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Abstract

green roof is defined as the building that is completely or partially covered with a growing medium
or vegetation. It is important to note that this growing medium is typically planted over a
membrane of waterproof materi@reen roof has many implementation and benefits. It has been
documented in the research work of Galeassociates (2010) that green roofs are famous for serving
a wide range of actions for the buildings. These include creating a habitat for wildlife,ipgovid
insulation, absorbing rainwater, decreasing stress in people and increasing benevolence around the
roof by forming a more pleasing landscafelyplein green park in the Netherlands, is a good
example of turning normal bus park to greenest squaremstekdam. This case study is based

on developing a model in order to study the hydrological behaviour of green roof by analysing
different variables which have the potential to affect moisture content in green roof system. Model
modification, sensitivity malysis and calculating actual evapotranspiration were part of the model
development. In summaryelps in understanding peggnificant rain event retention and to assess
overall volumetric performance, in order to utilize green park water managemédity facihe
maximum level. The modification on this model helped in understanding and model green roof
irrigation requirements to avoid potential drought risk.
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Chapter 1: Background
1.1Green infrastructure

Green infrastructure can be defined as buildings that take into respect the nature in terms of design
and construction, which would reduce the negative impact on human and the surroabaiag
environmen{Gill, Handley and Enrmeet al. 2007)The importance of green infrastructure is well
known and supported by many environmental agencies such as the American Society of Civil
Engineers and Environmental Protection Agency. A variety of green infrastructures, such as blue
green rofs, rainwater harvesting systems, rain gardens and permeable pavement, have been
classified into best management performs and practiéds.Handley and Ennos et al. 2007)

In spite of the differences and the multiplicity of evaluating green infidshei systems between
agencies, these systems share the basic fundamentals which focus on the same objectives of
satisfying the Energy Independence and Security Act of 2007 which contain a proclamation states
the need At o mai nt a mexteottechnially feasible, the pireslevelopreentma X i
hydrol ogy of the property with regard to the
(Peters 2012)

Stormwater runoff in urban cities makes a major influence on sewerage systems. In most
developedities, building roofs may participate for about 40 to 50% of the impermeable urban
area(Bedient, et al. 2003 Any system that moderates the degree and volume of roof runoff has
the potential to considered as Improved stormwatamagementBedient, et h 2013).

Many countries and governments promote the use of Sustainable Drainage Systems (SuDS) to
manage surface water run@uth and Coelh@007)greenroofs, soak ways, swales, rain gardens,
infiltration basins and ponds are covered by and coreidas a part of the Sustainable drainage
systems. The water assembles naturally and reduce its influence through infiltration, attenuation,
and storage. These techniques constitute the most sustainable approach for the management of
rainwater when compareuth traditional methods adopted in buried sewer networks. Sustainable
Costeffective stormwater management methods exceed the goal of controlling the amount of
runoff to reach the improvement of water quality in urban gieath and Coelho 2007)

The SUDS method exceeds the requirement to control runoff. SuDS method aiming to improve
urban water quality and provide water amenity. Green roofs have the potential to achieve these
three objectives concurrently. In addition, green roofs achieve SuDS coimcegiatrolling

rainfall close to the source as possible. And participate in rainwater treatment. This single
independent system can manage runoff more than any SuDS tectRudgu@nd Coelho 2007)

Anderson, Lambrinos, and Schroll (2010) have definecergmoof as the building that is
completely or partially covered with a growing medium or vegetation. It is important to note that
this growing medium is typically planted over a membrane of waterproof material. According to
Stovin, Dunnett, and Hallam (20)) it also often incorporates additional layers like irrigation
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systems, drainage, and root barrier. It has been documented in the research work of Galeassociates
(2010) that green roofs are famous for serving a wide range of actions for the buildiesgs. Th
include creating a habitat for wildlife, providing insulation, absorbing rainwater, decreasing stress

in people and increasing benevolence around the roof by forming a more pleasing landscape. It
has been suggested by Weiler and ScBalzh (2009) thegreen roofs play an inevitable and
indispensable role in mitigating the heat island effect, while lowering urban air temperatures. In
particular, Stovin, Dunnett, and Hallam (2007) have signified some of the most prominent
functions of green roofs, whichow that it offers substantial benefits of aesthetic value, pollution
abatement, energy conservation, storm water management, as well as water management. Carson
(2014) has highlighted that green roofs may have variable aesthetic value, pollution ahateme
energy conservation, storm water management, and water harvesting benefits. Amid all of these
benefits, storm water management appears to be the most prominent advantage that is offered by
green roofs.

The idea of green rood is not new to many caastrit is used for different purposes and iR un
engineered methods in the past. For example, in Egypt green roofs are used to get cleaned roofs
and to grow vegetables for human asepresented in figure the Hanging Gardens of Babylon

is ore of the fanous historical example on green roafsl walls(EIZ5ohary, Nasr and Wahaab et

al. 2000)

Figurel Green roofs in Egypt used in growing vegetables and clean r(El&ohary, Nasr and Wahaab et al. 2000)

1.2 Green roof types
There are two sorts of green rooftops extensive and intensive. The difference between these two
types is the growing media depth. The growing media depth in extensive green roofs ranges from
5 tol5 cm, while growing media depth in the intensive green roafs e@rceed 15 cm, which
makes this type of green roofs capable of supporting vegetation with deeper root structures and
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less drought tolerant. The problem of this type of green roofs is the additional weight that is added
to the building structure especialh wet seasons. All green roofs construction should follow and
meet environmental and regulatory legislation and aims (Luckett 2B@fre 2 presents the
difference between green fagpe

Extensive Green Roof

* thin scil littde or not irrigation, stressful
conditions for phnts

Intensive Green Roof

* deep soil.irrigation system, more favorable
conditions for phims

Advantages: Advantages:

* lightweight - rocf generally deos not require

* allows greater diversity of plants and habitats
strengthening

« good insulation properties

+ ¢an uimubite a wildlife garden on the ground: can be
made very attractive; visually often accessible, with
more diverse utdization of the reof Le. for
recreation, growing food.as open space.

suitable for large areas

suitable for roofs with 0-30° { slepe)
* lowe malntenan<e

* often no need for irrigation and drainage
systems

relatively Inttle technical expertise needed

often sunable for retrofit projects

can leave vegetation to develep spontaneously

relatively inexpensive

* leoks mere natural

casier for planning authority to demand green
reef as a condition of planning approvals

Disadvantages: Disadvantages:

* more limited choice of plants * greater weight loading on roof

= need for irrigation and drainage systems
(greater need for energy. water, materials, ecc)

* usually no access for recreation or use

* unattractive to some, especially in winter
* higher cost

* more complex systems and expertise required

Figure2: Comparison between intemsiand extensive green roofs, advantages and disadvantages

Many studies focused recently on green roof benefits and implementation to mitigate climate
change effect. One of the good example of green parks is the case that is used in this project,
Orlyplein Roof Park, Amsterdam

1.3 Orlyplein Roof Park Project description:
This project is based on a case study of a former bus station on the roof above Amsterdam
Sloterdijk Station (NS) has been transformed from gray concreated area into green roof park for
public use. Excess rainwater is collected in the drainage layer and used to irrigate the plants. The
entrance to the station is located at the level of the green park as it can be seen3n figure
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this 8,000 square meters of greenery, consisting ¢éssthan 85,000 trees, flowers and plants
transformed Orlyplein and tern it from normal bus park to greenest squares in the Netherlands,
with an ingenious method to store water. This transformation benefited the shops, railway station,
commercial buildig and restaurants to be an attractive location for public as it can be seen in
figure 4. Moreover, thisgreen parkbenefited the area imitigating flood problemdigure 5.
(Amsterdam municipality websitenk)

paviljoen/horeca [l gemengde klinkers B gemaaid gras @& bomen: Valse Christusdoorn 111 fietsparkeren
Bl zwart asfalt ’ betonsteen = kiosk & bomen, gemengd o LED verlichting
B rood asfalt g8 gras met vaste planten mma bank en zitjes & rozenstruik ® lichtmasten

Figure3: the park outline presenting the location of the railway station and the park comnpgitt (Amsterdam municipality
website)

| &

//- » e s B ‘

Flgure4 front S|de of green park orlentatlon the commerC|aI bundlng such as restaurants, shops and hotels benefited
economically from this projecfAmsterdam municipality websiténk )

Ve
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https://www.amsterdam.nl/projecten/westpoort/projecten-westpoort-0/orlyplein/
https://www.amsterdam.nl/projecten/westpoort/projecten-westpoort-0/orlyplein/
http://www.tgs.nl/wp-content/uploads/2015/06/TGS_Orlyplein.jpg

Figure5: railway station was flooded many times before the project of green park take éftasterdam municipality website

link)
1.4The design:

The design includes planting fields with a mixed flowering plart8@0m high, trees in specially
created Corten steel containers and various paths of 10 cm thick concrete tiles.1anbl@s

presents the system charactecsticomponents and constructing stages.

Tablel: 1 Orlyplein green park system characteristics

System characteristic

Quantity

maximum roof load
water storage capacity

Water retention
Dischai ““cient
waterproof membrane
capillary cloth

Description

3,000 m? 85 Capillary Permavoid

Specific density (kg/m3 dry weight) = 106

Water storage at field capacity (I/m?) = 960
Water-stored-to-weight ratio (WSWR I/kg) = 9.1

600 kg / m*

100 mm in the 30 cm substrate 50 mm (adjustable) in the 85
mm high Permavoid drainage layer substrate

Moderately fine sand (350 mu) with 8% organic matter
Average 30 cm deep

110-160 | / m for the entire system

70-95%

0.3-0.05

Permalon, factory custom made

Permatex 300, the top and bottom of the units Permavoid
construction

Depth 126-45 cm
Roof slop: Vegetation 0-5% (0-9%)
Plants type Bushes / woody plants / lawn
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https://www.amsterdam.nl/projecten/westpoort/projecten-westpoort-0/orlyplein/

Table2: Orlyplein green park components and constructing stages.

In order for the system to operate in storing water and Capillary
irrigate topped vegetation passively, five main elements gentextile
should be gathered in the system after the Load baring Proteciive

. . sharage unit
preconstruction and roof preparation work.

Impermeable membrane is placed on top of existing roof
park. lateral capillary water transport back geotextile is
the second layer comes an top of the impermeable
membrane upon which the permavoid units are laid and

/ ;eﬂll\'\.llh'
\ linpermnesble

covered with the lateral geotextile to prevent the loss of . membamne oo
Capillary Obre top of existing
the substrate eylinders roof deck

Excess rainwater is collected in the permavoid layer
which can hold up to 80 mm of water in each individual
section. permaveoid provide a solid foundation where
even a truck can go, on the other hand they allow water
and roots to penetrate and settle. Stormwater flow
through the various sections of the permaveid e layer
(following the slope of the roof), before overflow occurs
as a result of heavy rain The permavoid layer is therefore
necessary for storage and disposal of water.

