted surface runoff, especially in winter 

when de-icing salt pollutes the street runoff (Allabashi et al., 2019).  

The reasons for selecting Copenhagen are first, the expertise with the SUDS, which 

have been implemented in several projects in the past years as part of the Climate 

Change Adaptation Plan, and second, the growing interest in UHI mitigation (Bühler 

et al., 2010; Hoffmann et al., 2015). The summers in Copenhagen are expected to 

be similar to today’s climate of Paris (Bastin et al., 2019). Table 4 shows the 

progress of implementation in both cities in terms of SUDS, and heat mitigation. 

Table 4. Comparison of topics and implementation in case study cities Vienna and Copenhagen 

Topic Vienna Copenhagen 

UHI management UHI Strategy (Stadt Wien, 2015) Not in focus (Bühler et al., 2010) 

Stormwater 
management 

Rainwater basins (Wien Kanal, 
n.a.) 

Cloudburst Plan (Københavns 
Kommune, 2012; Liu and 
Jensen, 2017; Strickland and 
Stuart, n.d.) 

SUDS Limited implementation 
(Allabashi et al., 2019; Grimm, 
2010; Pucher et al., 2018) 

Implemented in some streets – 
Climate Change Adaptation Plan 
(Københavns Kommune, 2011; 
Liu and Jensen, 2017; Strickland 
and Stuart, n.d.) 
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The multiple benefits of SUDS enable the integration of different urban agendas 

(Frantzeskaki, 2019). From a policy integration perspective, the situation in Vienna 

and Copenhagen is exactly the opposite, reflecting each city's priority: in Vienna, the 

construction of SUDS can be integrated into the city's vast efforts for UHI mitigation, 

while in Copenhagen, UHI mitigation can be integrated in urban stormwater 

management (He et al., 2019). This report, in taking Vienna and Copenhagen as 

case study cities, also potentially contributes to shared learning among the two 

capitals. 

3.3 Expert interviews 

Despite the growing interest of many cities in both integrated stormwater 

management for urban flood mitigation on the one hand, and greening for UHI 

mitigation, on the other hand, scientific literature about the co-benefits of the two 

concepts is scarce (He et al., 2019). Due to the limited availability of literature on this 

topic, additional interviews with experts from various relevant fields are conducted to 

deepen the understanding of the parameters.  

Semi-structured interviews provide enough structure to guide the discussion, while 

there is still the possibility for additional input according to the experts’ insights 

(Given, 2008). The interviews were recorded to revisit the content and complement 

any notes taken during the interview. However, there was no formal analysis applied 

in the sense of transcribing, coding, and categorising the entire interview.  

The following goals should be fulfilled with these interviews:  

• Hear opinion of experts about the assumptions of the CoolStreet model 

• Receive literature recommendations about the respective topics of 

expertise 

• Receive feedback for the experiment plan for the infrared camera tests 

• Inform the development of the CoolStreet manual. 

The interviews are used to guide the further development of the CoolStreet model 

and strengthen the robustness of the approach. The experts, see Table 5, are cited 

in the acknowledgement for their help and contribution to the report, and where 

appropriate, their insights are cited in the text. The interview guides, protocols and 

interview analysis are presented in Appendix B – Expert interviews.  
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Table 5. List of experts and the respective interview topics 

Name & affiliation Interview topics 

Karsten Schulz, BOKU ET rates of different plants 

Calculation of ET 

CoolStreet model - parameter setting 

Mohammad Rahman, Technical University 
of Munich 

Manual for planners and designers about 
vegetation for UHI mitigation  

CoolStreet model - parameter setting 

Jens Hvass, architectural researcher Use of thermal camera 

Green facades, especially in Copenhagen 

Fulai Liu, UCPH  Calculation of ET 

Development and discussion of CoolStreet 
model 

3.4 CoolStreet model: balancing runoff and ET 

An MS Excel-based model for balancing runoff and water requirement for ET in an 

urban canyon was developed, following the H-S formula for ET as used in the 

SSWM model, and own considerations (herein referred to as the ‘CoolStreet model’) 

(Hargreaves and Samani, 1985; Rossmann and Huber, 2016). The idea of 

combining rainwater and heat mitigation on the micro-scale comes from the Cool 

Spot Design exercise within the course Urban Ecosystems with Marina Bergen 

Jensen at UCPH (Jensen et al., 2019).  

The full CoolStreet model can be found in the supplementary material and can be 

requested from the authors. It consists of the following sheets: 

1. Overview of the model 

2. Results of the model in graphs 

3. Calculation sheets for Vienna and Copenhagen, including in each the 

calculation of runoff, radiation, ET, and energy balance 

4. Input variables, such as street parameters, storage tank volume, scenarios, 

and relative ET rates 
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5. Weather data for the two cities, provided by the respective meteorological 

stations.  

6. Radiation data of Vienna 

The following subchapters describe each part of the CoolStreet model in detail, 

starting with Parameter setting, Rainwater runoff/ supply calculation, and calculation 

of Incoming , before describing the modelling of Evapotranspiration and water 

requirement, Balancing water requirement and supply and Calculating the latent heat 

flux. 

3.4.1 Parameter setting 

Some of the input variables in the calculations are parameters concerning the urban 

canyon. The street parameters were chosen after measuring several typical streets 

in dense urban neighbourhoods in Vienna and Copenhagen via Google Earth.  

Table 6 shows a list of input parameters regarding the street, time, and climate for 

the calculation. Other input variables are described in the following sections together 

with the respective calculation steps. 

Table 6. List of street, buildings, time and climate parameters for the calculation 

Element Parameters Unit Value, Source 

Street Length m 100 

Width m 17  

Building height m 15 

Roof width m 10 

Time Month and year  January 2015 to December 2019 

Temperature Minimum and 
maximum daily air 
temperature 

°C Observation data 2015-2019 (Danmarks 
Meteorologiske Institut, 2020; Zentralanstalt 
für Meteorologie und Geodynamik, 2020) 

Mean daily 
temperature 

°C Observation data 2015-2019 (Danmarks 
Meteorologiske Institut, 2020; Zentralanstalt 
für Meteorologie und Geodynamik, 2020) 

Precipitation Daily precipitation mm Observation data 2015-2019 (Danmarks 
Meteorologiske Institut, 2020; Zentralanstalt 
für Meteorologie und Geodynamik, 2020) 
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3.4.2 Rainwater runoff/ supply 

The precipitation (𝑟) on a given day is multiplied with the total runoff area (𝐴𝑟𝑢𝑛𝑜𝑓𝑓) to 

calculate the runoff (𝑊𝑟𝑢𝑛𝑜𝑓𝑓) in m3, as is shown in equation ( 12).  

  
𝑊𝑟𝑢𝑛𝑜𝑓𝑓 =  

𝑟 × 𝐴𝑟𝑢𝑛𝑜𝑓𝑓
1000

⁄  
( 12) 

  𝑊𝑟𝑢𝑛𝑜𝑓𝑓 =  𝑟𝑢𝑛𝑜𝑓𝑓 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3) ( 13) 

  𝑟 =  𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚) ( 14) 

  𝐴𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑅𝑢𝑛𝑜𝑓𝑓 𝑎𝑟𝑒𝑎 (𝑚2) ( 15) 

The runoff area (Figure 3-3) consists of the roofs included that are adjacent to the 

street on both sides and decline towards the street, and all street and pavement 

surface. All precipitation over impervious surfaces is assumed to contribute to runoff. 

The water lost to wetting the surfaces or infiltrated through cracks is assumed to be 

negligible. 

 

Figure 3-3 Runoff area used for water supply in the CoolStreet model including the adjacent roofs, the 
pavements, and the road 
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3.4.3 Incoming radiation 

To calculate incoming radiation (𝑅𝑎), the approach applied by H-S is adopted 

(Hargreaves and Samani, 1985; Rossmann and Huber, 2016). The extra-terrestrial 

radiation (𝑅𝑎) is calculated for each day from January 1st of 2015 to December 31st of 

2019.  

The following steps are necessary: calculation of the relative earth-sun distance (𝑑𝑟) 

based on the latitude (𝜑) of the city (latlong.net, 2020a, 2020b) and the Julian day 

number (𝐽); calculation of the solar declination (𝛿) based on 𝐽; and the calculation of 

the sunset hour angle based (𝑤𝑠) on 𝛿 and 𝜑. Equation ( 16) shows the approach for 

calculating 𝑅𝑎 applied by H-S (Hargreaves and Samani, 1985; Rossmann and 

Huber, 2016).  

  𝑅𝑎  = 37.6 𝑑𝑟(𝑤𝑠 sin(𝜑) sin(𝛿) + cos(𝜑) cos(𝛿) sin(𝑤𝑠)) ( 16) 

  
𝑑𝑟 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑎𝑟𝑡ℎ − 𝑠𝑢𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 1 + 0.033cos (

2𝜋𝐽

365
) 

( 17) 

  𝐽 = 𝐽𝑢𝑙𝑖𝑎𝑛 𝐷𝑎𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 (1 𝑡𝑜 365) ( 18) 

  𝑤𝑠 = 𝑠𝑢𝑛𝑠𝑒𝑡 ℎ𝑜𝑢𝑟 𝑎𝑛𝑔𝑙𝑒 (𝑟𝑎𝑑𝑖𝑎𝑛𝑠) = cos−1(− tan 𝜑 tan 𝛿) ( 19) 

  𝜑 = 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒 (𝑟𝑎𝑑𝑖𝑎𝑛𝑠) ( 20) 

  
𝛿 = 𝑠𝑜𝑙𝑎𝑟 𝑑𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (𝑟𝑎𝑑𝑖𝑎𝑛𝑠) = 0.4093 sin(

2𝜋(284 + 𝐽)

365
) 

( 21) 

The latitude (𝜑) of Vienna is 0.8414 radians and that of Copenhagen is 0.9717 

radians (latlong.net, 2020a, 2020b). To verify the calculated radiation data, they are 

compared with data of radiation measurement within the ARAD project (“Austrian 

Radiation”), provided by the Austrian Zentralanstalt für Meteorologie und 

Geodynamik (ZAMG) (Olefs et al., 2016).  

The average global incoming radiation (𝑅𝑆) on sunny days in the summer months 

(May to September) in the past nine years 2011-2019 was approximately 19 MJ per 

m2 per day according to these measurements. This figure is lower than the average 

calculated 𝑅𝑎 (36 MJ per m2 per day) because not all radiation reaches the earth 
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surface due to absorption, scattering and reflection in clouds and atmospheric gases 

(Allen and Food and Agriculture Organization of the United Nations, 1998).  

Using equation ( 22) to ( 24), the calculated 𝑅𝑎 (based on the approach by H-S) is 

transformed into global radiation reaching the surface 𝑅𝑆 by using an adjustment 

coefficient (𝐾𝑅𝑆) (Stockholm Environment Institute, 2020) and the temperature 

difference on each day.  

  𝑅𝑆  = 𝐾𝑅𝑆 ∗ 𝑅𝐴 ∗ √𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 ( 22) 

  𝐾𝑅𝑆 = 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑏𝑒𝑡𝑤𝑒𝑒𝑛 0.16 𝑎𝑛𝑑 0.19) ( 23) 

  𝑅𝐴 = 𝑒𝑥𝑡𝑟𝑎 − 𝑡𝑒𝑟𝑒𝑠𝑠𝑡𝑟𝑖𝑎𝑙 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ( 24) 

  𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ( 25) 

This calculated 𝑅𝑆  is compared with the measured 𝑅𝑆  by the ARAD project (Olefs et 

al., 2016). The results of this preliminary study can be found in Appendix A – 

CoolStreet model.  

3.4.4 Evapotranspiration and water requirement 

The H-S formula for reference ET (𝐸𝑇𝑜) is used for this integral part of the 

CoolStreet model, because it yields an acceptably accurate 𝐸𝑇𝑜 based only on 

location data and temperature (Hargreaves and Samani, 1985), whereas other 

formulas for 𝐸𝑇𝑜, such as P-M (Penman, 1948), require additional data inputs that 

were not available for this thesis. The incoming radiation (𝑅𝑎) is calculated as 

described in 3.3.2.  

