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Abstract
Urban areas take up space from flora and fauna for buildings and infrastructure. The concrete
urban areas and its residents also cause various forms of pollution. Green roofs are a nature
based solution to mitigate various urban drawbacks. This thesis conducts and explores the
contributions most ecosystem services provided by green roofs in urban environments through
a literature study. Firstly, the provisioning of all ecosystem services by green roofs are
presented in a generalized manner. Secondly, an argumentation is given on how to measure
the ecosystem services on a roof scope and on the scope of the whole urban area. Thirdly,
the qualitative relevance of the services for a dense urban area are described. Lastly,
quantitative estimations are made for four services: the provisioning of food, water regulation,
flood regulation and the mitigation of the Urban Heat Island.
Results underline that green roofs provide a wide range of regulating services, can provide
food, water and habitat services and have the potential to provide cultural services. The
existence and performance of green roof ecosystem services depend on urban and green roof
characteristics, such as soil depth and type of vegetation. A first foundation to measure each
ecosystem service of green roofs in an urban context has been formulated. Quantitative
estimations indicate that covering 25% of all roof-tops with intensive greenery in a 140 ha
urban area produces food worth 49 million euro, enhances local food security with 10%,
mitigates the Urban Heat Island with 0,25 degree Celsius, retains 7% and attenuates 6% of
all rain events, retains 5% and attenuates 3% of a 50 mm storm event and retains 3%,
attenuates 1% of a 100 mm storm event in a dense urban area. Estimations have also been
made for extensive green roofs and two scenario’s where 75% of all roofs have been greened.
This thesis explored and found that greening roofs provides a wide range of ecosystem
services which mitigate various negative impacts of urban areas and contribute to the wellbeing of humans and the environment. More research is needed in order to assess the
ecosystem services and values provided by green roofs in urban areas in a more complete
manner.
Key words: Ecosystem services, Green Roofs, Urban Areas, Literature Study

3

1 Introduction
1.1 Urban areas
Urban areas provide housing, working space, social events, freedom, innovation and creativity
to its citizens, especially when compared to less developed remote areas (e.g. Schenkel,
2018). It’s difficult to provide an exact definition of urban areas, because there is no global
classification (Cohen, 2006; Elmqvist et al., 2013). Most nations have their own definition
based on population density, territory, function and administrative jurisdiction (Bugliarello,
2006). This paper loosely defines urban areas as places with a relatively high amount of
residents, buildings and infrastructure.
For centuries, urban areas were growing slowly and maintained their compactness. 30% of
the world’s population was urban in 1950, while 60% of the world’s population is projected to
be urban in 2050 (United Nations, 2012). This strong growth in urban population size is
preceded by physical urban expansion. On average, urban areas are expanding twice as fast
as their growth in population (Seto et al., 2012).
There are various negative impacts of urban areas which have implication for ecosystem
services, biodiversity and human health. Trends can manifest physically, for instance through
buildings, infrastructure and parks and can be related with human activities, for instance
through consumption and legislation.
1.2 Physical Negative Impacts
There are various major negative impacts of urban areas. One negative impact is that urban
areas change the local climate through replacing vegetated surfaces with concrete surfaces.
Concrete surfaces modify the energy balance through limiting evapotranspiration, absorbing
heat and by having a low albedo (Susca et al., 2011; Elmqvist et al., 2013). Concrete surfaces
increase the day and night-time temperature in urban areas. This effect of higher temperatures
in urban areas when compared to their surrounding environment is defined as the Urban Heat
Island effect (UHI) (e.g. Arnfield, 2003).
Another negative impact is that urban areas change the water cycle through blocking and
transporting rainwater. Blockage and transportation by urban areas happen through
impermeable surfaces. Impermeable surfaces prevent rainwater from infiltrating the ground
and do not retain precipitation. A large proportion of the rainwater is therefore forced to runoff
from the surface into the sewers or elsewhere (Vijayaraghavan, 2016). Transportation and
treatment of urban rainwater is costly and relies on extensive water infrastructure.
This automatically leads us to another negative impact. An increase in urban areas, with more
impermeable surfaces, puts more stress on existing storm water infrastructures. Heavy storms
in urban areas often result in combined sewer overflow (CSO) or flooding (Berndtsson, 2010).
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CSO implies the dumping of used and polluted water in surrounding ecosystems (VanWoert
et al., 2005). So, CSO and flooding transports large quantities of polluted water into nature.
In general, the development of urban areas highly correlates with the decrease in nature and
biodiversity for a set of reasons. Urban areas use space, which could have been used for
natural purposes (Seto et al., 2012; Cohen, 2006). Urban areas increase near biodiversity
hotspots (Elmqvist et al., 2013). In addition, urban infrastructure results in the fragmentation
of habitats (e.g. Montis et al., 2017). The more urban an area becomes, which implies more
concrete, higher population densities and more tall high-rises, the fewer space there is for
natural habitat and less biodiversity there is (e.g. McKinney, 2002).
The lack of green in urban areas also has consequences for the quality of life of its residents.
A lack of greenery in an individual’s life has negative implications from a social, mental and
physical point of view (e.g. Mytton et al., 2012; Richardson et al., 2013).
1.3 Negative impacts related with human activities
Human activities in urban areas harm humans and the natural environment. Most negative
impacts are related with consumption. Urban areas increase the consumption of natural
materials and production of waste (e.g. Elmqvist et al., 2013). The linear process of producing,
consuming and creating waste depletes natural resources and harms the environment
(Leusbrock et al., 2015). Resources used for human consumption mainly rely on natural
environments, because the urban area cannot provide sufficient amounts of it. For instance,
it’s currently impossible to cultivate sufficient amounts of wood and food in an urban area itself.
Humans consume large amounts of energy for heating, cooling, cooking, commuting and other
activities. The consumption of energy enhances the UHI. Urban areas have more residents
per m2 and use more energy per m2 when compared to rural areas. Energy usage affects the
global and local climate (Mahdiyar et al., 2015). Energy usage, for instance for heating and
cooling of products and spaces, mostly rely on fossil fuels (e.g. Worldbank, 2014). The
combustion of fossil fuels results in air pollution and CO2 emissions. The emission of CO2
and other air pollutants enhance global and local warming (e.g. Fenger, 2009). Energy usage
also influences local temperatures. Energy emits heat; this is also the case during indoor
cooling. Emitting heat in a densely built area, which absorbs radiation, holds heat and blocks
the wind, supports the rise of the UHI (Susca et al., 2011).
More humans per hectare create more noise. Noise pollution is therefore especially prevalent
in urbanized areas. There are various sources of urban noise pollution. The main sources
derive from road, rail and air traffic (Dunnett & Kingsbury, 2008). These sources of noise
pollution can stress and harm the health of living beings. For instance, it was estimated that
44% of the population located in the European Union is exposed to road traffic noise levels
near their houses that exceeds the World Health Organization’s threshold (Den Boer, 2007).
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Urban areas also cause harm to its own citizens. Urban areas can physically harm its citizens
through its own pollution. For instance, emissions by cars result into more health problems
(e.g. Rojas-Rueda et al., 2011). Another example is that, citizens are likely to be less healthy
and more stressed in dense urban areas with less green (e.g. Van den Berg et al, 2010).
1.4 Ecosystem services and green areas
In sum, urban areas in general have an unsustainable environmental footprint (e.g. Hoekstra
& Wiedmann, 2014), which result in undesired side effects for nature and humans. Many urban
areas have put policies into place to minimize the side effects, for example laws on air
pollution, water treatment, noise pollution etc. However many of the side effects are not
addressed sufficiently while urban areas increase and the effects of climate change
exacerbate. Integrating more nature in urban areas can provide many opportunities in
addressing the negative impacts.
Urban areas influence and depend upon the biophysical structures and processes of nature
(e.g. McDonald et al., 2013). The benefits that humans obtain from biophysical structures and
processes are defined as ecosystem services (Gómez-Baggethun & Barton, 2013). Urban
ecosystem services can mitigate various impacts and provide a range of benefits (Elmqvuist
et al., 2013). For instance, green spaces in urban areas can provide food, can regulate air
quality and can function for recreational purposes (Mcdonald et al., 2013). However
ecosystem services provided in urban areas are frequently overlooked by researchers
(Sinclair et al., 2010).
1.5 Greening Roofs
Green roofs are often mentioned as one of the possible solutions to cope with undesired urban
side effects. Green roofs can have a significant contribution to avoid some side-effects in
urban areas since roofs can represent up to 32% of the surface in dense urban areas
(Obendorfer et al., 2007). Greening a roof changes the properties of a roof through adding
multiple components with a layer of vegetation on top. The components of a green roof can
differ from case to case. The functionality of green roofs depends on local conditions and layer
components (Rowe, 2011).
Many different forms of green roofs exist. The first green roofs have ancient roots. The hanging
gardens of Babylon and Semiramis are older than 2500 years (Vijayaraghavan, 2016). Modern
green roofs exist for more than 100 years and were initiated in Germany followed by other
countries. The cheapest, easiest to fit and most commonly used roofs are extensive Sedum
roofs (Obendorfer et al., 2007). Extensive roofs are often inaccessible and have a substrate
depth between 2 to 20 centimetre with low-growing communities of mosses and plants
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(Sedum). These characteristics make the roof cheap and light, but also impose restrictions on
the type of vegetation (Obendorfer et al., 2007).
An increase in substrate depth makes the roof heavier, but provides a lot more options during
the selection of vegetation. Green roofs with a substrate depth of more than 20 centimetres
are characterized as intensive green roofs. In general, intensive green roofs are more
accessible, are more expensive, require irrigation and are heavier (Obendorfer et al., 2007).
The differences between extensive and intensive roofs are dominant in literature, but can blur
in practice. The type of vegetation, weight, irrigation and accessibility can differ (e.g.
Berndtsson, 2010; Grant, 2006). For instance it is possible to have an accessible extensive
green roof that has a combination of plant species that do not require irrigation. It is also
possible vice versa. So an inaccessible intensive green roof with a combination of resilient
plant species that do not require irrigation.
1.6 Potential of Green Roofs
Green roofs have centuries of history but academic research has only started two decades
ago (Blank et al., 2013). Green roofs support affordable and sustainable water management,
decrease the risk of flooding and prevent combined sewage overflow (CSO) (Berndtsson,
2010). Affordable and sustainable water management is possible thanks to the capacity of
green roofs to store water, delay runoff and return water in to the atmosphere through
evapotranspiration (Obendorfer et al., 2007). Green roofs also reduce the daily temperature
fluctuations on the roof and protect the roof against wind and ultraviolet (UV) radiation. The
provided protection at least doubles the durability of the roof (Vijayaraghavan, 2016).
Obendorfer et al. (2007) found that green roofs decrease the energy demand through
insulation in winter and cooling in summer. Green roof properties also absorb noise pollution
from outside. Furthermore the created green spaces can support the conservation of local
habitat (Lundholm, Maclvor, MacDougall & Ranalli, 2010). Lastly, green roofs provide the
opportunity to increase the liveability and attractiveness of urban areas.
1.7 Lack of Research
Academic publications related to green roofs have been increasing and cover up to 32
disciplines, such as engineering, environmental sciences, water resources and architecture.
The bibliometric study of Blank et al. (2013) found that there is a lack of knowledge about the
exact biophysical processes and functions that occur on a green roof (Blank et al., 2013).
There is also a lack of research on the relation between green roof components and local
variables on the processes and functions that occur on a green roof (Obendorfer et al., 2007).
Most importantly, there is a lack of quantitative analysis on the overall performance of green
roofs. In addition policy makers and project developers do not have an integrative framework
7