The permavoid layer consist of cylindrical space where
the yellow capillary fibers are fitted in. these fibers work
in two directions. It passes water from substrate to the
permaveoid once the substrate is saturated with water
during rain events and transport water from permavoid
to the substrate at the time of drought, which supports
the vegetation layer. This passive irrigation, makes the
use of pumps, hoses, valves and nozzles, as well as well
as the use energy, unnecessary in irrigating extensive
green roofs

The 8% mm Permavoid Unit, fitted with the yellow Capillary
capillary fibers, is covered with lateral capillary water geotentile
transport back geotextile {white, Permatex 300) this
layer is then topped with the substrate and vegetation

Capillary fibre
cvlinders

Note: to be continued next page
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the volume of water that can be stored within the
permavoid leaves an air space between the water body
and the overlying substrate, which provides additional
oxygen to the plants roots

By storing the water in the permavoid and substrate in
equivalent volume, the lode on roof will be less then
when water stores in traditional green roof

The Permavoid units are load bearing so that they are
integral among all Dakpark are used: the capacity it does
not matter whether planters, flowering plants, trees or
pavement (concrete or asphalt pavement element) on is
applied. Drainage, irrigation and lateral transport is
guaranteed for entire roof arranged, also in future
changes of the design in planting or hardening. The
Permavoid units can include any type of planting and can
be applied with any type of substrate may be used.

Capillary
poatextile

Protective

— / peotextile

Impermeable

membaeme on

Cagallary fibre
oimden

top of exnting
roof deck

Green parkes are type of SuDs, which holds a lot of benefits in one application the next chapter

is presenting some of green roofs benefits

1.5Aims and objectives
The objective of this study:

1 To study orlyplein green park system and to change the modeshow the ability of the

model in investigating green park hydrology
1 To investigate the best way of managing water on the orlyplein site

=

to develop the very basic and inflexible model produced by van de Werken.

To understand the hydraulic responsgafen roof in response to changing variable and
analyzing the relationship between hydraulic performance of green roof and these
variables.

To improve stormwater retention, develop a method to calculate irrigation requirements
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Chapter 2: Literature restv
2.1 The Effectiveness of Green Roofs in Storm Water Management

As cities and urban areas are increasing, the natural infrastructure has started to be replaced by
manmade surfaces that are made from concrete and asphalt. It has been recognises that the
surfaces are responsible for preventing the rainwater from being absorbed into the ground (GSA
US, 2011). uncertain environmental conditions, possibly brought on by climate change, have
resulted in increasing the intensity of rains. When the rain dallhhe manmade wategsistant

roofs, it results in increasing the flows of water; hence, results in flash flooding. In addition to this,

it also results in affecting the quality of water through storm water discharges, as well as CSOs
(combinedsewer ovetows) (Stovin, et al 2007). storm water runoff has become one of the most
severe issues that are being faced by the ecological system (Anderson, et al 2010). improper
management of the storm water is responsible for contributing to water pollution anseint
flooding (Susca et al 2011). green roofs play a prime role in managing storm water, in terms of the
establishment of sustainable drainage syst&tm/{n2010). green roofs are the greatest ways of
addressing the flows of wet weather, specificallhmurban area8érndtssor2010). green roofs

have great significance in minimising the rate of runoff by approximately-sudyer cent (65%)

(Stovin 2010). On the other hand, a report (Byssociates G2010) has outlined other notable
characteristicef green roofs that are related to its functionality in extending the time span of the
rain water to leave the site. the majority of green roofs retain and intercepts the first %2 to % inch
of rainfall; thereby, result in restricting it from running ofethoof and minimising the risk of
floods. (Gregoire and Clausen 2011)

Green roofs have mainly two characteristic qualities, in terms of managing the storm water. The
first characteristic quality is associated with retaining and slowing the storm waaedition to

this, the second characteristic includes the reduction of the pollutant levels in the storm water.
(Rowe?2011). In terms of retaining and slowing the storm water, the green roofs operate in two
primary ways. the first way as increasing the amaf storm water that is retained on the rooftop.

The second way in which a green roof works, is related with the minimisation of the rate of flow
of water, from rooftop to the sewer syste@afson2014).A black and white roofs do not provide

such effets, i.e., minimising or slowing down the rainwater runoff (G888, 2011). A study has
shown that the plants as well as other materials that are utilised in the green roof greatly contribute
in holding back the storm water both temporarily and, via evamsyiation, permanently if the

water quantity did not exceed the green roof system cap&atgdssociateéz010). However, the

ability of the green roof in managing the storm water is dependent on wide range of factors. These
factors include the size ohe roof, the climate and seasonal conditions, the slope of roof,
vegetation or plants, the growing medium, as well as the drainage layer. It is observed that all of
these factors hold undeniable importance in minimising the peak rate of flow of water or th
maxi mum runoff rate. the minimisation in the
drainage material, the size and scope of roof, the growth medium, and the duration and intensity
of storm. (Anderson, et al 2010) (Gregoire and Clausen)2011

Green roofs have gained commendable popularity because of adequately managing the storm
water. The appropriate management of storm water eventually result in controlling and reducing
the pollutants that are present in storm water; hence, enhancingathg gf water once the storm
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water enters into streams and lak8syin 2010) (Rowe2011). green roofs enhance the quality
and characteristics of the rain water that overflows from roofs. It is due to the fact that the plants,
on the green roofs, absosbme of contaminants or potential pollutants from the soil by storing
them in their tissues. It shows that green roofs are one of the most commendable options that could
foster flawless management of the storm water (Gregoire and Clausen 2011). Songe studie
presented that green roofs (through their buffering capacity) also help in managing the impacts of
acid rain. (Anderson et al, 2010) and (Stovin 2010). many studies focused on the economic benefits
of managing storm water through green roofs. The arsabfsthe views of the researcher has
revealed that depending on the incentives and local regulations of storm water, green roofs
praiseworthily support both municipalities and owners of the buildings, in terms of avoiding
excessive costs (Weiler and SchBlarth 2009).

Green roofs have higher capabilities of managing natural hydrological processes, in a cost effective
manner. Whilst it has been assessed that green roofs can be used withetkistipge water
retention initiatives so as to enhance themstavater management capabilities of a building. In
other words, that it can be affirmed that green roofs offer an opportunity to the owners of the
buildings to effectively manage storm water, without spending huge capital sums. However, it
should be acknoledged that such stormwater management capabilities are severely limited in
situations where the water storage capacity limit is reached and the roof has insufficient
opportunity to drain/evaporate the water before the next rain event (Gregoire and Q@lien

This project is associated with a design of green roof that is specifically intended to address this
problem. Some of the most prominent water retention initiatives that could be used with green
roofs include permeable pavements,-tetention basis, as well as filter strips. The study of
(Weiler and SchokBarth 2009) has shown that the advanced technological tools, like cisterns and
infiltration chambers can also be used with the green roofs so as to manage the storm water in an
economic manneiThis is due to the fact that these technologies support the functionality of the
green roofs, without having the need of excessive maintenance. However, the disadvantages of
pump unreliability and energy usage associated with that approach if the wadser tis be used

to support plant growth on the roof (Voeten et al 2016). when green roofs are utilised along with
cisterns for the management of the storm water, it results in more consistent provisioning and
capturing of harvested rain water. This featultenately results in minimising the demands of
potable water for the irrigation of the landscape; hence, controlling the overall cost required for
the irrigation. In particular, it can be affirmed that properly designed green roofs offer wide range
of paential benefits, in terms of effectively managing the storm water. In this regard, the most
evident benefits that have been found from the analysis of different studies include cost
effectiveness, reducing the pollution in lakes and streams, as wellnamisimg ecological
vulnerabilities that are resulted from inappropriate storm water management. (Anderson, et al
2010)

2.2 Rainfall Retention and Evapotranspiration in Green Roofs

It is asserted (Wadzuk, et al., 2013), that the society needs to adajgt cmeasures of preserving

the natural resources, particularly to deal with the influences of urbanization on the natural
resources of water. There is a need of understanding the key elements of hydrological cycle to
obtain the benefits of green roofss the efficient mechanism of sustainable drainage system
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(SuDs). Their study focused the green roof of "Villanova Urban Steater Partnership (VUSP)
demonstration park near Philadelphia, Pennsylvania" to demonstrate the retention of rainfall and
the Evaotranspiration (ET) component as well. With respect to the effective outcomes of green
roofs, the designers are advised by these authors to adopt the guidelines of Germany to plan, install,
and maintain the green roofs, or the E2398 and E2399 stand#@SMf, irrespective of the fact

that the capacity available for green roofs varies based on different factors. These factors entail the
impacts of season, plant species, previous dry days, and the climate during those days and previous
rainfall as well. Acordingly, there is a need of incessant modelling of the SCMs, considering the
elements of ET and the sailoisture.

The rate of ET content in the green roofs needs to be examined extensively as it influences the
effective storage capability of substratéth respect to the retention of rainfall. For attaining
maximum benefits of SuDs, the components of reusability and infiltration are also considered
along with ET. As a result, it is affirmed that the prospects of steater runoff control are
reduced bsed on the analysis of ET for 3 years (22021), by comparing the potential values of

ET with the measured values in different climate conditions. (Wadzuk, et al., 2013)

A study by (Morgan et al 2013) emphasized the needs of understanding the esséntial
hydrological cycle for the adequate preservation approaches ofwtaer; thus, supporting the
research agenda of (Wadzuk, et al., 2013). The study has signified the value of the design of the
green roofs for achieving maximum rainfall retention.this regard, the study has analysed
randomized designs of multiple settings of green roof models. The outcomes of monitoring the
rainfall retention during 2002008 reflect that the design of the system along with the presence

of plants over the roof haabsitive impacts on the intended objectives of green roofs. the study
has also examined the stemmater runoff with respect to ET content on the modular system of
green roofs. Consequently, the analysis of the outcomes represents that the role of suspended
precipitates, nitrate and turbidity is significant in determining the runoff quality and the rainfall
retention, along with the aforementioned factors.

With respect to the concerned aspects of steater runoff and the associated impacts of climate
conditions, the study of (Carpenter, and Kaluvakolanu, 2011), has evaluated the impacts of surface
type of green roof sand adopted (SuDs) in the study. Since the process of urban development has
minimized the ground surface areas for the preservation ofahaésources, particularly, water
resources, the roof areas are being technologically modified to be used for the same purpose of
stormwater runoff. The study has analysed the runoff performance of-8ctil green roofs for

a period of over 6 months.Idw meters for monitoring the runoff quality and samplers for
analysing the watequality were used. More specifically, there were 2 other roof settings of
asphalt, and ballasted along with the green roof. As a result, the performance of green roof was
observed to be comparatively efficient as the rainfall retention was recorded to be 68.25% along
with reducing the discharge of rainfall volume by 88.86%. Additionally, even the nutrient and
solid loadings in the water retention were reduced by the desigmsef roofs.