The average daily temperature (𝑇𝑟) and average daily temperature range (𝑇𝑎)  for a 

period of 7 days are calculated from weather data of Vienna and Copenhagen 

(Danmarks Meteorologiske Institut, 2020; Zentralanstalt für Meteorologie und 

Geodynamik, 2020). 𝑇𝑟 and 𝑇𝑎 should be averaged over a period of at least 5 days, 

which was set to 7 days in this calculation based on literature recommendation 

(Hargreaves and Merkley, 1998; Rossmann and Huber, 2016).  

Equations ( 26) show the approach for calculating 𝐸𝑇𝑜. 
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  𝐸𝑇𝑜 = 0.0023(
𝑅𝑎

𝜆⁄ )𝑇𝑟
1 2⁄

(𝑇𝑎 + 17.8) ( 26) 

  𝐸𝑇𝑜 = 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑚 𝑑𝑎𝑦⁄ ) ( 27) 

  𝑅𝑎 = 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑒𝑥𝑡𝑟𝑎𝑡𝑒𝑟𝑟𝑒𝑠𝑡𝑟𝑖𝑎𝑙 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 (𝑀𝐽𝑚−2𝑑−1) ( 28) 

  𝑇𝑟 = 𝑎𝑣𝑔.  𝑑𝑎𝑖𝑙𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑎𝑛𝑔𝑒 𝑓𝑜𝑟 𝑎 𝑝𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑑𝑎𝑦𝑠 (deg 𝐶) ( 29) 

  𝑇𝑎 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑓𝑜𝑟 𝑎 𝑝𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑑𝑎𝑦𝑠 (deg 𝐶) ( 30) 

  𝜆 = 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (𝑀𝐽𝑘𝑔−1) = 2.50 − 0.002361𝑇𝑎 ( 31) 

This calculation results in 𝐸𝑇𝑜 per square meter and day in the given climate and 

location. The formula for 𝐸𝑇𝑜 was calibrated for a lysimeter covered with tall fescue 

grass (Festuca arundinacea), a standard reference crop for water use modelling 

(Hargreaves and Samani, 1985; Howell et al., 2005).  

In the next step, the water requirement for ET (𝑊𝐸𝑇) in the whole street is calculated. 

This is done by multiplying 𝐸𝑇𝑜 with the area of a specific surface 𝐴𝐸𝑇 (e.g. 

raingarden) and with the relative ET (𝐸𝑇𝑟𝑒𝑙) that is produced by this surface.  

Equations ( 32) shows this approach. 

𝐴𝐸𝑇 is an important variable in the model, as it defines the area of the total surface of 

the street and its building facades that is covered in vegetation. 𝐴𝐸𝑇 and 𝐸𝑇𝑟𝑒𝑙 are 

chosen for each SUDS type. Table 7 shows the 𝐸𝑇𝑟𝑒𝑙 of specific SUDS.  

 

   𝑊𝐸𝑇 =
𝐸𝑇𝑜 × 𝐴𝐸𝑇  × 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 

1000⁄  ( 32) 

   𝑊𝐸𝑇  = 𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝐸𝑇 (𝑚3) ( 33) 

   𝐸𝑇𝑜 = 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑚
𝑚2𝑑𝑎𝑦⁄ ) ( 34) 

   𝐴𝐸𝑇 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑤𝑖𝑡ℎ 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚2) ( 35) 

   𝐸𝑇𝑟𝑒𝑙 = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐸𝑇𝑜 𝑏𝑦 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟 ( 36) 
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Table 7. Relative ET rates of different SUDS types used in the CoolStreet model, and explanation for the choice 
of ETrel 

SUDS type ETrel Explanation Source 

Climbers  0.8 
because of lower LAI than grass; ET 
rates of green facade in Germany (Hoelscher et al., 2016) 

Raingarden  1 similar to grass Eto (Hess et al., 2015) 

Hedge  1.5 

more three-dimensional structure, 
higher LAI; ET rates of hedges in 
literature (Zou et al., 2019) 

Shrubs  1.5 

more three-dimensional structure, 
higher LAI; ET rates of hedges in 
literature (Zou et al., 2019) 

The daily 𝑊𝐸𝑇 of the whole street is shown in scenarios, in which each surface type is 

implemented separately. Table 8 shows 𝐴𝐸𝑇 or the amount of m2 of each SUDS type 

that is used for the calculated scenarios.  

Table 8. Surface area of each SUDS type in the scenarios of the CoolStreet model 

 Area 

SUDS type Unit S0 S1 S2 S3 S4 

Green facade m2 0 1000 0 0 0 

Raingarden  m2 0 0 400 0 0 

Hedge m2 0 0 0 200 0 

Shrubs m2 0 0 0 0 300 

Scenario 0 is a baseline scenario without any vegetation and serves the purpose of 

displaying any faults in the formula, as the results always have to be zero. The 𝐴𝐸𝑇  

for green facades is calculated as 30% of the total façade area in the urban canyon, 

as this is the minimum amount that is necessary to have a cooling effect on the 

street (Morakinyo et al., 2019). The area for raingardens is set to 2 m width on each 

side, which corresponds to the typical width of curbside parking lots. The areas for 

hedges and shrubs are set lower than that of the raingarden as they use more 

vertical space and allow for other uses of the space.  
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3.4.5 Balancing water requirement and supply 

When both inflow to the system, the water supply (= rainwater runoff 𝑊𝑟𝑢𝑛𝑜𝑓𝑓 ) and 

the outflow, the water requirement for ET (𝑊𝐸𝑇) are known, the next step is to 

balance the two fluxes (Schulz 2020, personal communication). As the goal is to 

harvest rainwater runoff for ET, the runoff is accumulated in a storage unit. This 

storage volume has a variable tank size that is optimised in the CoolStreet model 

(sheet ‘Input variables’). Equation ( 37) was developed to calculate the water 

balance. 

The water in the tank at the beginning of the day (𝑊𝑡𝑎𝑛𝑘) is a function of the tank size 

(𝑡𝑎𝑛𝑘) and the water balance of the previous day (𝑊𝑏𝑎𝑙𝑎𝑛𝑐𝑒;𝑛−1), as shown in 

equation ( 42). 𝑊𝑡𝑎𝑛𝑘 is formulated as an IF function – IF the water balance on day 1 

is bigger than the tank size, then the tank size is chosen, and IF the water balance is 

smaller than the tank size, then the water balance from the previous day is chosen. 

This means, that when the tank is full, the surplus of runoff is directed towards the 

conventional drainage system. On days with higher 𝑊𝐸𝑇 than 𝑊𝑟𝑢𝑛𝑜𝑓𝑓 , 𝑊𝐸𝑇 is 

satisfied with the tank and therefore the tank water level decreases. The emptying 

rate of the storage will depend on the ET rate. In this calculation, 𝑊𝑡𝑎𝑛𝑘;𝑛 can be a 

   𝑊𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑊𝑡𝑎𝑛𝑘 + 𝑊𝑟𝑢𝑛𝑜𝑓𝑓 −  𝑊𝐸𝑇  ( 37) 

   𝑊𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑡𝑜𝑟𝑎𝑔𝑒, 𝑖𝑛𝑝𝑢𝑡 𝑎𝑛𝑑 𝑜𝑢𝑡𝑝𝑢𝑡  ( 38) 

   𝑊𝑡𝑎𝑛𝑘 = 𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝑡𝑎𝑛𝑘 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑦 (𝑚3)  ( 39) 

   𝑊𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑟𝑢𝑛𝑜𝑓𝑓 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3) ( 40) 

   𝑊𝐸𝑇 = 𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝐸𝑇 (𝑚3)  ( 41) 

   𝑊𝑡𝑎𝑛𝑘;𝑛 = (𝐼𝐹 𝑊𝑏𝑎𝑙𝑎𝑛𝑐𝑒;𝑛−1 > 𝑡𝑎𝑛𝑘; 𝑡𝑎𝑛𝑘; 𝑊𝑏𝑎𝑙𝑎𝑛𝑐𝑒;𝑛−1) ( 42) 

   𝑊𝑡𝑎𝑛𝑘;𝑛 = 𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝑡𝑎𝑛𝑘 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑜𝑓 𝑑𝑎𝑦 𝑛 (𝑚3) ( 43) 

   𝑊𝑏𝑎𝑙𝑎𝑛𝑐𝑒;𝑛−1 = 𝑊𝑎𝑡𝑒𝑟 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 𝑜𝑛 𝑑𝑎𝑦 𝑛 − 1 (𝑚3) ( 44) 

   𝑡𝑎𝑛𝑘 = 𝑡𝑎𝑛𝑘 𝑠𝑖𝑧𝑒 (𝑚3) ( 45) 
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negative number, indicating that there is not enough water available for ET. The tank 

size is an ‘Input variable’ and can be adapted separately for Vienna and 

Copenhagen to find the optimal tank size.  

Based on the calculation for the entire street, the outflow 𝑊𝐸𝑇, the water supply 

𝑊𝑟𝑢𝑛𝑜𝑓𝑓, and the tank size in m3 can be calculated per running meter of the urban 

canyon by dividing the total numbers by the length of the street, in this case, 100 m, 

to give a more tangible and standardized description of the results of the model.  

The ET can be averaged over the whole runoff area to be compared with the 

precipitation to give a clearer understanding of the scale. The following equation was 

used for this purpose: 

3.4.6 Calculating the latent heat flux 

As explained in the chapter 2.1.6, 𝐿𝐸 depends on the availability of water and it is 

therefore formulated as an IF function. IF the water in the tank at the beginning of the 

day (𝑊𝑡𝑎𝑛𝑘;𝑛) is higher than the total water requirement for ET (𝑊𝐸𝑇) on a given day, 

then 𝐿𝐸 is calculated as latent heat of vaporisation (𝜆 - see equation ( 31)) times 

𝑊𝐸𝑇. IF this is not true, then there are two possibilities: IF 𝑊𝑡𝑎𝑛𝑘;𝑛 is above zero, then 

𝐿𝐸 is calculated by multiplying 𝑊𝑡𝑎𝑛𝑘;𝑛 with 𝜆, and IF 𝑊𝑡𝑎𝑛𝑘;𝑛 is less or equal to zero, 

the 𝐿𝐸 is zero.  

   
𝐸𝑇 =

𝑊𝐸𝑇 ∗ 1000

𝐴𝑟𝑢𝑛𝑜𝑓𝑓
 

( 46) 

   𝐸𝑇 = 𝑒𝑣𝑎𝑝𝑡𝑜𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚) ( 47) 

   𝑊𝐸𝑇 = 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝐸𝑇 (𝑚3) ( 48) 

   𝐴𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑟𝑢𝑛𝑜𝑓𝑓 𝑎𝑟𝑒𝑎 (𝑚2) ( 49) 

  𝐿𝐸 = (𝐼𝐹 𝑊𝑡𝑎𝑛𝑘;𝑛

>  𝑊𝐸𝑇; (𝜆 ∗  𝑊𝐸𝑇); (𝐼𝐹 𝑊𝑡𝑎𝑛𝑘;𝑛 > 0; (𝜆 ∗ 𝑊𝑡𝑎𝑛𝑘;𝑛); 𝐿𝐸

= 0)) 

( 50) 

  𝐿𝐸 = 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 = 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 ( 51) 
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To calculate the ratio of incoming radiation that is potentially transformed to latent 

heat by ET from each scenario the resulting 𝐿𝐸 is divided by the incoming radiation 

Rs (see equation ( 22)) (Fulai 2020, personal communication). This results in the 

ratio of radiation that is converted to 𝐿𝐸, substituting in this report the Bowen ratio, as 

H is not known.  

3.5 Thermal Cameras 

The objective of thermal cameras in this thesis is to analyse the suitability of FLIR 

One® infrared cameras to assess surface temperature differences in streets in 

Copenhagen and Vienna. While the CoolStreet model parameters and scenarios 

cannot be investigated directly with thermal cameras, the goal is to photograph 

streets with similar properties in both Copenhagen and Vienna. The following 

subchapters present the details for the method, including Equipment, Workflow and 

parameter setting, Date & weather, Location, and Analysis of thermal camera 

photos.  

3.5.1 Equipment 

The thermal cameras used in this report are thermal cameras belonging to the 

Section for Landscape Architecture and Planning at UCPH. The model is a FLIR 

One® Gen 3 camera. It is an entry-level thermal camera that was developed for 

applications in households and maintenance (FLIR® Systems, Inc., 2020).  

In comparison to more advanced thermal cameras, the thermal resolution of FLIR 

ONE® Gen 3 is quite low. Its thermal resolution is 60x80 pixels compared to more the 

more advanced model FLIR ONE® Pro with 160 x 120 pixels thermal resolution, 

making it more suitable for close-ups than for photos from a distance.  