that estimates the ecosystem services of green roofs in specific situation. An integrated
framework is helpful to understand the potential services provided by green roofs.
1.8 Purpose of Study
The objective of this research is to conduct an extensive literature analysis and to design a
conceptual model which estimates the provided services of green roofs in urban areas. The
following questions are formulated to achieve this objective:
Research question 1
Which ecosystem services are provided by a green roof?
Research question 2
How can ecosystem services of green roofs be measured?
Research question 3
What are the main relevant ecosystem services provided by green roofs for the urban
environment?
This study aims to explore the ecosystem services provided by green roofs in urban areas.
Firstly, green roofs and ecosystem services will be defined more elaborately. Followed by an
extensive literature study regarding all potential ecosystem services of green roofs. The
research questions will be answered based on literature study. The first question will analyse
all potential ecosystem services of green roofs. The second research question will elaborate
how ecosystem services of green roofs can be measured. This question will make a difference
between measuring on a green roof scale and on an urban ecosystem scale. The last research
question will investigate which ecosystem services provided by a conventional green roof are
relevant in addressing the negative impacts of urban environment. The selection of the main
relevant ecosystem services of green roof will be based upon quantitative estimations within
an urban area and qualitative insights, both derived from the literature study. The framework
in the upcoming chapter will function as a foundation for this theses and future research of
GLOBIO which will continue to develop the model extensively.
1.9 Set-up of the Report
Chapter 2 introduces the research framework and research approach of this thesis. The
research framework is based on the cascading production chain of ecosystems. The research
approach is mainly an extensive literature analysis.
Chapter 3 provides the background results from the literature study. The results are defined
in three parts. The first part defines the components and categories of green roofs. The second
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part provides an overview of the applied search strings and studied literature. The last part
introduces the found ecosystem services.
Chapter 4 answers research question 1 through describing the provided ecosystem services
by green roofs. The contribution of green roofs are compared with the baseline, which is a
conventional black roof. A black roof has a lower albedo than a white roof. Interventions which
can provide the same or better service as a green roofs will be mentioned, when found in
literature.
The quantitative contribution of ecosystem services by green roofs found in the literature are
summarised in the table in appendix 2. The table includes the author, location, year, green
roof characteristics and a summary of the quantitative estimation. The included green roof
characteristics are size of green roof, soil depth, vegetation type, age of green roof and the
slope of the roof. Vegetation types are characterised in sedum, meadow, succulent, crops and
mixture. References are put in the quantitative summary, if the author refers to other studies.
Underlying parameters that influence the quantitative results are not mentioned. For instance
parameters regarding pore space, temperature, organic compounds and characteristics of rain
events are excluded.
Chapter 5 answers research question 2 through describing how the ecosystem services of
green roofs described in the previous chapter should be measured. Each green roof service
is linked with its dominant indicator(s). The indicators have been made usable through
providing practical information regarding the unit of measurement on a green roof scope and
urban ecosystem scope. The findings in the literature study make it possible to refine this
foundation, so that it solely focuses on green roofs in urban areas.
Chapter 6 answers research question 3 through putting all previous findings together to
explore the influence of the ecosystem services of green roofs in urban areas. This chapter is
divided in a qualitative and quantitative part. The qualitative part discusses of the potential role
of each green roof service in urban areas, through summarizing the found qualitative literature
insights. The quantitative part describes a fictive case area and five green roof scenarios,
where the influence of four ecosystem services will be analysed. The four ecosystem service
can play a major role in urban areas according to the literature study and conversations with
Clara Veerkamp form NATURVATION.
Chapter 7 is the discussion which will focus on the flaws and opportunities within this study.
Chapter 8 is the conclusion where the main results of this research will be presented followed
some recommendations for future research.
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2 Method
2.1 Research Framework
Haines-Young & Potschin (2010) developed a framework to link ecosystems to human
wellbeing. Consensus to accept this framework is growing and is supported by TEEB (The
Economics of Ecosystems and Biodiversity) (De Groot et al., 2010).
2.1.1 Framework Objective
The framework underlines the cascading production chain from ecosystem to derived
economic benefits. This implies that ecosystems have their own fundamental properties and
processes. Some of these ecosystem possesses may have various functions that are
potentially useful for humans. The use of these ecosystem functions can provide beneficial
services for humans. Ecosystem services can have various benefits for humans. Some
benefits prevail in certain spatial and societal contexts (Haines-Young & Potschin, 2010). The
actual values of the benefits are determined through methods of economic valuations (De
Groot et al., 2010). This cascading production chain makes it possible to link ecosystems with
human wellbeing.
In the context of green roofs, the green roof itself can be considered as an ecosystem with
properties and processes. A function can be the storing water. This function may provide the
service of lowering flood risk, in case of surplus of rainfall. The benefits derived from lowering
flood risk vary per context. For instance, dense urban areas with a stressed water
infrastructure receive more benefits than green suburban areas. The economic value of each
benefit depends on which methods of valuation are used by people, institutions and society.
This research should provide the first insights in the provided ecosystem services by green
roofs, which will hopefully support future researcher and policy and decision makers with
understanding the effects of green roofs. As a result, green roof might provide a significant
value to some urban ecosystem services.
2.1.2 Artificial Ecosystem
One shortcoming of this framework becomes visible when it is applied to green roofs. Firstly,
green roofs are a part of urban areas. Urban areas are not a natural ecosystem, but an artificial
ecosystem initiated by man-made decisions. Urban areas do not realize or maintain
themselves. Urban areas can, with the right support and unlike most ecosystems, survive all
climate conditions. Lastly, each urban area has different conditions which make it important to
find context-specific solutions. For instance, a green roof in Kenia might provide different
services than a green roof in Sweden.
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Two aspects are added, in order to fully integrate all processes related with the artificial
ecosystem. Firstly, the functions and services of green roofs derive from local conditions and
green roof components. Green roof components include all parameters regarding the green
roof itself, such as irrigation, layer properties and plant species. Secondly, the realization of
green roofs depends on policy and decision making, which is influenced by research and
driving factors. Example of driving factors, as described in the introduction, are the UHI,
climate change, risk of flooding and more. Lastly, policy and implementation influence which
components are used during the realization and maintenance of green roofs. This final
framework is visualized in image 1.
Transforming this framework into one model which can estimate the benefits and (potential)
economic value of green roofs support the decision makers. A lack of literature makes it
impossible for a thesis to analyse the whole cascading production chain of green roofs. This
research will function as a constructive step, with the sole objective to explore the ecosystem
services of green roofs in urban areas through a literature study.
Image 1: Research approach and framework partly adapted from TEEB (2010). Pressures and responses are crucial for
green roofs to exist. Because the existence of green roofs depend on the policies and implementations which are influenced
by various pressures. Pressures and responses are not elaborated because of the scope of this research is on the cascading
production chain of ecosystems, with a main focus on the functions and services.

2.2 Research Approach
2.2.1 Literature Study
The top 5 results in Google Scholar, based on relevance, has been gathered. Patents and
citations are excluded. During the literature study new examples and findings have resulted
into new search terms. This approach does not assume a predetermined set of search strings.
The possibility of adding new search strings in the literature study allows to further explore the
insights gained from read literature.
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The starting point for the literature study was searching for studies that combined green roofs
with an ecosystem service. For each ecosystem service, defined by TEEB (2010) I defined a
separate search string. The findings from this starting point resulted into new search strings.
The order of the found literature is based on the relevancy algorithm of Google. Only the first
5 papers were selected and were given a ranking number between 1 and 5. Ranking numbers
were given to understand the relative popularity of the article. The paper that appeared at the
top was giving the 1st rank, followed by the 2nd, 3rd, 4th or 5th rank. The selected papers through
the search strings are first analysed based on title and abstract. The paper was read
completely if the abstract covered relevant insights related with the search string.
The thoroughly analysed literature is given in Appendix 1. Most data in the result section of
this thesis is derived from the literature study. The quantitative insight from the literature study
is given in Appendix 2.
In addition literature from past courses such as TEEB (2010), MA (2005) & De Groot et al.
(2010). NATUREVATION also shared some articles covering the ecosystem services in urban
areas which have also been used.
Having the possibility to add new search strings seemed suitable, because of the exploratory
character of this research. The first search term was “green roof”. Followed by some general
introductory terms, like “...” review and “...” ecosystem services. All 23 ecosystem services
categorised by TEEB (2010) have also been searched for. New search strings have been
defined during the literature study. As a result three sub-ecosystem services by TEEB (2010)
are categorised as main ecosystem services in this thesis. These services are urban heat
regulation, building climate regulation and noise regulation.
All the search strings per ecosystem service are given in the table below. The results of some
search strings did not cover the topic or did not provide additional information regarding the
search string. These search strings are defined as unsuccessful search terms.
Table 2: Used search terms per ecosystem service
Ecosystem Services
General

Used Search Term

Unsuccessful Search Term

Green roof, “...” review, “...” ecosystem services,
“...” environmental, “...” pollution, “...” pollution
abatement, “...” critical review, “...” bibliometric,
“...” modelling, “...” components, “...” soil

Provisioning services
Food

“...” food

Water

“...” water, “...” rainwater harvesting

Genetic Material

"..." genetic materials
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Biochemical Products and

"..." biochemical products

Medicinal Resources
Ornamental Species and/or

"..."ornamental

Resources
Regulating Services
Global Climate Regulation

“...” carbon, “...” carbon sequestration, “...”

“...” greenhouse

climate change
Urban Heat Regulation
Building Climate Regulation
Air Quality Regulation
Water Regulation

“...” Urban Heat Island
“...” energy saving, “...” thermal performance
“...” air quality, “...” air pollution
"...” rainfall, “...” rainwater runoff, "..."
hydrological

Flood Regulation

"..." flooding

Noise Regulation

“...” acoustic, “...” noise pollution, “...” noise
shielding, “...” road traffic

Waste Treatment
Pollination

"..." waste

"..." waste treatment

"..." pollination

Erosion Protection

"..." erosion

Soil Regeneration and

"..." soil formation, "..." soil regeneration

Formation
Biological Regulation

"..." biological regulation

Habitat or Supporting Services
Nursery Habitat

“...” wildlife, “...” nursery habitat, “...” biodiversity

Genepool Protection

"..." genepool protection

Cultural and Amenity Services
Aesthetic

“...” aesthetic,

Recreational

“...” recreation

Inspirational

“...” inspiration

Cultural heritage and identity

“...” culture, “...” art, “...” spiritual, “...”
religion

Education & Science

“...” health, “...” physical activity, “...”
wellbeing, “...” education
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2.2.2 Literature Findings
55 search terms have been used. 34 search terms provided relevant results. So 61,8% of the
search terms resulted in studied articles. The literature study resulted in 56 articles. 38% of
the articles appeared in multiple search terms. The most popular articles are VanWoert et al.,
(2005), which appeared 15 times, Berndtsson (2010) - 10 times, Santamouris et al. (2010) - 8
times, and Rowe (2011) - 6 times. The other 60% of the articles appeared in one search term.
20% of the 56 observed articles have been found new articles through checking the references
of articles I read previously.
The average citation of articles is 300 times. With 5% of the article cited more than 850 times
and 18% of the articles cited less than 60 times. The observed green roofs are mainly in
Europe and North-America. However literature from China, Japan, India and Brazil has also
been found. Lastly, during the study it became more common that found literature referred to
already observed literature.
2.2.3 Conversations
Multiple conservations have been conducted with Clara Veerkamp from NATURVATION. The
aim was to discuss the existing knowledge regarding urban ecosystem services and to argue
which ecosystem services provided by green roofs are relevant. The selection and
emphasizes of ecosystem services in chapter 6 is partly based on these conversations.
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3 Background of the Study
3.1 Defining Green Roofs
Modern green roofs are a modification of the ancient
roof-garden-concept. Green roofs at least consist of an
insulation layer, waterproof membrane, soil medium and
a vegetation layer (Oberndorfer et al., 2007).
Green roofs are generally classified into intensive, semiintensive and extensive green roofs (Vijayaraghavan,
2016).

