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Abstract

Abstract

Urban floods, recently increasing due to the combine effect of climate change and
urbanization, represent a potential risk to human life, economic assets and environment. In
this context, the traditional urban drainage techniques seem to be inadequate for the
purpose, therefore a transition towards an innovative sustainable and resilient urban
stormwater management is a valid solution. One promising strategy is the implementation
of decentralized stormwater controls, also known as Low Impact Development (LID)
systems that provide several benefits at multiple scales. Despite several studies
demonstrated the LIDs’ capability in terms of surface runoff reduction, the transition
towards a sustainable urban drainage system, which includes these techniques, seems to be
very slow. One of the key scientific limiting factors can be found in the lack of
comprehensive analyses able to highlight the hydrological performance and the physical
processes involved in LID systems at multiple spatial scale and by considering long-term
experimental data. The complexity of the physical processes, involved in each specific
LIDs stratigraphy, requires modeling tools able to accurately interpret their hydraulic
behaviour, as well as to correlate their hydrologic efficiency with the management of
stormwater in the surrounding urban area. For these reasons, so far different empirical,
conceptual and mechanistic models have been proposed, however in many of these studies,
the hydrological parameters, as well as the physical ones were not properly investigated,
limiting the analysis only to specific factors, or by considering literature values for the
numerical modeling. Thus, principal aim of this thesis is to present a comprehensive
analysis of the hydrological benefits of LID techniques by experimental investigation and
numerical modeling. To achieve this goal, several analyses were carried out by considering
different: LID systems, spatial scales, weather conditions, modeling investigation, as well
as mathematical optimization approaches. Monitored data at the full scale implementation
and laboratory measurements were used to support the numerical modeling. More in detail,
first a global sensitivity analysis (GSA), based on the Elementary Effect Test (EET) was
applied to a PCSWMM hydrodynamic model of the University Campus Innsbruck, which
combines traditional drainage infrastructures and low impact development techniques, as
Rain Gardens. In this regard, main findings have showed that soil hydraulic parameters
considered in the model, (i.e., principally Soil Hydraulic Conductivity and Seepage Rate)

were the most sensitive parameters. Therefore, the identification of these properties for LID
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systems is crucial in order to correctly evaluate their hydraulic performance. Starting from
this finding the analysis of the hydrological efficiency of a full-scale extensive green roof,
located at University of Calabria in Mediterranean Climate was assessed, by considering
field monitored hydrological data, as well as soil hydraulic properties evaluated in lab, and
a modeling analysis. Thus, first a field monitoring campaign for one year was carried out,
and then hydrological performance indices on an event scale were evaluated. The findings
have revealed the optimal behaviour of the specific green roof in Mediterranean climate,
which presents an average value of Subsurface Runoff Coefficient of 50.4% for the rainfall
events with a precipitation depth more than 8 mm. Later, to evaluate the influence of
increasing values of substrate depths (6 cm, 9 cm, 12 cm, 15 cm) on green roof retention
capacity, the hydraulic properties of the soil materials were first investigated in Laboratory,
by the simplified evaporation method, and then considered for the implementation of the
mechanistic model HYDRUS 1D. The results obtained in this phase have showed how the
considered substrate depths were able to achieve a runoff volume reduction of 22% to 24%.
Thus, as the outflow volume reduction achieved by increasing the soil depth was not
significant, the ideal depth for specific soil substrate would be 6 centimetres. Following
this study, and based on the findings obtained at building scale, next phase was focused on
the analysis of hydrological effectiveness of Low Impact development solutions at large-
urban scale in a south Italian case study. This investigation was carried out by considering
different LID conversion scenarios by a predictive conceptual model (PCSWMM). In this
regards, a specific permeable pavement and green roof, developed and installed at
University of Calabria, were considered for the model implementation. Globally, modeling
results have confirmed the suitability of these LID solutions to reduce surface runoff even
if just a small percentage (30%) of the impervious surfaces is converted. By considering all
of the findings, previous achieved by experimental and modelig investigation, it emerged
that many aspects related to LIDs design and operation, as well as the choice of the facility
and its location can affect the results in terms of hydraulic efficiency. In this regard, a
mathematical optimization approach to consider several aspects together could be a suitable
tool for designers of LID systems and experts in the field. Therefore, in the last part of the
work, new Mathematical Optimization Approaches for LID techniques were evaluated.
More in detail, the optimization of rainwater harvesting systems, by using TOPSIS
(Technique for Order Preference by Similarity to Ideal Solution) and Rough Set method as

Multi-Objective Optimization approaches, was carried out. The results have demonstrated
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that these approaches could provide an additional tool to identify the ideal system. In
conclusion, main findings of this thesis confirm the suitability of LID systems for urban
stormwater management providing useful suggestions for their design and tools for
assessing their hydrological effectiveness, analysing physical and hydrological parameters
that affect their operation, introducing advanced concepts for the optimization of LID
systems, therefore providing a significant and innovative contribution for the improvement

of scientific research in the field and the spread of these sustainable techniques.
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Gli allagamenti delle aree urbane, recentemente aumentati a causa dell'effetto combinato
dei cambiamenti climatici e dell'urbanizzazione, rappresentano un potenziale rischio per la
vita umana, i beni economici e I'ambiente. Questo fenomeno evidenzia I’inadeguatezza dei
sistemi di drenaggio urbano tradizionali, e, per tale ragione, una transizione verso una
gestione innovativa, sostenibile e resiliente delle acque piovane € una valida soluzione. In
questo contesto, una strategia promettente € lI'implementazione di sistemi in grado di
effettuare controlli decentralizzati delle acque piovane, noti anche come sistemi LID (Low
Impact Development) che offrono numerosi vantaggi su piu scale. Tuttavia, nonostante
diversi studi abbiano dimostrato la capacita dei sistemi LID nel ridurre il deflusso
superficiale, la transizione verso un sistema di drenaggio urbano sostenibile, che include
queste tecniche, sembra essere ancora molto lenta. Uno dei principali fattori limitanti si
riscontra nella mancanza di studi completi in grado di evidenziare le prestazioni idrologiche
e i processi fisici coinvolti nei sistemi LID considerando differenti scale spaziali e dati
sperimentali a lungo termine. La complessita dei processi fisici, coinvolti in ogni specifica
stratigrafia dei sistemi LID, richiede strumenti di modellazione in grado di interpretarne
accuratamente il comportamento idraulico, nonché di correlare 1’efficacia idrologica di tali
sistemi con la gestione delle acque piovane nell'area urbana circostante. Finora sono stati
proposti diversi modelli empirici, concettuali e meccanicistici, tuttavia, in molti di questi
studi, i parametri idrologici, oltre che quelli fisici, non sono stati adeguatamente analizzati,
limitandone lo studio solo a parametri specifici o considerando valori di letteratura per
I’implementazione modellistica. Pertanto, scopo principale del presente lavoro di tesi é
presentare un‘analisi completa dei benefici idrologici delle tecniche LID mediante indagini
sperimentali e modellazione numerica. Per raggiungere tale obiettivo, sono state condotte
diverse analisi considerando differenti: sistemi LID, scale spaziali, condizioni climatiche,
modelli numerici, nonché approcci di ottimizzazione matematica. Per supportare I'analisi
numerica e quella modellistica, nel presente lavoro sono state considerate misurazioni su
larga scala e di laboratorio. Nello specifico, nella prima fase, é stata inizialmente applicata
un‘analisi di sensibilita globale (Elementary Effect Test) a un modello idrodinamico,
sviluppato in ambiente PCSWMM, che simula la risposta idrologica del nuovo sistema di
drenaggio del Campus universitario di Innsbruck, che combina infrastrutture di drenaggio

tradizionali e sistemi LID, quali i giardini di pioggia. | principali risultati hanno mostrato
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che i parametri idraulici del suolo, considerati nel modello (principalmente la conduttivita
idraulica del suolo e anche velocita di infiltrazione), erano i parametri piu sensibili.
Pertanto, l'identificazione di tali proprieta dei sistemi LID & fondamentale per valutare
correttamente le loro prestazioni idrauliche. A partire da questo risultato é stata effettuata
I'analisi dell'efficienza idrologica di un tetto verde estensivo installato presso I'Universita
della Calabria, in clima Mediterraneo, considerando: i dati idrologici monitorati sul sito
sperimentale, le proprieta idrauliche del suolo valutate in laboratorio e un’analisi
modellistica. E stata, dunque, inizialmente condotta una campagna di monitoraggio di un
anno e, successivamente, sono stati valutati gli indici di prestazione idrologica a scala di
evento. Dall’analisi dei risultati ¢ emerso che il tetto verde specifico presenta un valore
medio del coefficiente di deflusso del 50.4% per eventi con altezza di pioggia superiore a
8 mm. Successivamente, per valutare l'influenza di valori crescenti di profondita del
substrato (6 cm, 9 cm, 12 cm, 15 cm) sulla capacita di ritenzione del tetto verde, le proprieta
idrauliche del substrato di suolo sono state valutate in laboratorio con il metodo
evaporimetro, e, in seguito, considerate per I'implementazione del modello meccanicistico
HYDRUS 1D. I risultati ottenuti in questa fase hanno mostrano una variazione del deflusso
dal 22% al 24% in funzione delle profondita di substrato. Non avendo ottenuto una
significativa riduzione del volume di deflusso all’aumentare della profondita del substrato,
si puo considerare quale la profondita ideale in clima Mediterraneo quella di 6 centimetri.
A seguito di questa analisi, condotta su un singolo tetto verde installato su un edificio reale,
la fase successiva si e concentrata sull'efficacia idrologica delle soluzioni LID su scala
urbana considerando un caso studio localizzato nel sud Italia. Nello specifico, I'analisi e
stata condotta considerando diversi scenari di conversione LID, mediante modellazione
concettuale (PCSWMM) predittiva. Per I’implementazione modellistica sono state
considerate la pavimentazione permeabile e il tetto verde sperimentale, sviluppati e
installati presso I'Universita della Calabria. A livello globale, i risultati della modellazione
hanno confermato I'idoneita delle tecniche LID nella riduzione del deflusso superficiale
anche se a essere convertita e solo una piccola percentuale (30%) delle superfici
impermeabili. Considerando tutti i risultati ottenuti in precedenza da analisi sperimentali e
modellistiche, € emerso che molti aspetti relativi alla progettazione e al funzionamento dei
sistemi LID, nonché la scelta della tecnica specifica e la sua localizzazion possono
influenzare i risultati in termini di efficacia idraulica. In tale contesto, un approccio di

ottimizzazione matematica che consideri insieme diversi aspetti potrebbe, dunque, essere

Vi
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uno strumento adatto per i progettisti di sistemi LID e per gli esperti del settore. Nell'ultima
parte del lavoro, sono stati, pertanto, valutati nuovi approcci di ottimizzazione matematica
per le tecniche LID. Piu nel dettaglio, si ¢ focalizzata I’attenzione sull’ottimizzazione di un
sistema di raccolta e riuso dell'acqua meteorica utilizzando il metodo TOPSIS (Technique
for Order Preference by Similarity to Ideal Solution) e il metodo Rough Set come approcci
di ottimizzazione multi-obiettivo. | risultati hanno dimostrato che questi approcci
potrebbero essere uno strumento aggiuntivo per identificare il sistema ottimale. In
conclusione, i principali risultati di questa tesi confermano Il'idoneita dei sistemi LID per la
gestione delle acque piovane urbane, fornendo utili suggerimenti per la loro progettazione
e strumenti per valutare la loro efficacia idrologica, analizzando i parametri fisici e
idrologici che influenzano il loro funzionamento, introducendo concetti avanzati per
l'ottimizzazione dei sistemi stessi, fornendo, quindi, un contributo significativo e
innovativo per il miglioramento della ricerca scientifica nel settore e la diffusione di queste

tecniche sostenibili.
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Chapter 1 - Introduction

Chapter 1 - Introduction

A Sustainable urban stormwater management is one of the main challenges towards
which the scientific world is projected. In the last years, in fact, the coupled effect of
urbanization and climate alteration led a drastic change on the natural hydrological cycle,
making cities vulnerable to flooding risk. The growing frequency of urban flooding
highlighted the inadequacy of traditional urban drainage systems, thus a transition towards
sustainable, resilient and smart drainage systems is necessary.

In this context, the PhD project was focused on the Low Impact development (LID)
techniques, which, due their capacity to reduce surface runoff and increase
evapotranspiration and infiltration rates, represent valuable alternatives for stormwater
management and natural hydrological cycle restoration in urban areas. In this regard, a
comprehensive analysis of the hydrological benefits, by experimental investigations and
numerical modeling, is here discussed.