The study of (Kasmin et al 2010), has presented the performance of green roofs in terms of the
associated hydrological processes. The study has monitored thensttanrunoff in two settings;

during the event of storm, and for the longeriod of incessant simulation of the SCMs. In this
regard, the most important element of design of the roof comprised of the storage components of
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substrate moisture and transient one. The capacity of substrate moisture represents the potential of
rainfall retention of the roof. It is asserted that the Evapotranspiration content of the green roofs
tend to restore the retention capacity of the roof after a particular period of storm event. The study
outcomes reflect that the records of rainfall retentioth@case of storrwater runoff represent

the ET capacity of less than 1mm for a day under the climatic conditions of UK. Accordingly, it

is estimated that at over omeek period would be required for the green roofs to recover the
retention capacity fuyl under the dry conditions of weather. Nonetheless, this period needs to be
guantified by using certain standard methods for attaining the maximum benefits of green roofs,
pertaining to the retention of storwater runoff. With respect to the significarafequantified ET

values on monthly basis, multiple approaches have been in practice. These approaches include the
monitoring of the entire green roofs prior to the storm events, which means the data of dry weather
conditions. Moreover, as studied by thesearch of Wadzuk, et al., (2013), there must be an
incessant modelling approach of calibrating the most important element of ET contents. On the
other side, the study has also proposed the approach of "Thornthwaite ET formula”, and the use of
laboratory m#éhods to measure evaporation rate in terms of ET quantification.

The study oBursztaAdamiak, (2012), has focused the implication of green roofs in urban areas,
where rainfall retention is highly desirable. It is carried out by sustainably managiatptire

water runoffs through the wedlstablished designs of green roofs for eliminating the shortcomings
of groundlevel storage. The construction of new buildings includes the green roofs system as an
essential component in Wroclaw, as the state reatlmedimitations caused by the resulting
increase in the soil surface to be sealed, and the inabilities of infiltrating and retaining natural
stormwater. Based on the intended objectives of examining the significance of green roofs, the
study has analysetthe experimental sites offle Science and Education Centre building of the
University of Environmental and Life Sciences in Wrocldar 2 years (2002010) for the
purpose of determining the retention potential of green roofs, along with the delagsumaiff

and the associated reduction in the peak runoff. Meanwhile, it is affirmed that the data related to
the rainfall retention of the green roofs design is not suitably estimated. Accordingly, the study
yielded the conclusion that the green roofs hawasiderable potential in dealing with the
management concerns of stewater runoffs. It is governed by the multiple layers present in the
design structure of the green roofs that validates the research outcomMesgah, Celik, and
Retzlaff (2013), andVadzuk, et al., (2013) as well. Moreover, the stovater's outflow volume

is also reduced even in the peak runoff conditions of rainfall. The significance of the green roofs
is evident from the prospects that the analysis of 153 rainfall events yiebdéwh &fficient
outcomes for green roofs. On the other side, the rainfall retention performance of the green roofs
turned out to be around 100% for the rainfall events ebupmm per day.

The impacts of urbanization are acknowledged to be replacipgtheeable nature of the ground
surfaces into comparatively impervious surface. As a result, it is noted that impacts eaterm

runoff are temporal to the drainage system of the urbanized states. Nonetheless, the needs of
urbanization could not be rgkd that has resulted in the adoption of green roofs as the alternatives

to the shortcoming of grouddvel rainfall retention. the significant aspects of the- pre
development functioning capabilities and design of the green roofs as the credible SG®Ehas
reviewed. In this regard, the humid subtropical regions of Hong Kong have been examined with
respect to the potential of green roofs in serving the intended objectives of rainfall retention, along
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with considering the significance of ET content. (Woaigd Jim, 2014). Moreover, the study has
also analysed the depth of the substrate used in the design of the green roofs, along with the
additional medium of ‘tockwool' that is used to absorb water and provided to the vegetative
system and enhancing thetention potential of the green roofs. The overall period of analysis was
10 months that yielded the outcomes to be in favour of the effectiveness of the green roofs in
retaining the rainfall. More specifically, the peak reduction in the runoff delayals@sbserved

to be significant even when the system of green roofs had reached full capacity of rstisage

(figure 6) Thus, the significance of green roofs is validated even in the tropical regions that reflect
that the use of green roofs wouldfreficient in dealing with the storwater runoffs of tropical
regions as well. However, in this project the retention potential of the green roofs in enhanced by
using permavoid which has more capacity to store water when compared with typical green roof
system. Capillary fibres are used to provide plants with whitew(nan A. et al , 2016

Figure6: the capacity of permavoid which is used this project case study and rockwool that is used in typical green
roof to hold watel(source:Permavoid System Technical Manual)

2.3 Green Roofs Efficiency in Heat Isolation and Heat and Mass Transfer

Rayner, (2015), has described green roofs as an effective solution to reduce the energy budgets of
buildings that entails a slight redigst in the costs of winter heating, but considerable reduction

in the energy demands for summer cooling. It is carried out by reducing the surface temperatures
of roof that results in changing the heat transfer; thus, potentially enhancing the perfopfmance
HVAC "Heating, Ventilation and Air Conditioning" systems of buildings. green roofs are regarded
as effective resources of resolving the problems being faced at environmental level, with respect
to urban and building levels. Among the most adverse dagdssue of global warming or rapidly
increasing heat within the environment demands significant considerations (Zinzi, and Agnoli,
2012). In this regard, the innovative approach of green roofs has been serving the aforementioned
problem dealing is an anedible manner. There is a great need of development of a pleasant
environment that is unattainable to be facilitated by the conventional roofs. Accordingly, the green
roofs with their potential of improving the issues of stamater runoffs, reducing ploition from

the atmosphere and even noise are also efficient in the reduction of heat contents along with
eliminating the adverse impacts of carbon footprifisretti, et al., 2010; Santamouris, et al.,
2007; Castleton, et al., 2010; Lazzarin, Castellattd Busato, and 2005).
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Green roofs potentially improve the energy efficiency of the buildings through the enhancement
of the process of heat transfer all the way through roofs. Within the premises of green roofs, the
temperature of the surrounding&luced that results in the improved efficiency of HVAC systems

of the building. It is carried out by the provision of cooling impact to the fluid prior to its returning
back to the chiller. As a result, even the photovoltaic panels also receive thesbeh#fits
reduction in the atmospheric temperature as their efficiency gets improved (Castleton, et al., 2010).
the significance of green roofs for the heat related issues of buildings. It is established that the
green roofs tend to enhance the permanefttee membranes of roofing of the building based on
potentially limiting the subjected thermal stress (Kosareo, and Ries, POOTusk, and Mander,
2009Teemusk, and Mander, 2010).

With respect to the implications of green roofs at the city level, munsestudies have asserted

that the deployment of green roofs over the buildings significantly lessens the effect of UHIs
(Urban Heat Islands). UHIs are the areas having hot weather conditions that are mainly due to the
urbanized activities of the individlga The process of urbanization is continually in the phase of
development that reflects that the effect of UHIs cannot be mitigated, unless external efforts are
implemented (Zinzi, and Agnoli, 2012). Moreover, even UHIS effects are believed to be the
significant contributors of global warming. Nonetheless, the individuals are facilitated with the
benefits of green roofs significantly (Alexandri, and Jones, 2008; Takebayashi, and Moriyama,
2007). Since the needs of maintaining the temperature in certéngsege of extreme level, the
design of green roofs entails considerable significance as well. As a result, green roofs are
identified by two types: extensive and intensive. The extensive green roofs are characterised by
the soil thickness of not more thB0 cml15cm, while the intensive green roofs have the
characteristic soil thickness of over 15@®cm Eioretti, et al., 2010; Feng, Meng, and Zhang,
2010; Sailor, 2008; Spala, et al., 2008; Williams, Rayner, and Raynor, 2010; Getter, Rowe, and
Cregg, 2009 According to the study of Castleton, Stovin, Beck, and Davison, (2010), extensive
type of green roofs has no need of added strengthening, based on their minimum additional loads;
thus, these green roofs are appropriate for the retrofitting of buildings.

It is affirmed that the climatic conditions are different for different regions across the world.
Accordingly, it is asserted that the selection of the green roof depends upon the characteristic
climate of the region, where the building(s) is presenth\Wspect to the climatic conditions of
Australia, the selected green roofs design and features would be different as compared to the
climate of European regions\flliams, Rayner, and Raynor, 2010) is established that in the
summer season, the suréatemperature of the "conventional roofs" of the buildings is very high

as compared to other seasons. With the prospects of deploying green roofs rather than conventional
roofs, the indoor heat conditions are comparatively better. It is based on theafastimerous

effects are associated with the green roofs designed characteristics that tend to yield cooler effect
even in thermal conditions. These effects include the factors of thermal resistance of soil used in
the roof design, foliage shading, and gontent of Evapotranspiration (ET). With the cumulative
impacts of these characteristics featured in the design of green roofs, the heat flux of the buildings
receives significant effects. By heat flux means, the rate of transfer or exchange of beatanb

the indoor and outdoor thermal conditions of the building. With respect to the surface temperature
of green roofs, it is noted that the external surfaces of the slabs of roofs have low temperatures
both in the hot and cold weather conditions. M@ectically, the green roofs have low amplitudes
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or fluctuations as compared to the conventional roofs. As a result of thedeetmency
fluctuations of heat flux, the roofing membranes of the building receives minimized thermal stress;
thus, improving he longevity (Kosareo, and Ries, 2007; Teemusk, and Mander, 2009 Teemusk,
and Mander, 2010).

The study of Susca, Gaffin, and Dell 60sso, (2
at building and urban scale. In this regard, the study has es@itiia performance of three roofs;
green, black and white. Accordingly, the study has noted the difference of 2°C in between the
temperatures of the UHIs of New York, describing the significant impacts of green roofs in
improving the climatic conditions,yomeans of using a "climatological model". Santamouris, et

al., (2007) has also examined the influence of green roofs on the indoor thermal conditions of
buildings in Athens. The study asserted that the use of green roofs in the buildings has resulted in
saving the cooling energy required, in a significant manner. For instance, it was noted that the
cooling demands of an office building in Athens were reduced by the deployment of green roof as
compared to the conventional roof. On monthly basis, the stosisreed a decline in the energy
demands by 15% to 39% for the entire building, and there was a reduction of 27% to 58% in the
demands for the top floor of the building.

The impacts of green roof are positive on the performance of buildings in urbamae¥ass of
facilitating with cooling effect even in hot weather conditions (Ouldboukhitine, et al., 2011).
Moreover, the foliage used in the designing of the green roofs provides the reflective properties
that result in harnessing the radiations of theisuan efficient manner. In this regard, the study

has deployed the method of thermodynamics along with characterizing the -{hieysical
features of the components of green roof. Ouldboukhitine, et al., (2011) have focused on the
equations of energy kaice for the soil and foliage content of green roof. Accordingly, the impacts

of the ET content and the mass transfer characteristics were studied, which was followed by the
addition of watetbalance equation and numeric simulation as well. The evoluti@mperatures

at soil ground and foliage levels was evaluated by the model, using the inputs of drainage water
and the temperature of the roof. The parametric study of Ouldboukhitine, et al., (2011) then
compared the temperature differences in betweemittez and outer surfaces of the building that

was significantly of about 30°C. Consequently, the effects of mass transfer were also productive
in improving the performance of the building along with the reduction in the errors of the model
used.

In thesame manner, the study of Djedjig, et al., (2012), has described the significance of green
roofs in terms of the transfer of heat and mass. The overall performance of the green roofs in
improving the thermal conditions of the buildings with respect tartbdelling and coupling of

water balance of the substrates used in the designing of the green roofs and the associated content
of ET was assessed. It is noted that the impacts of the variations in the water balance are significant
on the ET intensity and éhsubstrate. Accordingly, the model used in the study that is based on
hydrologic and thermal aspects entails the effects of wind speed associated with the foliage used
in the green roofs. It was carried out by calculating the resistance in the trarisfat ahd mass

within the canopy of leaves. Djedjig, et al., (2012), has studied the green roof's significance in this
regard at the "University of La Rochelle" by comparing the experimental results with the numeric
data. Consequently, by using the paramettudies describing the behaviour of green roof, and
modelled balances of energy, the mechanism of transfer of heat and mass was analysed. As a result,
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there was a notable difference of 25 °C in the surface temperature, entailing the coupling effects
of ET content in the enhancement of the green roof's performance.