The

table-below

provides

the

general

Image 2: Layers of a modern green
roof (Hanway, 2015).

characteristics of an extensive and intensive green roof. A semi-intensive green roof is a
mixture between both categories. The described characteristics can differ slightly between
studies.
Table 1: Introduction to extensive and intensive green roofs. Adapted from Oberndorfer et al. (2007)
Characteristics
Purpose

Extensive Roof

Intensive Roof

Functional

Functional, aesthetic and increased living
space

Structural Requirements

Substrate Type

Within roof weight-bearing parameters, 70 to

Planning in design phase or structural

170 kg per m2

improvements required, 290 to 970 kg per m2

Lightweight with high porosity and low organic

Lightweight to heavy

matter
Average Substrate

2 to 20 cm

20 or more cm

Low-growing communities of plants and

Restriction depend on green roof design and

mosses, with stress-tolerance qualities

maintenance

Irrigation and

Little or no irrigation and annual maintenance

Requires irrigation and similar maintenance as

maintenance

for weeding and mowing.

ground level garden

$100 to $300 per m2

$200 or more per m2

No

Yes

Depth
Plant Communities

Cost
Accessibility

3.2 Defining Ecosystem Services
26 ecosystem services are distinguished in four categories; provisioning (e.g. raw materials,
food and water), regulating (e.g. regulation of air quality, climate and waste), cultural (e.g.
aesthetic views, recreation and education) and habitat services (e.g. habitat for wildlife and
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maintain genetic diversity) (TEEB, 2010). Each ecosystem service and underlying functionality
is described in the table below.
Table 3: The classified 26 ecosystem services including their underlying functionality. Mainly adapted
from TEEB (2010). Alterations are based on the literature study.
Ecosystem Services

Ecosystem function

Provisioning services
Food

Presence of edible animals and plants

Water

Presence of water reservoirs

Genetic Material
Biochemical Products and Medicinal

Presence of species with useful genetic material
Presence of abiotic components or species with medicinal use or useful

Resources
Ornamental Species and/or Resources

chemicals
Presence of abiotic resources or species with ornamental use

Regulating Services
Global Climate Regulation

Influence on global climate

Urban Heat Regulation

Influence on urban climate

Building Climate Regulation,

Influence on warm indoor climates, through diffusing heat

Warm Climate
Building Climate Regulation,

Influence on cold indoor climates, through retaining heat

Cold Climate
Air Quality Regulation
Water Regulation

Influence on chemicals and aerosols from the atmosphere
Effect on water infiltration and gradual release of water

Natural Hazard Mitigation

Influence on dampening extreme events

Noise Regulation

Influence on outdoor noise which enters buildings

Waste Treatment

Influence on the creation, breakdown and/or removal of waste

Pollination

Effectiveness and abundance of pollinators

Erosion Protection

Role of biota and vegetation in soil retention

Soil Regeneration and Formation
Biological Regulation

Role of natural processes in soil regeneration and formation
Control of pest populations through trophic relations

Habitat or Supporting Services
Nursery Habitat
Genepool Protection

Provide breeding, feeding or resting habitat for transient species
Maintenance of an ecological balance and evolutionary processes
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Cultural and Amenity Services
Aesthetic

Aesthetic quality of the landscape

Recreational

Landscape features or species with recreational values

Inspirational

Landscape features or species with inspirational values

Cultural heritage and identity

Landscape features or species with cultural values

Education & Science

Landscape features or species with educational and scientific values
Non-medicinal landscape features or species with mental and physical healing

Health

values

The services in the table which are in italic do not derive from or are not mentioned in the
TEEB (2010) and MA (2005) frameworks. The section below will provide a more detailed
description of these new or altered services.
3.2.1 Global, urban and indoor climate regulation
Climate regulatory services of green roofs are categorized in global, local and indoor climates.
Global climate regulation applies to the sequestration and emission of greenhouse gases, with
carbon dioxide (CO2) categorized as the most important gas. Other greenhouse gases are
methane

(CH4),

nitrous

oxide

chlorofluorocarbon
hydrofluorocarbon

(N2O),

(CCl2F2),
(CHF3),

sulphur

hexafluoride (SF6) and nitrogen trifluoride
(NF3) (Solomon et al., 2007).
The

regulation

of

urban

temperature

applies to the mitigation of the Urban Heat
Island (UHI) effect. As explained in the
introduction, UHI is the phenomenon of
higher urban temperatures when compared

Image 3: Simplified illustration of the Urban Heat Island
(Jolma Architects, 2018)

to the surrounding area. Higher urban temperatures are caused by the urban energy balance
(Susca et al., 2011).
“Building climate regulation” applies to the indoor climate regulation of buildings. This service
is different in warm and cold climates, because the prevalent service in cold climates is
retaining heat and the major service in warm climates is cooling the building. Climate
regulation in buildings in cold and warm conditions contributes to the stabilization of year round
internal temperatures (e.g. Castleton et al., 2010).
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3.2.2 Air pollution
Green roofs emit and store primary and precursory air pollutants in the form of biomass.
Primary pollutants affect ecosystems and human health in their initially emitted form. For
instance the combustion of fossil fuels result in the emission of particulate matter (PM) and
sulphur dioxide (SO2), which directly harm humans and animals when inhaled (Krol & Hove,
2015). Pollutant precursors cause indirect harm through contributing to the formation of
secondary pollutants in the atmosphere (Smith et al., 2013). For instance some forms of NOx
are harmless by itself. However NOx ignite the reaction towards ozone. Ozone directly harms
the health of animals and humans (Krol & Hove, 2015).
3.2.3 Flood, noise and waste regulation
Flood regulation is a part of the broader ecosystem service category, called natural hazard
mitigation (De Groot et al., 2010). This service protects urban areas against floods and
reduces the amount of damage.
The regulation of noise is the service to mitigate noise pollution. Ecosystems produce, alter,
enhance and absorb noise. For instance forestry’s diffuses and absorbs noise, while water
surfaces reflect and enhance noise. The exact regulation of noise depends on the sources,
pathways and sinks.
The regulation of waste is the creation, breakdown and or removal of waste, with a main focus
on the production and demolition phase. Green roof become waste after demolition and during
do not access waste of other ecosystems and are not designed to store waste during their
functionality. Abiotic waste treatment on a green roof therefore does not exist, besides the
possibility to treat its own biotic waste. However, some components of green roofs can be
made of waste flows and green roofs produce waste after demolition.
3.2.4 Habitat
Some authors call habitat services supporting services (e.g. MA, 2005; De Groot et al., 2010).
This study chooses to call this category habitat services. We make a difference between
habitat for flora and habitat for fauna.
3.2.5 Aesthetics
Green spaces directly enhance mental and physical health (e.g. Mytton et al., 2012;
Richardson et al., 2013). It’s arguable that this is a benefit which derives from the aesthetic
services of an ecosystem. Regardless of this discussion, greenery directly influences the
mental and physical health of humans and is therefore defined as an ecosystem service (e.g.
Mytton et al., 2012; Richardson et al., 2013).
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4 Ecosystem Services of Green Roofs
The results from the literature review are summarized in the table of Appendix 2. This chapter
describes the found knowledge of the ecosystem services provided by green roofs.

4.1 Provisioning Services
4.1.1 Food
Green roofs can provide significant
amounts of food on green roofs. Foodrelated roofs are categorised in open-air
farms, which currently take in more than
80% of the food-related roofs, and
greenhouses, which are being built at a
faster rate since 2012. Both categories
have been improving over the years,

Image 4a & b: Left: An open-air farm in Toronto (The Ruminant,
2015). Right: An aerial perspective of one of the greenhouse
rooftops in Montreal (Kucharsky, 2017).

show room to further development and can be commercially interesting in their current state
(Buehler & Junge, 2016). Food-related roofs mostly cultivate small vegetables and herbs, such
as strawberries, tomatoes, pole beans, cucumbers, pepper and rosemary. There are also
unique cases where rice, fruits and honey is cultivated (e.g. Loder & Peck, 2004; Hui, 2011).
No roofs have been found that breed cattle.
4.1.2 Water
Green roofs create local reservoirs of rainwater within
the urban ecosystem. Local reservoirs are created
through storing large amounts of rainfall in the soil, for a
certain amount of time. Rainwater reservoirs on roofs
can be harvested and used for the shower, washing
machine, toilet and garden (Li et al., 2009). However,
stored rainfall in green roofs is partly consumed by
vegetation, partly evaporated into the air and partly
results into delayed runoff (Oberndorfer et al., 2007).

Image 5: Example to illustrate how a green
roof can harvest rainwater (Smith, 2010).

4.1.3 Other Materials and Products
Green roofs can theoretically cultivate species and abiotic resources which can be used for
various purposes, which do not relate with food or water. For instance the provision of raw,
genetic, medicinal, ornamental or genetic materials (De Groot et al., 2010). Green roofs can
cultivate medicinal herbs. Ornamental species can also be planted for people who use the
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roof or have a view on the roof. Depending on the vegetation green roofs can be categorized
as an ornamental landscape (Whittinghill et al., 2014). However, no literature has been found
where useful materials and products, which do not relate with food or water, have been grown
for commercial purposes on rooftops.

4.2 Regulating Services
4.2.1 Global Climate Regulation
Trees, plants and crops absorb CO2, which is then stored in biomass and soils (USEPA 2013).
The local CO2 concentrations are reduced with 9.3% around green roofs (Li et al., 2010).
Extensive sedum-based green roofs annually store 375 g C/m2. As an illustration, 55,252 tons
of carbon is sequestered if all the roofs on Detroit metropolitan would be covered with sedum
(Getter et al., 2009). Currently, the price per ton of CO2 equivalent in the European Emissions
Trading System is 21 euro (Markets Insider, 2019). Multiplying the sequestered tons of carbon
with 21 euro results in an economic value of 1.116.292 euro. No literature has been found
which covers the effects of green roofs on other greenhouse gasses.
4.2.2 Urban Heat Regulation
Green roofs mitigate the UHI, because the external surfaces of a green roof heat less in warm
conditions, especially when compared to a regular black roof (Niachou et al., 2001). Surface
albedo, evapotranspiration and improved indoor climate cool the temperature of the city
(Susca et al., 2011; Niachou et al., 2001; Santamouris et al., 2005). During warm periods
vegetated areas are 2 degree cooler when compared to areas with no vegetation (Susca et
al., 2011). Another benefit is that vegetated areas decrease the sensible heat through
evapotranspiration (e.g. Oberndorfer et al., 2007; Gaffin et al., 2008; Teemusk, & Mander,
2009).
Building Climate Regulation in Warm Climates
Green roofs cool buildings in warm climates. This
benefit can be categorised in three functionalities;
preventing heat from entering, active cooling and
storing heat on the rooftop. Heat from solar
radiation and humidity is prevented from entering
because green roofs have a higher albedo and
more layers than a black roof (e.g. Niachou et al.,
2001). Secondly, a green roof in well-watered
conditions has evapotranspiration which implies an
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Image 6: Simplified visualization of the thermal and
hydrological benefits of a green roof in comparison
with a conventional roof (Prest, 2013).