This chapter first examines the issues that inspired the project, the new challenges and
the promising solutions in the field of urban stormwater management. Then, the aims of
the work will be specified and the structure of thesis as well as the annexed papers will be
defined.
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1.1 New challenges for the stormwater runoff management

The increase of impervious surfaces, due to urbanisation process, which represents
one of the most significant trends of the 21st century, led several environmental and socio-
economic impacts as: impoverishment of ecosystems, flooding risk, water quality
deterioration, air pollution, urban heat island effect, and other socio-environmental
problems (McDonald et al., 2014; Shuster et al., 2005; Gunn et al., 2012, Zhou et al. 2018).
In this regard, more than twenty years ago, Arnold (1996) defined the impervious surfaces
coverage as an environmental indicator. Based on the projection that world urban
population will continuously increase, the urbanization will remain the biggest challenge
for a sustainable urban design (Krebs et al., 2013).

From a hydraulic perspective, the exponentially development of built-up areas and
motorways of the last decades have significant altered the natural hydrological cycle. In
this regard, the constant loss of natural areas was reflected in the reduction of infiltration
rate and groundwater recharge as well as in the decrease of interception and
evapotranspiration processes, with an increase of surface runoff volumes. (Antrop, 2004;
Shuster et al., 2005; Tang et al., 2005; Ahiablame et al., 2013).

Moreover, the growth of the frequency of extreme rainfall events, characterized by
high intensity and short duration, due to the climate change (Kundzewicz et al. 2006),
coupled with the effects of soil sealing, significantly affected urban water environment in
terms of water management. More in detail, this negative combination, occurred during
the post-urbanization, caused an alteration in the runoff hydrograph, which presents a much
more runoff volume, a higher and more rapid peak flow than the situation of pre-
development.

This amount of surface runoff is directly discharged in the existing drainage system,
designed to collect and quickly transfer the runoff from urban areas, by sewer networks and
water treatment facilities, to the receiving water bodies (Zhou, 2014). However, the existing
drainage network, unable to manage this amount of runoff volume generated from extreme
rainfall events, makes cities vulnerable to local flooding and combined sewer overflows
(CSOs). The local urban flooding take place when during extreme rainfall events overload
the urban drainage system (UDS), producing overflow from manholes onto surface streets.
While the CSOs occurs when the wastewater treatment plant is unable to treat the

wastewater delivered by the UDS, because the maximum treatment capacity is reached.
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Therefore, the exceedances of sewage and wet weather flows are discharged directly into
the receiving water bodies without receiving any treatment. For this reason, CSOs
phenomena represents one of the major contributors to water pollution in rivers, lakes, etc.
(Piro et al. 2019b).

In this context, it is detected the unsuitability of traditional UDS and starting from
the assumption of Shishegar et al. (2018), whereby “stormwater management” refers to all
the strategies for surface runoff control, water pollution mitigation, and ecosystem integrity
restoration, an innovative and sustainable approach to manage the urban rainwater is
necessary.

Thus, environmental sustainability has become a general goal of current urban water
management (Marsalek et al. 2008) and there are several on-site management options that
can be used in combination (Schreier et al., 2009).

1.2 Towards a Sustainable Urban Stormwater Management

To mitigate the environmental impact due to the combined effect of urbanization
and climate change and overcome the unsuitability of the traditional drainage system, a
transition towards an innovative, sustainable and resilient urban water management is
required. Inthis regard, in the last years, nature-based approaches, that includes strategies
for controlling stormwater by reusing unused public and residential areas, as rooftops,
walls, car parks, and so on, have gained popularity.

These innovative sustainable urban stormwater management solutions include
techniques known all over the world as: LID (Low Impact Development), BMPs (Best
Management Practices), GI (Green Infrastructure), WSUD (Water Sensitive Urban
Design), SUDS (Sustainable Urban Drainage Systems) and so on, all focused on the use of
engineering or non-engineering practices, which share similar hydro-environmental
processes to mitigate flooding risk, recharge groundwater, reduce air and water pollution,
and other environmental issues (Fletcher et al., 2015, Mao et al., 2017; Zhang and Chui,
2018).

However, as stated in literature, BMPs mainly include engineering structural and
non-structural practices, while LID and GI are more often related to urban macro-scale
development systems, mainly implemented on site to control stormwater at source (Zhang
and Chui, 2018).
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In this dissertation, the term Low Impact Development “LID” will be used to
consider a series of facilities whose aim is to replicate the site’s pre-developed hydrological
processes using system able to infiltrate, filter, store, evaporate, and detain runoff close to
its source. Therefore, given their capability to mitigate urban surface runoff and their more
environmentally characteristics, they can be easily integrated with the conventional
drainage network or replaced to it in some situations.

However, although several studies demonstrated the LIDs’ capability for surface
runoff reduction (Gregoire and Clausen, 2011; Stovin et al., 2012; Garofalo et al., 2016;
Bateni et al., 2019; Osheen, 2019), the transition towards sustainable urban stormwater
management, that includes these techniques is very slow. One of the key scientific limiting
factors can be found in the lack of comprehensive analysis able to highlight the
hydrological performance and the physical processes involved in LID systems at multiple
spatial scale and by considering long-term experimental data.

Moreover, the heterogeneity of the layers and materials that compose some LID
systems - as green roof, green wall, rain gardens, permeable pavements, infiltration
trenches - and consequently the complexity of the physical processes involved in each
specific stratigraphy, require modeling tools able to accurately interpret their hydraulic
behaviour, as well as to correlate their hydrologic efficiency with the management of
stormwater in the surrounding urban area. In this regard, in literature several empirical,
conceptual and mechanistic models have been proposed to simulate the hydraulic behaviour
of some LID units, as well to evaluate the hydraulic effectiveness (Hilten et al., 2008;
Kasmin et al., 2010; Stovin et al., 2012; Li et al., 2013; Garofalo et al., 2016; Brunetti et
al., 2016; Peng and Stovin, 2017; Johannessen et al., 2019). Anyway, in some of these
studies, the hydrological parameters (rainfall intensity, rainfall duration, antecedent dry
weather period, runoff, etc.), as well as the physical ones (soil substrate hydraulic
properties, soil depth, slope, etc.), which significantly affect the hydraulic efficiency of LID
systems, are not evaluated in appropriate way. For instance, the hydraulic properties of the
growing media, relevant element of some LID techniques (i.e green roof, green wall, rain
garden and so on), are not generally investigate in a comprehensive way, limiting the
analysis only to specific parameters, or by considering literature values for the numerical
modeling. Furthermore, the availability of long-term hydrological (rainfall-runoff)
monitored data recorded at a full-scale implementation represent another crucial factor that

influence the analysis on the hydrological efficiency of these systems. Another key aspect
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in the widespread of these solutions can be found in the lack of tools that evaluate the
optimal integration of these systems with the conventional drainage network. Therefore, all
these elements influence the analysis of the LID systems and contribute to limit their

widespread at urban catchment scale.

1.3 Aims and structure of the Thesis

Based on the previous discussion, principal aim of this thesis is to present a
comprehensive analysis of the hydrological efficiency of LID techniques by experimental
investigation and numerical modeling. Therefore, this study tries to overcome the drawback
factors previously identified as research gaps on the analysis of the hydraulic benefits of
LID practices.

To achieve this main purpose several analyses were carried out by considering
different: LID systems (rain garden, green roof, permeable pavement, rainwater harvesting
system), spatial scales (full scale experimental site and urban/large scale), modeling tools
(conceptual and mechanistic models), mathematical optimization approaches (Rough Set
and Topsis method). Each case study, considered in this this thesis, allowed to investigate
specific factors which affect the hydrologic/hydraulic behaviour of LID technique and to
analyze the LID performances from the single scale units to large/urban scale
implementation. Hydrological data monitored in full scale installation and laboratory
measurements were used to support the numerical and modeling analysis. Some of these
analyses have been already published in international peer-reviewed journals, books and

indexed conference proceedings, annexed to this work.

In order to give an overview of this thesis and to show the relationship to the
annexed papers, which are integral part of the work, the aim of each chapter is below
specified. Anyway, this thesis presents not only the findings of the annexed papers, but also
additional results, discussion and critical reflections and give a holistic overview of the

entire context.

Following this chapter, Chapter 2 is dedicated to an overview on the LID
techniques, with specific reference to the practices considered in this dissertation.

Therefore, all the papers annexed to this dissertation are linked with this chapter.

5
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In Chapter 3 are highlighted the most influential parameters in the development of
a hydrodynamic model which combines a traditional drainage network and LI1D techniques,
as rain gardens. To achieve this aim, a global sensitivity analysis (GSA), based on the
Elementary Effect Test (EET), was applied to a PCSWMM hydrodynamic model of the
University Campus Innsbruck. The findings in terms of the most influence parameters were
considered as crucial factors in the investigation carried out in chapter 4, which is focused,
as will be discussed then, on a full-scale LID implementation. Moreover, at the end of
chapter 3 is also introduced a new concept of advanced LID Management Through a smart
rain barrel, developed by considering microscale hydrodynamic of University Campus of
Innsbruck. This chapter is connected to Paper | (Palermo et al., 2019a) and Paper 1V
(Oberascher et al., 2019).

If the previous chapter considers a real large scale case study in a Continental
climate condition and it is finalised to obtain the most influential model parameters in a
sustainable stormwater management system, Chapter 4, as briefly stated above, focuses on
the analysis of the hydrological effectiveness of an experimental extensive green roof,
located at University of Calabria (Italy) in Mediterranean climate region. More in detail, to
investigate which parameter affects the hydrological response of the full-scale green roof,
an in-depth empirical and modeling analysis is presented. Therefore, in this Chapter, which
is linked to Paper Il (Palermo et al., 2019b) and Paper Il (Piro et al., 2019a), first an
empirical analysis, based on one-year hydrological data collected on the experimental site
was presented and then, a mechanistic model was used to evaluate the influence of the
substrate depth on the hydrological efficiency of the specific LID practice. To achieve this
last purpose and implement the model, based on findings obtained in the previous chapter,
in terms of most influential LID model parameters that need to be evaluated in detail, the
hydraulic properties of the soil substrate were measured in the Urban Hydraulic and
Hydrology Laboratory (LIU) at University of Calabria (Italy) using a simplified
evaporation method. Finally, a future research challenge in terms of smart optimization of
the specific experimental site, connected to Paper V (Piro et al., 2019b) is here briefly

presented.

Following this analysis, and based on the findings obtained at building scale,

Chapter 5 presents the analysis of hydrological effectiveness of LID systems at large-urban
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scale, by modeling a highly urbanized area in south Italy under different LID conversion
scenarios. In this regard, two LID systems, green roof and permeable pavement were
considered for the numerical analysis carried out by the conceptual model PCSWMM.
More in detail the model, here presented, can be considered as a predictive tool suitable to
evaluate the effect of different LID conversion scenarios on the urban stormwater
management. Given the unavailability of real flow data at the site specific, and to reduce
the uncertainty, the model was developed by considering the data of drainage network, land
use classification and land slope retrieved from design maps, while for the LID parameters,
the green roof and permeable pavement, implemented at University of Calabria, whose soil
hydraulic properties were previously evaluated in lab, were taken into account. The results
of this chapter are linked to Paper VI (Palermo et al., 2020a).

By considering all of the findings, previous achieved by experimental and modelig
investigation, it emerged that many aspects related to LIDs design and operation, as well
as the choice of the facility and its location can affect the results in terms of hydraulic
efficiency. In this regard, a mathematical optimization approach to consider several aspects
together could be a suitable tool for designers of LID systems and experts in the field.
Therefore, Chapter 6 introduces the use of new Mathematical Optimization Approaches
for LID techniques. To achieve this goal, TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) and Rough Set method as Multi-Objective Optimization
approaches by analyzing different case studies were considered. This methodology was
applied to Rainwater harvesting system (RWH) whose results, reported in Paper VIII
(Palermo et al., 2020b), are described in detail in this chapter. In addition, the same
methodology was applied for LID practices selection, whose findings are reported in the

annexed Paper 1X (Pirouz et al., 2020).