Tripods are used to overcome the image’s output being blurry and dishevelled due to 

shaky handling since thermal cameras require stability. The measurement set-up is 

shown in Figure 3-4. 

  𝜆 = 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (𝑀𝐽𝑘𝑔−1) ( 52) 

  𝑊𝐸𝑇 = 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝐸𝑇 (𝑚3) ( 53) 
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Figure 3-4 Thermal camera set-up with a tripod, smartphone, and thermal camera at the top 

Two FLIR ONE® Gen 3 cameras are used in this study, with the following 

specifications seen in Table 9 ((FLIR® Systems, Inc., 2020; Hamoodi et al., 2019).  

Table 9. Specification of FLIR ONE ® Gen 3 cameras used in this experiment 

Specification Unit Value Explanation 

Spectral range  µm 8 — 14   

Scene Dynamic 
range  

°C -20 — 120 
 

Accuracy  

°C 
% 

±3 
 ±5  

Typical Percent of the difference between 
ambient and scene temperature. Applicable 
60 sec after start-up when the unit is within 
15°C — 35°C and the scene is within 5°C — 
120°C. 

Thermal 
sensitivity  

mK 150 
 

Thermal 
resolution 

pixel 80x60 
 

Visual resolution  pixel 1440x1080  

Emissivity 
settings:  

% 

Matte: 95 
Semi-Matte: 80 
Semi-Glossy: 60 
 Glossy: 30  

Reflected background temperature 22°C 
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3.5.2 Workflow and parameter setting 

First, for the location of the experiment, streets with comparable characteristics in 

Copenhagen and Vienna are chosen. More information about the choice of streets is 

listed below. Second, a grid for datapoint collection is set. Third, the right weather 

conditions are awaited. Fourth, the photos are taken. Fifth, the similarity of the 

independent variables in Copenhagen and Vienna is confirmed. Sixth, the data is 

extracted using FLIR tools and QGIS to calculate the average temperature over a 

defined area of the photo.  

Table 10 shows the list of independent, dependent, and controlled variables that are 

relevant for this experiment.  

Table 10. List of variables in infrared camera test 

Type of variable Variables 

Independent • Surface material/element 

Dependent • Surface temperature in °C 

Control • Weather conditions (air temperature in °C, wind speed 
in m/s, cloud coverage) 

• H/W ratio and type of urban canyon: ~1, regular canyon 

• Shading of the street: symmetric 

• Orientation of the street: N/S 

Before conducting the experiment, pilot tests ensure the feasibility of the approach. 

Additionally, the pilot tests should ensure that the experiment is conducted in a 

parallel manner in both cities, Vienna and Copenhagen, and findings from the pilot 

test serve for adaptation of the experiment plan. The pilot tests aim to mimic the 

experiment plan and are carried out in Copenhagen and Upper Austria.  

3.5.3 Date & weather 

The thermal camera photos are taken on a clear, hot day because these are the 

conditions in which the UHI effect is observed and when the outdoor temperature is 

most relevant for thermal comfort of pedestrians at the street level (Chui et al., 2018; 

Hartz et al., 2006; Park et al., 2016, 2012; Yang et al., 2017).  
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Therefore, the thermal camera photos in Copenhagen and Vienna are carried out 

when the local weather conditions allow it, on sunny days with clear sky conditions. 

Within each city, one street is chosen for the measurement and along this street, 

several photos at different spots are taken. This approach is preferred over a 

longitudinal approach of measurement at different times and days because of 

difficulty in ensuring comparable climatic conditions (Park et al., 2016).  

Appendix C - Infrared camera shows the weather conditions in each city on the days 

of the experiment, as they influence the results of the surface temperature 

measurement (Hartz et al., 2006). Even though photos from areas with vegetation 

and without were taken around 5-7 minutes apart, the study tried to estimate the 

same amount of solar radiation were in place in both areas by taking pilot photos to 

reduce the premature error. Since the climatic features of Copenhagen and Vienna 

are different to a certain extent, the time lag for taking the photos in each city are 

1.5-month away to ensure that the overall temperatures of the day between the 2 

spots are somewhat similar. This is to ensure that the results from both could be 

comparable. 

The thermal camera photos are taken at the beginning of a hot period and not long 

after the last rainfall event to ensure that water content of the soil and water 

availability is enough for vegetation and that ET is likely taking place (Erell et al., 

2011). Because of the importance of radiation for the temperature in an urban 

canyon, the thermal camera measurement is carried out at noon when the incoming 

solar radiation is highest (Chui et al., 2018).  

3.5.4 Location 

The selection of the streets for the thermal camera field measurement is based on 

several factors. First, the chosen street in Vienna and Copenhagen should be North-

South oriented. N-S oriented urban canyons have better thermal comfort conditions 

than E-W oriented urban canyons due to the shading by buildings (Jamei et al., 

2016). Additionally, the goal is to avoid building shadow to influence the surface 

temperature measurement. In an N/S oriented street, the incoming radiation is best 

distributed over the entire street surface. Second, the streets have a comparable 

height-width (H/W) ratio of approximately 1 with the height being approximately 15-

20 meters for 5 stories (±1) and the width being approximately 17 meters. The street 
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surface material is asphalt in both cities, but the surface material of the pavement 

varies.  

Figure 3-5 and Figure 3-6 show the location of the chosen streets in Copenhagen 

and Vienna.  

 

Figure 3-5 The location of the thermal camera experiment site Sandbjerggade, Copenhagen (top left:(Google 
Earth, 2020a), top right: (OpenStreetMap contributors, 2020a) bottom: (Google Earth, 2020b)) 

 

Figure 3-6 The location of the thermal camera experiment site Dammstraße, Vienna (top left: (Google Earth, 
2020c), top right: (OpenStreetMap contributors, 2020b), bottom:(Google Earth, 2020d) 
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Photos are taken from three different vantage points. First, from one side of the 

street to the other (left), second, from the border of the sidewalk facing the direction 

of the street (middle), and third, from the middle of the street facing the street (right), 

all shown exemplary in Figure 3-7.  

 

Figure 3-7 Different angles of thermal camera photos 

3.5.5 Analysis of thermal camera photos 

Out of more than 500 vertical photographs taken at both study sites, 12 photos in 

total were carefully chosen for both sites based on their similarities in shading time, 

distances from the setup location to the wall surfaces, the amount of vegetation 

appeared in the pictures and the scale of the peripheral objects and roads.  

The temperature difference between surfaces under the shade and radiation could 

also be observed by FLIR Tools, however, it cannot prove the research question 2 

since it is the mean value of both the shaded part and the radiated part of the same 

surface that is significant. Therefore, an additional method for analysing the thermal 

camera photos was necessary. Figure 3-8 gives an overview of the four main steps 

of analysing the thermal camera photos.  



  Methodology and Materials 

68 

 

Figure 3-8 Approach for the analysis of thermal camera photos 

The steps being conducted were similar to those of a study in South Korea (Park et 

al., 2016). After step 1 and 2, the data of surface temperature presenting by each 

pixel within a thermal photo was extracted using FLIR Tools Version 5.13 (FLIR 

Systems, 2015). The radiant temperature data displayed by MS-Excel grids would 

then be converted to a raster file by Notepad++ for each grid be presented with a 

block of projected cell in QGIS.  

With the thermal photos having a resolution of 640*480 pixels, one raster file would 

consist of 307,200 pieces of radiant temperature data. In a similar study, the authors 

were not able to specify accurately the emissivity of all surface elements in their 

study site, so one homogeneous emissivity value was used for all materials 

(Takebayashi and Moriyama, 2009).  

Our study was met with the same circumstances, thus a default emissivity value of 

0.90 was in place. As for the thermal images, they were subsequently transferred to 

QGIS as raster files to create polygons of uniform surface material (Park et al., 2016) 

as presented by Figure 3-9.  
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Figure 3-9 Polygonization of thermal images, with the original thermal image on the left (darker colours indicate 
lower temperatures), and the polygonised image on the right (see legend).  

Finally, QGIS would join the layers of those polygons of each surface elements and 

the temperature raster data to calculate the precise mean temperature radiated on 

the selected surface materials. This analysis was done instead of using FLIR Tool 

due to the software not having a manual polygon measurement tool (only spot, box 

and triangle measurement boxes are available). Accounting for the precise polygon 

drawn from their original thermal images would increase the accuracy of the mean 

temperature of the selected surfaces displayed in a 2D image.  

With the research question concerning only the feasibility of using portable thermal 

cameras to test the cooling effect of vegetation in the urban canyon compared to a 

baseline scenario, a simple comparison between the mean temperature of each 

surface in locations with vegetation and those in locations without within one study 

site was conducted.  

3.6 Development of CoolStreet manual 

The objective of this part of the report is to facilitate the knowledge transfer from 

science to the planning community by translating the results of the CoolStreet model, 

the thermal camera tests and the expert interviews into a comprehensive list of tasks 

for balancing runoff and water requirement for ET in an urban canyon. These should 



  Methodology and Materials 

70 

be able to guide the implementation of SUDS for cooling in urban streets in various 

contexts. The CoolStreet manual goes beyond the calculation model in trying to take 

a broader approach, informed by all parts of this thesis. Figure 3-10 shows the 

research questions of this thesis and the methodological approach to answer them. 

 

Figure 3-10 Methodological approach and research questions 

First, the methodology of the CoolStreet model was synthesized and summarized to 

decrease the complexity and generalize the approach. Second, the results of the 

thermal camera analysis were used to further inform the cooling mechanisms, and 

last, the expert interviews were scanned for additional recommendations for 

overcoming barriers in the implementation of SUDS for tackling heat in urban 

canyons.  
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4 CoolStreet model 

This chapter presents first the Results of the CoolStreet model, divided into Tank 

size, Change of the water balance, and Change of the energy balance. In the 

Discussion of the CoolStreet model, research question 1 is answered and hypothesis 

1 is tested. 

4.1 Results of the CoolStreet model 

The CoolStreet model was set up for both cities, Copenhagen and Vienna, in 

parallel. This chapter only shows the main results, namely the optimal tank size for 

both cities, and the water and energy balance for each of the four scenarios: S1 – 

Green facades, S2 – Raingardens, S3 – Hedge, S4 - Shrubs. Scenario 0 – no SUDS 

is not shown in the results. Intermediary and additional results can be found in 

Appendix A – CoolStreet model.  

4.1.1 Tank size 

The rainfall/ runoff pattern plays a crucial role in choosing the optimal storage 

volume for balancing water supply and requirement. A tank level of zero results in 

zero ET and LE in the model, or instead, the water requirement for ET would have to 

be met with additional irrigation. The targeted tank volume should provide sufficient 

water for the whole vegetation period, except the maximum amount of 30 days with 

additional irrigation per year. However, the small volume excludes extremely dry 

years from this rule, while the big volume includes those extremely dry years. 

Through an iterative process of varying tank sizes in the “Input variables”, the 

CoolStreet model offers two optional tank sizes in each city. Table 11 shows the 

chosen tank volumes based on multiple model runs.  

Table 11. Optimal tank size in m3 in Vienna and Copenhagen, with and without accounting for extremely dry 
years 

Tank size Unit Vienna Copenhagen 

Small m3 70 50 

Big m3 120 200 



  CoolStreet model 

72 

Because of diminishing efficiency, the smaller tank volume is displayed in the results 

of this chapter. The MS Excel-based CoolStreet model can be found in the 

supplementary material, where the tank size can be adjusted in the sheet “Input 

variables”.  

Figure 4-1 shows the water in the tank at the beginning of the day, in daily averages 

over the years 2015-2019 in Copenhagen with tank size 50 m3 for the four scenarios 

on the top, and in Vienna with a tank size of 70 m3 on the bottom.  

 

Figure 4-1 Water in the tank at the beginning of the day in m3, all scenarios, daily averages of 2015-2019, top: 
Copenhagen, bottom: Vienna 

The results for the tank level with small tank volume show that Scenario 1 – Green 

facades utilises the most water in both cities, followed by Scenario 3 – Hedges, 
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Scenario 2 – Raingardens, and Scenario 4 – Shrubs. On average, in the years 2015-

2019, the tank was utilised almost to its maximum in mid-June to September in 

Vienna, and from June to September in Copenhagen. The tank level is below zero in 

S4 in Copenhagen twice, shortly in mid-June and then for almost a month between 

mid-July and August. Figure 4-2 shows how the monthly average tank level varies 

from year to year in Copenhagen and Vienna.  