outgoing heat flux. An outgoing heat flux from a building indicates active indoor cooling (e.g.
Lazzarin et al., 2005). Thirdly, a green roof increases the capacity of the roof to store heat,
instead of the building (e.g. Mihalakakou et al., 2002). These benefits combined result that
green roofs cool indoor climates during day and night and distribute heat more evenly over
the whole day. For instance, the surface of a green roofs is up to 20 degrees cooler in warm
conditions, when compared to a conventional roof (Teemusk, & Mander, 2010).
The cooling of the indoor climate by green roofs partly replaces air conditioning, prevents CO2
emissions and decreases the probability of summer blackouts (e.g. Susca et al., 2011). Over
a time span of 50 years the higher albedo of a green roof alone saves 38 kg more of CO2
emissions per square meter (Susca et al., 2011).
This ecosystem service saves energy, especially in buildings with poor insulation (e.g.
Castleton, 2010). Applying a green roof on a building annually saves between 6-49% for a
four floor building and 12-87% for the top floor. Applying green roofs on a city scale reduces
the primary energy usage between 0% and 11% for Seville, 2% and 8% for Rome and 1% and
11% for Tenerife (Ascione et al., 2013).
An alternative for green roofs is white coating. A square meter of white roofs save 102 kg more
C02 over a time span of 50 years. However, green roofs are better for the global climate
because the construction phase of green roofs emit less kilograms of C02 than a conventional
roof and less replacement of building materials are needed (Susca et al., 2011).
4.2.3 Building Climate Regulation in Cold Climates
The layers of a green roof prevent indoor heat from escaping in cold climates (e.g. Zhao and
Srebric, 2012). This functionality of a green roof offer additional insulation value, especially for
poorly insulated buildings (e.g. Castleton et al., 2010). However green roofs have the same
functionalities in warm and cold conditions. One of the mentioned functionalities in warm
conditions, active cooling, is counterworking the service of additional insulation. In humid and
cold conditions, green roofs have a higher outgoing thermal flux up to 40% when compared
with a conventional insulated roof (Lazzarin et al., 2005).
Applying green roofs on a city scale reduces the primary energy usage between -1% and 6%
for Oslo and between 4% and 7% for Amsterdam and London (Ascione et al., 2013).
4.2.4 Air Quality Regulation
Green roofs emit and extract aerosols and chemicals from the atmosphere. 85 kg of air
pollutants are annually removed per ha of green roofs. The highest amount of air pollutant
removal is in May and the lowest in February. The removed air pollutants existed of 03(52%),
N02 (27%), PM10 (14%) and S02 (7%) (Yang et al., 2008). However, green roofs emit aerosols
and chemicals during the production process. For instance while producing polymer for green
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roofs. The air pollution caused by producing polymer is balanced out by green roofs between
13 and 32 years. The production process of polymer results into less air pollution than
substitution products like polyethylene and polypropylene. (Bianchini & Hewage, 2012).
4.2.5 Water Regulation
Green roof influence the water cycle in cities, both in
normal conditions and in hazardous events. Normal
conditions are rainfall events that happen at least
once a year, while hazardous events happen less
than once a year. Green roofs influence the water
flow and water quality in normal conditions.
The water flow is altered, because small rain events
are buffered for a large part (e.g. Simmons et al.,
2008). Water is buffered through absorbing, reducing,

Image 7: Simplified comparison between the
water drainage on a green and conventional
roof (RESTORE, n.d.).

delaying and attenuating peak runoff. The substrate absorbs water during a rain event.
Evapotranspiration reduces the amount of runoff. Excess water is gradually released from the
pores of the substrate, which delays and attenuates runoff (e.g. Locatelli et al., 2014; Mentens
et al., 2006).
Green roofs have a positive and negative influence on the water quality. Some green roof
layers are partly made of heavy metals, but do not release substantial amounts of heavy
metals. Extensive green roofs can affect the water quality to a certain degree. For instance,
the pH values of acid rain are increased when passing through the soil substrate of the green
roof (e.g. VanWoert et al., 2005). However, depending on the fertilization, green roofs can also
have a negative effect on water quality, through releasing phosphorus and nitrogen (e.g.
Berndtsson, 2010).
4.2.6 Flood Regulation
Water and flood regulation of green roofs have the same processes. The described process
in the previous part is buffering water through absorbing, reducing, delaying and attenuating
peak runoff. Green roofs regulate floods through effectively managing small storms
(Berndtsson, 2010).
Extensive green roofs attenuate the runoff intensity by 10-36% and reduce the runoff volume
by 2-5%, for a hazardous rain event with a 5-10 year return period which takes place for 10
minutes (Locatelli et al., 2014). The service of buffering water diminishes during a long rain
event. An extensive green roof attenuates the runoff intensity with 3% during an extreme and
long rainfall event of 114 mm. And the outflow of soil can reach up to 15% (Feitosa &
Wilkinson, 2016).
22

4.2.7 Noise Regulation
Green roofs absorb and diffract sound waves which
reduce noise pollution, provide indoor acoustic
benefits and improve the sonic environment (Yang
et al., 2012). The acoustic benefits of green roofs
have the most effect near airports, discotheques,
busy roads and/or machineries (e.g. Renterghem and
Botteldooren, 2009; Producer Zinco, 2003). For
instance, putting a green roof on the first, second and
third floor reduces street-level noise up to 20 dB,
especially for sources of high frequencies (Yang et
al., 2012). A car passing with 80/km per hour
produces around 75 dBa*.

Image 8: Two example configurations of green
roofs. Both examples mitigate noise pollution
(Renterghem and Botteldooren, 2009).

*dB includes all frequencies. DBa is the perceived loudness. DBa is measured through filtering
sounds which are not heard by humans, like low frequencies. (Beranek & Ver, 2006;
Renterghem & Botteldooren, 2009).
4.2.8 Waste Treatment
Green roofs can use waste during the manufacturing process. For instance, it is possible to
replace crushed red brick, which is commonly used for the growth media, with recycled waste
materials like a mix of clay and sewage sludge, recycled paper or carbonated limestone.
These alternatives can be cheaper, locally available, provide better growth conditions for
plants and improve the quality of runoff (Molineux, 2009).
Another waste related benefit is that green roofs improve the overall durability between 2 to 4
times (e.g. Oberndorfer et al., 2007)
4.2.9 Pollination
Having pollinators on a green roof is possible. It is possible to
cultivate honeybees on green roofs (Loder & Peck, 2004). The
exact effect of green roofs on pollinators is not clear. Some cases
found a lower diversity and richness in natural bee species at
green roof sites (Colla et al., 2009).

Image 9: Beehive on a green
roof (Dusty Gedge, n.d.).

4.2.10 Other Regulating Services
Ecosystems can provide other regulatory service such as the formation and regeneration of
soil, protection against erosion and the regulation of species (De Groot et al., 2010). Green
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roofs regulate the formation and regeneration of its own soil and should protect itself against
erosion, especially caused by runoff. And might play a role in regulating pests. However, no
literature has been found for these examples.

4.3 Habitat Services
4.3.1 Habitat for Flora
Green roofs provide permanent, refuge and transient habitat for flora. The conventional
extensive green roof lays vegetation mats on the water-retention layer. The mats are mainly
characterized by sedum and sometimes by other stress tolerant species (Grants, 2006).
However, extensive green roofs are also capable to provide habitat for grasses and meadows
(e.g. Nicholson, 2004). It is possible to have all forms of flora on an intensive green roof as
long as roof has the proper conditioning and irrigation practices.
4.3.2 Habitat for Fauna
Green roofs in general are unsuitable as permanent habitats for ground-dwelling organisms
(Brenneisen, 2006). However, most green roofs do provide permanent, refuge and transient
habitat for non-ground-dwelling organisms. Well-designed green roofs provide habitat for
endangered and rare species affected by land-use changes (Brenneisen, 2003). For instance,
habitat for scarce beetles, scarce wolf spiders and rare leaf bugs.

4.4 Cultural & Amenity Services
4.4.1 Mental and Physical Health
Green roofs are one form of urban green spaces. A greater availability of green spaces in
neighbourhoods encourages physical activity and has a positive influence on mental health of
local residents (e.g. Mytton et al., 2012; Ord et al., 2013). Green space also facilitates social
contacts (e.g. Richardson et al., 2013).
4.4.2 Aesthetic Quality
Green roofs contribute to the aesthetic quality of the
landscape, which enhances the appreciation of
natural scenery (De Groot et al., 2010). Overall
reactions and attitudes of local residents towards a
green roofs are positive (Jungels et al., 2013).
Individuals who have a view on a green roof even
receive mental and physical health benefits. For

Image 10: Social and cultural activities on a green
roof (Zinco, n.d.).

instance, a green view from the office window stimulates people’s ability to concentrate and
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increase job satisfaction (e.g. Kaplan, 2001; Davigne et al., 2008). An example of a health
benefit is that patients with a view on vegetation recover faster, require, less medication and
nursing attention (e.g. Wang et al., 2014; Ulrich, 1986).
4.4.3 Other Cultural & Amenity Services
Accessible green roofs provide recreational and touristic benefits. Such as a natural
playground, sun tanning, having lunch, sporting and more. These features attract tourists and
new citizens (e.g. Wolch et al., 2014).
Green roofs might provide a range of other services such as inspiration from a cultural, artistic,
spiritual and/or religious perspective, or provide a sense of place and belonging to local
residents. The features of a green roof can also provide a range of educational services, from
primary school gardening up to research on urban ecosystem services.
Image 11: Creative summary of services provided by green roof services (Evolve, 2017).
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5 Measuring Ecosystem Services of Green Roofs
5.1 Introduction
This chapter describes the main indicators for each ecosystem service provided by green
roofs. Units of measurements are proposed for each indicator, on a green roofs themselves
and for an urban ecosystem as a whole. Green roofs can only comprise several square meters.
While urban ecosystems comprise at least multiple hectares. The indicators and units of
measurements derive from the literature analysis (Appendix 1).
5.2 Measuring the Provisioning of Food
The state indicator is measured as total or average production of food in g/m2 on a green roof
scope and tons/ha2 on for urban ecosystems (e.g. De Groot et al., 2010; Hui, 2011). These
units especially apply for lightweight products, such as spinach and herbs. The performance
of food is measured as the net productivity in g/m2/year on a green roof scope and kg/ha2/year
on an urban ecosystem scope (De Groot et al., 201).
5.3 Measuring the Provisioning of Water
The state indicator for water provisioning is the total available amount of water in an
ecosystem, which is measured in m3 of water per hectare on an urban scope and cm3 of water
per meter on a green roof scope. The performance of water provisioning is measured through
the maximal sustainable water-extraction (SWE) (De Groot et al., 2010). The SWE originally
refers to the extraction from rivers and from the ground and occur when the extraction is below
the natural recharge rate (Gleick & Palaniappan, 2010). The SWE on a green roof implies the
stored roof water and its potential can be calculated through subtracting the expected amount
of evapotranspiration from the amount of rainfall (e.g. Oberndorfer et al., 2007). Maximal SWE
is achieved when the extraction rate matches the natural recharge rate. Cm3/m2/year is
applicable when measuring the performance of water provisioning on a green roof scope and
m3/ha/year should be used on an urban scope.
5.4 Measuring Other Provisioning Services
Various indicators should be used depending on the kind of provided material or resource.
Genetic materials are measured by the gene bank value, which comprises various indicators
(De Groot et al., 2010). The total amount of biochemical, ornamental and other provisioning
services can be measured in the extracted amount of materials and products in g/m2 on a
green roof scope and kg/ha2 on an urban ecosystem scope. The performance is measured in
the maximum sustainable harvest in g/m2/year on a green roof scope and kg/ha2/year on an
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urban ecosystem scope (De Groot et al., 2010). Maximum sustainable harvest on a green roof
implies exploiting cultivated resources without long-term depletion of the soil and flora.
5.6 Regulatory Services
Unlike provisioning services, the state and performance indicator for most regulatory services
are measured in the same way. The difference is that state indicators measure the potential
amount while the performance indicator measures the actual usage. The main difference is
that state indicators measure the service at a specific moment and that performance indicators
measure the regulation over a certain timespan, which is often over a year.
5.7 Climate Regulation
Global climate regulation is measured through the greenhouse gas-balance. The greenhouse
gas-balance is indicated through listing the amount of fixed or emitted greenhouse gases per
component (e.g. De Groot et al., 2010; Getter et al., 2009). Unlike natural ecosystems, green
roofs are partly composed of abiotic components which emit greenhouse gasses during the
manufacturing and demolition of the green roofs. Example components that need to be
included are vegetation, drainage barrier, substrate and root barrier (e.g. Getter et al., 2009).
The greenhouse gas-balance results into a list of greenhouse gasses emitted and/or absorbed
per gram per m2 on a green roof scope and per kg per hectare on an urban ecosystem scope.
For instance g C m2 and kg C ha2.
5.8 Urban Heat Regulation
The capacity of green roofs to regulate urban heat is indicated through comparing the
difference in temperature on a green roof with the temperature on conventional roofs (e.g. Lui
& Minor, 2005). Based on this comparison it becomes possible to estimate the average
difference in air temperature (C°) per m2 on a green roof scope and to calculate the average
difference in air temperature (C°) per hectare on an urban ecosystem scope is used. In order
to have a uniform indicator we advise to measure at least the temperature on the middle of
the roof, 1 meter above the ceiling.
Urban heat regulation is caused by two indicators; the prevented amount of emitted heat,
caused by indoor heating and air conditioning, and the amount of directly repealed heat by the
green roof (e.g. Oberndorfer et al., 2007). Both indicators should be measured in the C°m2 on
a green roof scope and C° hectare on an urban ecosystem scope (e.g. Susca et al., 2011).
5.9 Indoor Climate regulation
Indoor climate regulation in warm and cold climates is indicated through comparing the
difference in indoor temperatures below a green roof with the indoor temperature below a
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conventional roof. The difference in indoor temperature is mainly caused by the prevented
amount of ingoing heat flux and the prevented amount of outgoing heat flux (e.g. Onmura et
al., 2011; Lazzarin et al., 2005). Many studies measure the saved amount of energy by not
using heating and air conditioning. Energy saving is a benefit of indoor climate regulation and
not the service itself. On a green roof scope the average difference in indoor temperature in
C° per m2 is measured and on an urban ecosystem scope the average difference in indoor