Finally, Chapter 7 states general conclusions, summarizes the novelty of this work

and introduces recommendations for future studies.
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Chapter 2 — Low Impact Development techniques: an

overview

In this chapter an overview of Low Impact Development (LID) systems is
presented. Starting from a general introduction on these techniques, an in-depth description
of some practices, analyzed during the PhD project, is discussed. More in detail, this
chapter is conceived and structured by considering principally the literature review carried
out in all papers annexed to this dissertation and by adding other information and
discussion. Therefore, first a general introduction on LID systems, linked to Paper 1X
(Pirouz et al., 2020), is presented; following this general section, sub-chapters on green
roof, rain garden, green wall, permeable pavement and rainwater harvesting, partially
related to Paper 11 (Palermo et al., 2019b); Paper VIl (Palermo & Turco, 2020); Paper VIlI
(Palermo et al., 2020b) are exposed. Each practice is here first reviewed by analyzing the
general design features and then the hydrological effectiveness is discussed by considering

modeling and experimental results found in literature.

13



Chapter 2 - Low Impact Development techniques: an overview

2.1 Low Impact Development (LID) techniques

Low Impact Development (LID) techniques are sustainable small-scale units, which
providing several benefits at multiple scales (Zischg et al., 2018), are able to mitigate the
environmental impacts caused by the combined effect of urbanization and climate change.
In this regard, these systems are able to: improve biodiversity and wildlife community
structures; reduce energy consumption, by increasing energy and cost savings for heating,
cooling, and irrigation; mitigate urban heat island effects; restore water quality of the
receiving water bodies; improve air quality, by enhancing carbon sequestration through
preservation and planting of vegetation; reserve ecological and biological systems; enhance
quality of life for inhabitants ( Dietz, 2007; Ahiablame et al., 2012; Karteris et al., 2016).

Specifically, from a hydraulic point of view, LID techniques can be considered as
an emerging stormwater management philosophy (Eckart et al., 2017) whose main purpose
is to infiltrate, filter, store, evaporate, and detain runoff close to its source (Piro et al.,
2019b). Therefore, their implementation in an urban area can create a complex system of
temporal storage facilities for managing stormwater runoff (Palermo et al., 2019a), as well
as favour consistent dry weather flow (baseflow) through groundwater recharge.

As reported in Ahiablame et al. (2012), these sustainable systems can provide
several benefits correlated to hydraulic efficiency. They can: (i) integrate stormwater
management approaches during the planning phase; (ii) manage the stormwater close to the
source through small-scale units; (iii) encourage environmentally sensitive design; (iv)
create a hydrologic multifunctional landscape; (v) prevent rather than mitigate and
remediate; (vi) decrease construction and maintenance costs of drainage networks; (vii)
promote public education and participation for environmental protection.

In recent years, the implementation of these sustainable solutions has attracted
widespread interest from researchers, urban planners, and city managers (Jia et al., 2015)
and several studies have been devoted to LID design, benefits, and simulation models to
simulate their hydraulic efficiency in terms of urban flooding risk reduction (Elliot and
Trowsdale, 2007; Jia et al, 2012; Zahmatkesh et al., 2014; Eckart et al., 2017; Mao et al.,
2017; Zhang et al., 2018).

However, although their benefits at urban scale are largely recognised, as pointed
out by Eckart et al. (2017), the main factors affecting LID performance can be summarized
in the location dependencies of LID, rainfall and climate conditions. In agreement with the

authors, in fact, the appropriate design of LID is affected by the site location in terms of
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soil type/conditions, plants, rainfall regime, land use types and other meteorological and
hydrological properties. In addition, the optimal selection and placement of LID is one of
the most key components to consider for achieving the maximum efficiency at the
minimum cost.

In this regard, in order to evaluate the hydraulic behaviour of some of these
sustainable solutions, the analysis of the main design construction features is crucial, and,
therefore, they will be discussed in the following sections.

2.2 LID types and design features

LID alternatives can be generally classified in two main categories (Fletcher et al.,
2013; Eckart et al., 2017):

1. Infiltration-based techniques, whose main contribute is the restoration of
base-flows through the subsurface flows and groundwater recharge.
2. Retention-based techniques, that can retain stormwater, by reducing runoff.

Based on this principal classification, swales, infiltration trenches, rain gardens,
basins, sand filters, and permeable pavement belong to the first group. While ponds,
wetlands, green roofs, green wall and rainwater harvesting are the most common retention-
based techniques.

Starting on these main classification, the Ph.D project was focused on the analysis
of some of these techniques, more specifically: green roof, green wall, rain garden,
permeable pavement, rainwater harvesting systems. In this regard, more detail on the design
features of each of these systems will be discussed in detail in the following sections. Green
Roof, Green Wall and Rainwater Harvesting sections are linked to Paper Il (Palermo et al.,
2019b), Paper VII (Palermo & Turco, 2020), Paper VIII (Palermo et al., 2020b).

2.2.1 Green Roof

Green Roof (GR) by exploiting otherwise unused spaces, such as the roofs of the

building, are particularly beneficial in densely built urban areas (Wang et al., 2017).
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They represent a source of stormwater runoff mitigation by reducing the total runoff
volume, peak flow rate, and delaying peak discharge time into the combined sewer systems
(Voyde et al., 2010; Stovin et al., 2012; Garofalo et al., 2016).

GRs, which incorporate both the natural environment and engineered systems, offer
a wide range of other benefits, including an enhancement of water quality, reduction in the
building energy demand, attenuation of urban heat islands, decrease in air pollution and
noise levels in urban spaces, increase in the building’s aesthetic value, and wildlife and
biodiversity growth (Vijayaraghavan, 2016; P¢czkowski et al., 2018; Bevilacqua et al.,
2018; Santamouris, 2014; Rowe, 2011; Yang et al., 2012).

As an engineering system, green roof is composed of different components (Figure
2.1) including: growing substrate covered with vegetation, a filter layer, a drainage layer, a
protection layer, a root barrier and a waterproofing membrane (Berndtsson, 2010; Vila et
al., 2012; Vijayaraghavan and Raja, 2014; Hashemi et al., 2015).

Vegetation

Growth substrate

Filter fabric
Drainage element
Protection layer
Root barrier

Insulation layer

Water proofing membrane
Roof deck

Figure 2.1: Green roof components (Vijayaraghavan, 2016).

Due to is for this specific configuration that green roofs technology can be
considered as sustainable tool for stormwater runoff mitigation. The hydrological process
operating within the green roof starts with the rainfall interception by the vegetation cover
and proceeds with the infiltration of water in the soil substrate, where a part of the retained
volume evaporates from the soil or is used by plants and a portion evapotranspires. The
remaining portion passes through the filter layer and enters in the drainage elements, where
water is detained. When the drainage space is completely utilized, the overflow drains out
(Stovin et al. 2012, Vijayaraghavan, 2016).

Many studies agree on the classification of GRs into two main categories: extensive

and intensive, which differ from each other regarding the depth of soil layer and vegetation.
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Generally, extensive GRs have a thin soil layer of less than approximately 15 cm, whereas
intensive soil layers exceed this value; shallow rooting and drought-resistant plants are used
for the extensive GR, whereas deeper rooting plants are used for the intensive GRs.
Therefore, due to its characteristics, the extensive GR is lighter, cheaper, and requires less
maintenance than the intensive one. In addition, there is a semi-intensive green roof, that is
a combination of the extensive and intensive types (Buccola et al., 2011; Krebs et al., 2016;
Carson et al., 2013; Raji et al., 2015; Besir and Cuce, 2018). A schematic classification of
green roofs according to type of usage, construction factors and maintenance requirements

as reported in Raji et al. (2015) is shown in Figure 2.2.

Extensive Green Roof Semi Intensive Green Roof Intensive Green Roof
Maintenance  Low Periodically High
Irrigation No Periodically Regularly
Plant Moss-Sedum-Herbs and Grass-Herbs and Shrubs Lawn or Perennials, Shrubs
communities  Grasses and Trees
System build- 60 - 200 mm 120 - 250 mm 150 - 400 mm on
up height underground garages > 1000
mm
Weight 60 - 150 kg/m” 120 - 200 kg/m” 180 - 500 kg/m”
Costs Low Middle High
Use Ecological protection layer Designed Green Roof Park like garden

Figure 2.2: Classification of green roofs according to type of usage, construction factors and maintenance
requirements (Raji et al., 2015).

As reported in Garofalo et al. (2016), the hydraulic efficiency of the green roof in

terms of water retention capacity is affected by:
— the physical features of the green roof, i.e. number of layers and materials,
soil type and thickness, type of vegetation and percentage of roof covered,

roof geometry;
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— the weather conditions, i.e length of antecedent dry weather period,

season/climate, characteristics of rain event like intensity and duration.

2.2.2 Green Wall

Green wall techniques, generally mentioned also as vertical greening/greenery
systems, vertical garden, or bio-walls (Manso and Castro-Gomes 2015) represent one of
the LID solutions able to increase the green spaces in urban area obtaining beneficial effects
from the building to the urban scale. Specifically, at building scale, by optimizing the
benefits of plants species, they can be considered passive design solutions which improve
thermal comfort both in winter and summer, thereby reducing energy demand for heating
and cooling (Wong et al., 2010; Perini et al., 2017). In addition, the implementation of a
green wall increases the value of the real estate and allow sound insulation; while at urban
scale, these systems can enhance air quality, urban biodiversity, mitigate urban heat island
effect (Hadba et al., 2017; Francis and Lorimer, 2011). They represent also a control source
of stormwater management at urban catchment scale (Lau and Mah, 2018). Moreover, from
a social point of view, the implementation of vegetation on facades improve cities image
and wellbeing, favouring the fruition of them (Sheweka and Magdy, 2011).

Although this system have gained popularity during the last years, their first
applications can be found 2500 years ago in the hanging Gardens of Babylon; similar
examples were also in the Roman Empire. Several applications occurred over the centuries,
until the 19th century, when these techniques were used in several European and North
America cities, as ornamental elements and for thermal purposes (Manso and Castro-
Gomes, 2015; Dunnett and Kingsbury, 2008; Baran and Giiltekin, 2018).

Nowadays, with “green wall” we refer to a vegetative system which is generally
developed along the facade of a building consisting of different components, and it can be
directly attached on the wall or supported by a structure (Manso and Castro-Gomes, 2015;
Baran and Gultekin, 2018).

The general functional elements of green wall technique are: (i) supporting
elements; (ii) growing media; (iii) vegetation; (iv) drainage; and (V) irrigation. As reported
in Manso and Castro-Gomes (2015), based on the features of these elements and on the

presence or absence of some of them, the green wall systems can be subdivided into two
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macro-categories: Green Facades (hereafter named GFs) (Figure 2.3) and Living Walls
(hereafter named LWs) (Figure 2.4).

The Green Facades (GFs) are characterized by a low systemic technology, few
constituent elements, and a limited level of integration between plants and walls. They are
light, easy to install and generally aimed at supporting the natural development of plants.
The plants, mainly climbing, can have evergreen foliage or deciduous, and reach until 25
m of height, taking, however, some years for the full coverage of the wall (Manso and
Castro-Gomes, 2015).

DIRECT GREEN FACADE INDIRECT GREEN FACADES

Be 1

T T

c)

Figure 2.3: Different types of Green Facades: (a) Direct Green Facade with vegetation planted into the soil;
(b) Direct Green Facade with plants rooted in the box; (c) Indirect Green Facade with vegetation planted into
the soil; (d) Indirect Green Facades with plants rooted in the box. (Palermo & Turco, 2020).

CONTINUOQOUS LIVING WALL MODULAR LIVING WALL

a) == b)

Figure 2.4: Different types of Living Walls: (a) Continuous Living Wall; (b) Modular Living Wall (Palermo
& Turco, 2020).
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The Living Walls (LWs), allowing the rapid coverage by vegetation of high
building, represent a more recent innovation than the green facades. These types of green
wall can use a wide variety of plants species (grasses, perennial plants, shrub, succulent,
and so on), selected according to the climate condition, the drought tolerance, the root
development, and specifically combined to achieve aesthetic effects Manso and Castro-
Gomes, 2015).

More detail on the construction features of each types of green wall can be found in
the annexed Paper VII (Palermo & Turco, 2020).

From the literature review, carried out in the annexed paper, it is emerged that,
although these systems, like green roofs or rain gardens, can be valuable engineering
solutions to reduce the stormwater discharged into the drainage systems, they were little
investigated from this perspective. In this regard, only a study, carried out by Lau and Mah
(2018), was found.

2.2.3 Rain Garden

Rain Gardens (RGSs) or bioretention systems, were first coined for residential use
by Dick Brinker in 1990 in Prince George’s County, Maryland, as an alternative to the
conventional ponds has acquired significant attention in the last decades (Malaviya et al.,
2019; Osheen, 2019).

This LID technique is a vegetated depression that collects runoff discharged from
the much-larger surrounding impervious areas (generally 1:10 — 1:20), as roof area or a car
parks (Aravena & Dussaillant, 2009).