2.4 Biodiversity

Green rooftops give a chance to creature and plant living spaces to exist in urban territories, the
greater part of which have been lost through loss of green space iopeeat and urban
improvement. They can give nourishment, settling open doors and resting places for species, for
example, insects, ants, bugs, flies, honey bees, creepy crawlies, leafhoppers, uncommon plants,
settling winged animals (minimal ringed ployerorthern lapwing and skylark) and lichens
(Matteson, K.C. and Langellotto, G.A., 201®e that as it may, reasonably they can just give
natural surroundings to species which can adjust to and create survival methodologies for
compelling neighbourhood nditions, and which are sufficiently portable to achieve living spaces

on rooftops, for example, A study was conducted in Switzerland presented the importance of green
roofs to honey bees. The study presented that green roofs which contained a milafeviéd

and sedums plants were visited by honey bees during the foraging season [April to September],
while green roofs that contained sedums plants were visited by bumblebees only during June to
July, when sedum species had flower. This study recordeiifférent bee species, where 54 of
these species occur in the UK. 21 out of 54 species were documented during {teznfonf
studding green roofs and invertebrate biodiversity in Lonf®menneisen S et al, 2005)

bees gather pollen to feed larval ahd tdults feed on flowers nectar. some species collect food
from particular species of flower (monolectic), while other bee species feed on related flowers
(oligolectic). labiates and leguminous flowers are good source of nectar for some species of
bumblekees and Longongued bees. Moreover, daisy family are source of nectar fortsinguaed

species. Other short tongues species have a tendency to visit flowers with short corolla such as
asteraceae, rosaceae, and apiad@sen roofs with wide range of wetgtion and wildflowers,

are impeccable for many foraging bees. Biodiverse green roof are suitable sites for foraging from
early spring to late summer and can provide a sustainable habitat for honey bees in urban
environments. Mosses and water which isilaée on many green roofs is considered as a
drinking source for beegBrenneisen S et al, 2005)

2.5social benefit

Reduced crime level is one of the benefits that Orlyplein green roof is claimed to have added to
the area. This has been reported alttal newspaper (Het Pareantticle entitled: Amsterdam

wint twee prijzen voor natuur op straak). This was also supported by some information

gatheed from police department in Amsterdam (Politie, Amsterdam, Regionaal Service
Centrum) (appendix 1) which indicates that the crime level decreased in the project area starting
from the operation year and continued until the same year that the Orlyg@emrgof was

operated in 2014. Figures 710.

Alta Bates Medical Center in Berkeley CA presented a case study that, focused on the benefits of
a green roof on patients and staff. Part of the study methodology was based on interviews
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investigating type ofctivities held in in the green roof. Responses were falling in the theme of
relaxing, talking, eat i nWardThompson, Roe and Aspiramalhett 1 o u
al. 2012)A study by Frances Kuo highlighted that well managed green spacesloae stress,

drop recovery time and reduce crime levels. These benefits can be provided by green roofs.
Another study bySullivan reported that generally crime levels were expressively lower in
residence area near green spaces, and reported domesticevi@erks were lower in managed

greener area¢Pataki, Carreiro and Cherrier et al. 2Q1Hipally, a statistics presented irstady

that started in 2005 by UK Crime Scene Investigator (CSI, 2008) mentioned that the Landscape
quality improvements carriedt 57hect. industrial estate in Lang Thwaite Grange, Wakefield,

West Yorkshire helped in creating 200 new jobs and a decrease in the Crime level by 70% in 12

months (Ward Thompson, Roe and Aspinall et al. 2012)
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crime index from 2011 to 2015
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Figure10: a graphpresenting therime index from 2011 to 201&s itcan be seen, that the crime level start to decrease from @l gear which
this green parlproject was started
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2.6 Potential roadblocks preventing&ftop Garden implementation
There are a few challenges that need to be factored in while taking the implementation of rooftop
garden into consideration.

2.6.1Costs
One main impediment with rooftop gardens is the initial cost. Intensive gardens wiladngger
expense initially, since they would necessitate greater maintenance as well as a higher range of
vegetation, while extensive roofs will be the most convenient to install. How@vancis and
Lorimer 2011) opine that with the improvement in sitalling and producing green roof
components, the higher will be the cost savings in the long term, leading to quality discounts and
heightened customer savings

2.6.2Maintenance
The maintenance of a roofpsedicated on its intensivene¥ghile the plats can be grown directly
on the roof(Williams, N.Set al, 2010)point out that they can also be grown beforehand at ground
level before being put on the roof. This will contribute greatly towards the two other issues
maintenance and accessibility. Bvie case where the plants themselves get planted on the roof,
they will need the transportation of substrate, possibly leading to weight concerns as well as
logistical issues. The heavier the load, the more the need for other potentially expensive loading
methods, which can also cause health problems. More intensive roofs would necessitate a
heightened irrigation to retain the health of the plants healthy. Alternately, an automated sort of
irrigation can be initiated which will predicate on its economievalf as logistical feasibility.
(Williams, N.Set al, 2010)

2.6.3Pollution
According to(Francis and Lorimer 2011although fertilisation facilitates biomass accumulation,
it can boost the plantsd suscepypromotdthegrgwtht o dr ¢
of plants could actually deter them. Similarly, fertilizers can invade the water system and lead to
inadequate water quality and potential algal blooms down the water system, owing to the harmful
contents in the form of phosphorous amtlogen, which can damage plants and figif@ancis
and Lorimer 2011As plants begin to absorb the pollution, they can get released on leaf surfaces,
which could then land up in the storm water system, thus resulting in water pollution. Thus, it is
crucial that in cases of intensive green roofs, there is a close monitoring of the usage of irrigation
and fertilizers irrigation, to ensure that the water escaping from the roof remains unpolluted.

2.7 Benefit of green roof modelling
In summery green ar@asidered as multi benefit systems when it comes to mitigate environmental
problems. This natural system is controlled by many variables such as evapotranspiration,
precipitation, substrate quality, vegetation type, wind speed and temperature. In this stud
particular focus is made on evapotranspiration and precipitation, which are considered to be the
key factors in green roof modelling when it comes to water retention and preserving vegetation.
(Czemiel Berndtsson 2010)
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In order for green roof systemo perform to the optimum level. It should be studied and
investigated through research and experiments. the observational records that are used in many
studi es, are | ess than two yearso duration.
understandand draw an understandable conclusion about green roofs performance. Stovin et al.
(2012) study highlighted that it is important to use modelling as a tool in order to understand and
develop green roof systems.

Green roof modelling helps ipredicting thefuture effect of the system and its elements by
performing experiments with different scenarios in a short time compared to laboratory
experiments. Additionally, these experiments help in planning the future studies and which parts
to focus on as its efte and priority. The knowledge gained from understanding and developing
the model can beanspiredand implemented in other mod@non. 2013)

Feeding the model with present knowledge and evaluating the outcomes can help in predicting the
effect in futue. This can carry some error percentage but it provides the basic effect on future.
Models generatebetter understanding on how any elements and system factors work, this can
contribute in bringing system to work in the optimum level through developwgsnenarios,
process and techniques and to produce new materials and prdAtices.2013)

The next chapters are presenting a stages of developing a previous model that was cveated by

de Werken on Orlyplein green park system. The model investigatedntain variables,
precipitation and evapotranspiration, in relation to preserving water and storm water retention.
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Chapter 3 methodology

3.1MODEL MODIFICATION-EARLY STAGES METHODOLOGICAL
IMPROVEMENTS

3.1.1ABOUT THE PREVIOUS ORLYPLEIN GREEN ROOF MCHEL
The previous Orlyplein green roof model which this project is based on, was provided to the author
by her supervisor with a view to studying the model, making improvements then using it to
investigate the best way of managing water orCithgplein siteThe Microsoft Excebased model
had been produced by Laurens van de Werken as part of an internship at Permavoid Ltd. It had
previously been used by Voeten et al (2016) in a modified form but it was the original, unmodified
version that was supplied.

As mentioned previously the model uses the general water balance equation
ET=P-Q(+-mS) 1)
Where:

1 ET is the evapotranspiration,

1 P is the precipitation,

1 Q is the amount of discharge (runoff) and,

T S the change in water storage

Both representevariables, evapotranspiration and precipitation data were said (Alan Newman
Pers Com 2016) to have been sourced from the KNMI weather station De Bilt and Amsterdam.
The distance between the green roof that is used as a case study in this project itretdiierB

is around 39.8 Km. according to the KNMI, the closest observation station for the area of the
Orlyplein green roof is airport Schiphol which is located 9 Km away from the study area (figure
11 & 12). It was assumed that the evapotranspiratias taken to be representative for Orlyplein
green roof, which was calculated by the KNMI using Makkink method (Hiemstra P. and Sluiter
R., 2011). A general view of the model is presentg®&aneen dump)1 The model in Microsoft
Excel, presenting the mamum capacity, storage, evapotranspiration, precipitation, net inflow,
outflow and change in drainage. The spreadsheet also contained low time resolution models based
on annual and monthly data but these were not considered further.
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Figure11: locations of metrological stations in Netherlands (source KNMI)
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Figure 12: Arial photography of the DE BIL T met. Station which was approached by Laurens van de Werken and the SCHIPHOL
met. Station that is closéo case study
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A | B | C | D | E | F | G | H | 1 |

1 Orlyplein Green Roof model 2014
2 | Initial water level 160 MM
3 | Max Capacity 160 MM
4
5 Day  Max Capacity Storage = ET P Netinflow Outflow  ChangeinStorage |
6 | 01-01-14 160 160 0.2472 5.7 5.4528 5.4528 (o]
7 | 02-01-14 160 160 0.1648 3.5 3.3352 3.3352 (o]
8 | 03-01-14 160 160 0.2472 3.3 3.0528 3.0528 (8]
9 | 04-01-14 160 160 0.1648 3.2 3.0352 3.0352 o]
10 | 05-01-14 160 160 0.412 0.2 -0.212 (8] -0.212
11 | 06-01-14 160 159.788 0.2472 2.3 2.0528 1.8408 0.212
12 | 07-01-14 160 160 0.1648 9.8 9.6352 9.6352 (8]
13 | 08-01-14 160 160 0.2472 15 14.7528 14.7528 o
14 | 09-01-14 160 160 0.0824 3 2.9176 2.9176 (o]
ii5! 10-01-14 160 160 0.412 2.5 2.088 2.088 o
16 11-01-14 160 160 0.1648 0.6 0.4352 0.4352 o]
17 | 12-01-14 160 160 0.412 2 1.588 1.588 (8]
18 | 12-01-14 160 160 0.3296 0.7 0.3704 0.3704 o]
19 | 14-01-14 160 160 0.1648 0.6 0.4352 0.4352 8]
20 | 15-01-14 160 160 0.0824 1.5 1.4176 1.4176 o
21 16-01-14 160 160 0.0824 4.4 A4.3176 4.3176 o]
22 | 17-01-14 160 160 0.1648 4 3.8352 3.8352 o
23 | 18-01-14 160 160 0.412 1.5 1.088 1.088 o
24 | 19-01-14 160 160 0.2472 (0] -0.2472 (8] -0.2472
25 | 20-01-14 160 159.7528 0.0824 (o] -0.0824 o] -0.0824
26 | 21-01-14 160 159.6704 0.0824 0.4 0.3176 (8] 0.3176
27 22 0114 160 159 s 0 22a0R na N n704a 0 N5RA 0ni2

3 | Efficiency | GreenRoofModel YearMonthAVG | GreenRoofModel Year 2014 | GreenRoofModel Year 2013 | GreenRoofM
Ready

Screen dump: A general overview of Laurens van de Werken model

The model provides the total amount of runoff from the green roof, based on daily precipitation
and evapotranspiration rates. The Orlyplei@egr roof consisted of 82.4% vegetation (= 808D m
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and 17.6% paved surface. The model 6s original
assuming that it occurred only in the vegetative areas of the roof park as shown in figure 4

B ——

iy iy ‘i

ET occur ET occur
No ET
- P
v -

Figure13: Precipitation infiltrate the paved and the substrata but evapotranspiration occurs exclusively to
the vegetative areas.