 

Figure 4-2 Monthly average tank level in m3 from January 2015 to December 2019, all scenarios, top: 
Copenhagen, bottom: Vienna 
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4.1.2 Change of the water balance 

This chapter describes the resulting water balance in the CoolStreet model. The 

water balance includes ET and precipitation in mm per day on the primary y-axis and 

the tank level in m3 on the secondary y-axis. The primary axis ranges from 0 to 10 

mm in Copenhagen, and 0 to 14 mm in Vienna. The secondary axis ranges from -20 

to 50 m3 in Copenhagen’s Scenario 1 and 0 to 50 m3 in Scenarios 2-4, and 0 to 70 

m3 in all scenarios in Vienna.  

The results are shown as daily averages from January 1st 2015 to December 31st 

2019 for each scenario in Copenhagen in Figure 4-3 and Vienna in Figure 4-4.  

In both cities, the water balance is most altered through ET in Scenario 1 – Green 

facades, and least altered in Scenario 4 – Shrubs. The change in the water balance 

is highest in the summer months in all scenarios in both cities.



 
Figure 4-3 Change of the water balance in Copenhagen, daily averages 2015 - 2019, top left: S1 - Green facades, top right: S2 - Raingardens, bottom left: S3 - Hedges, 
bottom right: S4 Shrubs 
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Figure 4-4 Change of the water balance in Vienna, daily averages 2015 - 2019, top left: S1 - Green facades, top right: S2 - Raingardens, bottom left: S3 - Hedges, bottom right: 
S4 Shrubs 



4.1.3 Change of the energy balance 

This chapter describes the resulting energy balance in the CoolStreet model. The 

energy balance includes incoming radiation and LE in MJ per m2 per day on the 

primary y-axis and the ratio of the incoming radiation that is transformed into LE in % 

on the secondary y-axis. The primary axis ranges from 0 to 50 MJ per m2 in all 

scenarios in both cities. The secondary axis ranges from 0 to 50 % in all scenarios in 

both cities. 

The results are shown as daily averages from January 1st, 2015 to December 31st, 

2019 for each scenario in Copenhagen in Figure 4-5 and Vienna in Figure 4-6.  

Equally the water balance, the energy balance is most altered in both cities in 

Scenario 1 – Green facades and least altered in Scenario 4 – Shrubs. The change 

throughout the year of the ratio of LE to Rs is not very pronounced and depends on 

the scenario, with Scenario 1 – Green facades showing the most variation in both 

cities. 

 



 

Figure 4-5 Change of energy balance in Copenhagen, daily averages 2015 - 2019, top left: S1 - Green facades, top right: S2 - Raingardens, bottom left: S3 - Hedges, bottom 
right: S4 Shrubs 
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Figure 4-6 Change of energy balance in Vienna, daily averages 2015 - 2019, top left: S1 - Green facades, top right: S2 - Raingardens, bottom left: S3 - Hedges, bottom right: 
S4 Shrubs 



4.2 Discussion of the CoolStreet model 

The monthly average from results from January 2015 to December 2019 for the tank 

level demonstrate that in both cities, there were years with considerably lower tank 

levels due to heatwaves. In Copenhagen, the summer of 2018 stands out as one of 

the hottest and driest ever recorded, with almost no rainfall from May to July, as 

shown in Figure 4-7 (Damberg, 2018). 

 

Figure 4-7 Summer precipitation in 2015-2019 in mm, top: Copenhagen, bottom: Vienna 



  CoolStreet model 

81 

The summer of 2015 was particularly dry in Vienna, and is comparable with the 

historically dry and hot summer of 2003, with 40-50% less rain in July than normally 

(Bundesministerium für Landwirtschaft, Regionen und Tourismus, 2018; 

Zentralanstalt für Meteorologie und Geodynamik, 2015).  

These extreme years have an impact on the daily averages shown in the results for 

the water and energy balance, which is especially visible in Copenhagen in Scenario 

1 – Green facades (Figure 4-3), where the average tank level in July and August 

even goes negative. It is important to note that a negative tank level is only possible 

theoretically and indicates a lack of water. However, despite that, the average ratio 

of incoming energy that is transformed to LE in the summer months in Copenhagen 

stays above 10% (Figure 4-5).  

In both cities, Scenario 1 – Green facades is the only scenario that clearly shows the 

lack of available water to meet water requirements for ET in summer months, 

resulting in a drop in LE and consequently in the ratio of incoming energy that is 

utilized for ET. This decline in the LE changes the Bowen ratio as the lack of water 

for ET makes the surplus energy from incoming radiation available for sensible heat, 

likely increasing the air temperature near the surface.  

In Scenarios 2-4, in both cities, on average, enough water is available in the tank 

throughout summer to meet the water requirement for ET and maintain a high ratio 

of LE to Rs.  

The results of the CoolStreet model differ for the two case study cities Copenhagen 

and Vienna in so far that the optimal tank size for balancing rainwater runoff and 

water requirement for ET is bigger in Vienna (50 m3 in Copenhagen compared to 70 

m3 in Vienna). This is due to the more erratic rainfall pattern in Vienna, compared to 

the more distributed rainfall in Copenhagen, despite the two cities having similar 

average yearly precipitation. What can be concluded from this comparison is the 

need for increasing tank sizes with increasing instability of rainfall patterns due to 

climate change, a development that will likely affect both cities (Blöschl et al., 2018; 

Københavns Kommune, 2012).  

A possible implication of this finding could be that the implementation of SUDS for 

tackling heat in urban canyons has limits in climates with extreme weather conditions 
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and strongly seasonal rainfall patterns, where unfeasibly large tanks would be 

required to provide cooling from ET in dry summers.  

Research Question 1 was answered through numerous iterations of the CoolStreet 

model with varying tank sizes and surface areas for ET. The results can be 

interpreted per running meter of the street to give a clearer impression. Table 12 

displays the tank size as well as the area dedicated to each SUDS type in the four 

scenarios, for Copenhagen and Vienna separately.  

Table 12. Results of the CoolStreet model per running meter of street 

  Copenhagen Vienna 

Element Unit Size per running meter of street 

Street length m2 100 100 

Tank size small m3 0.5 0.7 

Tank size big m3 2.0 1.2 

S1 – Green facades m2 10 10 

S2 – Raingarden m2 4 4 

S3 – Hedges m2 3 3 

S4 - Shrubs m2 2 2 

The results of the CoolStreet model show that the ratio of incoming radiation that is 

transformed to latent heat through ET by vegetation is up to 40 % in summer months 

in Scenario 1 – Green facades. Thus, Hypothesis 1 can be accepted, LE can be 

increased by implementing SUDS in an urban canyon to balance rainwater runoff 

and water requirement for ET. The implemented SUDS and water storage change 

the hydrological characteristics of the urban canyon.  

While the Scenarios with the different SUDS can be combined in a multitude of ways 

to reap the benefits of each type (Charlesworth, 2010), for example, if the green 

facades are implemented to utilise the vertical space and besides, raingardens are 

implemented in the horizontal space, the SUDS types are presented individually in 

this report to allow for comparison and the ability to clearly distinguish the effect of 

each SUDS type on the change in the water and energy balance of the urban 

canyon. The area for each type of SUDS in the model is a maximised value that is 
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not necessarily feasible due to constraints such as other underground infrastructure 

or transport. 

If the different types of SUDS and scenarios are combined, the water requirements 

of the scenarios would sum up and the tank size would have to be adjusted 

accordingly to store enough water for the increased amount of vegetation and 

resulting water requirement for ET. Otherwise, a constant tank size would result in 

more days with the need for irrigation to maintain the cooling effect from ET (Coutts 

et al., 2013b).  

The same need for either a bigger tank size or additional irrigation would result from 

decreasing the runoff area, thereby reducing the water supply to the system. This 

could be necessary if the water quality of the street runoff does not meet the quality 

standards for pollutants protecting the groundwater body, especially in the case of 

unlined raingardens with infiltration function (Pucher et al., 2018).  

However, there are limits to increasing the tank size, both physical and financial. The 

chosen tank size depends on many factors, including the targeted maximum number 

of days of irrigation without rainwater, physical factors such as space availability, and 

economic cost factors. There is a diminishing productivity with increasing size as the 

total volume will be less frequently needed.  

The tank size determines the success of the street design in drought situations. The 

outlet of the storage can be installed as a throttled discharge, a double storage in 

which the lower part is emptied by roots, while the upper part acts as a detention 

volume, or a weep hole to allow stored water to irrigate the vegetation at a controlled 

rate via gravity (Campisano et al., 2017).  

A throttled discharge in the storage tank could distribute the use of the harvested 

water over a longer time, thereby providing a smoother actual ET curve. Depending 

on the size of the tank, it could either be placed underground, in the basement of a 

building or on the roof. The placement of the tank determines the irrigation method.  

At several stops along the way in the development of the CoolStreet model, 

parameters had to be simplified. One example is in the calculation of radiation. Due 

to logistical constraints, the shadowing and reradiation effects are excluded, despite 

their importance in the urban context (Erell et al., 2011). The likely consequence is 

an overestimation in some parts of the urban canyon, and an underestimation where 
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reradiation effects apply. Detailed radiation simulations could be conducted with 

ENVI-met software (Ambrosini et al., 2014; Girgis et al., 2016; Kaloustian et al., 

2018; Laureti et al., 2018; Rosso et al., 2018).  

The relative ET rates that are used to calculate water requirement for ET in each 

scenario dependent on SUDS type are another limitation of this study. For example, 

the relative ET rate of the climbers for the green facades was set to 0.8, due to the 

lower LAI compared to grass, which the reference ET rate was calibrated for 

(Hargreaves and Samani, 1985). The results of the CoolStreet model show actual 

ET rates of up to 5 mm per m2 on summer days. However, this is likely an 

overestimation, as a study in Germany found only ET rates of up to 2.5 mm per m2 

for climbers (Hoelscher et al., 2016).  

Theoretically, scaling up the CoolStreet model results in the case studies Vienna and 

Copenhagen should be possible for any street with similar parameters as those used 

in the model. The results presented here are true for urban canyons of approximately 

an aspect ratio of 1, with 15 – 17 m width and 15 m building height. Future research 

could investigate the potential for upscaling in more detail. 

One limitation of this report is the focus on the single urban canyon rather than the 

neighbourhood. Both in terms of urban climate and in terms of rainwater 

management, the analysis of the influence of the urban form and the surrounding 

buildings in the neighbourhood is necessary in future studies. 

Combining the two goals of sustainable rainwater management and heat mitigation 

in a holistic approach, therefore, requires many assumptions and necessarily falls 

short of including all complexity in the level of detail normally aimed for in more one-

dimensional studies. For example, the simplified energy balance as well as the water 

balance only includes vertical fluxes, and disregard the horizontal fluxes, such as 

advection in the energy balance (Allen and Food and Agriculture Organization of the 

United Nations, 1998) and subsurface runoff in the water balance.  
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5 Thermal camera measurements 

The chapter will dive into the Results of thermal camera measurements and the 

Discussion of thermal camera measurements. 

5.1 Results of thermal camera measurements 

This chapter is to display the thermal data collected and calculated through GIS 

software. Before that, preliminary results collected directly from the thermal image 

are presented.  

5.1.1 Preliminary results with FLIR® Tools 

Despite not being used as the main analysis tool for the methodology, FLIR® Tools 

and its built-in circular, rectangular and spot measurement boxes were used to justify 

our hypothesis’s formulation. The results from Vienna, as visible from Figure 5-1 and 

Figure 5-2, show that the shaded surfaces and vegetation have a lower surface 

temperature than sun-exposed surfaces.  

 

Figure 5-1 Result of hand-held infrared camera photo, street view, Vienna. Left: thermal camera image (darker 
colours indicate lower temperature). Right: visual of the measurement spot. 
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Figure 5-2 Result of hand-held infrared camera photo, pavement, Vienna. Left: thermal camera image (darker 
colours indicate lower temperature). Right: visual of the measurement spot. 

Those shaded surfaces with lower surface temperature include building walls, parts 

of the asphalt streets and surrounding vehicles. The same results apply to the study 

site in Copenhagen, shown in Figure 5-3 and Figure 5-4.  
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Figure 5-3 Result of hand-held infrared camera photo, street view, Copenhagen. Left: thermal camera image 
(darker colours indicate lower temperature). Right: visual of the measurement spot. 