The conventional structural configuration of a RG generally consists of (i) ponding
area, (ii) inflow structure and (iii) outflow structure (Katsifarakis, 2015; Basdeki et al.,
2016; Malaviya et al., 2019).

The ponding area is a natural or artificial ground depression, with a porous soil
medium layer, a surface mulch layer, and vegetation (Prince George’s Country 2012)
(Figure 2.5). More in detail, first the top of the ponding area is filled with mulch layer and
then the top soil is added. In addition, when the RG is located in area with a soil of low
permeability, thus the water infiltration rate in the underlying is not adequate, a gravel layer
is put on bottom, or un under-drain pipe can also be used for the same purpose. The

vegetation, that can consist of small plants, shrubs, trees, perennials, ferns, grasses and
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groundcover species, preferably native plants, has a very crucial function to hold the soil,
filter the pollutants and make the rain garden aesthetically pleasing. Therefore, the correct
choice of vegetation influences the hydraulic efficiency of the system (Osheen, 2019;
Malaviya et al., 2019.

Woody and Herbaceous 3

Figure 2.5: Schematic of a typical rain garden (Osheen, 2019).

The inflow or inlet structure provides to directly discharge of the runoff from the
surrounding area (streets, sidewalks, etc.) into the ponding area. It can be a drain pipe, a
hard surface or a grass strip. While the overflow or outlet structure, generally linked to the
sewerage system, provides to discharge the water that exceed the ponding capacity of the
rain garden (Katsifarakis, 2015; Malaviya et al., 2019; Osheen 2019; Robinson et al., 2019).

For highly engineered rain gardens, the excavated depression is covered by
geotextile then protected by media that increase the roughness with depth (Ishimatsu,
2017).

Given this specifically structural configuration, RGs limit the discharge of water
from impermeable surfaces to the drainage network, using the natural processes of storage,
infiltration and evapotranspiration. These systems, favoring runoff infiltration and short-
time storage, contribute to total runoff reduction as well as its peak (Katsifarakis et al. 2015;
Siwiec et al., 2018).

The main hydrological processes occurring inside a RG during a storm event are:
the retention of stormwater within the substrate’s micropores until the field capacity is
reached; the evapotranspiration of a portion of retained water; the increasing the soil
moisture towards saturation once the media reached field capacity and any subsequent
rainfall will fill the larger pores. Typically, RGs are designed to allow ponding to occur

once the saturation reaches the surface. In addition, if the RG is unlined, the exceeding
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moisture will be returned to the ground via infiltration, while if it is lined it is discharged
into the linked sewer system. Therefore, as other LID infrastructures, like green roof, in a
RG the stormwater control occurs by retention processes, i.e. the reduction of the runoff
volume, that will be upper for a longer antecedent dry weather period (ADWP) and
detention, i.e. delay and attenuation of the runoff hydrograph (Yuan et al., 2017).

Based on this hydrological processes, the capacity of a rain garden to infiltrate water
is affected by the hydraulic properties of growing media (i.e. initial water content, capillary
suction, saturated hydraulic conductivity, and pressure head from the ponded water), as
well as the site-specific properties (catchment area and slope, surface types, and the time
of concentration) (Siwiec et al., 2018).

As other LID techniques, RGs can provide several other benefits in addition to the
stormwater quantity runoff control as: restore groundwater recharge; improve the water
quality by filtering pollutants from stormwater runoff; increase air quality, by capture and
storage CO2; reduce noise pollution; mitigate local climate; enhance biodiversity and visual
amenity; favour pollination (Dietz & Clausen, 2005; Yang et al., 2009; Siwiec et al., 2018).

The widespread of this LID system is also justifying because RG are easy to install,

inexpensive and require little maintenance after installation (Aravena & Dussaillant 2009).

2.2.4 Permeable Pavement

Permeable Pavement (PP), also called porous or pervious pavement is a paving
structure which allows stormwater runoff to be infiltrated and conveyed through its material
matrix (Drake et al., 2013).

It is one of the most widely used LID type as an alternative engineering
infrastructure for pedestrian and/or vehicular traffic (pathways, driveways, parking lots and
access roads). It is suitable for urban stormwater management and mitigate the problems
caused by conventional road development (Scholz & Grabowiecki, 2007; Elizondo-
Martinez et al., 2019; Turco et al., 2019).

PP system consist of a permeable paving surface as well as layers of coarse
aggregate materials that function as reservoir, providing storage capacity during
precipitation events (Drake et al., 2013). Generally, as reported in Figure 2.6, a typical PP

consist of: a wear layer, a bedding layer, a base layer, a sub-base layer and un underdrain
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(as required). Other components commonly used in the design of PP systems are
geotextiles, and small aggregate filter or choker courses.

WEAR LAYER

BEDDING LAYER

BASE LAYER

SUB-BASE LAYER

DRAINAGE PIPE

Figure 2.6: Cross section of a Permeable Pavement (Piro et al., 2019b).

The implementation of base layer and a sub-base layer, as the wear layer, is due to
the structural integrity of the pavement system and it is strictly related to the traffic load.
In this regard, one of the main principle construction design is that underlying layers
distribute the concentrated loads from wheels below the road. Thus, traffic loads affect the
choice of layers’ thickness and the type of materials to be used (Knapton et al. 2012;
Kellagher et al., 2015).

Different types of surface materials are commonly used for PP development, and
based on the choice of the surface paving material, it is possible to classified different type
of PPs. More in detail the top layer of the PPs can be monolithic (porous concrete/asphalt)
or modular forms (interlocking porous concrete pavers and plastic grid) (Palla et al. 2015).

Based on the most commercially materials, PP can be classified in: Permeable
Interlocking Concrete Pavers (PICPs), Pervious Concrete (PC), Porous asphalt (PA), Grass
grid pavement.

— The Permeable Interlocking Concrete Pavers (PICPs), consisting of modular
units separated by joint filled with open-graded aggregate, are generally used
for pedestrian areas, pathways, car parks, private driveways.

— The Pervious Concrete (PC), generally used for car parks, and lightly trafficked
roads, can be implemented as an independent surface or to improve structural

stability at the base of PCIP in case if frequent traffic by heavy vehicles.
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— The Porous asphalt (PA), used for pedestrian areas, car parks, private
driveways, and lightly trafficked roads, it is also able to reduce traffic noise and
can be set as an independent surface or to provide a stronger base to PICP. For
these two last types, the binding agent covers the aggregate particles without
filling the voids between the particles.

— The Grass grid pavement, generally implemented for leisure facilities car
parks, private driveways, and office car parks, it is an eco-friendly type of PP
most suitable for lightly trafficked locations, where the grass usually is
reinforced with plastic or concrete grids.

More details on this different types can be found in Drake et al., (2013) and Kuruppu et al.,
(2019).

As infiltration-based LID technique, the main operating principle in a PP is to
collect, infiltrate, and eventually treat, the surface stormwater runoff. Moreover, if the
infiltration into native soils is allowed, this system increase the groundwater recharge,
otherwise the treated runoff is direct discharged into the receiving water bodies.

Given its hydrologic behaviour several studies have shown the efficiency of PPs in
reducing surface runoff and peak flow, as well as delaying time to peak (Al-Rubaei et al.,
2013; Lin et al., 2016; Kuruppu et al., 2019). This hydraulic efficiency, strongly correlated
to the evaporation, drainage and retention process, is mainly influenced by the particle size
distribution of the bedding material, and by the retention of water in the surface blocks
(Marchioni & Becciu, 2015; Alsubih et al., 2017; Turco et al., 2017).

2.2.5 Rainwater Harvesting System

Rainwater Harvesting (RWH), considered an ancient practice used all over the
world to meet the water demand, is now supported by many countries as a suitable solution
to limit potable water demand, reduce frequency, peaks and volumes of stormwater runoff
at the source, and contribute to the restoration of natural hydrological cycle (Petrucci et al.,
2012; Amos et al., 2016; Campisano et al., 2017; Palla et al., 2017;).

The principal component of a conventional RWH system (Figure 2.7) is the
rainwater tank which temporally stores the water from a capturing surface, normally the

building roof or others impervious surfaces closely to the building. In a single-family
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building, aboveground tank, named “rain barrels”, are generally used for irrigation and
runoff control, while, in the case of multi-story building, above or below-ground concrete
cisterns are implemented. In addition, a system consisting of gutters and downspouts lead
the runoff from the collecting surface to the tank, while a dedicated piping network is
needed for rainwater reuse. One or more pumps can be used to guarantee the pressure head
for different usages, while other devices as first flus diverters, debris screen, and filters are
generally implemented for water quality control. These information and more specific
detail regarding this technique can be found in several studies (Campisano et al., 2017;
Herrmann & Schmida, 2000; GhaffarianHoseini et al., 2016).

Catchment A -
surface —
y

Gutter ~

Downspout — ] | + ‘{ [ Tﬂ‘ ‘
\’ -
'

Fint Sl R T
flush " Storage P
diverter tank  Filter & pump

shed

Figure 2.7: Principal components of a rainwater harvesting system (Li et al., 2010).

Recent advances have showed the possibility for real-time monitoring and control
of these systems in order to increase their efficiency in terms of reduction of urban flooding
or combined sewer overflows (Oberascher et al., 2019) and optimize the rainwater reuse.

Harvested rainwater can be considered a renewable water source that is perfect for
different non-potable water uses, as toilet flushing, laundry, car washing, terrace cleaning,
private garden irrigation and green roof irrigation (Herrmann & Schmida, 2000; Li et al.,
2010; Campisano and Modica, 2015; Jones & Hunt, 2010; Domenech & Sauri, 2011,
Cipolla et al., 2018; Piro et al., 2019)

In addition, as source control technology distributed at urban catchment scale, these
systems are suitable to reduce stormwater runoff volume. In this regard, several studies

have evaluated also the hydrological efficiency of RWH in terms of reduction of the runoff
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volume and peak discharged to the sewer system (Palla et al., 2017; Herrmann and
Schmida, 2000; Campisano & Modica 2015; Becciu et al., 2018).

Several studies have been carried out to analyze the RWH efficiency for water
saving and runoff mitigation. In this regard, Campisano & Modica (2015) have showed that
the RWH’s performance depends of site-specific factors, such as roof type and surface,
precipitation regime, demand usage, tank size, number of people in the household, etc.

2.3 Hydrological Effectiveness of LID systems

So far several studies have demonstrated the efficiency of LID techniques on urban
stormwater runoff mitigation by experimental investigation and modeling analysis.
In this regard, a general overview on the studies which analyzed the hydrological
effectiveness of the LID systems, whose design features were described in the previous
section, is here presented by considering one LID techniques at time.

Therefore, in this overview the first LID technique that it will be considered is the
green roof (GR) system. Many studies have shown the beneficial effects of GR in delaying
the peak flow rate and reducing the runoff volume discharged into the combined sewer
systems (CSSs) (Simmmons et al., 2008; Voyde et a., 2010; Stovin et al., 2012; Gromaire
et al., 2013; Cipolla et al., 2016; Liu et al., 2019).

In this regard, Li & Babcock (2014) in their reviewer paper have showed that
laboratory experiments and field measurements have demonstrated that green roofs are able
to reduce stormwater runoff volume by 30% to 86%, reduce peak flow rate by 22% to 93%
and delay the peak flow by 0 to 30 min.

Moreover, by the analysis of several studies carried out on the green roofs, it
emerged, as reported in a previous study (Garofalo et al., 2016), that the hydraulic
efficiency of a green roofs could be expressed by the runoff coefficient, evaluated as the
ratio between the total runoff depth delivered from the green roof and the total rainfall
depth. The analysis of this coefficient, strongly influenced by the storm events features, as
well as by the geometrical characteristics of the green roof;, is crucial for designing purposes
and, therefore, it has to be properly defined. In this regard, in Garofalo et al., (2016) was
carried out a summary of the subsurface runoff coefficient values found in literature (Table

2.1) by observing that it ranges between around 0.30 and 0.90.
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Table 2.1: Subsurface runoff coefficient found in the literature studies for green roof (Garofalo et
al., 2016).

References Climate Condition and Location Subsurface runoff coefficient
Carter and Rasmussen (2006) Humid sub-tropical — Athens (GE) 0.38
Uhl and Schiedt (2008) Continental — Muenster (DE) 0.32
Palla et al. (2010) Mediterranean — Genova (IT) 0.48
Voyde et al. (2010) Sub-tropical — Auckland (NZ) 0.34
Stovin et al. (2012) Temperate — Sheffield (UK) 0.48
Gromaire et al. (2013) Temperate — Trappes (F) 0.36 - 0.50
Locatelli et al. (2014) Ocean - Odense and Copenaghen (DK) 0.43-0.68
Wong and Jim (2014) Humid sub-tropical — Hong Kong (CN) 0.86 - 0.89

In addition to these studies others experimental works have been considered in this
dissertation.