By using the general water balance equation, the model was designed and cells were connected
as following:

1 Max capacity = 160 mm

Storage which depend on maximum capacity and net inflow

ET & P as fAnumerical valuesbo

Net inflow = PTET

Outflow = if storage + net inflow < max capacity = O otherwise, it is staragax
capacity + net inflow

i1 Change in storage = nefliow i outflow

= =4 A A

The time scale that was presented by van de Welan Newman Pers Com 20L&as from

2000 to 2014. This data thus simulates the behavior of green roof as if it was built 15 years ago.
Until the very late stages of this work it was assditiat the ET data provided by van de Werken

was correct. This has now been corrected. In addition, it was found that data was available from a
much closer weather statin than used by van de Werken. This has been incorporated into the final
model. This howver does not detract from the value of the modeling exercise for the following
reasons:
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1) A wide range of yearly ET data is available and all of the data presented by van de Werken are
reasonable ET values.

2) The main aim of this exercise was to develmvery basic and inflexible model produced by

van de Werken. The limitations of van de Werken approach were incorporated in very late stages
of the model which is now well on the way to become both complete and flexible to transfer to
other green roofs.

3.2 Communication and requesting of additional data
Before proceeding to explain the updates that have been added to the model and methodology, it
is important to address the communication issues (particularly between UK and the Netherlands),
which wae launched in the project time line from niidne to early August of 2016. The early
communications were related to the social impact of roof parks on the surrounding environment.
It was suggested suggested (Alan Newman Pers Com 2016) that there wasee(adecdotal)
that the Orlyplein green roof had produced an effect in reducing crime levels in the area
surrounding the project. Although not directly related to the modeling this was considered
important background information and thus a first step twagtempt to communicate with the
police in Amsterdam (Politie, Amsterdam, Regionaal Service Centrum) to get some data about
the crime level around the project area from 2013 to 2015 (See A@gndix

Preliminary information was obtained which has beesgnted in the introduction, but to confirm

theis information. Further to this a Mr. T. Boxem (Amsterdam Rainproof) was also contacted to
get more details on the this subject but also to obtain further details on the characteristics of plants
and vegetatd area in the project (see Appendix an article from the local newspaper was sent,

and it supported the findings from the police station Statistics.

Additionally, communication was initiated with Mr. J Voeten (Permavoid Ltd) to obtain some
information about substrate particle analysis (which was added later to the model) and also to
provide some additional information about the physical properties of the substrate used in the
system.

On another important matter, the issue with the misunderstandimgtadlogical data (which is
discussed in sectidhl) needs to be addressed . Communications with the Dutch Weather Service
(KNMI') reveled a problem which was eventuall
weather data. The KNMI weather statioasncommunicated initially to obtain information about

the daily level of rainfall and evaporation to update the model with 2015 data sheet. It should be
noted that these communications had a positive impact on understanding van de Werken model
and whichheped in discovering the errors such as
meaning of a-() value in the precipitation data (Appendx as supplied by KNMI, the
adjustment of ETp values, and selection of the nearest metrological station wehe pr

Despite the fact that early efforts in communication were attempted responses from the
meteorological center arrived late. However the researcher was able to update data using computer
modeling and minimize the error as much as it can be dore itime limit of the project as is
detailed later in this chapter.
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3.3 Modification andEarly Stagelmprovments
3.3.1 Preliminary Logical Modificaticr\WWater Content Below Zero

In order tobuild different scenarios and perform experiments using the mbdels an essential
step tounderstandhe model with all its detail-his was maddifficult becausdittle explanation

of how the model operatedas builtinto the spreadsheet and much time was taken up in trying to
understand the logic. By observirtggtmodel, negative valuesre observeah the storage values.

This wasdue to the fact thatan deWerkenhad essentially allowed waterdé@apotranspirérom

a roof which was devoid of watérhese negative values were thus unrealistic because the lowest
value that GRS can hold is zero water, so the values in GRS should be ranging from 160 mm to
Omm.The logical formula that was used to calculate the green roof storage capacity during rain
events within a period of t iomereplae negaivedtordge e d
values by zero values.

The IF function in Excel can be nested, when records have multiple conditions to meet. The
FALSE value is being replaced by another If function to make a furthe(desten dump2& 3)

The logic inthe formula bar was : if storage +net flow was > or = to the maximum capacity, the
value that should appear in the storage is 160, and if storage + net flow was < or = to O then the
value that should appear in the storage is 0. otherwise it should hertlod storage and net flow

which can be any number between 160 arstfeen dumps 2&Bresents the change in formulas

and the storage values.

Orlyplein Green Roof Water oRIGINAL BY Mc 160 17.9104 2.8016 0 2

= 160 15.1088 3.2136 0 3

Draw  Pagelayout Formulas Data Review View NiroPro10 ) Tell me what you want to d4 160 11.8952 3.7904 0 3

160 8.1048 3.7904 0 -3

160 43144 1.7304 0.1 -1

paste D oPY ° 160 ) 2.3896 11 1

. 160 1.1944 2.8016 0 2

pt . Font Alignment Nomb 160 1.648 6.4

160 3.1448 25544 0.1 2

SUM v xX v k IF((C215+F215)>B216,8216,C215+F215) 160 04904 1.4832 148 13

160 13.8072 1.4008 149 13

A B C D E F G H 160 27.3064 1.4008 79 6
202 16-07-06 160 45.3616 4.4496 0 4.4496 0 -4.4496
203 17-07-06 160 40.912 4.4496 0 4.4496 0 4.4496
204 18-07-06 160 36.4624 4.3672 0 4.3672 0 -4.3672
205 19-07-06 160 32.0952 4.4496 0 4.4496 0 4.4496
206 20-07-06 160 27.6456 3.6256 0 3.6256 0 -3.6256
207 21-07-06 160 24.02 4.12 0 4.12 0 4.12
208 22-07-06 160 199 2.3896 0.4 1.9896 0 -1.9896
209 23.07-06 160 17.9104 2.8016 0 2.8016 0 2.8016
210 24-07-06 160 15.1088 3.2136 0 -3.2136 0 -3.2136
211 25-07-06 160 11.8952 3.7904 0 3.7904 0 -3.7904
212 26-07-06 160 8.1048 3.7904 0 -3.7904 0 -3.7904
213 27-07-06 160 4.3144 1.7304 0.1 -1.8304 0 -1.8304
214 28-07-06 160_ 2.484_ 2.3896 1.1_ 71.7896. 0 -1.2896
215 29-07-06 160| 1.1944| 2.8016 0[ ~2.8016_| 0 -2.8016
216 30-07-06| 160 =IF((C215+F215)>8216,8216,C215+F215) 4,752 0 4,752
217 31.07-06 160 3.1448 2.5544 0.1 -2.6544 0 -2.6544
218 01-08-06 160 0.4904 1.4832 148 13.3168 0 13.3168
219 02-08-06 160 13.8072 1.4008 149 13.4992 0 13.4992

Screen dumg: The storage records of 2003 presenting a negative valueinpréedieg t he wat er | evel in t

sec. 4.1 for the resulted graph)
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3- . Ortyplein Green Roof Water oRIGINAL BY Model Laurens van de Werkend (Autosaved)! - Excel

Sl sert  Draw  Pagelsyout Formulas Data  Review  View  NtroPro 0 v

SuM . x v / FIC215+1215>=8216,8216,1F(C215+1215<=0,0,C215+1215})
202 160706 160 45.3616 45.3616 0
A 8 SEC—— 0 E F G i U d K 203 170706 160 40912 40912 0
202 160706 160 45.3616 45.3616 0 4,449 0 0 4.4496 0 4449 508 1807.06 160 36,4624 364624 0
203 170706 160 40912 40912 0 4.449 0 0 4.449 0 4449 205 190706 160 32.0052 32,0952 0
204 180706 160 36.4624 36.4624 0 43672 0 0 43672 0 43672 206 200706 160 27.6456 27,6456 0
205 19-07-06 160 32.0952 32.0952 0 4.4496 0 0 4.4496 0 44496 207 210706 160 2.02 2.02 0
206 20-07-06 160 27.6456 27.6456 0 3.6256 0 0 3.6256 0 3.6256 208, 220706 160 19.9 19.9 0
207 210706 160 2402 24.02 0 412 0 0 412 0 412 S = et Ha 2
208 22:07-06 160 199 199 0 2.389% 04 0 1.989% 0 198%  fusl i 160 5 8953 G o
209 230706 160 17.9104 17.9104 0 2.8016 0 0 -28016 0 28016 51 2607.06 160 81048 81048 o
2100 24.07.06 160 15.1088 15.1088 0 3.2136 0 0 3.2136 0 3.2136 213 270706 160 43144 43144 0
211 25-07-06 160 11.8952 11.8952 0 3.7904 0 0 3.7904 0 -3.7904 214 28.07-06 160 84 2484 0
212 260706 160 8.1048 8.1048 0 3.7904 0 0 3.7904 0 37904 215 290706 160 11944 0
213 270706 160 43144 43144 0 1.7304 0.1 0 1.8304 0 -1.8304 216, 300706 160 0 o
24 280706 160, 2488 2484 0 238% 11 0__ -1.289% 0 Az ANAEE 5 s A2 2
215 290706 160} 1.1944| 1.1944 0 2.8016 0 o -28016 0 -2.8016 315]  0208.06 160 154144 154144 s
26| 30.07-06] 160]=IF(C215+1215>=B216,8216,IF(C21541215¢+0,0,C215+1215)) 64 64 4.752 0 4752 %3 030806 260 79136 28913 P
217 310706 160 4.752 4.752 0 25544 0.1 0 -2.6544 0 -2.6544 21 040806 160 15,4128 35,4128 0
218 01.0806 160 20976 20976 0 1.4832 148 148 133168 0 133168
219 02-08-06 160 154144 154144 0 1.4008 149 149 13.4992 0 13.4992
2200 030806 160 289136 28.9136 0 1.4008 79 79 6.4992 0 64992
221 04-08-06 160 35.4128 35.4128 0 23072 84 84 6.0928 0 6.0928
222 050806 160 41.5056 41.5056 0 3.3784 0.1 0 3.4784 0 3.4784
223 06-08-06 160 38.0272 38.02712 0 3.5432 0 0 -3.5432 0 3.5432
24 070806 160 34.484 34.484 0 21424 03 0 1.8424 0 1.8424
225 08-08-06 160 32.6416 32.6416 0 1.5656 0.1 0 -1.6656 0 -1.6656
226 09-0806 160 30.976 30.976 0 0.9888 31 0 21112 0 2112
227 10-08-06 160 33.0872 33.0872 0 1.236 a2 0 2.964 0 2.964
228 11.0806 160 36.0512 36.0512 0 0.9064 252 252 242936 0 24293
«