 

Figure 5-4 Result of hand-held infrared camera photo, pavement, Copenhagen. Left: thermal camera image 
(darker colours indicate lower temperature). Right: visual of the measurement spot. 
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5.1.2 Result of thermal camera photo analysis with QGIS 

Table 13 displays a relative comparison between the mean temperature of five 

surface materials in the spots that are near vegetation and the value in those that are 

far from any vegetation in Vienna. In certain photos, some materials were not 

observable, hence a lack of data was shown.  

Table 13. Results of GIS analysis of different surface materials, far from vegetation and near vegetation, in 
Vienna (°C). Results for three different angles (middle of the street, side of the street or pavement, facing the 
building), with standard deviation. 

Vienna Material Mid Mid.Std Side Side.Std Building 
Building.

Std 

No vegetation 

Wall 25.2 1.9 31.5 2.5 36.2 2.5 

Pavement   42.2 1.5 43.6 4.9 

Asphalt 33.2 1.8 43.5 3.6 45.0 3.4 

Car 27.2 3.6 44.5 2.4 42.4 6.7 

Vegetation 23.9 0.2     

Near 
vegetation 

Wall 24.1 1.2 28.9 1.8 29.5 1.5 

Pavement   38.8 4.6 38.5 2.5 

Asphalt 28.9 1.5 39.5 5.1 38.7 3.7 

Car 24.3 1.5 41.9 6.7 37.8 4.1 

Vegetation 21.1 0.4 25.7 1.4 28.4 1.2 

Table 14 shows the results for Copenhagen.  

Table 14. Results of GIS analysis of different surface materials, far from vegetation and near vegetation, in 
Copenhagen (°C). Results for three different angles (middle of the street, side of the street or pavement, facing 
the building), with standard deviation. 

Copenhagen  Mid Mid.Std Side Side.Std Building 
Building

.Std 

No 
vegetation 

 

Wall 40.2 1.5 37.4 2.4 28.4 0.5 

Pavement   42.9 1.4 32.6 2.1 

Asphalt 40.9 1.4 43.4 2.4 43.1 1.7 

Car 40.4 3.5 32.4 1.6 35.2 1.7 

Vegetation 27.8 1.8 27.8 0.9   
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Copenhagen  Mid Mid.Std Side Side.Std Building 
Building

.Std 

Near 
vegetation 

Wall 34.7 2.2 33.2 4.0 26.6 0.5 

Pavement   32.2 4.7 28.6 1.0 

Asphalt 31.6 3.0   30.3 2.9 

Car 37.8 0.1 30.7 4.3 32.1 3.4 

Vegetation 23.5 3.0 24.8 1.8 22.0 0.1 

5.2 Discussion of thermal camera measurements 

Table 15 displays the proportion of areas (in percentage) taken by each surface 

materials in Vienna. Depending on the angle that the photos were taken, the 

proportions of each element vary. From the direction opposing the buildings, the wall 

accounts for most areas. Whereas, from the middle of the street angle, the asphalt 

street occupies the most proportions of the picture. In the segment that is near 

vegetation, the trees often take up to nearly a quarter of the photos, while only 2% of 

vegetation is visible in the areas without.  

Table 15. Percentage of areas distributed to different surface materials, far from vegetation and near vegetation, 
in Vienna (%). Results for three different angles (middle of the street, side of the street or pavement, facing the 
building) 

Vienna  Material  Mid   Side  Building  

No vegetation  

Wall  29.3 22.2 59.1 

Pavement   15.5 4.8 

Asphalt  30.2 11.5 18.9 

Car  7.5 5.3 6.6 

Vegetation  2.0     

Near 
vegetation  

Wall  13.8 26.6 36.6 

Pavement   17.2 4.0 

Asphalt  42.4 9.4 17.8 

Car  9.9 4.8 7.2 

Vegetation  25.9 24.8 16.6 
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Table 16 presents the results for Copenhagen. The building walls occupies almost 

half the picture from the angle opposing them while the asphalt takes up the most 

part from the middle of the street angle. On the other hands, the vehicle accounts the 

least areas in both segments. The vegetation varies depending on the angle in 

Copenhagen’s study site.  

Table 16. Percentage of areas distributed to different surface materials, far from vegetation and near vegetation, 
in Copenhagen. Results for three different angles (middle of the street, side of the street or pavement, facing the 
building) 

Copenhagen Material Mid Side Building 

No vegetation 

Wall 8.9 19.4 51.5 

Pavement  30.3 4.7 

Asphalt 43.4 12.1 37.1 

Car 5.0 2.1 1.3 

Vegetation 9.8   

Near 
vegetation 

Wall 10.0 19.5 49.7 

Pavement  19.9 2.0 

Asphalt 33.9  29.6 

Car 11.4 2.6 2.2 

Vegetation 27.6 19.6 2.6 

The two tables illustrate that the two study sites did not exhibit a monumental level of 

difference regarding the percentage of areas of most surface elements (especially 

those with the wall surfaces). Thus, a comparison between the two scenarios of the 

two study sites about the heat contained within each surface areas can proceed.  

The results from Vienna (Table 13) show that the building walls in vegetated area, 

which are mostly composed of painted materials, have their temperature slightly 

lower from the middle of the street angle (1.1°C different), moderately lower from and 

the pavement angle (2.6°C), and considerably lower from angle opposed to the 

building (6.7°C). Copenhagen’s test site, seen in Table 14, yields somewhat cooling 

result from the building angle (1.8°C) because, when the picture was taken, the 

buildings in the unvegetated area were under sustained shade. However, the cooling 
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value is notable to the walls from the pavement angle (4.2°C) and the street angles 

(5.5°C different). 

Regarding the radiant temperature in vegetated areas, the ground pavement was 

significantly cooler from the side in Vienna (3.4°C) while being quite lower in 

Copenhagen (10.7°C). From the building view, the pavement was moderately cooler 

in Vienna’s vegetated areas (5.1°C) and slightly cooler in Copenhagen’s (4°C). This 

confirms the findings of other studies (Lee et al., 2018). As for the street angle, the 

pavement was barely observable and was under the shade of vehicles, thus 

displaying the data here would be invalid. It is noted that the degree to which the 

surfaces are cooled in Copenhagen is slightly better than in Vienna.  

One of the factors that could come into play is the ratio of different pavement 

materials within a sidewalk. It is observed that the pavement in Copenhagen 

contains more grey-coloured stones than its counterpart in Vienna. This choice of 

stones used could be due to the higher albedo, better permeability and lower heat 

flux of stones compared to asphalt material (Alchapar et al., 2014).  

The tendency of surfaces being cooler in vegetated areas continues in both cities 

regarding the asphalt street. The cooling values fluctuate from 2°C to 4°C in Vienna 

while the values vary significantly from 5°C to up 13°C in Copenhagen. It is to 

consider that the street parts that are covered in shade in Copenhagen are more 

than those in Vienna. This shows that the effect of the shadow is one of the biggest 

factors that dictate the cooling results.  

It is also of note that the mean temperature contained on the asphalt streets in non-

vegetated streets are surpassing 40°C degree on a summer afternoon in both cities. 

Another noteworthy observation is that the street areas close to the vehicles parked 

under the sunlight are much hotter than most of the rest of the street due to the 

ground receiving heat that is radiated from the vehicles’ resting engines 

(Takebayashi and Moriyama, 2009).  

The cars were parked fairly crowded along two sides of the street in both cities. The 

cooling values in vehicle surfaces for both cities range from 1.7°C to around 3°C 

from all angles, except building angle in Vienna (4.6°C different). These lower 
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cooling values could stem from the fact that parked vehicles are easily heated while 

being exposed to direct sunlight because of their high heat flux from their materials 

(Scott et al., 1999). 

The vegetation in both cities and scenarios exhibited the least amount of radiation 

out of all materials. One reason was that while some canopies were under direct 

sunlight, some were not due to being under the shade of others above. The 

temperature value of the vegetation in unvegetated areas are not used to be 

compared since the trees were far away and were in the photos because they 

belong to the vegetated areas.  

With all the radiant temperature being generally lower in vegetated areas from as low 

as 1.5°C to even 13°C, the data fitted our hypothesis 2 that by applying thermal 

camera to urban surfaces with specific distances and positions, we can quantify the 

cooling effect of vegetation on the urban microclimate. Therefore, hypothesis 2 can 

be accepted. 

Due to its fairly inexpensive price range aimed towards average consumers, the 

cameras are accessible to most urban planners, inspection firms and freelance 

researchers alike. Moreover, the settings and handling required of the users to 

operate for the task of assessing the cooling effects of vegetation-based SUDS are 

fairly basic and demand no complicated understanding of thermal measurement. 

Since the research question only revolves around figuring out whether a cooling 

value could be observed by using thermal cameras and not around generating a 

definite and general cooling potential value, stricter setups and controls are not 

considered.  

For instance, the difference in materials of surface elements, the various types of 

trees used or the use of 3D sketching software to factor in the verticality of some 

surfaces are areas for further research. Furthermore, with the research question 

being narrow in scope, most of the parameters affect urban microclimate are not 

touched upon, for example, humidity, the effect of shadow or wind.  

The methodology, however, contains a few limitations. There existed external factors 

that are out of the study’s control, which to a certain extent could have influenced the 
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radiant temperature, most notably the streets near vegetation in Copenhagen is fairly 

narrower than those without as well as trees are not entirely reliable to the accuracy 

of cooling value due to shading.  

A better alternative for the achievement of better outcome is a before-after study of a 

built environment that features SUDS elements with controlled surrounding 

characteristics, and most importantly with controlled climatological parameters during 

numerous measurement sessions (Park et al., 2016). This alternative would be the 

first steppingstone to overcome this study’s methodology drawback.  

The methodology, with the current established settings that examine two different 

segments of a street canyon as well as a lack of temporal temperature data that 

feature day and night differences, is not adequate to produce conclusive values for 

the cooling potential of vegetation.  

In addition to scientific purposes, simple thermal cameras could be applied in 

participatory urban planning projects to show the effect of vegetation and provide 

‘before’ and ‘after’, even if the one-time data collection approach has limitations with 

regards to correct interpretation (Stangl et al., 2019). During the experiment, the 

authors were approached by many interested residents and thus, sparked a lot of 

interesting conversations that involved the curiosity to understand more about 

vegetative cooling in their dwelling neighbourhood.  

  



  CoolStreet manual 

94 

6 CoolStreet manual 

This chapter first presents the Results of CoolStreet manual and the Discussion of 

CoolStreet manual separately, before concluding with general Limitations and 

opportunities of the CoolStreet approach of tackling heat in urban canyons with 

SUDS. 

6.1 Results of CoolStreet manual 

Based on this study, Figure 6-1 shows the step-by-step manual of how to achieve 

cooling in an urban canyon by balancing water supply (rainwater runoff) and water 

requirement for ET with SUDS and rainwater storage. The scale of the manual is one 

urban canyon of a defined length, including the adjacent roof runoff area. 

 

Figure 6-1 CoolStreet manual based on CoolStreet model, expert interviews and thermal camera measurements, 
with 9 steps from parameter setting to calculation and surface temperature measurement. 

Step 1 to step 8 were based on procedures and the experts’ remarks upon which the 

CoolStreet model is formulated, and step 9 was established built on the positive 

conclusion of thermal camera measurements.  

Step 1 and 4 require parameters and settings that are defined by a project’s subject, 

step 2 needs data collection through online free resources, step 5 relies on the 
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literature’s output depending on how accurate the expected outcome needs to be, 

while step 3, 6, 7 and 8 fundamentally require the application of the CoolStreet 

model’s calculation.  

6.2 Discussion of CoolStreet manual 

This chapter first discusses the results of the manual, and answers the research 

question and hypothesis, before describing general limitations and challenges for 

tackling heat in urban canyons with SUDS in more detail.  

Step 1: Document street parameters 

Four dimensions are pivotal in dictating the development of design choices for a 

street segment: 

• The length of the street determines the maximum amount of space where 

SUDS can be placed alongside the street. 

• The width of the street segment between buildings dictates whether SUDSs 

have to be installed vertically or horizontally.  

• Building height influences shading and the maximum amount of space for 

vertical SUDS. 