In 2008, in Muenster, DE, Uhl & Schiedt (2008) have presented the results of a
monitoring campaign, carried out on 18 green roofs installed on a roof of 500 m?, obtaining
an average annual runoff coefficient of 32%.

In an another study, Lee et al., (2013), by considering extensive green-roof of 0.5
m (W) x 0.5 m (L) x 0.2 m (H), built in the laboratory for different rainfall events in Korea,
have obtained a high water-retaining capacity response to rainfall of less than 20 mm/h.

While, in Australia, Razzaghmanesh & Beecham (2014) have evaluated the
potential of green roofs as a source control device by considering 4 medium size green roof
beds over a 2-year period. From the 226 rainfall events considered, representative of the
Adelaide climate, they obtained an average retention coefficient of around 89% for
intensive systems and of 74% for extensive ones.

Moreover, Stovin et al., (2015) have analyzed 4 years of rainfall and runoff data
from a set of 9 parallel green roof test beds located in Sheffield, UK. They obtained a
retention major than 80% for rainfall event less than 10 mm of precipitation depth, but
considerably lower for rainfall depth greater. While, on average, for 65% of events with
precipitation more than 5 mm the test beds retained the first 5 mm of rainfall.

While Nawaz et al. (2015) have analyzed the hydrologic performance of a full-scale
extensive green roof in Leeds (UK) in temperate climate condition, considering 30
individual rainfall events individuated in a record dataset over a period of 3 years (2012—
2014). The results showed that the green roof presented a mean retention value of 66%.

By the analysis of the state of art about the experimental results obtained on the

green roof, it emerged that, while many studies have analyzed the hydrological
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performance (runoff coefficient, runoff retention, peak flow reduction, peak flow lag-time)
at seasonal and annual scales, only few have evaluated it at event-scale.

Moreover, despite the recognised hydrological benefits of green roof, literature
studies that investigate their hydrological performance at full-scale implementation and for
a long term monitoring period are less than those one carried out in lab or by test beds.

Finally, the complexity of the physical processes involved in green roof’s
stratigraphy, confirmed in all studies, require a properly investigation the soil hydraulic
parameters that affect the hydraulic behaviour of such LID system.

Thus, this thesis, in the specific chapter related to the green roof case study, will
overcome all of these issues by presenting a long-term analysis on the hydrological
efficiency of a real full-scale experimental green roof, located at University of Calabria in
Mediterranean Climate, carried out by considering field monitored hydrological data, as
well as soil hydraulic properties evaluated in lab, and a modeling analysis.

While by the analysis of the state of art on the green wall systems, showed in Paper
VIl (Palermo & Turco, 2020), annexed to this dissertation, was found that in recent years
numerous new applications have encouraged the growth of Green Wall techniques as an
energy saving tool.

However, although these systems can also be considered valuable engineering
solutions to reduce stormwater runoff discharged into drainage systems, it is emerged that
green wall systems are little studied in this direction.

In this regard, only one study, conducted by Lau and Mah (2018), assessed the
hydrological effectiveness of green walls, developing a USEPA SWEP model, which
considers the green wall system as part of the urban drainage system. More in detail, the
study is based on a modeling implementation of a modular system of green walls on the
Central City commercial building, Kota Samarahan. The authors performed 4 simulation
models, characterized by different conditions (soil texture classes: sand, clay sand, sandy
clay and clay) and precipitation inputs. The results confirmed that green wall systems can

be considered to reduce surface runoff.
Considering now the Rain Gardens (RGs) systems, from literature it is detected that

even if they have been recognized as an effective LID technique for reducing stormwater

runoff through the retention and infiltration processes, however so far their field
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performance and regional effect have not been comprehensively investigated (Malaviya et
al., 2019).

However, some studies have evaluated the rain gardens efficiency in terms of flow
retention. In this regard, Hunt et al. (2008) have obtained that rain gardens can achieve
about 46-100% flow reduction, depending by seasonal difference and stormwater
characteristics.

In another study, Davis (2008) have found, by observing two bioretention cells for
49 runoff events in 2 years, mean peak reductions of 49% and 58% for the two cells, as
well as significantly delayed of the flow peaks.

While Hatt et al. (2009), have observed different rain garden, obtaining peak flow
reductions between 49% and 80%.

Recently, Li et al., (2018), by a modeling analysis at large scale, have obtained an
overflow reduction rate between 6.74% to 65.23%.

Another study, conducted by Zhang et al. (2019) in Kyoto, Japan, has a shown a
favourable storage/infiltration functions in two rain gardens, with a stormwater runoff

control of more than 60%.

Permeable Pavement (PP) system, as green roof, is one of the most investigated LID
techniques. In this regard, a large number of studies, conducted on its water quantity
performance, have shown the capability of this technique for surface runoff reduction, peak
flow attenuation and peak flow delay.

Collins et al., 2008, evaluating the performance of 4 types of PP and standard
asphalt in eastern North Carolina, have obtained that for rainfall intensity of 25 mm/h, PP
achieve 40-50% runoff volume reduction and about 90% of peak runoff attenuation.

Ball & Rnakin (2010), have found that the generation of surface runoff from the PP
required a rainfall intensity exceeding 20 mm/h.

In another study, Alam et al. (2019) have examined the hydrologic performance of
three different permeable pavement designs, observing a percentage of peak flow
mitigation of 31-100%. Moreover, the Porous Concrete Pavement (PCP) was the most
satisfactory in reducing surface runoff.

While, Vaillancourt et al. (2019) in their study obtained, in one of the 5 monitored
sites, where rainfall and runoff were monitored for 12 months, peak flow delays ranging
from 4 min to 4 h 42 min and runoff reductions ranging from 26% to 98%, depending on

the rainfall event.
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Finally, as last LID technique, considered in this overview, the Rainwater
Harvesting (RWH) systems, as reported in Petrucci et al. (2012), have been evaluated from
the researchers not only for their water saving aims, but also for their contribution to control
stormwater runoff at the source by providing distributed retention storage at large scale.

In this regard, Campisano and Modica (2015) have evaluated the retention potential
for roof runoff peak reduction of RWH system for single household. They observed that
significant reduction of the peak depends on the tank size and on the water demand pattern.
For a tank size (with a storage fraction s = 5), a peak reduction ranging between 30 — 68%
for at least half of the considered events was obtained.

In another study Palla et al. (2016) have evaluated the hydraulic efficiency of
domestic rainwater harvesting system at urban bock scale, achieving an average peak and
volume reduction of 33% and 26% percent respectively by considering 2125 rainfall events.

A comprehensive review on this system was did by Campisano et al. (2017).

Through the literature review it emerged that several models on LID systems have
been proposed, most of them focused on simulating the hydraulic/hydrologic behaviour of
the single system other assessing the efficiency at urban-large scale (Hilten et al., 2008; Jia
et al., 2012; Palla & Gnecco, 2015; Garofalo et al., 2016; Brunetti et al., 2016; Peng and
Stovin, 2017; Li et al., 2019).

In this regard, as reported in Brunetti et al., (2017), three different categories of LID
models can be classified: (1) empirical model, based on direct observation, measurement
and extensive data records; (2) conceptual model, as SWMM, largely used in literature for
the numerical analysis of LIDs, where the different components of the system are
considered using conceptual entities (rain gauge, subcatchment, reservoir, LID control
editor, and so on); (3) mechanistic model, as HYDRUS, where each component has a clear

physical meaning, and each parameter can be measured independently.

2.4 Conclusions

In conclusion, although, as demonstrated in this chapter, several studies confirmed
the LIDs’ capability for surface runoff reduction, the large spread of these systems as urban

stormwater management tools seem be very slow.
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By considering this literature review, one of the key scientific limiting factors is the
lack of comprehensive analysis finalized to evaluate the hydrological performance and the
physical processes occurring in these systems, by considering both long-term experimental
investigation and numerical modeling.

Another aspect to take into account is that all of LID systems are characterized by
a heterogeneity stratigraphy, in terms of materials and components, and consequently the
complexity of the physical processes, involved in these systems, require modeling tools
able to accurately interpret their hydraulic behaviour and to correlate their hydrologic
performance with the management of stormwater in the surrounding urban area.

However, in some of these studies, the physical parameters, specifically the soil
hydraulic properties, which significantly affect the hydrological performance of LID
systems, are not always investigated in a properly way. Sometimes the analysis is limited
to specific parameters or literature values are considered to implement numerical modeling.

Similarly, the analysis of the most influential hydrological parameters is often quite
limited for the missing of full-scale LID implementation, as well as for the unavailability
of long-term hydrological monitored data.

Finally, another limiting aspect emerged from this literature review is the missing
of tools able to evaluate the optimal solution in terms of LID system and site location by
mathematical approaches.

In this context, this thesis aims to overcome the scientific gaps, highlighted in this
section and in previous chapter, by carrying out a comprehensive analysis of different LID
systems in order to investigate the hydrological benefits of these innovative and sustainable
solutions at multiple spatial scales, considering experimental full-scale implementation and
long-term monitored data as well as modeling large-scale implementation, lab experimental
investigations, conceptual and mechanistic models, sensitivity analysis and mathematical

optimization approaches.
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Chapter 3 - Parameter sensitivity analysis of a
microscale hydrodynamic model of University Campus

Innsbruck

This chapter presents the results of a global sensitivity analysis (GSA) applied to a
microscale hydrodynamic model, developed based on the new configuration of the drainage
network of University Campus Innsbruck, which combines pipe infrastructure and small-
scale source treatments in terms of Rain Gardens (RGs). The aim is to identify the most
influential model parameters. For the model creation and simulation, the Storm Water
Management Model (SWMM) is used. For the GSA method the Elementary Effect Test
(EET) is applied, where uncertainties to 18 model input parameters, comprising 10
subcatchment and 8 Low Impact Development (LID) parameters, are assigned and
analyzed by 1,900 simulations. The model’s responses are evaluated at four main RGs and
four model outputs: (1) total inflow, (2) surface level, (3) storage level, and (4) surface
runoff at the RGs. Finally, based on this model configuration, the idea on the development
of an advanced LID management (as smart rain barrels) through measurement and control
is briefly presented. These findings are already published and are linked to Paper | (Palermo
et al., 2019a) and Paper 1V (Oberascher et al., 2019).
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3.1 Introduction

The design of conventional sewer systems, based on historical observations of
precipitation and land use, require significant investments to meet challenges imposed by
rapid urbanization, evolving regulations and an uncertain climate (Kerkez et al., 2016).

Therefore, in this context a transition from traditional drainage infrastructure
towards a sustainable, smart and resilient urban water management is required.

To apply this innovative concept of manage the urban stormwater, one promising
strategy is the implementation of decentralized stormwater controls, also known as e.g.
Green Infrastructure (GI) or Low Impact Development (LID), which provide several
benefits at multiple scales (Zischg et al. 2018, Maiolo et al. 2017). Another additional
solution, that can be integrated with the previous one, is to improve urban water flow and
quality by equipping the drainage systems with low-cost sensors and controllers, in order
to achieve a new generation of intelligent green and gray stormwater networks, highly
adaptive in function of the external environmental (Kerkez et al., 2016). In this regard,
recent advances in the field of Internet of Things (IoT) have opened up new possibilities
for real-time monitoring and control of such structures, that enable the reduction of urban
flooding or combined sewer overflows.

So far, many literature studies have investigated the hydraulic efficiency of LID
systems, showing their strong variability according to several factors, including the
characteristics of storm events, as well as many numerical and physical models were
developed to prove their feasibility and performance (Garofalo et al. 2016). By
implementing multiple small-scale units in urban areas, a complex system of temporal
storage facilities for managing stormwater runoff can be created.

The implementation of LID techniques strongly affects the hydraulic performance
of the drainage system. Therefore, the identification of most influential parameters in a
system which combines sustainable systems and conventional pipe infrastructures for urban
stormwater management become a key factor to investigate.

In this regard, this work provides a first step towards the sustainable operation of
the newly set up “Smart Campus” at the University of Innsbruck, where recently LID
systems have been implemented. The first objective of this study is to present the
development of a detailed micro-scale hydrodynamic model by using the PCSWMM
software, based on the data retrieved on the site specific. Secondly, the most influencing

model parameters are identified through a sensitivity analysis, including the uncertainties
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of subcatchment and LID parameters. Finally, starting from the microscale model
configuration, the idea on advanced LID (smart rain barrels) management through
measurement and control is briefly presented.