temperature in C° per hectare is used. In order to have a uniform indicator we advise to
measure the temperature in the middle of the room, 1 meter below the ceiling.
5.10 Air Quality Regulation
The service of air quality regulation is measured through including each species and abiotic
component which fixes and/or emits harmful aerosols and chemicals (e.g. De Groot et al.,
2010; Tan & Sia, 2005). Each component, such as vegetation, drainage barrier, substrate and
root barrier, need to be included (De Groot et al., 2010; Getter et al., 2009). Followed by
calculating the balance for all components combined, through subtracting the total emitted
aerosols and chemicals with the fixed aerosols and chemicals (e.g. De Groot et al., 2010;
Smith et al., 2013). PM, SO2 and NOx are example air pollutants which should be included.
The balance results into a list of harmful aerosols and chemical and their net emission or
absorption per gram per m2 on a green roof scope and per kg per ha2 on an urban scope.
5.11 Water and Flood Regulation
The main indicator for water and flood regulation is the retention capacity (De Groot et al.,
2010), which is measured in mm/m3 for green roofs themselves and m3/ha2 on an urban
ecosystem scope. For the urban hydrological regime it is also relevant to analyse the capacity
to delay and attenuate runoff (e.g. DeNardo et al., 2005). The delay in runoff is measured in
minutes delay per rain event of x size per m3/ha2. The attenuation of runoff is measured in
mm/m2 on a green roof scope and m3/ha2 on an urban ecosystem scope
Water and flood regulation have the same indicators. However, the regulation of floods by
green roofs should only be measured during heavy rain events. The service of water regulation
is to improve the regulation of the hydrological regime in general. The service of flood
regulation focuses more specifically on reducing the risk of flooding and its damage on the
built environment (De Groot et al., 2010)
5.12 Noise Regulation
The capacity to mitigate noise pollution is measured in the reduced acoustic sound pressure
(SPL) in a-weighted decibels (dBA) in m2 on a green roof scope and in ha2 on an urban scope.
The microphones should be placed strategically in order capture the total reduced SPL in dBa.
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5.13 Waste Regulation
The regulation of waste should be measured through making a waste balance. The waste
balance is indicated through listing the amount of created, removed and broken down waste
for the whole roof in general. Unlike natural ecosystems, green roofs create waste. For
instance during the demolition of the roof.
The waste balance results into a list of created, removed and/or broken down waste. Each
form of waste can have a different unit, such g crude oil m2 or Bq radon-222 m2 (e.g. Bianchini
& Hewage, 2012).
5.14 Other Regulatory Services
Pollination is measured through the number & impact on pollinating species per m2 or ha2.
Erosion protection is measured in the amount of retained soil per m2 or ha2. Soil formation and
regeneration is measured in the amount of regenerated topsoil per m2 or ha2. Biological
regulation is measured in the amount of reduced human diseases per m2 or ha2 (De Groot et
al., 2010).
5.15 Habitat Services
No literature has been found which uses any official biodiversity standard on green roofs, like
mean species abundance or species richness. Based on conversations with NATURVATION
it’s suggested to use species richness and the average population size of species. Species
richness is number of different species in an ecological community and average population
size is the amount of species in an ecological community (Colwell, 2009). The ecological
community can be observed on a green roof scope and urban scope.
5.16 Cultural & Amenity Services
Cultural services, like aesthetic, inspiration and cultural identity are often measured
subjectively and indirectly. This can be done through various methods which will not be
elaborated, because no literature has been found which measures the cultural and amenity
services of green roofs. Farber (2002) and Koetse et al. (2015) do not mention green roofs
but can be consulted for more specific information on valuing cultural ecosystem services.
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Tabel 4: Summary of the state and performance indicators. Based on the literature study.

30

6 Contribution of Green Roof Ecosystem Services in Urban Areas
This chapter explores the qualitative and quantitative relevance of ecosystem services
provided by green roofs in a dense urban environment.

6.1 Qualitative Relevance
6.1.1 Provisioning of Food
Cultivating food on rooftops creates jobs and enhances food security. Creating jobs and
enhancing food security is especially beneficial in urban areas that are less developed
(Whittinghill et al., 2014; Rowe, 2012). Agricultural rooftops can lower the ecological footprint
through the decrease in transportation of food and the application of environmental friendly
techniques (Buehler & Junge, 2016). However, the three major impacts -changing building
structure, high expenses and significantly changing other ecosystem services- can outweigh
the benefits. Firstly, the roofs are difficult to fit on buildings because they have a significant
higher weight, need access for intensive maintenance and need to be able to transport food
(Buehler & Junge, 2016). The necessary major changes in the building construction and green
roof maintenance result in significantly higher expenses when compared to a conventional
green roof. From a commercial perspective agricultural roofs do not compete with agriculture
on ground level (Kortright, 2001). Lastly, integrating agriculture on a green roof significantly
changes the ecosystem functionality, through applying fertilizers and removing vegetation.
For instance, runoff from an open-air agricultural roof contains pesticides and nutrients used
for the cultivation of food.
6.1.2 Provisioning of Water
The conventional green roof installations do not extract and store rainwater, except when
combined with a rainwater harvesting installation. Many methods and cases exist that harvest
rainwater. However, no commercial green roofs have been found that harvests rainwater.
The combination of harvesting rainwater and having a green roofs is not a logical combination.
Firstly, buildings which harvest rainwater counterwork themselves through applying green
roofs, because a green roof consumes rainwater and has evapotranspiration (e.g. Mentens et
al., 2006). Secondly, rainwater from a green roof, depending on the regulatory framework of
the country, is likely to need more treatment than harvested rainwater from a conventional
roof. This is because the runoff of a green roof has a higher dissolved organic carbon
concentration and, if irrigation is applied, can have traces of pesticide and fertilizers (Mendez,
2010; Berndtsson, 2010).
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Green roofs at least provide a temporal source of water for the vegetation on top of the roof.
While a conventional roof transports the rainfall directly to the sewers. So it can be argued that
a green roof provides more water for the natural environment than a conventional roof.
6.1.3 Provisioning of Other Materials and Products
Providing the right conditions to cultivate food and other materials and products on a rooftop
is relatively costly and time consuming. No research has been found that mentions the
commercial performance of green roofs relating the production of raw, genetic, medicinal or
ornamental materials. This does not exclude that green roofs might have the potential to
provide products and materials which do not relate with food. However, green roof
circumstances are tough. Vijayarghavan (2016) state that the favourable characteristics of
vegetation for extensive green roofs are as followed:
-

Ability to withstand drought conditions

-

Good ground coverage

-

Less maintenance

-

Short and soft roots
Rapid multiplication
Phytoremediation
Survive under minimal nutrient conditions