• Runoff area, which includes roof area, calculates the volume of rain runoff that 

can be transferred to SUDS storage.  

Additionally, other street parameters are required if certain types of SUDS to be 

implemented are already planned. Pavement width is needed provided that trees or 

grass-strips are to be used. Roof width would be instrumental for green roof 

implementation. Similarly, building facades area is needed for green facades 

solution.  

Step 2: Obtain climate data 

In many countries, historical climate data at a local and national level are becoming 

more accessible freely online for public use via the meteorological services, 

sometimes even complemented by private sector data or additional data from 

universities and institutions (Mason et al., 2015). Therefore, the essential data 

including average daily temperature and mean daily precipitation can be obtained. 
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However, national policies governing data sharing may limit data access in some 

countries. 

For the different purposes and degrees of cooling, it is important to examine which 

timescale might be the most relevant. In general, the data are recommended to span 

from the last 5 years to up to 20 years. Furthermore, choosing the appropriate 

timescale that encompasses the location’s past sporadic climatic patterns helps to 

place the design within the context of climate variability, inter-annual variability, and 

climate change (Mason et al., 2015). 

Step 3: Calculate Runoff, Radiation & reference ET with H-S equation 

Using the preliminary steps in the MS Excel-based CoolStreet model, runoff, 

radiation, and reference ET can be calculated. The runoff is the inflow to the system. 

Problems could occur with roof catchment as well as street runoff, as the water 

quality depends on the surface material and pollution (Allabashi et al., 2019; Pucher 

et al., 2018). Additionally, the use of green roofs would decrease the water 

availability on the street level but could provide cooling on the city level (Stangl et al., 

2019).  

Based on the comparability of the calculated radiation Rs and measured data for Rs 

in Vienna, as is shown in Appendix A – CoolStreet model, the approach of the 

CoolStreet model applies to other cities and places. The simplicity of the H-S 

equation for calculating ET rates enables a broader application even when, among 

microclimatic factors, only temperature measurements are available.  

Step 4: Choose scenarios with m2 of each SUDS type and set preliminary tank size 

Depending on the project’s scope and intended purpose, scenarios are set with the 

estimated area of each SUDS type separately. Then the preliminary tank size is 

determined to accommodate the irrigation of selected SUDSs. Subsequently, a 

combination of various types of SUDS within one scenario can be made to further 

optimize the cooling potential while keeping in check that the horizontal and vertical 

space is being optimally utilized. Ideally, between 20 to 30% of the surface of the 

street or building facades in the urban canyon should be used for SUDS to 

effectively tackle the heat by increasing LE. 

Step 5: Define relative ET rates for each SUDS type  
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Based on estimates from the literature, relative ET rates for each SUDS type that is 

to be used in the CoolStreet design need to be defined. This is a weakness in the 

approach, as the relative ET rates have a high influence on the accuracy of the 

model result. Though the study made an informal attempt to collect certain relative 

ET rates for specific SUDS located in the literature, the calculation of ET rates in 

urban settings is complex and the application of common equations for ET such as 

P-T or P-M also has significant shortcomings (Feng, 2019; Gkatsopoulos, 2017).  

Step 6: Model actual ET and water requirement in the entire urban canyon 

With the CoolStreet model, the actual water requirement for ET in the entire urban 

canyon in each scenario can be calculated based on the H-S equation and the 

scenarios. This is the water that is needed for ET in the entire canyon in m3, in other 

words, it is the outflow of the system.  

Step 7: Adapt tank size to balance runoff and water requirement 

The tank size should then be determined in a value that can accommodate the water 

requirement and balance the runoff volume. Although the value can be set arbitrarily 

and liberally in any way to achieve the balance, it is important to bear in mind the 

placement and water distribution method of the tank.  

Harvesting rainwater for the tank also plays a role in influencing the size, and in a 

dense urban area, it potentially poses problems due to the complexity of the street’s 

underground infrastructure. Therefore, different forms of harvesting and storage 

might be necessary and should be designed depending on the context.  

Step 8: Calculate the change of energy balance using latent heat for vaporization 

With the use of the latent heat indicating vaporization, the calculated change of 

energy balance would illustrate the eventual cooling value of SUDS. However, the 

value is not expressed in °C or relation to thermal comfort in this thesis, as this would 

require more sophisticated modelling, for example with the software ENVI-met 

(Emmanuel and Loconsole, 2015; Girgis et al., 2016; Rosso et al., 2018).  

Instead, the cooling potential is expressed in the change of the energy balanced, 

specifically by what percentage of radiation is used for transforming water into 

vapour, called LE (Zou et al., 2019). Thereby, the pitfalls of modelling air 

temperature reduction and thermal comfort conditions can be avoided.  
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Step 9: Check change of surface temperature with a thermal camera before and 

after 

Thermal data of the street canyon should be collected before the installation of 

SUDS to be used as a spectrum for comparison with those of said street post-SUDS 

by their physical surface materials (Park et al., 2016). At the onset of the assessment 

phase, a thermal camera can be used to see the immediate cooling effect. The 

thermal cameras can also be used in public participation, discussions, and local 

inspections with residents, as the cameras were found to spark interest and 

understanding for heat mitigation during the thermal camera measurement in both 

Vienna and Copenhagen. 

Concluding from the results and discussion of the CoolStreet manual, research 

question 3 could be partially answered, as the methodology used to pursue the 

research questions number one and two and the achieved results could successfully 

be converted into an urban planning manual for the tackling heat in urban canyons 

with SUDS. None of the steps demands in-depth research or the application of 

complicated software and is expected to be comprehensible for landscape designers 

and practitioners in all fields and departments. 

However, whether the manual, in practice, is comprehensible and suitable for 

practitioners in all implicated fields of expertise and departments from their point of 

view, could not be answered within this thesis and should be investigated further in 

future research. Hypothesis 3 can therefore only be partially accepted. 

Nevertheless, the CoolStreet manual provides initial orientation for urban planning to 

facilitate the implementation of SUDS for heat mitigation, something that has been 

requested in the literature (Jamei et al., 2016).  

6.3 Limitations and opportunities of the CoolStreet approach 

Several practical factors could limit the feasibility of widespread implementation of 

SUDS for tackling heat in dense metropolitan areas and urban canyons. First is the 

cost for maintenance of SUDS, and second is the limited space availability. Other 

limitations include ecological gentrification, choice of species and the different scales 

at which measures for stormwater management and heat mitigation are planned. 

This chapter describes some key limitations in more detail. 
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Cost is a crucial factor in any urban planning decision, and maintenance effects the 

cost of SUDS. As for any other type of urban infrastructure, maintenance is of great 

importance to the longevity of a SUDS’s operation and efficiency and should be 

included in the planning of SUDS (Hoyer, 2011). However, it was not mentioned in 

the earlier chapters as well as the CoolStreet model to avoid premature design 

barrier. A SUDS project in Surrey, England categorizes three main maintenance 

activities that are instrumental to other general SUDS regardless of scale and size 

(MJA Consulting, 2016).  

• Regular maintenance: includes rudimentary activities (monthly to annually) 

conducted on a frequent schedule. These could range from inspections of 

inlets and outlets, vegetation monitoring, or litter removal.  

• Occasional maintenance: tasks that are done periodically to cover less 

predictable but not too infrequent occurrence (half-yearly, annually to up to 25 

years) such as sediment removal, suction sweeping around permeable paving 

or the trimming of overgrown vegetation.  

• Remedial maintenance: includes sporadic activities that are conducted in 

response to a systemic flaw within SUDS happened without a predictable 

pattern or foreseeable signs. These tasks vary from component repair, 

erosion repair or removal of silt build-up (MJA Consulting, 2016). 

While maintenance costs for SUDS can be high, there are also significant 

maintenance costs invested in keeping nature out of cities, such as for the removal 

of crack vegetation (Forman, 2013). Additionally, the foreseen investments by cities 

to adapt the drainage capacities of sewer systems to climate change are immense 

and far-reaching, and doing so with SUDS would be more cost-effective due to the 

wide array of social and ecosystem benefits associated with NbS (Duffy et al., 2008; 

Liu and Jensen, 2017; Oral et al., 2020).  

In this respect, investments that are now being made should be future-oriented and 

sustainable. Furthermore, the investments in SUDS and NbS and their benefits are 

visible to everyone, while in contrast, the investments in conventional sub-surface 

systems are invisible, or hidden (Hoffmann et al., 2015). Another aspect is the cost 

reduction achieved by, at least partially, using SUDS and rainwater instead of 

artificial irrigation to maintain pedestrian thermal comfort (Massetti et al., 2019), and 

the cost reduction achieved by saving cooling energy (Gkatsopoulos, 2017). Urban 
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green space, in general, was found to have significant economic benefits (Hirschfeld 

et al., 2019). More cost-benefit analyses of the effects of SUDS in areas with 

combined sewer systems and their social and ecosystem benefits at neighbourhood-

level are necessary (Johnson and Geisendorf, 2019). Furthermore, there always 

exists a strong call for analyses which consider the ecosystem services provided by 

SUDS that go beyond the influence on water and energy balances, such as the 

contributions to air quality, carbon capture and aesthetic value. 

Space availability is another potential limitation for the implementation of SUDS and 

GI in dense urban areas (Liu and Jensen, 2018). The effect of SUDS on the water 

and energy balance of the urban canyon, as calculated with the CoolStreet model, is 

based on the assumption that space is available for SUDS, up to 400 m2 horizontally 

for the raingardens in Scenario 2, or up to 1000 m2 vertically for the green facades in 

Scenario 1. However, the model is based in a dense urban setting where available 

space is limited and might not be available without withdrawing space from other 

uses, such as transport infrastructure and parking lots (Erell et al., 2011). To 

accommodate the new SUDS in the urban canyon, a redistribution of public space is 

required. This could be achieved by reducing the number of parking lots, as is 

currently proposed in Paris (Reid, 2020). 

Yet, GI should be introduced with an inclusion of the social dimensions of the 

concerned areas. The introduction of GI can lead to ecological gentrification, a 

phenomenon connected with increased rent and property prices due to the increased 

life quality in the targeted neighbourhoods (Santamouris et al., 2018). The “Just 

green enough” strategy (Curran and Hamilton, 2012) proposes the notion against 

ecological gentrification by improving neighbourhoods with historical environmental 

justice concerns just enough to a degree where environmental health comforts and 

hazards are addressed.  

The CoolStreet manual would complement the strategy as it provides a platform to 

optimize the design parameters of the green materials and the runoff harvesting tank 

to a point where a certain cooling potential is reached and felt, but not to the degree 

where the installing and maintenance costs are financially too demanding. With the 

CoolStreet manual, SUDS planners are provided with one of the tools to design 

streets that are aligned with particular community preferences and needs.  
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The choice of plant species is crucial for ET rates. However, the CoolStreet 

manual does not include suggestions about the choice of species for the SUDS 

types. Plants that have a high albedo and low stomatal resistance offer the best 

cooling effect because they can cool their environment even when ET is restricted 

(Santamouris et al., 2018). Such plants include yellow-leaved Heuchera salvia and 

Stachys byzantine. Helichrysum italicum has a high albedo (0.44) and can decrease 

the surface temperature, however, it has a low ET rate (Santamouris et al., 2018). 

Sedum ssp., which is often used on green roofs, is not a good plant choice for heat 

mitigation, as Sedum ssp. has low ET rates, while wildflowers, mixed herb-grass, 

and their branch types are valuable due to their low maintenance nature and 

seasonal trimming requirement.  

The right choice of plants is particularly important to exclude the risk of air pollution. 

Namely, to avoid the formation of ozone, low emitting species should be used 

(Santamouris et al., 2018). In literature, there are still uncertainties about species' 

reaction to extreme heat, but it is now assumed that most species do not stop 

transpiring at a certain temperature, as long as enough water is available 

(Santamouris et al., 2018). However, due to logistical constraints, simplified 

estimations for ET rates are used in this report, without inclusion regard for plant 

choice, and the manual does not give generalized recommendations for species 

selection. 

The CoolStreet approach has to be adapted to the local context, and as in any 

planning of urban GI, water availability and micro-climatic conditions should be taken 

into account (Rahman et al., 2020b). For example, ET rates differ under different 

climatic conditions and generally decrease with higher humidity. This suggests a 

negative interaction of vegetation with water sprinklers for artificial misting (Yu et al., 

2018).  