3.2 Materials and Methods

3.2.1 Case Study Description

The case study area is the University Campus Innsbruck, in Tyrol, Austria (47°
15°50.87” N 11°20°40.17” E), where 12 Rain Gardens (RGs), 1 Green Roof (GR) and 3
Gravel Roofs were implemented to enable a more sustainable water management strategy
and to make the Campus more attractive and resilient to flooding risk.

To connect impervious surface areas (e.g. pavements, streets) to those LIDs a new
drainage system, consisting of a network of open channels (OCs) with a parabolic cross-
section and PVC conduits (DN200) was built. This system supports the existing
underground drainage network, composed of around 420 m of conduits (DN200+-DN600),
which collect the rainwater only from the roofs.

Thus, the total drainage system can be divided into two independent systems: one
related to the RGs; and the second one concerning the old drainage network.

Four RGs with an area of 65 m? each are located at the centre of the main square
and receive the rainwater collected only by the OCs system (Figure 3.1, top). The others
RGs (Figure 3.1, below), ranging from 16 m? to 43 m?, intercept the stormwater runoff
from different areas.

Even if the RGs differ from each other regarding the area and the storage depth,
they have identical stratigraphy (Fig. 3.2), and consist of the following horizontal layers

(from top to bottom):

1. asurface vegetated layer vegetated with a berm height of 26 cm;
2. asoil layer with a thickness of 30 cm;

3. astorage layer with varying depths;
4

. an underdrain pipe.
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Figure 3.1: Pictures of the two different types of RGs at University Campus Innsbruck, the circular ones on
the top, where is possible to observe the open channel too, and the semi-rectangular one, below.
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Figure 3.2: Cross section of the Circular RG located at the University Campus Innsbruck (adapted picture
from the design map by Karl Grimm — Landschaftsarchitekten - Grimm, 2016).
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3.2.2 Model Development

A detailed hydrodynamic model was developed considering the entire Campus
drainage system previous described. To achieve this aim, the dynamic rainfall-runoff
simulation model PCSWMM (CHI PCSWMM), based on the EPA-SWMM version
5.1.012 (Rossman 2015), was used.

SWMM, is widely known model generally used for hydrodynamic approaches, but
it allows also to implement different versions LID control units, represented by a
combination of vertical layers with properties defined on a per-unit-area basis (Goncalves
et al., 2018). Therefore, it is a suitable model for the main purpose of this study.

The model was built considering topographical data, land use classification, new
and existing stormwater system, RG details, taken from construction plans and site
measurements.

To obtain a detailed microscale model, the study area of 3.02 ha was divided into
several subcatchments, which were precisely defined depending on changes of the surface
slope and the land use.

The subcatchment width, that describes the overland flow characteristic, is
generally an important and sensitive model parameter, especially for large subcatchments.
For this microscale model, knowing all geometrical features of the system, it was calculated
as the fraction between the subcatchment area and the flow length.

To simulate the LID solutions, the model was integrated with the use of the LID
Control Editor, an additional SWMM module developed to simulate the hydrological
behaviour of source control solutions (Rossman, 2010). Recently studies confirm the
suitability of SWMM to assess the LID performances and to support their implementation
at catchment scale (Palla & Gnecco, 2015; Ahiablame & Shakya, 2016). For the specific
case study, the bio-retention cell SWMM module was selected for the model
implementation of the RG. To assign the properties for each layer, required by the LID
Control section, the stratigraphy features and the physical parameters were considered
based on the design features, retrieved in the maps and reports by the designer and
developers. Finally, since the RGs differ from each other for the thickness of the storage

layer, 12 “bioretention cells” LID control were implemented.
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The Soil Conservation Service (SCS) Curve Number (CN) method was considered
for the infiltration method and the flow routing computations were based on the Dynamic
Wave Equations.

3.2.3 Sensitivity Analysis

Taking into account that the implementation of the LID structures strongly
influences the hydraulic performance of the drainage system and that most model input
parameters are uncertain, a Global Sensitivity Analysis (GSA) was carried out.

Sensitivity Analysis allows to investigate how the variation in the model output (y)
can be attributed to variations of its input factors (X1, X2, ..., Xm).

In this case, due the number of considered parameters and the features of the
decentralized LID system, the Morris screening method (Morris 1991), also known as
Elementary Effect Test (EET), was used (Saltelli et al. 2008).

As reported in Pianosi et al., (2016), the mean of r finite differences (“Elementary

Effects” or “EES”) is considered as a measure of global sensitivity, i.e.:

Y BV R | = |
1 r g(xl,...,xl.+Ai,...,xM)—g(x1,...,xi,...,xM)

1 .
S; =-Xj1 EE) = Ci [3.1]

Two sensitivity measures, the standard deviation of the EET (o) and the mean of
EET (w) are calculated. The standard deviation of the EEs provides information on the
degree of interaction of their input factor with the others, thus a high standard deviation
indicates that a factor is interacting with others because its sensitivity changes across the
variability space (Pianosi et al. 2016).

For the sampling strategy to select the points x/(j = 1,...,7) and the input
variations A;, the sampling strategy proposed by Morris (1991) was chosen.

This strategy defines r trajectories in the input space, each composed of M+1 points,
where M is the number of input factors subject to SA, (here assumed equal to 100). This
strategy selects the starting point randomly over a uniform grid of the parameter space and
the subsequent points by moving one factor at a time by a fixed amount A, so that each
trajectory allows for evaluating one Elementary Effect (EE) per factor. The grid size is

determined through the “number of levels” L (chosen by the user), as 1/(L — 1) of the
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range of variability of input factor; while the size of variation A is evaluated as
L/[2- (L —1)] (Pianosi et al., 2016)

To consider the spatial variability of the model results (“prediction function”), the
outcome of the four main circular RGs was evaluated at different horizontal layers for the
presented case study (see Sect. 3.2.1).

Starting from the assumption that the site-specific subcatchment parameters, slope,
width and area are measured physical features; the following 18 input parameters (10
related to the subcatchments and 8 to the RGs) were selected for the GSA (Table 3.1). For
each parameter, the range of variability was chosen based on of their physical attributes
and by considering reported values in the SWMM Manual (Rossman 2015).

The interval size to define the grid over the input parameter space was set to 10.

Table 3.1: Input parameters for GSA, meaning and corresponding range of variability taken from User

SWMM Manual (Rossman,2015) (Palermo et al., 2019a)

N Name of parameter Meaning Value range
1 Imperv (%) Percent of impervious area 90 - 100
0 2 Perv (%) Percent of pervious area 0-10
E‘g 3 Destore-Imperv Depth of depression storage on impervious area 1.27 - 2.54
© (mm)
§ 4 Destore-Perv (mm) Depth of depression storage on pervious area 2.54 -5.08
T 5 N-Imperv Manning's roughness coefficient for impervious area 0.012 - 0.014
E 6 N-Perv Manning's roughness coefficient for pervious area 0.13-0.24
%f 7 CN-Imperv SCS runoff curve number for impervious area 90 - 98
< 8 CN-Perv SCS runoff curve number for pervious area 30-61
é 9 Drying Time (days) Time for a fully saturated soil to be completely dry 2-14
9 10 OpenChannel Manning's roughness coefficient for Open Channel 0.022 - 0.026
Roughness
11 Vegetative Volume Fraction of volume within the surface storage depth 0.1-0.2
(fraction) filled with vegetation
12 Porosity (volume The volume of pore space relative to total volume of 0.42 - 0.437
fraction) soil
13 Field Capacity (FC) Volume of pore water relative to total volume after the 0.062 - 0.105
g (volume fraction) soil has been allowed to drain fully
T 14 Wilting Point (WP) Volume of pore water relative to total volume for a 0.024 - 0.047
% (volume fraction) well dried soil where only bound water remain
5 15 Conductivity (Kf) Hydraulic conductivity for the fully saturated soil 30 - 180
e (mm/hr)
&) 16 Conductiity Slope Slope of the curve of log(conductivity) versus soil 30 - 60
(Kslope) moisture content (dimensionless)
17 Seepage rate The rate at which water seeps into the native soil 30 - 180
(mm/hr) below the layer
18 Drain coefficient The drain coefficient C which determines the rate of 3-6
(mm/hr) flow through a drain

sensitivity analysis of this study.
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The effect of the variability of each parameter was analyzed by considering four
different model outputs for the four RGs: (1) LID Total Inflow, (2) LID Surface Level, (3)
LID Storage Level and (4) LID Surface Runoff. The first one, the LID Total Inflow
considers the total runoff intercepted in each RG and takes into account the influence of
the subcatchment parameters, while the other three model outputs evaluate the hydrological
performance of the RGs. To summarize the four main RGs with similar physical
characteristics, but different intercepted surfaces, the mean values of these outputs are built.

For the hydrodynamic simulation, design storm event with a return period of one
year (1.13 mm/min) was used.

For carrying out the GSA 1,900 model runs are performed through a Matlab Script
which uses SWMM and integrates the SAFE-toolbox (Pianosi et al. 2015).

3.3 Results and Discussion

3.3.1 Numerical Model

Based on the information described in section 3.2.1, the final model configuration,
obtained by using the software PCSWMM is shown in Figure 3.3, where is it possible to
observe the land use in terms of impervious percentage.

To obtain a detailed microscale model, the study area of 3.02 ha was divided into
252 subcatchments, defined depending on changes of the surface slope and the land use.

In this regard, each LID unit occupies the entire pervious subcatchment, and receive
the surface runoff from the surrounding impervious area through the open channel or a
specific system of slope.

The main conventional drainage system collet the rainwater from the roof surfaces
to rapid move it in the final outfall located at the top of the figure, that is connected with
the urban sewer system.

Globally the whole modeling drainage system, consisting of the two independent
system (decentralized LIDs and central stormwater system) consists of: 139 Junctions, 139
Conduits and 13 LID Controls (12 RG and 1 GR).

52



Chapter 3 - Parameter sensitivity analysis of a microscale hydrodynamic model of University Campus Innsbruck

Legend

e Junctions
4 Outfalls
=== Conduits
Subcatchments
<20 (%)
20 - 40 (%)
40 - 60 (%)
60 - 80 (%)
>80 (%)

Figure 3.3: Final model configuration of the University Campus Innsbruck implemented by
PCSWMM

3.3.2 Analysis of the most influential model parameters

Results of the EET Sensitivity Analysis are reported in Fig. 3.4, where the Mean of
EEs (w) versus their standard deviation (o) (left side) and the Convergence plots (right side)
are shown. In the graphs on the left side - where each input factor corresponds with one
point - the point located at the righter side along the horizontal axis (u) is the more
influential one, while the higher up referring to the vertical axis (o) is that one presents the

larger degree of interactions with other factors (Pianosi et al. 2016).
Being the p of EEs a measure on the global sensitivity, the findings show that the

most influential factor for the LID Total Inflow output is the Depression Storage Impervious

(3), the second one is the Percent of Impervious Area (1). Even if, the higher o is reached
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by the CN-Impervious (7), the factor (1) presents also a high o, and this means that these
two factors (7 and 1) have a huge degree of interaction with the other factors.

While the most influential factor for the LID Surface Level is the Soil Hydraulic
Conductivity (15), which presents also the higher degree of interaction with the other
parameters. In agreement with this last result it is also the finding obtained for the LID
Surface Runoff outcome, where the Soil Hydraulic Conductivity (15) is the most sensitive
parameter and it presents also the greatest degree of interaction with the other factors. In
addition, in this case, Percent of Impervious Area (1), Vegetative Volume (11), and the
Depression Storage Impervious (3) follow this result.

Finally, when the LID Storage Level output is considered, the factor located at the
righter side along the horizontal axis, i.e. the more influential one, is the Seepage Rate (17),
which present also the higher degree of interaction with the other parameters. Following
this value, Soil Hydraulic Conductivity (15).

In the graphs on the right side (Fig. 3.4), the sensitivity indexes are estimated using
an increasing sample size by considering one line per factor, while the dashed lines
represent confidence bounds (Pianosi et al., 2016). In this regard, the results found confirm
previous findings in terms of most influential factors, also providing other details about the

number of model evaluations needed to reach the convergence.
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Figure 3.4: Results of GSA for the 4 model outputs in terms of: mean of EEs vs their standard deviation
(left side) and the Convergence plots (right side). The number of each parameter are the same reported in
Table 3.1. (Figure adapted and integrated from Palermo et al., 2019a).
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3.4 New trends: advanced LID management through measurement and

control

Based on the final configuration of the hydrodynamic micro-scale model, previous
discussed, a study already published by Oberascher et al. (2019), corresponding to Paper
IV annexed to this thesis, was carried out in order to present a concept for using real-time
controlled smart rain barrels integrated into a smart city pilot project. More in detail, this
study aims to support the development of a prototypes of Smart Rain barrels (SRBs) (e.g.
choice of sizes and locations) for the real implementation.