Most plant species, let alone species that are used for raw, genetic, medicinal, ornamental
and genetic usage, do not bear these characteristics. It is therefore relatively difficult to
cultivate useful materials on extensive green roofs. However intensive or greenhouse roofs
might have more favourable characteristics for the cultivation of natural materials, especially
for local residents.
6.1.4 Regulation of Global Climate and Air Quality
Green roofs can play an important role in sequestration of CO2 and the removal of air
pollutants in urban areas. This implies that green roofs can contribute to mitigating climate
change and improving the health for urban residents. As stated in Chapter 4, a conventional
green roof annually stores 375 g C/m2 in an urban area. Yang et al. (2008) uses the example
that greening all rooftops in Chicago would cost 35.2 billion but can be justified in the long run
through annually removing 2046 metric tons of air pollutants (Yang et al., 2008).
On the other hand, green roofs emit CO2 and other air pollutants during the manufacturing,
transportation and demolition process. Only including the manufacturing of a conventional
green roof in the analyses would cost nine years to offset its carbon debt (Getter et al., 2009).
The balance of emitted and stored greenhouse gasses and air pollutants can be improved
through using environmental friendly materials and recycling (Bianchine & Hewage, 2012).
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6.1.5 Regulation of Urban Heat Island
Green roof mitigate the UHI. One green roof has a neglectable influence on the urban climate.
Urban areas with a hot climate need large scale development of green roofs if they want to
significantly benefit from this service. Cheaper and more effective options against the UHI
already exist, such as white roofs, but do not address other ecosystem services.
6.1.6 Regulation of Indoor Climate
Green roofs improve the indoor climate in warm climates, especially when compared to a black
roof. The cooling capabilities of a green roof increase when the soil is humid (e.g. Lazzarin et
al., 2005). Irrigation in warm conditions is therefore beneficial to enhance the active cooling
caused by green roofs, however irrigation pressures water supplies in the area. Another point
of attention is the survival of plant species in dry conditions without irrigation.
A green roof can improve the thermal protection of a building in cold conditions, however it
should not replace the insulation layer (Castleton et al., 2010). A dry soil offers a slightly better
thermal insulation for a well-insulated building. However, most cold climates are humid with
regular precipitation which activates the passive cooling of green roofs.
6.1.7 Regulation of Water
Water regulation results into crucial benefits for urban areas. Examples benefits are natural
irrigation, natural treatment of polluted water, natural regulation of channel flow and less
sewage costs.
Greening roofs support the regulation of the urban water cycle. A regular distribution of water
in normal conditions is essential, especially for urban areas, because too much as well as too
little runoff can result into serious health and environmental problems (De Groot et al., 2002).
Too little runoff leaves urban pollutants on the streets resulting into undesirable smell and an
increase in health risk. A typical city block luckily has five times more runoff than a woodlot of
the same size, because impermeable surfaces make it impossible for rainfall to immediatly
infiltrate the ground (USEPA. 2003). However, too much runoff can result into combined
sewage water overflow which transfers contaminated sewage water to surrounding natural
areas (VanWoert et al., 2005). Urban runoff can be acidic and can consist of nitrates,
petroleum, heavy metals and pesticides (Berndtsson, 2010).
Green roofs are an attractive intervention to support the regulation of water by nature. Green
roofs regulate water through retention, attenuating and delaying runoff. As an example, 10%
of extensive maintenance-free green roofs in Brussel will result in a runoff reduction of 2.7%
for the region and 54% for the individual building (Mentens et al., 2006). Regulation water
through green roofs pose various benefits. For instance the sewer system can become more
efficient because the runoff is distributed more equally over time. Another example is that
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green roofs can function as a cheaper and environmental friendly alternative to enlarging
existing pipelines (Mentens et al., 2006). Increased efficiency and lower maintenance costs
can also be translated into economic benefits. Another benefit is that less untreated sewage
water will be dumped in surrounding natural areas and that urban runoff that ends up in natural
water recipients will have a lower degrees of acidification (Berndtsson, 2010). Other benefits
are the possibility for natural irrigation, natural treatment of polluted water and natural
regulation of urban channel flows.
6.1.8 Regulation of floods
High land prices make the creation of green bodies on a ground level very expensive and
sometimes even impossible. However, a lack of green and impervious surfaces enhance the
risk of having floods (Tingsanchali, 2012). Floods are one of the most prevalent disasters in
the world and therefore exert significant pressure on human societies, through losses of life
and damage in property (Nedkov, Burkhard, 2012). So floods are a serious issue and greenery
has an important role in mitigating floods (e.g. De Groot et al., 2010).
Green roofs slightly lower the risk of urban flooding, for several reasons which overlap with
the services mentioned for water regulation. Firstly, Green roofs act as a source control
technology for normal and extreme rain events on unused spaces (Cipolla et al., 2016). CSO
can be prevented because the runoff is distributed more equally over time. With the result that
less untreated sewage water will be dumped in surrounding natural areas and that the urban
runoff that ends up in natural water recipients will have a lower degrees of acidification
(Berndtsson, 2010). Another example is that green roofs function as a cheaper and
environmental friendly alternative to enlarging existing pipelines (Mentens et al., 2006).
However there are two points of attention. Retaining water on a rooftop might harm the building
and the water quality might be negatively influenced by the green roof.
6.1.9 Regulation of Noise, Treatment of Waste and Pollination
Green roofs mitigate noise pollution near highways and busy roads. However, green roofs can
also mitigate noise pollution in areas that suffer from other sources of noise. Such as areas
near airports, railways and nightclubs (Dunnett & Kingsbury, 2008).
The manufacturing and demolition process of green roofs has negative influence on waste, air
and water pollution. The manufacturing and demolition process can also offer new possibilities
to treat and recycle waste within urban areas (Molineux, 2009)
Blocking from light and preventing temperature fluctuations of the roof membrane increases
the lifetime of a roof with two to four times (Oberndorfer et al., 2007).
No statement can be made about the effect of green roofs on pollinators. However pollinators
are needed to regulate the spread and reproduction of flora on green roofs and urban areas.
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6.1.10 Habitat Services
Green roofs have the potential to significantly contribute to the biodiversity and wildlife in urban
areas. The city of Basel in Switzerland is a striking example. Basel enforced a new building
and construction law. Green roofs are now mandatory on new buildings with a flat roof, in
order to increase biodiversity and provide habitat for locally and regionally endangered
species. However, the relation between biodiversity and habitat for green roofs is not well
understood. An accessible design for all kind of species plays a key role in optimizing the
habitat services of green roofs.
6.1.11 Cultural & Amenity Services
Accessible green roofs are likely to enhance the physical and mental health of local residents
through increasing the amount and proximity of urban green spaces in dense neighbourhoods.
Green roofs are also likely to contribute to the aesthetic quality of urban landscapes, especially
for surrounding buildings that have a view on the green roof can benefit from the scenery.
Cultural & amenity services should play an important role for green roofs. Green roofs are
implemented on houses by humans. This means that the existence of green roofs completely
depend on how much citizens, politicians, project developers and other stakeholders like
green roofs. A major argument for green roofs is that the quality of life can be significantly
improved. The quality of life improves through the regulatory services, such as the mitigation
of the UHI, indoor climate regulation, air quality regulation and flood prevention, but can also
improve because of health and cultural benefits.
Image 12: Infographic of the services provided by green roof (GreenDealGroeneDaken, 2018)
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6.2 Quantitative Relevance
This part calculates the contribution of four selected ecosystem services in a dense urban
environment. An example city and five scenarios are created in order to estimate the
quantitative contribution of the selected ecosystem services.
The selected ecosystem services for quantitative measurement are food provisioning, water
regulation, flood regulation and urban heat regulation. The average numbers from the
literature summary in appendix 2 are used as input.
To estimate the quantitative effects in urban areas we choose a population of 353.000
inhabitants, with 49,7 m2 of green or blue area per household on a total surface of 140 hectare.
These characteristics correspond with data from the municipality of Utrecht (WistUdata, 2019;
Bezemer & Visschedijk, 2003). Buildings can take 32% of the surface in dense urban areas
(Oberndorfer et al., 2007). Based on these guidelines we assume that the surface of the
example city is relatively evenly distributed in 25% of buildings (35 hectare), 15% of green and
water bodies (21 hectare) and 60% of ground level concrete (84 hectare). Ground level
concrete is for instance used as roads, pavements and plazas.

Image 13: Simplified visualization of a dense urban area with 25%
buildings, 15% green and water bodies and 60% concrete street. Exact
activities on street level such as roads, parking lots, train stations and
public areas are not visualized.

Five scenarios have been made which depend on the ratio of green roofs. All non-greened
roofs are black. All green roofs do not have a slope, are open-air and are categorized in
extensive and intensive. Extensive green roofs have a soil depth of 5 cm, are covered with
sedum and are not maintained. Intensive green roofs have a soil depth of 20 cm, are covered
by a mix of plant species that can survive and are regularly maintained.
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The first scenario functions as the baseline and only consist of black roofs. The second
scenario has 25% of extensive green roofs. The third scenario has 25% of intensive green
roofs. 75% of the roofs are extensive in the fourth scenario. The last scenario has 50% of
extensive green roofs and 25% of intensive green roofs. Applying 75% of green roofs doubles
the amount of green in the urban area.
Table 5: Overview of the 5 scenario’s applied on the example city. I stands for Intensive and E stand for Extensive green
roofs.

Scenario 1

% Green Roof

Soil Depth (cm)

Vegetation

Surface (Ha)

0%

0

0

0

Scenario 2

25 % I

5

Sedum

8,75

Scenario 3

25 % E

15

Mix

8,75

5

Sedum

26,25

5 - 15

Sedum - Mix

26,25

Scenario 4
Scenario 5

75 % E
75% (50% E - 25% I)

6.2.1 Food Provisioning
6.2.1.1 Input
The following input was given:
-Black roofs and extensive roofs cannot produce food.
- During the search for expensive crops, hot chili pepper has been chosen randomly. Intensive
green roof annual produce 185 tonnes of hot chili pepper per hectare (E.g. Astee & Kishnani,
2010; Whitinghill et al., 2013).
-Hot chili peppers are valued 30 euro per kg (Albert Heijn, 2019).
-1 kilogram of hot chili peppers are 0,4 kcal (USDA, 2019)
-Individuals should eat 125 gram of vegetables (RIVM, 2018). All individuals in the area eat
125 gram of hot chili peppers a day.
6.2.1.2 Calculation of the contribution
The total production of hot chili peppers is calculated in weight, kcal and economic value. The
weight is calculated through multiplying the production in tonnes per hectare with the surface
of green roofs in m2. The total provided calories is calculated through multiplying the total
weight of produced hot chili peppers in tonnes with the amount of kcal per tonnes of hot chili
peppers. The economic value is calculated through multiplying the total weight of produced
hot chili peppers in tonnes with the price of hot chili peppers per ton.
The total need for vegetables is calculated through multiplying the advised daily average
intake per person with 365 days and the total amount of inhabitants. The percentage of
vegetables for residents within the urban area supplied by green roofs, is called % of supplied
need, and is calculated through dividing the total production of hot chili peppers in tonnes with
the total need for vegetables in tonnes.
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6.2.1.3 Used Formulas
1) Total production of hot chili peppers in tonnes

= produced hot chili pepper tonnes per ha ∗ surface of green roofs in ha

2) Total production of hot chili peppers in calories

= Total production in tonnes ∗ kcal per tonnes

3) Total production of hot chili peppers in euros

= Total production in tonnes ∗ price per tonnes

4) Total need for vegetables in tons

= Inhabitants ∗ advised daily intake per person in tonnes ∗ 365 days

Table 6: Overview of the input and the quantitative results related with the production of hot chili peppers.

Scenario

5) Supplied need (%) =

Cultivatio
n of

Production

(Ton/Ha) (Kcal)

Total production of hot chili peppers in tonnes
Total need for vegetables in tons
Price

(Ton Euro)

Total Production

Population

Supplied

(Kcal)

Need (Tons)

Need (%)

0

0

(Ton)

(Euro)

Pepper
1 0%

No

0

0

30.000

0

0

2 25% E

No

0

0

30.000

0

0

3 25% I

Yes

185

74.000

30.000

1.618

647.500

4 75% E

No

0

0

30.000

0

0

5 50% E

Yes

185

74.000

30.000

1.618

647.500

0
0
48.562.500
0
48.562.500

0

0

16.106

10%

0

0

16.106

10%

& 25% I

6.2.1.4 Quantitative estimations
If the above assumption are correct, only scenario 3 and 5 which have 25% of intensive roofs
would be producing food. Both scenarios have the same amount of intensive roofs and would
produce 1,618 tonnes per year, with a respective value of 49 million euro. The cultivated hot
chili peppers meets 10% of the total need for vegetables by local residents. These quantitative
estimations underline that the cultivation of food on roofs does contribute to urban areas,
through enhancing food security and create an additional source of income.

6.2.2 Urban Heat Regulation
6.2.2.1 Input
The following input has been given:
-The average urban temperature is 16 degree Celsius and the peak temperature is 35 degree
Celsius.
-All factors affecting the UHI, but are not caused by green roofs are excluded. Such as the
effects of winds, urban canyons and green and blue areas on ground level.
-The temperature is equally distributed in the whole city.
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-Black roofs have an albedo of 0.05 and all green roofs have an albedo of 0.2 (e.g. Susca et
al., 2011). So green roofs have 0,15 higher albedo, which result in a local average decrease
in temperature of 0,45 degree Celsius and a local decrease in peak temperature of 1,35
degree Celsius (e.g. Santamouris, 2014).
-Only the effect of Albedo is included, evapotranspiration, reduced air conditioning and other
alterations in the urban heat flux are excluded and are expected to play a relatively minor role
in mitigating the UHI.
-It’s assumed that the average temperature for the whole urban area can be estimated through
calculating the average of local temperatures within the area.
6.2.2.2 Used Formulas
1) Average Urban Albedo
=

(Area green roof in ha ∗ 0,2) + (Area with no green roof in ha ∗ 0,05)
140 ha

2) Average Urban Temperature
=

(Area green roof in ha ∗ 15,55 C°) + (Area with no green roof in ha ∗ 16 C°)
140 ha

Table 6: The table on the right
provides an overview of the input. The
table below provides an overview of
the quantitative results related with the
mitigation of the UHI.