Another limitation of the CoolStreet approach is that the two topics rainwater 

management and heat mitigation are located on different scales at both landscape 

and management level (Rahman 2020, personal communication). While rainwater 

management and urban drainage are landscape-based problems and the 

implementation of SUDS has to be landscape-based for the whole catchment to 

effectively avoid flooding; heat mitigation is highly localized due to the micro-climate 
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variation stemming from the heterogeneity of the city and its importance for 

pedestrian thermal comfort (Rahman 2020, personal communication).  

Additionally, for the best result in terms of heat mitigation, more small GI installations 

were found to have a bigger impact than one large GI installation (Stangl et al., 

2019), pointing again to a discrepancy with stormwater management, that is 

effectuated in large scale projects, such as the Copenhagen Cloudburst Plan 

(Københavns Kommune, 2012). However, disconnecting certain streets from the 

sewer system with SUDS is an emerging new practice, reflected for example in the 

Copenhagen Climate Change Adaptation Plan (Københavns Kommune, 2011; Liu 

and Jensen, 2017). 

Some might also raise critique of the CoolStreet manual being reliant on vegetation 

and its ET for cooling. The argument being made is that vegetation can decrease the 

mixing of air because of the increasing surface roughness, and thereby "trap" air 

pollution in urban canyons. However, the positive effects of vegetation on particulate 

matter removal outweigh the negative effects of pollutant concentration (Santamouris 

et al., 2018). 

The design options for tackling heat in urban canyons with SUDS go beyond the 

CoolStreet manual in this report, and SUDS planning and implementation, either for 

stormwater management or for cooling, in particular, has already been done on a 

micro-scale. The courtyard in Hothers Plads, Copenhagen is a solid example of how 

a resident yard with only some small sheds for garages for 1200 residents was 

transformed into a green patio. It is filled with raingardens, green –roof-sheds, 

playgrounds and several designs for the local drainage of rainwater, such as swales 

and conveyance gutters (Carlsen, 2014). In Vienna, UHI mitigation already uses 

rainwater in some instances, such as trees with the so-called “Stockholm system” 

(Schrenk, 2020). In London, UK, the hotel The Rubens at the Palace features a living 

wall of 351 m2 and the possibility to store up to 10.000 litres (10m3) of rainwater, 

using it for drip irrigation in the cascading living wall (Gunawardena et al., 2017; 

Verband für Bauwerksbegrünung, 2020). 
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7 Conclusion 

Based on the research questions, the following can be concluded from the present 

master thesis:  

• The implementation of SUDS in urban canyons can ensure water availability 

for ET even in dry summers, and therefore increase LE while maximising the 

provision of ESS.  

• The thermal camera photos show that vegetation results in relatively cooler 

surfaces in urban canyons, and that FLIR ONE® Gen 3 cameras are suitable 

tools for monitoring these temperature differences. 

• The approach of the CoolStreet model can be generalized and synthesized to 

form a CoolStreet manual, which applies to any urban context similar to that 

of the urban canyons in the case study cities Copenhagen and Vienna.  

Not all factors that influence the cooling potential of vegetation in an urban canyon 

could be considered in this study, such as wind, altered radiation in urban areas due 

to shading and reradiation, and choice of plant species. Additionally, the hydrological 

complexity for the stormwater management aspect of the SUDS design had to be 

simplified to allow merging the two topics of heat reduction through ET and 

rainwater.  

The ideal outcome of this thesis would be to test and apply the CoolStreet manual 

and model to a chosen urban planning project by filling in the parameters of the 

street and inserting the climate data, and then to run the model and extract the 

possible temperature reduction with SUDS. Through such a test application, 

feedback from urban planners on the usability of the CoolStreet manual could be 

gathered. 

This master thesis gives a solid approach to tackle the city-wide problem of heat at 

the local level of urban canyons and provides urban planners with a novel approach 

to combining several usually separately managed disciplines. Looking beyond the 

research questions of this thesis, the following can be concluded:  



  Conclusion 

104 

• Further research should integrate the CoolStreet model with more advanced 

software for urban microclimate and thermal comfort modelling such as ENVI-

met to derive the resulting cooling potential in Celsius degrees.  

• The thermal cameras could inform decision-makers and citizens on the impact 

of SUDS in tackling heat in urban canyons and demonstrate the 

consequences of conventional separate management as opposed to 

integrated approaches by providing this alternative perspective.  

• Investigations in the scalability of the CoolStreet approach of tackling heat in 

urban canyons with SUDS deserves further research to answer the question 

of how many streets and neighbourhoods could be transformed accordingly. 

One step in this direction could be to realize a case study street. 

• In the future, GI such as SUDS should be integrated into design guidelines 

and mandatory design standards to ensure that these multi-benefit solutions 

are favoured over the continuous implementation of single-benefit 

conventional infrastructure. 
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Appendix A – CoolStreet model 

In this appendix, the intermediary results of the CoolStreet model are presented. 

These include the results of the runoff calculation, the incoming radiation, the 

reference ET rate, and the water requirement for ET.  

Runoff 

Based on the daily precipitation in mm and the runoff area defined as roofs adjacent 

to the street, the street surface, and the pavement area, the runoff in m3 was 

calculated. Figure 0-1 shows the average monthly runoff patterns of both cities in the 

years 2015 to 2019. What is visible is a, on average, rainier May in Vienna, and 

more autumn precipitation in Copenhagen.  

 

Figure 0-1 Comparison of average monthly runoff pattern in Vienna and Copenhagen from 2015-2019 in m3 

Radiation 

In a preliminary test, the calculated Ra (extra-terrestrial radiation) was compared to 

measured radiation data (Rs – global radiation, made up of direct and diffuse 

radiation) in Vienna from the ARAD project (Olefs et al., 2016). For this effort, the 1-

minute averaged measured radiation in W/ m2 had to be converted to MJ/ m2 per 

day. Additionally, the calculated Rs had to be calculated from Ra using equation ( 
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22) (Hargreaves and Samani, 1985). Figure 0-2 shows daily a comparison of the 

measured Rs, the calculated Rs, and Ra, all daily averages of the months May to 

September in the years 2015-2019.  

 

Figure 0-2 Daily averages of measured Rs, calculated Rs and calculated Ra, May to September 2015-2019 in 
Vienna (Olefs et al 2016; own calculations) 

The comparison shows that the calculated Rs corresponds well with the measured 

Rs, indicating the applicability of the calculation for other locations. 

Reference evapotranspiration 

Figure 0-3 shows the calculated average daily reference ET rates in mm per square 

meter per day based on radiation and temperature according to H-S. This reference 

ET rate is calibrated for grass lysimeters with Festuca arundinacea (Hargreaves and 

Samani, 1985). The figure clearly shows the higher reference ET in Vienna 

compared to Copenhagen, which is due to a combination of factors including 

radiation, which depends on latitude, and temperature. The reference ET rises in 

spring to its highest during the summer months and declines again in autumn.  
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Figure 0-3 Comparison of average daily reference ET from 2015-2019 in mm per m2 per day 

Water requirement for evapotranspiration 

Based on the reference ET, the water requirement of the vegetation in the canyon 

within the different scenarios was calculated. Figure 0-4 shows the average monthly 

water requirement of the different scenarios in Copenhagen and Vienna, in 2015-

2019.  
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Figure 0-4 Water requirement for evapotranspiration, monthly average, in m3, 2015-2019, 4 scenarios, top: 
Copenhagen, bottom: Vienna 

  



  Appendix B – Expert interviews 

131 

Appendix B – Expert interviews 

This appendix includes the Interview guides, containing questions to the experts, 

Interview protocols, and the Interview analysis. 

Interview guides 

Karsten Schulz  

Date & Time 27.03.2020 11:30am 

Current 
position 

Professor for Hydrology and Integrated Water Resources 
Management, Department of Water, Atmosphere and 
Environment, IWHW, BOKU 

Website https://boku.ac.at/en/personen/person/3E99DCFCB92049FB 

Research 
topics 

Environmental modelling, remote sensing hydrology, catchment 
hydrology 

Recent research projects: climate response of alpine lakes, the 
variability of groundwater recharge, Austrian wide infiltration 
capacities 

- The following is our calculation as it is so far. Do you think, quite generally, 

that what we aim to calculate is feasible? 

- How can we best and at the same time easiest include ET in our calculation? 

Is there a reasonable proxy that we could use for ET rates of different plants 

and installations? 

- How does the ET rate of vegetation within the city differ from the surrounding 

landscape and how does that influence our calculation? 

- Would you say that the draft design as it is now is suitable to achieve cooling? 

- What climatic parameters should we take into account? 

- How would you advise us to proceed? 

https://boku.ac.at/en/personen/person/3E99DCFCB92049FB
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Mohammad Rahman  

Date & 
Time 

31.03.2020 11:00am 

Current 
position 

Research Associate, Professorship of Green Technologies in 
Landscape Architecture, Technical University of Munich  

Website https://www.landschaftsentwicklung.wzw.tum.de/mohammad_rahman/ 

Research 
topics 

Urban forestry and urban greening, urban tree eco-physiology 

Recent research projects: Tree cooling effects of different species  

- The following is our calculation as it is so far. Do you think, quite generally, 

that what we aim to calculate is feasible? 

- We read that you are currently working on a manual for planners (Rötzer et 

al., 2019). Could you describe that, what is the focus of this manual, or has it 

already been published? 

- What categories of criteria would you deem most relevant? 

Jens Hvass 

Date & Time 07.04.2020 03:50pm 

Current 
position 

Climate & sustainability-oriented blogger, environmentalist, and 
architectural researcher 

Contact jens@jenshvass.dk 

Research 
topics 

climate and sustainability perspective on architectural research, 
Japanese garden design 

- The following is our calculation as it is so far. Do you think, quite generally, 

that what we aim to calculate is feasible? 

- How would you advise us to use to infrared cameras? 

-  In which direction (facing the building or facing the street)? 

- How account for sky reflection? 

- Can you tell us about any interesting green facades in Copenhagen that we 

could take pictures of? 

https://www.landschaftsentwicklung.wzw.tum.de/mohammad_rahman/
mailto:jens@jenshvass.dk
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Fulai Liu 

Date & 
Time 

12.05.2020 09:30am 

Current 
position 

Professor and group leader of Crop Stress Physiology, Crop 
Sciences Section, Department of Plant and Environmental Sciences, 
Faculty of Science, UCPH 

Website https://plen.ku.dk/english/employees/?pure=en%2Fpersons%2Ffulai-
liu(dc299ce8-5a4c-46f4-9af0-4d935f7cf190).html 

Research 
topics 

Improvement of crop yield, quality, and resource use efficiency; plant 
adaptation to future climate 

- The following is our calculation as it is so far. Do you think, quite generally, 

that what we aim to calculate is feasible? 

Interview protocols 

Karsten Schulz 

Calculation: 

- It will be necessary to narrow down to parameters 

- GIS can help us in calculating the incoming radiation - with the position of the 
sun, shading 

- City is always more complicated due to the storage - longwave radiation and 
the reflected radiation that is different from the surrounding 

- There were some tests that they did back with a different research group 
where they calculated the rain on a sealed surface that was lost for ET and 
the corresponding latent heat loss 

- It is a good approach to see what the energy balance for a natural meadow is 
- FluxNet can give us ET and radiation data for different locations, from 
measurement, in different climates 

- What we can compare is the Bowen ratio (sensible // latent heat) 

- The hypothesis can be the ratio in the city is xx in comparison the ratio in the 
surrounding xx → the difference between the two can be added as water/ET  

- So, for the energy balance, we would still have to do some sort of calculation 
for the incoming energy in the city, with GIS  

- of course, different types of vegetation have different water requirement - 
there is some data on different crop water requirement and ET from 
agricultural research, seen at FAO  

https://plen.ku.dk/english/employees/?pure=en%2Fpersons%2Ffulai-liu(dc299ce8-5a4c-46f4-9af0-4d935f7cf190).html
https://plen.ku.dk/english/employees/?pure=en%2Fpersons%2Ffulai-liu(dc299ce8-5a4c-46f4-9af0-4d935f7cf190).html
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- Concerning the different Bowen ratio, we could do a gradual scale, like saying 
what would be with no ET, what would be with a little ET if there's only grass, 
what would be with more ET if there are also trees 

- When we have the ET water requirement, we can compare it and offset it with 
the water supply, but the problem is that when there is no rain, but you exactly 
then want ET to still happen  

- From what he remembered from earlier research, LE in natural landscapes is 
approx. 70% when there is enough water, and always higher than H. And in 
urban area, LE is 20% or something  

- For the ET in an urban area, Schulz sent us a book that might contain some 
information about how to calculate (but it is in German) 

IR camera measurement:  

- In his research group, they use drones to measure surface temperature and 
estimate ET from agricultural settings.  