GreenRoofModel Year 2011 GreenRoofModel Year 2010 GreenRoofModel Year 2009 GreenRoofModel Year 2008 GreenRoofModel Year 2007 Grees

Screen dum@:. After formula modification, the storage records of 2003 presenting a note (0) value in predicting the water level
in thgebs{oeder to sec. 4.1 for the resulted graph)

3.4 I mprovements to the Model 6s Fl exi bi
3.4.1 Dividing the Stored Water into Realistic Compartments

One of the desired targets was to study the effect of changing the two variables P and ET on the
storagevalues and to study the performance of the model in response to various water management
deci sions. One | imitation in flexibility of
two different systems they were are represented a single (corhbadad in the van de Werken

model. Green roof storage in this system consists of storage in the substrate that is natural, contain
vegetation and affected by different levels of temperatures, wind speed, precipitation ad
evapotranspiration. On the otheartd, the second part of the storage is the permavoid which
basically there to store excess free water after it passes the first layer (and then pass it back to the
substrate by capillarity).

In order to facilitate the process of building different scesarased on changing P and ET values
(dealt with later), the storage values were divided into values for water in substrate and for liquid
water in the Permavoid layer as follows:

1 The green roof consists of a storage unit that contain a subbase of pdravaviaid with
a mixture of fine sand with 8% organic matter acting as growing and storing medium at the
same time. Because the dodise is able to store up to 60 mm of rainfall, the storage values
were divided to liquid water and water in the soil (16@nThis step can help in
controlling and changing the overflow from the system.
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1 The logical formula that was used to calculate the proper values of (water in soil) and
(liquid water in storage) was modified using nested if function

1 The logical formula waiin the form of [ if value in the storage >=100, then the value that
should appear in (water in soil) record = 100. if value in storage record <100, then it is =
value papered in that record, otherwise it should be = zero]

1 The same logic was used withlwes in (liquid water).Screen dump 4resents this
modification

Orlyplein Green Roof Water oRIGINAL BY Model Laurens van de Werkg

Draw Page Layout Formulas Data Review View Nitro Pro 10 ‘\;? Tell me what you want to do

- o = ]
. &b Cut Calibri iz <A A — - v - EPwrapText Genera - | 2 # | Norma

2 Copy - Cond I F = Good
N B I U- - H-A- === &3 EMerge & Center - B - % » % o Conditional Formatas Goo:

¥ Format Painter A = - Formatting -~ Table =

Clipboard ] Font 2 Alignment [ Number ‘. Styl

Paste

E3 - e

A B C D E F G H 1
1 Orlyplein Green Roof model 2014
2 Initial water level 160 MM
3 | Max Capacity 160 MM
4
5
6 01-01-14 160 60 100 60 0.2472 5.7 5.7 5.4528
7 02-01-14 160 TOU LY 0.1648 3.5 0 3.3352
8 03-01-14 160 160 100 60 0.2472 33 0 3.0528
S =IF(C8>=100,100,IF(C8<100,C8,0))
C D E

yof model 2014
- level
ty

ity Storage  waterinthesoil liquidwater
160 160 100 60
160 160 100 60
160| 160|E1F(C8>=100,100,IF(C8<100,C8,0))

160 160 100 60
160 160 100 60
1AN 150 788 1nn Q 7R8°

Screendum@g: The fistorage was divi ded t dnrdspoadttoethre quamitessmentionedirmnd Al i qui

(Voeten, J.G., van de Werken, L. andviven, A.P., 2016)

3.4.2 Keeping Track of The AEmpty Storageo L

Flowing the previous modification and to visualize the normal current situation of P and ET, and
the changes of these values on the storage with its both subsystems, it was importanthe kno
number of days that the storage was empty and which subsystems is affected most. The second
step was to count how many days that the green park was without water for both layers, the
substrate and the storage permavoid. This was performed by addpilg sount function to all
recordsScreen dumpisrepresenting the one of the dry years (2003) of the 15 years. As a result,
the substrate had no water for 27 days while the storage permavoid was empty for 153
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Orlyplein Green Roof Water oRIGINAL BY Model Laurens van de Werken3

Insert Draw Page Layout Formulas Data Review View Nitro Pro 10 Q Tell me what you want to do

= 35 art Calibri 12 A A T == - - EPWrapText General - [:ET D Normal
Paste EE Copy B T U- - &d-A- === 3= Mer . 2.0 €0 .00 Condinal Fornﬁ::t as| Good

~ < Format Painter =7l =" |== === =2 Merge & Center % % e Formatting = Table ~

Clipboard & Font 5 Alignment & Number 5 Styles
D371 - I =COUNTIF(D6:D370,"=0")
A B I D E F G

352 13-12-03 160 118.7488 100 18.7488 0 23.3
353 14-12-03 160 142.0488 100 42.0488 0.2472 7.7
354 15-12-03 160 149.5016 100 49.5016 0.2472 1.9
355 16-12-03 160 151.1544 100 51.1544 0.2472 -0.1
356 17-12-03 160 150.8072 100 50.8072 0.3296 0
357 18-12-03 160 150.4776 100 50.4776 0.3296 0
358 19-12-03 160 150.148 100 50.148 0.0824 0
359 20-12-03 160 150.0656 100 50.0656 0.0824 8.1
360 21-12-03 160 158.0832 100 58.0832 0.1648 7.2
361 22-12-03 160 160 100 60 0.2472 1.5
362 23-12-03 160 160 100 60 0 6.1
363 24-12-03 160 160 100 60 0 -0.1
364 25-12-03 160 159.9 100 59.9 0.0824 -0.1
365 26-12-03 160 159.7176 100 59.7176 0.0824 -0.1
366 27-12-03 160 159.5352 100 59.5352 0.3296 1.1
367 28-12-03 160 160 100 60 0.0824 27
368 29-12-03 160 160 100 60 0.1648 -0.1
369 30-12-03 160 159.7352 100 59.7352 0.1648 -0.1
370 31-12-03 160 159.4704 100 59.4704 0.0824 0
371 27 153 -0.1
372

VI - | GreenRoofModel Year 2008 | GreenRoofModel Year 2007 | GreenRoofModel Year 2006 | GreenRoofModel Year 2005 ‘ GreenRoof

Ready

Screen dump: Numberof A Empty Storaged Days in the dry years (2003)

3.4.3 Providing a ACountero to |l dentify the
It was | ater intended to | ook at the effect
response to predictedinfall. This would be done as part of the water management of the system
to assist in flood control. As part of this it was decided to introduce a flexible counter that would
allow ugerto count, in each year, the number of times that water might lkmeerb A Du mp e d 0 .
order to study the rain events, a logical formula was developed within the model to highlight the
rain events with an amount that can be varied easily by the ope&ateen dump 6 clarify this
step
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In the main spared sheet, an entry form was created. A
flexible counter that would allow the user to count, was

FC 471 developed in rain events cell. If the value of rain events is
PWP 15.7 entered in the pointed cell, all rain events 2 5 will be filtered
ET in all years’ data sheets in the model.

P

Rain Events 5

A [ <
Orlyplein Green Roof model 2015
‘‘‘‘‘‘‘ water level

6 010115 160 160 100 [ 47.1 157 016% 016 0z 02 0 oos2 oo
7 020118 160 160 100 @ 471 157 6 0412 0412 2 25 0 2088 208
8 030115 160 160 100 @ 471 157 a6 oome oos L 14 0 1mme  1m
9 040115 160 160 100 @ 471 157 3 0412 0412 0.1 01 0 0312

1 050115 160 158,688 100 59,688 471 157 29 0l 0648 0 [ 0 0168

1 050115 160 1595232 100 595232 a1 157 12 omm on 17 17 0 14528 097
2 s 160 160 100 w 471 157 4z omes 03z 31 2774 7
13 s 160 160 100 @ a1 157 63 oomM 008 15} 12176 27
u o 160 160 100 @ 4.1 157 93 016 6. 69 6752 673
15 100115 160 160 100 @ 471 157 EEIN T 1 a1 0o amm 3

16 110115 160 160 100 @ 471 157 66 0329 01 01 0 0429

17| o1 160 159.5704 100 5704 471 157 9 016 64 64 64 6232 S80S
18 130015 160 160 100 @ 471 157 B3 008 175 179 179 8% 17817
19 140115 160 160 100 & 471 157 a4 oun a5 48 0 438 435
150115 180 160 100 @ 411 157 77 oos 2 89176 a7
2 woL1s 160 100 @ a7, 157 51 03 2174 17
2 nos 160 100 @ 471 x 2 094 01 01 0 03w

2 180115 160 100 9.6056 471 1 2 0,082+ s 59 5 58176 5423
2 10115 160 100 w 471 1 02 oae 0 [ 0 01648

2 20011 160 598352 47 0. 0 01648

% 210115 160 100 596704 471 157 03 02 0 ] 0 02n

w7 mmas e el o a 0 om n 0 0 s

Screen dump: Fltering rain events by usingflexible counter that would allow user to count, in each yepaddinga logical
formula(cell address>= value in entry cell)

3.44Pr ov i dyiaphg drvért the change in model to appear on grapitisin a
(master sheet 1& 2)

It is hard to observe a change in a model containing daily records of 16 yegosnépyhrough,
comparing and observing each recahe. solution was toreate a master sheet that contains 2000
to 20015 graph$Because evapotranspit and precipitation are the variables that have an effect
on the moisture content of the green pankst graphs are linkediomod el i ng PO and A
ETO0O where any change in the var iThslstepehelped ih | app
the sensitivity analysis, examining uncertainty in the rainfall data and examining the effect of
modeling moisture content using actual evapotranspiration instead of potential evapotranspiration
The following screen dump@ to 10) will clarify the creatiorof graphs master sheets.
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Two master sheets were created for 2000 to 2015 data. Master sheet 1
presented graphs of “storage”. Master sheet 2 presents graphs of moisture

4 content in the substrate “water in soil” and water level in permavoid “liquid _
water”. .

&
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Screen dumf@: Moisture content graphs of green park from 2000 to 20I85 & Sy (i S
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fe=y gx

aaau?
i SNJ K

In each year record, two columns were created and named
as “modeling P” and “modeling ET”. These columns are
FC 471 linked with precipitation and evapotranspiration data
PWP 15.7 respectively.ln the entry form, a flexible ET and P cells that

ET would allow the user to enter any value, were developed. If
P any value of P and ET is entered in the pointed cells, the
Rain Events 5

values in the modeling columns will change in all years’ data
sheets in the model.