Characteristics

Input

Albedo Black Roof

0,05

Albedo Green Roof

0,2

Average Temperature
-On a Black Roof

16 C°

-On a Green Roof

15,55 C°

-Other Urban Areas

16 C°

Peak Temperature
-On a Black Roof

35 C°

-On a Green Roof

33,65 C°

-Other Urban Areas

35 C°

3) Peak Urban Temperature
=

(Area green roof in ha ∗ 33,65 C°) + (Area with no green roof in ha ∗ 35 C°)
140 ha

4) Decrease in UHI = Baseline Temperature − Outcome Temperature in Scenario

Scenario

Average
Urban Albedo

1 0%

0,05

Urban Temperature
Average

Peak

16 C°

35 C°
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Decrease in UHI
Average

Peak

0

0

2 25% E

0,059375

15,972 C°

34,916 C°

0,028

0,084

3 25% I

0,059375

15,972 C°

34,916 C°

0,028

0,084

4 75% E

0,078125

15,915 C°

34,747 C°

0,084

0,253

5 50% E

0,078125

15,915 C°

34,747 C°

0,084

0,253

& 25% I

6.2.2.3 Quantitative estimations
If the above assumption are correct, the average urban temperature would be 0,03-0,08
degree Celsius lower and the urban peak temperatures would be 0,08-0,25 degree Celsius
lower for the whole urban area. So even if 75% of the roofs would be greened, the decrease
in urban temperatures will be less than 0,1 degree Celsius. However green roofs do reduce
the local and indoor temperature fluctuation significantly, sometimes with 2 degree Celsius
(e.g. Sailor, 2008; DeNardo et al., 2005).

6.2.3 Water Regulation
6.2.3.1 Input
The following input has been given:
-The area has the same amount of rainfall as the Netherlands, which is 9.000 m3 per ha on a
yearly basis (CLO, 2016).
-Green areas and water bodies on ground level are excluded.
-All non-green areas do not retain or attenuate rainfall.
-It rains one hour per two days, with an intensity of 4.9 mm per hour.
-The moisture in the soil of the green roof is close to the wilting point before the rain event. So
that the soil has its maximum retention capacity before the rainfall.
-An extensive green roof retains 80% of a 4,9 mm rain event and reduces the runoff intensity
with an average of 60%.
-An intensive green roof retains 95% of a 4,9 mm rain event and reduces the runoff intensity
with 80% (e.g. Berndtsson, 2010; Locatelli et al., 2014).
6.2.3.2 Used Formulas
1) Average green roof water retention in % per m2

=

(retention % extensive ∗ surface extensive) + (retention % intensive ∗ surface intensive)
Total surface of green roofs

2) Average green roof water attenuation in % per m2

=

(attenuation % extensive ∗ surface extensive) + (attenuation % intensive ∗ surface intensive)
Total surface of green roofs
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Characteristics

Input

Size Urban Area

119 Ha

Annual Rainfall

9.000 m3 ha

-For the whole urban area

1.071.000 m3 ha

Runoff Intensity Rain Event

4.9 mm hour

Runoff Intensity
-On an extensive green roof

1.94 mm hour

-On an intensive green roof

0.92 mm hour

-In non-green area

4.9 mm hour

3) Annual retained water by green roofs in m3 area

= Amount of urban rainfall in m3 ha

∗ green roof in ha

Table 7: The table on the left provides
an overview of the input. The table below
provides an overview of the quantitative
results related with the retention and
attenuation of a 4.9 mm hour rain event.

∗ average retention on green roof in %

3) Annual retained water by green roofs in % =

Annual Retained water on green roof in m3 area
Amount of urban rainfall in m3 area

4) Annual urban runoff intensity in mm hour area

(1.94 ∗ surface extensive in ha) + (0,92 ∗ surface intensive in ha) + (4.9 ∗ surface non green area in ha)
119 ha
Annual urban runoff intensity scenario
5) Annual attenuated water by green roofs in % = 1 −
4.9

=

Scenario

Average Green roof

Annual Retained Water

Retention - Attenuation
(% per m2)

(% per m2)

by Green Roofs
(m3 area)

1 0%

0

0

2 25% E

80

60

3 25% I

95

80

4 75% E

80

60

5 50% E

85

67

200.813

Annual Urban Runoff Intensity

(%)

0

(mm hour)

(Change in %)

0

4.9

0

5,9

4.68

5,5

74.813

7

4.61

6,1

189.000

17,6

4.25

13,3

18,8

4.17

14,9

63.000

& 25% I

6.2.3.3 Quantitative estimations
If the above assumption are correct, 25% of extensive roofs will retain 5,9% of all the rain and
attenuate the runoff intensity with 5,5% in the urban area. Greening 75% of the roofs will retain
around 18% of all the rain and attenuate the runoff intensity with 14% in the urban area. These
findings clearly indicate that even greening one of the four roofs in a dense urban area can
contribute to regulating the water cycle through retaining and attenuating rainwater.
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6.2.4 Flood regulation
6.2.4.1 Input
The following has been given:
-Storm event 1 has 50 mm rainfall in one day, with an average intensity of 10 mm per hour.
-Storm event 2 has 100 mm rainfall in one day, with an average intensity of 20 mm per hour.
-Green areas and water bodies on ground level are excluded.
-All non-green areas do not retain or attenuate rainfall.
-The moisture in the soil of the green roof is close to the wilting point before the storm event.
So that the soil has its maximum retention capacity before the rainfall.
-An extensive green roof retains 30% of a 50 mm rain event and reduces the runoff intensity
with an average of 20%. An extensive green roof retains 15% of a 100 mm rain event and
reduces the runoff intensity with an average of 10% (e.g. Berndtsson, 2010; Locatelli et al.,
2014).
-An intensive green roof retains 70% of a 50 mm rain event and reduces the runoff intensity
with 40%. An intensive green roof retains 35% of a 50 mm rain event and reduces the runoff
intensity with 20% (e.g. Berndtsson, 2010; Locatelli et al., 2014).
-The results are calculated in the same manner as for normal rainfalls.
Characteristics

Input

Size Urban Area

119 Ha

Storm Event 1

500 m3 ha

-Whole Urban Area
Storm Event 2
-Whole Urban Area

Table 8: The table on the left provides
an overview of the input. The table on
the next page provides an overview of
the quantitative results related with the
retention and attenuation of a 4.9 mm
hour rain event.

59.500 m3 ha
1.000 m3 ha
119.000 m3 ha

Runoff Intensity Storm Event 1
-On an extensive Green Roof

8 mm hour

-On an intensive green roof

6 mm hour

-In non-green area

10 mm hour

Runoff Intensity Storm Event 1
-On an extensive Green Roof

18 mm hour

-On an intensive green roof

16 mm hour

-In non-green area

20 mm hour
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Scenario

Average Green roof

Annual Retained Water

Retention - Attenuation
(% per m2)

(% per m2)

by Green Roofs
(m3 area)

Annual Urban Runoff Intensity

(%)

(mm hour)

(Change in %)

Storm Event 1
1 0%

0

0

0

2 25% E

30

20

3 25% I

70

40

4 75% E

30

5 50% E

0

10

0

1.313

2

9,85

1,5

3.063

5,1

9,71

2,9

20

3.938

6,6

9,56

4,4
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28

5.643

9,5

9,38

6,2

1 0%

0

0

0

0

20

0

2 25% E

15

10

1.313

1,1

19.90

0,5

3 25% I

35

20

3.063

2,6

19,76

1,2

4 75% E

15

10

3.938

3,3

19,56

2,2

5 50% E

22

14

5.643

4.7

19,38

3,1

& 25% I
Storm Event 2

& 25% I

6.2.4.2 Quantitative estimations
If the above assumption are correct, 25% of extensive roofs will retain 2% of all the rain and
attenuate the runoff intensity with 1,5% in the urban area. 25% of intensive roofs will double
both percentages where 5% of all urban water is retained and 2,9% is attenuated. Greening
75% of the roofs will retain between 6,6% - 9,5% of all the rain and attenuate the runoff
intensity between 4,4% - 6,2% in the urban area.
If the 100 mm storm event would be the case, 25% of extensive roofs will retain 1,1% of all
the rain and attenuate the runoff intensity with 0,5% in the urban area. 25% of intensive roofs
will double both percentages were 2,6% of all urban water is retained and 1,2% is attenuated.
Greening 75% of the roofs will retain between 3,3% - 4,7% of all the rain and attenuate the
runoff intensity between 2,2% - 3,1% in the urban area.
Both scenarios show that green roofs do reduce the risk of flooding by a storm event. The
attenuation and retention capacity increases with thicker soil depths and decrease during
intense storms.
All findings indicate that greening roofs in a dense urban area decrease the effects of storm
water, through retaining and attenuating storm water with several percentages. This provide
the urban water infrastructure a bit of extra space to prevent streets, sewers and natural areas
from overflowing.
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7 Discussion
7.1 Summary
The outcome of this study is an exploration of ecosystem services of green roofs through an
extensive literature study. This is the first review of green roofs through the perspective of the
cascading production chain of ecosystem services. Without this perspective it would have
been difficult to see the difference between ecosystem function, service and benefit and it
would not have been possible to have an overall view of the ecosystem services provided by
green roofs. The focus has been on estimating the contribution of green roof ecosystem
services in urban areas. The first research question analysed the ecosystem services of green
roofs. Followed by understanding how the ecosystem services of green roofs in urban areas
should be measured. Lastly the quantitative and qualitative contribution of green roof services
in urban areas is evaluated. The quantitative contribution is estimated through applying 5
scenarios on a fictive urban area.
7.2 Search for Literature
The process of searching for literature found more information and articles than initially
expected. The used process of finding literature has one critic and one limitation.
A critic is that there are flaws in the systematic literature study. Viewing the top 5 literature
results in google scholar based on relevance is not objective. Google determines through a
complex algorithm what is relevant for me. Google scholar remembers previous searches and
other characteristics linked to my Google account. So it is likely that Google provided me
relevant search results which would not have been provided for another researcher. I did not
validate this hypothesis.
A limitation is that only the top 5 literature results have been viewed. Beside the lack of time
and need for a demarcation, there is no solid argumentation why literature lower than the 5th
rank should be excluded. The 6th or lower result might have provided new insights regarding
the ecosystem services of green roofs.
Future research might address the critic and limitation through conducting a systematic
literature study based on an official format. However the possibility to freely explore for new
insights should not come into dispute. Despite the critic and limitation in this study, all
ecosystem services have been searched for and all results in this thesis are based on scientific
findings.
7.3 Literature Summary
The literature summary is incomplete and slightly biased for three reasons. Firstly the
summary per article only focuses on basic green roof characteristics, quantitative results and
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location. The methodology, underlying parameters and correlations have not been included.
Secondly, not all articles have been summarised. Lastly, useful estimates might have been
overseen during summarizing.
The summary served its goal of supporting the author in having a clear overview of the
literature, through summarizing the quantitative results of important ecosystem services.
7.4 Shortcomings of Methodology
The shortcoming of the literature study in a broader context is that no interviews have been
held with knowledgeable stakeholders and the real-time application of green roofs have not
been directly studied. Both might have provided new insights, for instance about the
construction, possibility to fit-in, performance in difficult conditions and the feasibility to apply
green roofs on a large scale. Future research should also explore the ecosystem services of
green roofs through interviewing knowledgeable stakeholders and observing best cases.
In the end, significant differences between research and practice might exist. For instance,
some services, like food provisioning, can be theoretically attractive, but might result into
heaps of problems during the application, such as logistical issues and demanding too much
water for irrigation.
7.5 Ecosystem Services of Green Roofs (Ch 4)
There are various shortcomings in chapter four, which describes the ecosystem services of
green roofs. Firstly, many services have a lack of research. This mainly concerns provisioning
and habitat services and air, noise and global climate regulation. To make it worse, no
literature has been found on the cultural services of green roofs. Literature on other forms of
urban green space have been used to understand the potential of this category. This indicated
that much more research on specific ecosystem services of green roofs need to be conducted.
Secondly, some services have a lack of scientific consensus. For instance authors often
disagree on the discussion if green roofs have a positive or negative contribution on indoor
climate regulation in warm conditions. A consensus should be reached through analysing the
different results.
Thirdly, location and feedback processes have not been incorporated. An example for
feedback process is that indoor climate regulation contributes to the mitigation of the UHI and
prevents the emission of greenhouse gasses caused by heating and cooling (e.g. Teemusk &
Mander, 2009). The influence of location and feedback process can be best incorporated
through modelling. Some authors already attempted to model various ecosystem services of
green roofs. The long-term aim should be designing an overarching model where local
conditions, the main ecosystem services of green roofs and feedback processes are included.