The study was born from the consideration on recent advances in the field of
Internet of Things (1oT), that have opened up new opportunities for real-time monitoring
and control of drainage network, allowing urban flooding or combined sewer overflows
(CSOs) the reduction. In paper IV, 10T and rain barrels are linked together, resulting in a
smart rain barrel.

However, despite the idea of a smart rain barrel is nothing totally new, as the large
number of some publicly available products shows (RainGrid n.d., Sieker n.d.), SRBs, here
presented, are integrated into a pilot project for smart cities, where LI1Ds will interact among

each other and be connected with the RTC system. Within the Smart Water Control project,
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every water inflow and outflow from the University Campus in Innsbruck (Austria) will be
measured in real-time. In combination with weather forecasts, these data will be used for
RTC of the smart rain barrels to optimize the efficiency of the LID purposes.

In this context, this paper considers the conceptual implementation of Smart Rain
Barrels (SRBs) into the existing stormwater system at the university campus in Innsbruck
(Austria). As discussed in section 3.2.1, the campus area is currently divided into two
independent drainage systems: RGs which receive from the surface areas (pavements,
streets, green spaces) runoff and central stormwater system where roof areas runoff are
directly discharged. This latter system is used for the implementation of the SRBs, but the
SRBs can also be used to connect the central and decentral systems, by discharging into the
LIDs and fully utilizing their capacities, or by directly discharging to the central system.

The model, developed by EPA Storm Water Management Model SWMM (see
section 3.2.2), was considered as starting point for the purpose. Then to show the
advantages of the SRBs under design conditions, the diameters were artificially reduced to
200 mm and 300 mm to observe flooding when applying the design rain events.

As first step, a simplified model for the SRBs was created, by considering the filling
level in the sewer system for RTC. Since the main objective was to reduce the peak runoff
rate in the conventional drainage network, the SRBs were implemented as additional
storage volume and placed between the roof subcatchments and the inlet of the sewer
system. The SRBs were controlled by rules consisting of a conditional clause (e.g. filling
level of the sewer systems) and an action clause (e.g. different outflows from the rain
barrel). more in detail, the outlet from the SRBs was closed when the filling level at the
closest manhole was higher than a predefined height. As an initial assumption, a filling
level of 60% at the manhole was used for peak runoff reduction in the sewer system. When
the storage volume of the SRB was full, the overflow was routed into the drainage system.

First results showed that accumulated flood volume reductions of 18 — 40% can be
achieved and that the location of the smart rain barrel and the storage size are important
factors to reduce flooding. By this result emerged the capability on the rain barrels as urban
stormwater management tool and not only as optimal device for water saving, even if this
is the main purpose for which it is generally used.

Finally, the smart rain barrels could also be used to connect the central and decentral
drainage systems, by discharging outflow into the LID systems or by directly draining the

runoff into the central system.
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3.5 Conclusions

In this chapter, the development of a microscale hydrodinamic model which
combines traditional drainage infrastructures and LID system for enhancing the
implementation of tools, devices and methods related to the smart campus project, i.e. smart
water management case study at the University Innsbruck was presented.

Moreover, a global sensitivity analysis (GSA) of the model was carried out in order
to identify the most influential parameters. The model’s performances were analyzed at
four rain gardens and for four model outputs: Total Inflow, Surface Level, Storage Level
and Surface Runoff at the rain gardens. Results showed that, in terms of global sensitivity,
an important role is taken by the Depression Storage Impervious, parameter related to the
Inflow outcome, followed by the Percentage of Impervious Area. While, the findings
obtained for the other three model outputs related to the rain gardens, emerged that the Soil
Hydraulic Conductivity is one of the most sensitive parameters and it presents also the
greater degree of interaction with the other factors. Only when the Storage Level output is
considered, the Seepage Rate parameter precedes the soil hydraulic conductivity as most
influential factors.

Therefore, in agreement with the studies, discussed in chapter 2, the soil hydraulic
properties of infiltration/retention-based LID techniques, as rain garden, green roof or
permeable pavement, take an important role for the hydraulic efficiency of the systems in
terms of retention and detention of stormwater runoff. Thus, the identification of the soil
hydraulic properties for LID system is crucial in order to correctly evaluate the hydraulic
performance of such techniques. This main conclusion can be considered as useful
suggestion for designers and experts in the field which have the aims to install and/or
investigate LID full-scale implementation system. In this regard, this main conclusion was
considered during the investigation on the extensive green roof located at University of
Calabria, that will be presented in next chapter. Based on this results, in fact, the soil
hydraulic properties of the extensive green roof were evaluated in laboratory using a

simplified evaporation method.
Finally, the development of this model allowed also to elaborate the concept of an

advanced LID systems, by the modeling implementation of a smart rain barrels, which

represents a future research direction.
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Chapter 4 - Hydrological Effectiveness of an Extensive

Green Roof in Mediterranean Climate

In urban water management, green roofs provide a sustainable solution for flood
risk mitigation. Numerous studies have investigated green roof hydrologic
effectiveness and the parameters that influence their operation; many have been conducted
on the pilot scale, whereas only some of these have been executed on full-scale rooftop
installations. Several models have been developed, but only a few have investigated the
influence of green roof physical parameters on performance. From this broader context,
this chapter presents the results of a monitoring analysis of an extensive green roof located
at the University of Calabria, Italy, in the Mediterranean climate region. Moreover, a
modeling approach was used to evaluate the influence of the substrate depth on green roof
retention. To achieve this last purpose and implement the model, based on findings obtained
in the chapter 3, the soil hydraulic properties were measured in Laboratory. The findings
of this chapter are already published in Palermo et al., 2019b (Paper II), but it is also linked
with Paper Il (Piro et al., 2019a). Finally, a future research direction in terms of smart
optimization of the specific experimental site, linked to Paper V (Piro et al., 2019b) is here

briefly presented.
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4.1 Introduction

As discussed in section 2.2.1, green roof represent a source of storm water runoff
mitigation by reducing the total runoff volume, peak flow rate, and delaying peak discharge
time into the combined sewer systems.

So far several studies have analyzed green roofs (GRs) retention performance
worldwide; many of these have been conducted on a pilot scale, generally consisting of
different test beds or similar modules (Stovin et al., 2012; Buccola et al., 2011; Krebs et
al., 2016); others have been conducted on a full-scale rooftop (VVoyde et al., 2010; Carson
et al., 2013; Fassman-Beck et al., 2013). However, not all of these have analyzed the GR
behavior for a continuous monitoring period, evaluating each parameter on an event scale.

The hydraulic behavior of GRs has also been analyzed from a modeling point of
view. Numerical models have been developed using software such as the Environmental
Protection Agency (EPA)’s Storm Water Management Model (SWMM) (Krebs et al.,
2016; Peng & Stovin, 2017; Cipolla et al., 2016; Principato et al., 2019), Soil, Water,
Atmosphere, and Plant (SWAP) model (Metselaar, 2012), and HYDRUS model (Hilten et
al., 2008; Palla et al., 2012; Li & Babcock, 2015; Brunetti et al., 2016;)

From the analysis of these studies, some indicators (runoff volume reduction, peak
flow reduction, peak flow lag-time, etc.) have been used to estimate GR hydraulic
effectiveness. As discussed in chapter 2, another useful lumped parameter, crucial for
designing purposes is the subsurface runoff coefficient (SRC). In this regard, from a
literature review completed by Garofalo et al. (2016), the SRC presented a large variability
in mean value, ranging from 0.30 to 0.90. This wide range can be explained by analyzing,
for each study, the climate conditions of the GR site, the GR’s size (full-scale or pilot
system), period of data analysis, the time step resolution, and the hydraulic and physical
features.

Factors that typically influence GR water retention capacity can be grouped in two
main categories: weather conditions (length of the antecedent dry weather period,
season/climate, characteristics of rainfall event) and the GR’s physical features (number of
layers and materials, substrate depth, its hydraulic characteristics, type of vegetation,
percentage of roof covered, roof geometry, and green roof age). Being unable to intervene
in the weather conditions of the site where the installation is located, the choice of the

physical characteristics of the substrate is crucial. In this regard, many studies have
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observed that the hydraulic behavior of a GR is influenced by the substrate depth and type
(Liu & Fassman-Beck, 2017; Feitosa & Wilkinson, 2016; Soulis et al., 2017). Some of
these studies were conducted in the laboratory by considering constant rainfall data and not
real data recorded by a rain gauge, whereas others considered the results of modeling
simulations based on literature hydraulic soil properties and not real substrate hydraulic
properties.

From this broader context, the first objective of this study was to present the field
hydrological monitoring results of a specific extensive GR that has been installed at the
University of Calabria, Italy, in a Mediterranean climate. To complete this analysis, first,
one year of rainfall data (October 2015 to September 2016) recorded by a rain gauge located
on the experimental site was selected. Secondly, the corresponding runoff from the GR was
evaluated and compared with the runoff from an impervious roof, which was located at the
same site. Thirdly, to analyze the green roof’s hydraulic efficiency, the response in terms
of the SRC, peak flow reduction (PFR), peak flow lag-time (PFL), and time to start of
runoff (TSR) were determined on an event scale. The second objective of the study was to
evaluate the influence of the soil depth on the retention capacity of a substrate soil for an
extensive green roof in Mediterranean climate by considering the measured soil hydraulic
properties and varying the thickness (from 9 to 15 cm) by means of the HYDRUS-1D

model.

4.2 Materials and Methods

4.2.1 Experimental Site

The experimental green roof (Figure 4.1) was built in 2012 on the terrace of the
Department of Mechanical, Energy and Management Engineering (DIMEG), at the
University of Calabria, Italy, located 221 m above sea level in the Vermicelli Catchment.
The University is in the south of Italy in the vicinity of Cosenza (39°18° N 16°15" E), under
a Mediterranean climate condition, which is characterized by an average annual
precipitation of 881.2 mm/year and a mean annual temperature of 15.5 °C (Brunetti et al.,
2016).
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Figure 4.1: The experimental green roof (GR) located at the University of Calabria, Italy. A map of Italy, with
the location of the green roof (left), the GR experimental site (middle), and an axonometric detail stratigraphy
(right). All the figures were captured or created by the Urban Hydraulic and Hydrology Laboratory,
University of Calabria, Italy (Palermo et al., 2019b).

The green roof (GR) was built according to Italian regulation UNI 11235, and from
top to bottom consisted of:

(1) asurface layer, vegetated with three native Mediterranean species;

(2) a commercial soil substrate, called “Terra Mediterranea” (Harpo spa, Trieste,
Italy), with a maximum depth of 8 cm composed of a mineral terrain;

(3) a permeable geotextile with a weight of 105 g/m? to prevent fine soil particles
from moving into the underlying layers;

(4) a drainage layer in polystyrene foam with a water storage capacity of 11 L/m?
and a drainage capacity of 0.46 L-s"'m2;

(5) an anti-root layer consisting of a waterproof bituminous membrane with an anti-
root additive, specific for green roof installation;

(6) an additional recovery waterproof membrane in elastobituminous membrane.

In detail, as discussed in depth by Brunetti et al. (2016), the soil substrate consists of
a mineral soil with 74% gravel, 22% sand, and 4% silt and clay; it presents a measured bulk
density of 0.86 g-cm™ and 8% organic matter, which was determined in the laboratory
using the Walkley—Black method. Among the three native Mediterranean species, two are
herbaceous plants that are suited for well-drained soils (Dianthus gratianopolitanus and
Cerastium tomentosum), and one is a succulent plant (Carpobrotus edulis), which is
characterized by a high drought tolerance. More detail on the specific soil substrate
hydraulic properties are reported in the results section, where the measurements recorded

in the laboratory are provided.
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To evaluate the hydraulic efficiency of this specific stratigraphy, the outflow
collected from the GR, which is characterized by an area of 50 m? and a slope of 1%, was
compared with that discharged by an impervious roof (IR) located on the same site, which
presented an area of 40 m?. The different areas of the GR and IR were considered during
the outflow comparison analysis.

The GR water supply is guaranteed only by reusing the green roof’s outflow, which
was collected in a specific storage tank and distributed through a drip irrigation system.
This irrigation system is activated during drought periods, generally occurring in summer
when the precipitation volume for the specific climate condition is low and very high
temperatures are recorded in accordance with low values of soil moisture measured in the
soil substrate. By analyzing the whole dataset, the irrigation, actioned only during the driest
days, did not affect the runoff results.