E (5 o | By I gy O

5 Consons Foomat s Good Hears fomat Sorth Fod b
* formamng - lasie = # Clear* Fiter N

[ s

A B c o E F L] H Ll L M L o
1 Orlyplein Green Roof model 2015
2 nitial water lovel 160
3 Max Capacity 160
s
5 [
6 0L0115 160 160 100 © 471 1.7 35 01648 01648 0z 02 o omez oo
7 o 160 160 100 ) 471 17 76 oz o4z 25 25 o 208 28
8 030115 160 160 100 ) 471 187 46 o0ms  ooms 14 14 o e 1A
9 B49115 160 160 100 ) 471 157 15 04z 0412 01 o1 o o3z
10 050115 160 159,698 100 59688 471 157 29 01648 0lda 0 0 0 0648
1 050115 18 1595232 100 sa5232 471 157 32 omm  oum 17 17 0 14538 087
12 070115 160 160 100 60 471 157 a2 03296 03296 11 11 0 274 2770
13 0305 180 160 100 ® 471 157 65 om  oomd 13 13 n3 o uam uw
u om0 180 160 100 ® 471 157 55 068 016 69 69 69 6782 675
15 00115 1% 160 100 © 471 17 52 068 0168 41 a1 o 3amz aam
15 108 180 160 100 © 471 -7 66 om0 01 01 o 0ams
17 nms 1 1595704 100 595704 471 1.7 s 0IE  0le8 64 [ 64 622 A
1B 1305 160 160 100 © 471 1.7 B3 oms oo 178 179 179 1mAWs 11817
19 1405 160 160 100 © 471 157 a4 omn omn 5 5 0 ams a3
103 180 150 100 ® a1 157 77 o0B 008 s 9 9 sams s8I
n 16005 180 10 100 ® 471 157 51 039 036 25 25 o 2108 21
n e 180 160 100 © 471 157 27 oams s 01 01 0 g
1 wos 19 159606 100 59,6056 471 17 25 ooms 008 59 59 59 seme  san
M 10115 160 160 100 ) 471 187 02 01648 0leds 0 0 0 064
% 20015 10 1598352 100 59,8352 471 157 06 01648 0leds 0 0 [T
% 219115 W e 100 59,6704 471 157 03 oun  oun 0 0 0 ounr
n mmas 1584722 o0 <a 101 a7 157 A5 s nnes 0 0 0 amoe

N e page | Mt Sheet T | master sheetZ véar 2013 ear 2014 Vear 2013 | GreenMooiodel ear 2013 | GeaenRcoiMode! Vear 2011 | Greandic .. (3

Screen dumg: The process of controlling and testing evapotranspiration and precipitation by using entry form cells and
modeling columns for these two variables
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For example: if a value of 3 mm was entered in the ET cell in

FC 47.1 the entry form, 3 mm will be added to the values of ET records
PWP 15.7 base on the equation (= cell address in ET column + 3mm from
ET 3 |« the main page) the result of the change will appear in the ET

P modeling column. Note that all values in ET record will

Rain Events > increase by 3 mm and not just one cell

UM - X S| =l6s'mainpase'IS05T
A B £ 1] E I ] H 1 K L L] L o

1 Orlyplein Green Roof model 2015
2 Initial water level 160 MM Bac
3 Max Capacity
4
3 - !
& 01-01-15 160 160 100 60 471 15.7 35| 0.1648| -4 +'main page 15057 0.2 o 00352 0.035
7 02-01-15 160 160 100 60 471 15.7 76 0.412 0.412 25 25 o 2.088 .08
L] 03-01-15 160 160 100 60 471 15.7 46 00828 0.0824 14 14 0 1.3176 1317
9 ML 160 160 100 &0 471 15.7 s 0412 0412 01 01 0 0312
10 050115 160 159.688 100 59,688 a7 15.7 L] 01648 0.1648 0 ] 0 01648
1L 060115 160 1595232 100 505232 a1 5.7 3z 02472 0.2472 17 L7 0 La528 0.7
12 070115 160 160 100 [ ara 5.7 Az 03296 0.3296 31 31 0 27704 2770
13 080115 160 160 100 0 ar1 15.7 68 00824 0.0824 13 1.3 113 A% 11217
14 080118 160 160 100 0 471 15.7 98 01648 01648 68 69 [X] 67352 6735
15 10-01-15 160 160 100 &0 411 157 92 01648 01648 41 4.1 o 38352 3.935
16 11015 160 160 100 0 471 157 [ 03296 03796 01 01 0 0429
17 12-01-15 160 159.5704 100 39.5704 471 15.7 9 01648 0.1648 64 64 64 62352 5.805
18 13-01-15 160 160 100 60 471 15.7 83 00824 0.0824 179 179 179 178176 17817
19 140015 160 160 100 [ 471 15.7 a4 02472 02472 a6 16 0 43528 4352
o 150005 160 160 100 &0 471 15.7 77 00824 0.0824 a ] a B9176 8917
N 160105 160 160 100 &0 471 15.7 51 03296 0.3206 5 15 0 21704 2170
n 170105 160 160 100 &0 a71 15.7 27 0.4944 04944 01 01 0 03944
B 180115 160 159.6056 100 59,6056 ara 5.7 25 0.0824 0.0824 59 59 59 58176 5423
0 190115 160 160 100 0 ara 5.7 02 01648 0.1648 [ o 0 0.1648
% 200115 160 159.8352 100 598152 47 5.7 06 01648 01648 0 o [ 0.1648
26 21-01-15 l&o 1556704 100 59.6704 471 15.7 03 02472 0.2472 o o o 02472
” M5 158 4733 10 504713 ara 157 N nNAa N8R4 n n n AR

« +| main page Winter Shost 1| | st sheet 2 Vear 2015 Vear 2014 Vear 2013 Vewr 2012 Vear 2011 | Greenfit .. (3

Screen dump: An example of how the change infvalzS 2 F 9¢ NBFf SOGa& 2yY 9¢ Y2RStAy3é
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Screen dumpO: Increasing the values of ET by 3 mm appeared in the graphs from 2000 to 2015
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3.5 substrate physical characteristics lab experiments
The GR system isatural, so a lot of factors affecting the movement of water in substrate including
substrate particle size, and its physical properties. In order to study the hydraulic behavior of the
GRS and link evapotranspiration to the substrate moisture contentefts were carried out in
order to identify field capacity and permanent wilting pdgnefer to appendix 3 for more details
for each experiment)

1. Soil moisture content: this experiment was based on investigating how much a sample of
Orlyplein GRP suldsate can hold moisture to provide for plants. This was performed by
measuring a soil sample after water stop leaching from pots, weight it, dry it in oven for 24
h and finally weight the sample once it dry.

2. Soil field capacity: to determine the watealding capacity of the soil, a 100 gram of soil
was placed in a funnelaced in flaska 100 ml of water was added to the soil sample and
after a while, the amount of water in the flask is measured when water stopped leaching
from funnel.

3. Plant test wilthg point teat: based on growing some plants in the same substrate that is
used in The Orlyplein GRP and irrigate the soil with sufficient amount of water for 2 to 3
days and then wait for the plants to show wilting symptoms. soil samples were taken from
pots, weight on scale and oven dry for 24 hours.

4. Oedometemas used to keep soil sample under different pressure, the first round was to
calculate field capacity and second time to calculate permanent wilting point. The sample
was measured for weight bedoand after the test to calculate the amount of water left in
the sampleField capacity angermeantvilting point information werentroducedto the
model. see screen dumps (11 to 13)
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Screen dump3: Feld capacity angbermanentwilting point data were uploaded to the model aimroduced to the gaphs in
master sheet 1 and 2. The green line is field capacity and the purple line is prepentiagent wilting point

3.6Design supportive models
3.6.1Sensitivity analysis

Sensitivity studies help in identifying the strength of key factors thatytsterm based on and how

a minimum or maximum change can benefit associated environmental elements in the system.
Modeling allow to carry out sensitivity studies in order to measure and assess how variations in
key variables used in a system alter its bedravhich in turn helps in estimating the future risks

or benefits related with proposed changes in a system.

Since GRS is responding naturally to the change in evapotranspiration, soil particle size, wind
speed, temperature and precipitation along witleiobatural factors affecting the water navigation

in the GRSjt was essential to perform sensitivity analysis, in order to define how significance is
the effect if the change occur on some factors such as P and ET on green roof. The following
screen dumps (14 to 19)are presenting the steps of this té&tsults of sensitivity analysis is
presented in section 4id chapter 4
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To perform a sensitivity analysis test, values from -1 to 1
were tested in evapotranspiration and precipitation records,
FC 471 each time test values were entered in the one of the

PWP 15.7 variables cell while other variable remain unchanged (zero
ET value). For example, if ET is tested fro the change of adding
P (-0.5), P value will be 0

Rain Events

Orlyplein Green Roof model 2015
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P 2018 160 1594352 100 59,8352 471 157 06 01648 01648 0 [ 0 01548

5 noas 160 1596704 100 59,6704 a7 157 03 omMn 02z 0 a 0 onn

o nmas 160 158027 00 a2921 173 157 0% oowa oo n n 0 e

« v .| AN page | MasterSheetT | mastersheetZ |_GresnRoofModal Tew 2015 | GresniRoofodel ear 2014 | Greenooiodel Year 2013 | GreanRooMAodel Vew 2012 | Greeniioolodel Year 2011 | Greendic

Screen dump4: Performing sensitivity analysis test on two variable, ET and P

Once the test values (from -1 to 1) entered in entry form cells, ET or P values
were changed in the model. this change appeared in modeling ET or P
columns which linked to the net inflow. As the net inflow changes, water in
substrate and permavoid change. Using count formula, number of days where
moisture content in the substrate = 0 were calculated for the selected years

1 |sensitivity analysis ET 1 |sensitivity analysis P

2 |values 2012 2008 2003 2 |values 2012 2008 2003
3 A 0 0 0 3 | -1 12 20 82
4 -0.9 0 0 0 4 -0.9 5 18 77
5 | -0.8 0 ] 0 5 -0.8 0 16 72
6 -0.7 0 0 0 6 -0.7 0 13 67
7 -0.6 0 ] 0 7 -0.6 0 10 62
8 -0.5 0 0 0 8 -0.5 0 7 56
9 -0.4 0 0 1 9 | -0.4 0 4 52
10 | -0.3 0 0 9 10 | -0.3 0 1 47
11 -0.2 0 0 12 11 -0.2 0 0 38
12 -0.1 0 0 15 12_ -0.1 0 0 31
13| 0 0 0 18 13| 0 0 0 27
14 0.1 0 0 23 14 0.1 0 0 24
15 0.2 0 0 30 15 0.2 0 0 20
16 | 0.3 0 1 37 16 03 0 o 13
17 0.4 0 6 43 17 0.4 0 0 8
18 | 0.5 0 8 48 18 0.5 0 0 0
19 0.6 0 11 56 19 0.6 0 0 0
20 | 0.7 0 13 60 20 0.7 0 0 0
21 | 0.8 0 15 65 21 0.8 0 0 0
22 0.9 0 18 71 2 0.9 0 0 0
23 | 1 2 20 77 23 B 0 o o
24 54

2 2

Screen dumfi5: Number of days where moisture content in the tested years reached to zero were tabulated for each variable
separately
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Screen dumf6: Snsitivity analysis results were graphed, each varialgle graphed separately

Mumber of days wher the moisture content reached to zeto
w B I o ~
Q [=] =] o o

N

-
]

“I]H..