45

Lastly, the production and demolition process has not been included. Both processes can
harm urban environments and the well-being of humans. Carbon emission during the
manufacturing process functions as a good example. A root barrier costs on average 219 g C
per m of green roof, a drainage barrier 535 g C per m of green roof and a substrate of sand
2

2

and expanded slate is 92 and 5769 g C per m of green roof. The combination of all green roof
2

components result into 6.6 kg C per m of green roof, which is 6.5 kg C per m more than a
2

2

conventional roof with gravel ballast (Getter et al., 2009). Getter et al. (2009) argues that only
nine years is needed to offset the carbon debt of 6.6 kg C per m . Future research should map
2

the different production and demolition processes of green roofs, for instance through a lifecycle analysis.
7.6 Measuring Ecosystem Services of Green Roofs (Ch 5)
Chapter five tries to make a first foundation on how to measure services provided by green
roofs in an urban context. Half of the services of green roofs have a lack of research on how
to measure the services or significantly differ in the way of measuring. When this was the case,
data from MA (2005) and De Groot et al. (2010) was applied. An extreme example, the cultural
services of green roofs have not been even touched upon in this chapter, because of the lack
of research. Future research should explore the cultural services on green roofs and its
preferred way of measuring.
Another limitation is that the proposed measurements have not been validated by me. Lastly,
some services are relatively difficult to measure. Where to exactly measure is unclear. For
instance, what’s the best way to measure the amount of repealed heat or mitigated noise
pollution on an urban scope, including on where and how to install the tools for measurement?
To put it briefly, many results in this chapter have a lack of case-specific research, a lack of
scientific consensus and a lack of experimental validation to be accepted without questioning.
Future research will hopefully validate and expand on this foundation with the aim to establish
a uniform way of measuring the ecosystem services of green roofs in an urban context.
7.7 Contribution of Green Roof Ecosystem Services in Urban Areas (Ch 6)
Chapter six analyses the quantitative contribution of four selected ecosystem services of green
roofs in urban areas. There are three shortcomings. Firstly, not all services have a quantitative
estimation. Secondly, the found models have not been used for the quantitative estimations.
Future research should find interesting results through estimating the contribution of all
ecosystem services of green roofs in a specific dense city, preferably through measurements
and applying models. Thirdly no cost-benefit analyses has been done, which make it hard to
understand the effectivity of the green roof ecosystem services from an economic point of
view.
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7.8 Evaluation
Various literature reviews have focused on the benefits of green roofs. This thesis is one of
the first to provide an overview of all benefits of green roofs through the perspective of
ecosystem services and the TEEB framework (2010). Another remarkable point is that no
study has been found which gives attention to the way how services of green roofs should be
measured, with the aim to have uniform standards.
A part of the TEEB framework (image 1) has been applied to understand the ecosystem
services of green roofs. Many aspects in this framework have been excluded, such as the
political pressures and responses to green roof development. The (economic) benefits of the
services also need further elaboration in order to completely understand the contribution of
the ecosystem services of green roofs for urban areas and human well-being.
Many critics have been given in this chapter. However the overall findings in this thesis are
robust, especially for exploratory research. All outcomes in chapter four, where ecosystem
services are explored, and chapter six, where the qualitative and quantitative contribution are
described, derive from an extensive scientific literature study. It is validated that these services
do exist on green roofs, with the mentioned quantities. We should not forget that the results
have been generalized and can differ per specific case. Various results in chapter 5, on how
ecosystem services by green roofs should be measured in an urban context, are not robust
and still need validation and consensus. The overall exploratory results can function as a good
starting point for future research.
7.9 Other recommendations for future research are:
-Observe ecosystem services which have not been studied yet on green roofs, but are
mentioned by TEEB (2010). Such as the provisioning of other materials, erosion protection
and cultural services.
-Expand the existing findings of the mentioned ecosystem services to fill knowledge gaps. For
instance all found literature on noise mitigation only focuses on road traffic.
-Experiment with the opportunities, trade-offs and threats of optimizing a specific ecosystem
service on green roofs, including the cost and benefits. For instance through linking the service
with different climate conditions, roof materials, methods of maintenance and with different
kind of buildings.
-Compare the ecosystem services on ground and roof-top level. For instance, habitat
provisioning and carbon sequestration of the same piece of land can be significantly different
on ground and roof-top level (Whittinghill et al., 2014; Brenneisen, 2006)
-Analyse the possibilities and threats of applying large-scale roof-top development in dense
urban areas. For instance if there will be sufficient amounts of irrigation for intensive roofs. Or
the risk of damage and leakage on building structures.
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8 Conclusion
Over 50 articles have been studied. The results for the first research question is:
-Green roofs can provide food and water
-Green roofs regulate the global, urban and indoor climate
-Green roofs regulate air and noise pollution
-Green roofs regulate rainfalls and the risks of flooding
-Green roofs can support waste treatment and pollination
-Green roofs provide habitat for flora and fauna
-Green roofs can function as an amenity and provide a cultural role
The second research question argues made a first attempt in having an uniform standard of
measuring each ecosystem service on green roofs in an urban context. Currently many
ecosystem services are measured differently per author. Such as the global, urban and indoor
climate regulation. While other services are merely measured, such as the provisioning of
cultural services and habitat on a green roof.
The last research question applies the quantitative estimations in the literature with urban
areas. Firstly the relevance of green roof services for urban areas is briefly described. Urban
areas can benefit from multiple ecosystem services provided by green roofs. The urban
context and green roof characteristics should be taken into account. Some ecosystem services
result in trade-offs. For instance, agricultural roofs pollute the runoff with pesticides and
fertilizers. Another trade-off is that thick soils are needed for increasing water retention which
demands some buildings to be rebuild to create solid water-proof building constructions.
The second part analysed four important services, which are the provisioning of food,
regulation of the UHI, rainfalls and heavy storms. The quantitative performance of the four
ecosystem services are calculated for a fictive example area applying five scenario’s, which a
0% green roof, 25% extensive, 25% intensive, 75% extensive and a combination of 50%
extensive and 25% intensive green roofs.
Making one out of four roofs intensive resulted in food production with a revenue of 49 million
euro. 10% of the vegetable intake for residents within the urban area could supplied through
intensive roofs. These estimations underline that agricultural roofs do support the economy
and enhance food security.
25% of green roofs mitigate peak temperatures in the complete Urban Heat Island with 0,08
degree Celsius and 75% of green roofs result in a mitigation of 0,25 degree Celsius. These
results underline that green roofs have a minor contribution in the overall mitigation of the UHI.
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However green roofs significantly decrease local temperatures and in some cases result in
active indoor cooling.
Turning 25% of the roofs in the designed urban area into intensive green roofs results into 7%
retention and 6% attenuation of all rain events in a year, 5% retention and 3% attenuation of
a 50mm storm and 3% retention and 1% attenuation during a 100mm storm. These findings
clearly indicate that greening roofs regulate the urban water cycle through retaining and
attenuating rain events. Soil thickness plays a crucial role in calculating the retention and
attenuation capacity. Green roofs can be one of the combined solutions to effectively decrease
the risk of flooding and to increase the capacity of the urban water infrastructure. How more
intense the rain event the lower the contribution of the roof.
8.1 Concluding Remarks
Using a roof for greenery is an ancient practice. Modern green roofs provide a wide range of
ecosystem services which support the well-being of humans and nature. Dense urban areas
can integrate green roofs in order to mitigate the impacts of urban areas, stimulate a better
quality living environment for its residents, and increase the amount of nature and to support
sustainable development. More research is needed to integrate green roofs in urban areas
and to optimise its ecosystem services.
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Appendix 1: Overview of Studied Literature
The table below presents the selected articles on green roofs which was found in one search
terms or which was found through previously read literature.
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The table below presents the selected articles on green roofs which were found in multiple
search terms.
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Appendix 2: Literature Summary

The table below presents a summary of the quantitative findings in some selected articles on
green roofs.
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Appendix 3: Copied Visualisations from Studied Articles
Fig. 6. Comparison of the energetic exchanges of the dry or wet green roof with a
traditional roof, starting (Copied from Lazarrin et al., 2005).

Fig. 8. Comparison of the energetic exchanges of the green roof with a traditional roof,
starting from 100 incident solar irradiation units—winter session (Copied from Lazarrin et al.,
2005).

Fig. 5. Monthly electricity and natural gas consumption reduction associated with the baseline green
roof construction relative to the control roof membrane in each of the two test case cities—Chicago,
and Houston (Copied from Sailor, 2008).

Fig. 2. Temperature dynamics in the substrate or soil layer, on the surfaces and in the air
beside the planted roofs on a sunny summer day (GR (LWA-based green roof) 26.07.04, SR
(sod roof) 2.07.07) (Copied from Teemusk & Mander, 2010).

Fig. 3. Temperature dynamics in the substrate or soil layer, on the surfaces and in the air
beside the planted roofs on cooling winter days (GR (LWA-based green roof) 26.01.05–
31.01.05, SR (sod roof) 5.02.07–10.02.07) (Copied from Teemusk & Mander, 2010).
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Fig. 4 shows the roof of the nursery school building after the installation of the green roof
system (Copied from Santamouris et al., 2007)

Fig. 4. Cumulative hydrographs of selected representative rain events: (A) heavy (23.37 mm)
(0.92 in.), (B) medium (5.08 mm) (0.2 in.), and (C) light (1.02 mm) (0.04 in.). Lines represent
runoff (mm) from a 2%, 7%, 15%, or 25% roof slope with 6.0 cm (2.4 in.) of media. Values are
averages of three replications measured using tipping bucket rain gauges mounted at the
research site (Copied from Getter et al., 2007).

Fig. 2. Comparison of annual energy consumption for different types of roofs on a commercial
building. U--Values included as data labels (Copied from Castelton, 2010).
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Fig. 3 Average concentrations of ammonium nitrogen in precipitation (white) and green roof
runoff (gray). Concentrations of ammonium nitrogen in green roof runoff exceeded that in
precipitation in five out of eight studies (Copied from Babcock, 2014).

Fig. 4 Average concentrations of nitrate nitrogen in precipitation (white) and green roof runoff
(gray). Concentrations of nitrate nitrogen in green roof runoff exceeded that in precipitation in
six out of eight studies (Copied from Babcock, 2014).

Fig. 6 Average concentrations of phosphate phosphorus in precipitation (white) and green roof
runoff (gray). Concentrations of phosphate phosphorus in green roof runoff exceeded that in
precipitation in all six studies (Copied from Babcock, 2014).
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Fig. 7 Average concentrations of total phosphorus in precipitation (white) and green roof runoff
(gray). Concentrations of total phosphorus in green roof runoff exceeded that in precipitation
in all seven studies (Copied from Babcock, 2014).

Fig. 9. Avoided impact on climate change; white and the green roofs compared to the black
roof (Copied from Niachou et al., 2001).

Fig. 7. Relation between runoff peak attenuation and covered area (%) with green roofs
(Copied from Feitosa & Wilkinson, 2016).
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Fig. 6. Simulated 10 min peak intensities per event as a function of the return period (left).
Simulated 10 min peak reductions per event as a function of different return periods (right).
(Copied from Locatelli et al., 2014).

Fig. 7. Simulated single event runoff volume as a function of the return period (left). Simulated
single event runoff volume reductions as a function of different return periods (right). (Copied
from Locatelli et al., 2014).

Figure 5. Rainfall and mean runoff from green roofs for 25 October 2002 event (Copied from
DeNardo et al., 2014).
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