- Concerning the quality of such cameras, even good cameras cannot give 
accurate absolute numbers (mistake 1-2°C), very expensive cameras needed. 
But within the photo, most cameras differentiate quite well and so the relative 
results tend to be quite robust. 

- However, it is always only a surface temperature. He asked what we wanted, 
and I explained a bit and told about Chui et al 2018 approach. He added that 
in general, all measurements of temperatures are quite tricky because the 
thermometer is exposed to radiation.  

- There are some comparisons of heat in Vienna and outside, but that is based 
on satellite data with a resolution of 30m x 30m, so not so relevant if we focus 
on the canyon. A regular measurement with drones would be cool there, but 
obviously outside our scope. University of Innsbruck had students walk 
around the city in a defined grid with measurement backpacks with air 
temperature measurement etc, but also that is without our scope.  

Mohammad Rahman 

Water balance: 

- Precipitation, ET, infiltration, percolation, interception 

- Interception: the water loss from interception will be insignificant because it is 
just a delay - after some time, the intercepted water will either evaporate or 
infiltrate and therefore in our calculation, we can substitute interception with 
ET and infiltration 

- Interception in a canopy: up to a 12 mm rain event, up to 70% of the 
precipitation is intercepted by the canopy - but above, the canopy is saturated 

Heat mitigation:  

- energy balance - “lots of physics” 
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- The biggest measured ecosystem service of green infrastructure and a very 
tangible benefit 

- In forests, the traditional main use was wood production 

- In urban areas, now the heat mitigation is the main use of the trees 

- Trees provide temperature reduction by shading and by ET 

- Shading: trees can decrease radiation up to 90%! 

- Radiation is absorbed as short-wave radiation by objects and plants, and 
emitted as long-wave radiation - this reradiation is an important factor and 
high especially from black bodies 

- “Boundary layer air cooling” is the indirect cooling by trees: even small trees 
with only 3m crown diameter lose up to 80-100 litres of water per day (if the 
water supply is sufficient) - the trees absorb energy from the atmosphere to 
produce ET - as such, the cooling by vegetation is indirect 

- Simply said, if you know a tree’s ET, you know the energy reduction - for 
details how this can be calculated, look in Rahman et al. (2017) 

Feasibility 

- what is the focus? Narrow down! 

- “You’re hitting a point” - the aim is good but not realistic, as it’s not that easy - 
but the approach is good 

Manual: 

- no, not published yet and will still take some time (they have a lot of other 
projects starting) 

- With the CityTree model, they now have 4 species and the ecosystem service 
calculation for those 4, also including site conditions. They aim to add more 
species and then they can develop the manual for planners from that 

Criteria 

- focus first. It is unrealistic, especially if you want to do an experimental thing.  

Climatic parameters: important - ET is an eco-physiological measurement 

- That means that environmental parameters are important, and plant-specific 
parameters 

- The stomata conductance is the keyword (how many stomata are open) 

- It depends on wind speed (and direction), solar radiation, soil water, air 
temperature (which influences the relative humidity which influences the 
vapour pressure deficit) 

- The vapour pressure deficit determines how much water the air can suck out 
from the leave and is responsible for up to 70% of ET; VPD is estimated from 
air temperature and relative humidity 
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- For the soil water content, you need to know the precipitation, and the soil 
water content can be either volumetric or the soil water potential  

- Advice: do not go too much into radiation, because it is very complicated - 
only use global radiation 

- surface temperature: there’s shaded and sunny surface 

- With the air temperature at 1.5m and the surface temperature, and all those 
other parameters, it is possible to solve the energy balance.  

- BUT it would be estimated to know ALL of this if we want to focus on heat 
mitigation 

- If we look at a broader scenario, we do not have to do as much of the above 
things, but certainly still need to boil it down 

General topic 

- It is true, there’s a lack of combined SUDS/ heat and a holistic approach is 
needed 

- A literature review about the intersection is hard because we won’t find much 
(he remembers he had also searched for that before and couldn’t find 
anything) 

- The reason why in Vienna precipitation is not so far used and why there are 
no SUDS could be because of a mismatch in scales: 

- SUDS are on the landscape-level, not on the micro-scale level and big 
datasets over whole neighbourhoods are needed 

- The tree cooling effect in cities is on the micro-scale because of the 
heterogeneity of the city surface -- while in a homogeneous landscape 
such as a forest plantation, ET and everything can be measured with 
eddy covariance towers in 30m height, this is not possible in the urban 
space because every m2 is different  

- So basically, for precipitation, a landscape view is needed, while for 
heat mitigation, a micro-scale is needed, and it is not possible to 
combine the two 

- How to proceed: keep it up, it’s a good beginning, now narrow down what you 
want to do 

IR camera tests:  

- He remembers working with FLIR camera - remember that you can’t take 
picture of the canopy from below (because of the sky) - maybe go above the 
canopy 

- However: the outer “skin” of the canopy (layer of leaves) is most exposed. A 
tree as a living organism cannot move to escape the sun, but instead, it has to 
use ET to cool down.  

- Shaded surface temperature depends largely on the materials, so it is 
important that we only compare the SAME materials from Vienna and 
Copenhagen, e.g. asphalt and asphalt, and not compare “apples and pears” 
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Current thesis supervision:  

- A meta-analysis of different species and how they work for stormwater 
management  

- Also, look at the recent papers (one is also a meta-analysis) for structure and 
method 

Jens Hvass 

IR camera tests 

- they were used in the Agenda21 project 

- it’s a point measurement and so maybe not needed for our final measurement 

- but for learning 

Colour scale: 

- we can manipulate the colour scale to have the same scale  

- pay attention to metal surfaces as they can distort the scale because they 
reflect the sky 

- glass also reflects  

- but most of our surfaces like pavement, vegetation, etc. will not cause 
problems, but if suddenly stainless steel - pay attention! 

- do not bother about formulas - just be aware of the problem so we don’t 
tumble about it! 

General comments:  

- learn to focus correctly with our camera - that is also a reason to do a lot of 
shooting now 

- if we can use relative measurements - so that we are not so dependent on 
absolute numbers 

- What about calibration? too late :P but we should have a very clear 
description of what we do in the two cities 

- we should take some additional photos of green facades if we see some - this 
is for our learning about green infrastructure - and including the actual existing 
green infrastructure projects in Copenhagen - the wider context 

- time of the photos: before it is too late in the year and we cannot see the heat 
coming out of the building anymore, but of course, we test the heat island 
effect, BUT all aspects and reasons for plants in the city should be proven 
with the camera photos because greener infrastructure is important 

- “it’s not the numbers that come out but the beauty and life quality that green 
facades give to people” 

- Jens proposed to give us a tour of the green facades in Copenhagen 
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Fulai Liu 

Calculation:  

- A ratio between sensible heat and latent heat => how much goes to latent and 
how much goes to sensible heat flux => increase in temp 

- the design of the surface influences this ratio, it depends on the type of 
vegetation; difference type of grass type (short, tall) 

- trees with individual canopy => more efficiency in transpiration than grass, 
because grass has a high boundary layer resistance, while street trees have 
separated canopies that are highly coupled with the environment and 
therefore have higher ET efficiency 

- ð coupling and decoupling of canopy/ structure 

- need to distinguish the assumption of the green surfaces area, then give a 
ratio in how efficient trees and other vegetation are for converting radiation 
into latent heat 

- The considerations of ET within the city are also new to him -it is more 
complex in the city because the situation is not as uniform as above crop 
surface. One factor in the city is the reflection of light: diffusion of light in city 
=> problem; influence incoming radiation; besides, boundary layers: important 
for the city; the wind has an effect 

- suggest give some assumption (precondition) for the ET and environmental 
factors and then analyse the method we are going to use 

- Allocate areas for different grass and tall tree; give assumptions where we 
distinguish different surfaces (they have different capacity for cooling, e.g. 
trees, shrubs, grass) and how much of each. 

- In the discussion: discuss the different LAI, influences, wind speed etc. 

- need to define the area, describe the characteristic of the area; type of trees; 
water surfaces 

- takes in the 3-dimensional area: LAI (key) - plant surfaces, the LAI is related 
to the crop coefficient, how efficient of the leaf area to defer water => to 
convert the potential ET (calculated with P-M) to the actual ET; the coefficient 
is a plant characteristic; a strong connection between LAI, ET and cooling 

- Surfaces: define the proportions of, the pavement, concrete surface/ street, 
green surface (how efficient the green surface in the cooling, focus), grass, 
bushes, trees)  

- => make the weighted proportion for the energy balance 

- Surface temperature: also consider it. The solar energy coming in is not the 
only factor - also the long-wave energy (don’t go into detail, focus on 
efficiency of vegetation to cool) 

- Ad P-M: in the city, the ETpot calculation is not correct because of the 
different humidity, wind speed etc! 
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- Make the assumption: “easy” energy balance: total incoming energy, then 
paste it to the ET, then after that assumption on the surfaces (how much 
water available for ET), then how to distribute this water to the surfaces (time 
and area) 

- (water availability: in a dry period, the surface will be dry, and the incoming 
energy will be most sensible heat - hot, but when the water availability is high, 
the incoming energy will be mostly to latent heat) 

- => go to analysis 

- Opportunity for the green roof: lots of cooling effect, concentrated area for 
sensible heat converting - include in the discussion 



Interview analysis 

Interview partners 

Researcher Karsten Schulz Mohammad Rahman Jens Hvass Fulai Liu 

Researcher 
Profile 

Professor for Hydrology and 
Integrated Water Resources 
Management, Department of 
Water, Atmosphere and 
Environment, IWHW, BOKU. 

Research Associate, Professorship 
of Green Technologies in Landscape 
Architecture, Technical University of 
Munich  

 

Climate & sustainability-
oriented blogger, 
environmentalist, and 
architectural researcher. 

Professor and group leader of Crop 
Stress Physiology, Crop Sciences 
Section, Department of Plant and 
Environmental Sciences, Faculty of 
Science, UCPH 

Question topic 

Calculation Narrow down parameters: use 
GIS for incoming radiation 
calculation, use FluxNet for 
ET and radiation 
measurements; compare the 
Bowen ratio (sensible to latent 
heat) and use a gradual scale 

See FAO data for different 
water requirements of crops 

Mind interception, narrow 
down; environmental and 
plant-specific parameters are 
important, don’t go too much 
into details of radiation, but 
use global radiation 

Mismatch in scales between 
SUDS/ heat 

 Use Bowen ratio, how efficient are 
certain types of vegetation in 
converting radiation to latent heat? 
Consider effects of wind, 
reradiation in city. Give 
assumptions & then analyse the 
method. Allocate areas for different 
vegetation types with different 
cooling capacities and how much 
area of each, make weighted 
proportions for the energy balance.  

IR camera Use the relative results, 
because even very expensive 
cannot give accurate absolute 
numbers 

Try not to compare apples 
and pears – always compare 
the same materials, as 
shaded surface temperature 
depends largely on material 

Manipulate the colour 
scale to have the same 
scale on all; pay 
attention to metal and 
glass. Learn to use the 
camera, use relative 
measurements 

 



Appendix C - Infrared camera 

Experiment Vienna 

Table 17. Infrared camera experiment in Vienna - climate data (World Weather Online, 2020a) 

Date & Time 
Temperature 

in °C 
Wind  

in km/h 
Cloud cover  

in % 
Number of 

photos 

22.6.2020, 13.00 22 20 Approx. 60 80 

23.6.2020, 12.30 23 23 0 140 

24.6.2020, 12.30 22 8 Approx. 20 110 

Experiment Copenhagen 

Table 18. Infrared camera experiment in Copenhagen - climate data (World Weather Online, 2020b) 

Date & Time 
Temperature 

in °C 
Wind  

in km/h 
Cloud cover  

in % 
Number of 

photos 

06.08.2020, 13.00 26.7 14 Approx. 20 80 

07.08.2020, 13.00 27.4 14 Approx. 5 76 

13.08.2020, 13.15 23.8 8 Approx. 10 76 
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