03 02 01 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Tested values in precipitation in mm

Step 1
2003
net inflow -0.59001
P 1.76
ET 1.450014 The graph presented the change in precipitation
while ET was always referred as a zero value.
change -0.525 Since these two variable have an impact on net
Step 2 inflow which will affect the moisture content in

the system, a table presenting the amount of
S change in net inflow if both variable were
@ B W gE changed. This was done by

hips Manage | \What-lf Forecast Group Ungroup Subtotal
i i u— P . Step 1: calculating the average of ET and P for
& e

—— the tested years. Then get the net inflow from

Data Table..

"365] 50,7 =248 20 Er e — — Average P-Average ET
Sae e recuns of mutiphe ipuss Step 2: using the feature that is built in excel to
-0.4 0.5 -0.6 -0.7 0.8
Step 3 o generate data table through “what if Analysis”
Data Table ? v Step 3: average values of ET and P were

inserted in each cell as (row was ET and column

Row input cell: _ was P)
Column input cell: ﬁ

I oK | | Cancel

Screen dump7: Seps of creating sensitivity analysis table for the tested years using valueslftord mm and average values
of ET and P for the tested years
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1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 o 01 -02 -03 -04 -05 -06 -07 -08 -09 =1

1 0 0169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203 2.373 2.542 2712 2.881 3.051 3.22 3.39
0.9 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203 2.373 2.542 2.712 2.881 3.051 3.22
0.8 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203 2.373 2542 2712 2.881 3.051
0.7 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203 2.373 2.542 2.712 2.881
0.6 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203 2373 2542 2712
0.5 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203 2.373 2.542
0.4 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203 2373
0.3 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034 2.203
0.2 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864 2.034
01 -153 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695 1.864
0 -1.69 -153 -1.36 -1.19 -1.02 -0.8 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525 1.695
-0.1 -1.86 -1.69 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356 1.525
-0.2 -2.03 -186 -1.69 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186 1.356
-0.3 -22 -203 -18 -169 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017 1.186
-0.4 -237 -22 -203 -1.8 -1.69 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847 1.017
-0.5 -2.54 -237 -22 -203 -1.86 -1.69 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678 0.847
-0.6 -2.71 -254 -237 -2.2 -2.03 -1.86 -1.69 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508 0.678
-0.7 -2.88 -2.71 -2.54 -237 -2.2 -2.03 -1.86 -1.69 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339 0.508
-0.8 -3.05 -2.88 -2.71 -254 -2.37 -2.2 -2.03 -1.86 -1.69 -153 -136 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.169 0.339
-0.9 -3.22 -3.05 -2.88 -2.71 -2.54 -2.37 -2.2 -2.03 -1.8 -1.69 -153 -136 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0 0.168

-1 -3.39 -3.22 -3.05 -2.88 -2.71 -2.54 -237 -22 -203 -186 -1.69 -1.53 -1.36 -1.19 -1.02 -0.85 -0.68 -0.51 -0.34 -0.17 0

Screen dumf8: Resulted sensitivity analysis table for the tested years using valuesIrtorl mm and average values of ET
and P for the tested years

10% 9% 8% 7% 6% 5% 4% 3% 2% 1% 0% -1% -2% -3% -4% -5% 6% -7% -8% -9% -10%

10% 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22 0.237 0.254 0.271 0.288 0.305 0.322 0.339
9% -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22 0.237 0.254 0.271 0.283 0.305 0.322
8% -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22 0.237 0.254 0.271 0.288 0.305
7% -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22 0.237 0.254 0.271 0.288
6% -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22 0.237 0.254 0.271
5% -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22 0.237 0.254
4% -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22 0.237
3% -012 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203 0.22
2% -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186 0.203
1% -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169 0.186
0% -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153 0.169
-1% -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136 0.153
-2% -02 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119 0.136
-3% -022 -02 -019 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102 0.119
-4% -0.24 -0.22 -0.2 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085 0.102
-5% -0.25 -0.24 -022 -0.2 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068 0.085
-6% -0.27 -0.25 -0.24 -0.22 -0.2 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051 0.068
-7% -0.29 -0.27 -0.25 -0.24 -0.22 -0.2 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034 0.051
-8% -0.31 -0.29 -0.27 -0.25 -0.24 -0.22 -0.2 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017 0.034
-9% -0.32 -0.31 -0.29 -0.27 -0.25 -0.24 -0.22 -0.2 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0 0.017
-10% -0.34 -0.32 -0.31 -0.29 -0.27 -0.25 -0.24 -0.22 -0.2 -0.19 -0.17 -0.15 -0.14 -0.12 -0.1 -0.08 -0.07 -0.05 -0.03 -0.02 0

Screen dump9: A sensitivity analysis table for the tested years usingegafrom-10% to 10% of ET and P averages using the
same steps that were followed to create the previous table.

3.6.2 ExaminingJncertainty in the Rainfall Data
As it was mentioneckarlier, the vegetation and the growing medium layainrole in water
retention. The natural part of green roof system actssa®mrgein holding water in rain events
and pass it to the storage once it is saturdteid. natural system is also depending on rain events
to be active and alive, which gives an importance ty m@ealmost accurate forecast but because
this is not the case all the time the question raised was what if the forecast data were holding, for
example, a 10% (this was taken as an example in the first instance) error in rain events, i.e., 10%
of the time a predicted rain event did not occti@w would the green roof react? As a result, the
probability scenario was designed to answer these question. The first step in building this scenario
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was choosing a wet, a normal and a dry year from the 15 yearsisgtears were 2012, 2008 and
2003 respectively. For thexercisea normal value of 5 mmwas choseas a rain event that would
usually in the watebeing dumpedf the resulting rain would cause an overflow from the
Permavoid.This was considered reasnable value that an automated system could control
to,(Newman Pers Covn, 2016yt it shouldbe considereds an example only. The following
screen dumps (20 28) explainthe methodology of this test. These steps were repeated for data
of 2003 and 2008Results are presented in section 4.5. These screen dumps are presented with
minimal explanation because of the constrictions of the word limit. However, for readers prepared
to study these in conjunction with the live software they should besglanabry

FC 47.1

PWP 15.7

ET

P Inter the chosen value in the rain event cell. In this
Rain Events 5| 1 test it was 5 mm.

Screen dum@0: Examininguncertainty in therainfall Datastarted with choosing rain events value to base the filtering process
on.

Orlyplein Green Roof Water oRIGINAL BY Model Laurens van de Werken12 - Excel Tasneem Al Lawati

jew NittoPro10  Q Tell me what you want to do Allraineventsthat are=>5 mmwere filteredandisolated in all

?Wrap Text General - ', ‘lsyeas record ; ! i — = 9\7 2

iMerge & Center = &7 - 9% » %3 & Conditional Formatas Good N-'/ur.\l = Insert Delete Format & Clear~ Sort & fun

Formatting = Table ~ ~ " ~ Filter - Se

Numt t j Cells Editing
H I J K L | M N (0] P Q

7.083356945 0.0824 0.0824 14.2 14.2 14.2 14.1176 14.1176 0
131.7175975 0.3296 0.3296 -0.1 -0.1 0 -0.4296 0 -0.4296

3.134755919 0.0824 0.0824 10.6 10.6 10.6 10.5176 10.088 0.4296 [
12.89856568 0.2472 0.2472 8 8 8 7.7528 7.7528 0
-8.5213716 0.1648 0.1648 11.9 11.9 11.9 11.7352 11.7352 0
104.5307443 0.2472 0.2472 1.2 1.2 0 0.9528 0.9528 0
506.7961165 0.1648 0.1648 4.9 4.9 0 4.7352 4.7352 0
232.7746741 0.1648 0.1648 -0.1 -0.1 0 -0.2648 o -0.2648
135.5400697 0.1648 0.1648 0.1 0.1 0 -0.0648 0 -0.0648
202.2653722 0.2472 0.2472 o o 0 -0.2472 ) -0.2472
202.2653722 0.0824 0.0824 1 1 0 0.9176 0.3408 0.5768
135.5400697 0.1648 0.1648 0.1 0.1 0 -0.0648 0 -0.0648
288.0184332 0.412 0.412 0.6 0.6 ) 0.188 0.1232 0.0648
151.6990291 0.3296 0.3296 o o 0 -0.3296 o -0.3296
151.6990291 0.3296 0.3296 o 0 0 -0.3296 0 -0.3296
151.6990291 0.3296 0.3296 o [} o -0.3296 0 -0.3296
151.6990291 0.3296 0.3296 o 0 0 -0.3296 o -0.3296
-86.6851595 0.1648 0.1648 3.4 3.4 0 3.2352 1.9168 1.3184
2.964923469 0.1648 0.1648 10.2 10.2 10.2 10.0352 10.0352 0
104.5307443 0.2472 0.2472 1.3 1.3 o 1.0528 1.0528 0
506.7961165 0.1648 0.1648 4.3 4.3 0 4.1352 4.1352 0
506.7961165 0.1648 0.1648 a a 0 3.8352 3.8352 0
242.7184466 0.412 0.412 3.3 3.3 0 2.888 2.888 0
232.7746741 0.1648 0.1648 -0.1 -0.1 o -0.2648 0 -0.2648
232.7746741 0.1648 0.1648 -0.1 -0.1 0. -0.2648 0 -0.2648

GreenRoofModel Year 2014 GreenRoofModel Year 2013 GreenRoofModel Year 2012 GreenRoofModel Year 2011 GreenRoofMc

Screen dum@1: Rain events were filtered in the seted years
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gl 365 days— 307 days = number of days with rain
events =>5 mm

w Y- 9 [Pweplet Genera . ’/ g
o EMerge&iCenter + @+ % » %3 &4 Conditonal Format 3 Good Neutral . oen te Format Ao Son& Find &
Formatting = Table * D L A Filter * Select *
Agrment . Nt “ Styles Cels Eotng A
(] H 1 ) K L 0 P Q R -
158 1748985588 0.1648 0.1648 58 58 5.5528 0.0824 " )
158 1213592233 0.0824 0.0824 36 36 3.5176 0 o
158 6658853612 0.0824 0.0824 15.1 15.1 15.0176 0 ¢
158  -6.786470492 0.1648 0.1648 149 149 14.7352 0 :Z
158 1213592233 0.0824 0.0824 23 23 22176 0 .
158  -6.651058849 0.1648 0.1648 15.2 15.2 15.0352 0 -
158 6067961165 0.1648 0.1648 47 47 45352 0 i
158 6067961165 0.1648 0.1648 26 26 24352 0 ¢ 3
158 1213592233 0.0824 0.0824 3 3 29176 0 F&FL Qs?
158  404.5307443 0.2472 0.2472 05 05 0.2528 0
158 4045307443 0.2472 0.2472 18 18 15528 0
0.0824 0.0824 55 55

Screen dum@2 Getingy dzYo SNE 2F RI&8a ¢gKSNB NI Ay S@Syda xpYY O2dzyi F2N¥dz
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