Rainfall depth was measured every minute using a tipping bucket rain gauge with a
resolution of 0.254 mm, which was located on the roof.

The outflow rates were collected by a flow meter device, previously developed in
Lab and installed at the base of the building, which consists of a vertically developed
system, formed by a polyvinyl chloride (PVC) pipe with a sharp-crested weir. More detail
on the design phase, experimental analysis and obtained calibrated equations can be found
in Paper 111 (Piro et al., 2019a) and briefly described in section 4.2.1.1. The water level in
the device was measured by a pressure transducer (Ge Druck PTX1830, GE Measurement
& Control Solutions, Groby Leicester, UK), with a measurement range of 75 cm and an
accuracy of 0.1% of the full scale, previously calibrated in the laboratory by using a water
column to identify the relationship between the output signal in mA, obtained through a
digital bench multimeter, and the water tension h, measured by a graduated rod. The water
levels thus measured were continuously recorded in a SQLITE database system with a

resolution of 1 min.

4.2.1.1 Green roof’s flow measurement

In order to estimate the hydraulic benefits of LID solutions, an appropriate evaluation
of the outflow rate is important. Therefore, the selection of a specific flowmeter device for
LID system, which can also estimate the minimum flow rates released following small rain

events, is necessary.
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In this regard, as it is described in detail in Paper I11 (Piro et al., 2019a) to measure
the outflow rates from several full-scale LID systems, including the extensive green roof
located in the Urban Hydraulic Park at the University of Calabria, an innovative and
simple flowmeter device was previously created in the laboratory.

As shown in Figure 4.2, the “measuring pipe”, first developed in Lab and then
installed at the experimental green roof site, consists of a vertical PVC pipe DN200 with a
rectangular weir with a width (b) 12 mm. While, a system consisting of a concentric DN100
pipe, approximately 50 cm long, with openings at the bottom, was placed within the DN200
pipe to inject and dissipate the water energy mass. Moreover, to collect the water from the
surface and infiltration systems with ease, the dissipation system was connected to the top
by means of a special piece (diameter reducer DN200-DN100), thereby obtaining a total

device length of 58 cm.

- =100,

215

480

<100, -—200
- 200

Figure 4.2: a) Energy sink and measuring tube not yet assembled; b) final dimensions of two elements; ¢)
device prototype in vertical position, ready for laboratory tests (Piro et al., 2019a).

Final result of the study (Piro et al., 2019a) was the definition of the final discharge
coefficient equation [4.1] expressed as function of h/b parameter and, therefore, of the

theoretical flow rate expressed through the discharge law [4.2].
h 0.5
C, = 0.77988 — 0.017232 (;) [4.1]

n\ 05
cheoretical = S 0.77988 — 0.017232 (;) ] N 2gbh1'5 [4.2]

where h is the upstream head over weir (mm), b is the weir width (mm), and Q is

flow rate discharge by weir (I/s).
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A high correlation with R? = 99.97% was achieved when comparing the flow (Q)

obtained using equation [4.2] and that measured during the laboratory tests.

4.2.2 Data Analysis

For this study, rainfall and runoff data with one-minute time resolution that were
recorded at the experimental site between October 2015 and September 2016 were
considered.

In the first phase, from all the data collected, only the events with a precipitation
depth greater than 2 mm were selected. This assumption was supported by an analysis of
the recorded rainfall events. It was found that the 51 events (total volume around 28 mm)
with rainfall depths less than 2 mm are unlikely to produce runoff volume for the specific
site, confirming the assumption of Voyde et al. (2010). Individual events were also defined
as being separated by continuous dry periods of at least six hours (Getter et al., 2007; Voyde
et al. 2010; Stovin et al., 2012).

To consider the hydrological features of each storm event, the precipitation depth
(PD), rainfall duration (D), rainfall intensity (i), antecedent dry weather period (ADWP,
defined as the dry weather period between two independent rainfall events), and event
return period (RP, defined as the average recurrence interval between events equaling or
exceeding a specific magnitude (Shiau, 2003)), were evaluated at the event scale. To use a
more rigorously probabilistic method, the characteristics of the selected storm events were
evaluated by considering the local precipitation pattern. For the evaluation of the return
period (RP) event, the experimental rainfall events were compared with the historical
records obtained from the Regional Agency Prevention Environment in Calabria Region,
Italy (ARPACAL) (Arpacal, 2019). To consider all the rainfall events here with a duration
of more than one day, the intensity—duration—frequency (IDF) relationships were computed
by analyzing the historical records of the annual maximum series for rainfall durations of
1, 3, 6, 12, and 24 hours (1923-2012) and for rainfall durations of 1, 2, 3, 4, and 5 days
(1935-1999) according to data from the rain gauge station in Cosenza.

In the second phase, for each selected rainfall event and by using the data collected
from the flux meter devices, the corresponding total outflow rate in terms of runoff depth

(RD) from the GR and IR were evaluated. To obtain two comparable values, despite the
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two different areas of the GR and IR, it was chosen to show the results in terms of runoff
depth (mm) and not in terms of runoff flow (L/s or m%/s)

Finally, in order to determine the green roof (GR) hydraulic effectiveness, precipitation
hyetographs and corresponding hydrographs of GR and IR on event scale were elaborated
and the hydrological indicators, reported below, were estimated.

Subsurface Runoff Coefficient (SRC), expressed as percentage ratio between
the total Runoff Depth from GR (RD;) and the total Precipitation Depth (PD):

SRC[%] = <2100 [4.3]

— Peak Flow Reduction (PFR), calculated as the percentage difference between
the hydrographs peak of IR (PF,z) and GR (PFgg):

PFR[%] = 2268 . 100 [4.4]

IR

— Peak Flow Lag-time (PFL), determined as the time difference between the peak

of precipitation hyetograph (tp) and the peak of GR hydrograph (tp_,):
PFL[mln] = tPGR - tp [45]
— Time to Start of Runoff (TSR), evaluated, according to Stovin et al. (2012), as

the time difference between the start of rainfall (t,) and the time at which the

total runoff exceeded 0.01 mm (tzp>0.01mm):

TSR[min] = tgp>o0.01mm — to [4.6]

4.2.3 Soil hydraulic Properties

To evaluate the influence of the substrate depth on green roof retention capacity, a
six-month dataset (January 2016 to June 2016) was selected from a weather station that

measured the precipitation, velocity and direction of wind, air humidity, air temperature,
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atmospheric pressure, and global solar radiation. The weather station is located at the
University of Calabria, next to the experimental site (the Green Roof) cited in this chapter.
Data from the station were collected online and were processed and stored in an SQL
database. Reference evapotranspiration was calculated using the Penman—Monteith
equation (Allen et al., 1998). An average value of albedo of 0.23 was assumed considering
that the albedo for vegetated areas was 0.23 in a similar study conducted on a green roof
(Lazzarin et al., 2005).

In order to assess the hydrological response of the green roof by variating the soil
substrate depth using the HYDRUS model, the hydraulic properties of the soil materials
were investigated.

There are many methods to assess the hydraulic properties of soils in different
conditions (Arya, 2002; Dane & Hopmans, 2002). Among these, the simplified evaporation
method (Schindler, 1980) is one of the most popular. This method is based on measuring
both soil moisture and pressure head during a soil drying cycle under the effect of
evaporation. The method was developed by Wind (1969), who introduced an iterative
graphical procedure to estimate, first, the water retention curve from the average soil
moisture and pressure head readings, and to define hydraulic conductivities from measured
pressure head profile and variations in the water content distribution. Afterwards, several
authors proposed simplifications to this method (Peters & Durner, 2008; Schindler et al.,
2010a; Schindler et al., 2010Db).

In this work, the hydraulic properties of the soil substrate were measured in the
Urban Hydraulic and Hydrology Laboratory, University of Calabria, Italy using a
simplified evaporation method proposed by Schindler et al. (2010a, 2010b) using the
HYPROP® device (METER Group AG, Munich, Germany) (UMS GmbH, 2015). With
this method, two tensiometers are placed at two depths of a soil sample sitting in a sample
ring. The plane in the middle between the two tensiometers is identical to the horizontal
symmetry plane of the column. The sample is saturated with water, basally closed, and set
on a balance. The soil surface is open to the ambient atmosphere so that the soil water can
evaporate. HYPROP® (METER Group AG, Munich, Germany) measures the water
tension in two horizons of the soil sample over the evaporation process by means of two
vertical tension shafts. The changing mass of the sample over time is assessed by weighing.
The medial water content is calculated based on the mass change. This results in one

measuring value per point in time for the retention curve.
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The soil substrate of the green roof for the laboratory analysis was packed using a
stainless-steel sampling ring with a volume of 250 mL. Then, the soil sample was saturated
from the bottom before starting the evaporation test. The measurement unit and the
tensiometers were degassed using a vacuum pump to reduce the potential nucleation sites
in the demineralized water. At the end of the experiment, the sample was placed in an oven
at 105 °C for 24 h; then, the dry weight was measured. For a complete description of the
system, please refer to the UMS (UMS GmbH, 2015).

The numerical optimization procedure, HYPROP-FIT (Pertassek, et al.,2015), was
used to simultaneously fit the retention and hydraulic conductivity functions to the
experimental data obtained using the evaporation method. Fitting was accomplished using
a non-linear optimization algorithm that minimizes the sum of the weighted squared

residuals between model predictions and measurements.

The unimodal van Genuchten—Mualem model (Van Genuchten,1980) was evaluated

for the description of soil hydraulic properties:

1 .
S S— <
0= {(1+(a|h|)")m ith=0 [4.7]
1 ifh>0
_0-0,
s [4.8]
M2
L 1 .
k= ) K0 I<1 -(1- @m)> l ifh <0 [4.9]
K, ifh>0
1
m=1-1 [4.10]

where @ is the effective saturation; o is a parameter related to the inverse of the air-

entry pressure head (L™'); 6s and 6O, are the saturated and residual water contents,
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respectively (-); n and m are pore-size distribution indices; Ksis the saturated hydraulic
conductivity (L-T™!); and L is the tortuosity and pore-connectivity parameter.

4.2.4 Simulation Procedure

Based on the hydraulic properties measured by the simplified evaporation method
proposed by Schindler et al. (2010a; 2010b) using the HYPROP® device (METER Group
AG, Munich, Germany) UMS (2015), the runoff volume from a specific substrate for an
extensive green roof by considering increasing values of soil depth using the HYDRUS-
1D model was analyzed. In detail, the cumulative runoff volume from the green roof, in
response to a continuous period of six months of rainfall events, was evaluated by varying
the depth of the soil from time to time, not exceeding the maximum soil thickness of 15 cm

generally attributed to an extensive green roof (6 cm, 9 cm, 12 cm, and 15 cm).

To run a simulation by varying the soil substrate, the HYDRUS-1D model (Simtinek,
et al., 2016) was used. HYDRUS-1D is a one-dimensional finite element model that is used
for simulating the movement of water, heat, and multiple solutes in variably saturated
porous media. HYDRUS-1D implements multiple uniform (single-porosity) and
nonequilibrium (dual-porosity and dual-permeability) water flow models (Simunek et al.,
2016).

The studied green roof was interpreted as a one-dimensional, single-porosity, porous

medium system, which could be described by the Richards equation in the following form:

a0 a oh
B=2lkmZL+1]-s [4.11]

zZ

where 4 is the volumetric water content, h is the soil water pressure head (L), K(h) is
the unsaturated hydraulic conductivity (LT !), z is the soil depth (L), and S is a sink term
(L3L3T1), which is defined as a volume of water removed from a unit volume of soil per

unit of time due to plant water uptake. Feddes et al. (1978) defined S as:
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S(h) = a(h) - S, [4.12]

where a(h) is a dimensionless water stress response function that depends on the soil
pressure head h and has a range of values between 0 + 1, and S, is the potential root water
uptake rate.

Feddes et al. (1978) proposed a water stress response function, in which water uptake
is assumed to be zero close to soil saturation and for pressure heads higher than the wilting
point. Water uptake is assumed to be optimal between two specific pressure heads, which
depend on a particular plant. Feddes parameters were assumed according to the HYDRUS

database considering the vegetation as grass.

4.2.5 Numerical Domain and Boundary Conditions

The numerical domain representing the stratigraphy of the green roof consisted of
one layer. An atmospheric boundary condition was applied at the soil surface using the
precipitation and meteorological conditions measured. A seepage face boundary condition
was specified at the bottom of the layer. A seepage face boundary acts as a zero-pressure
head boundary when the bottom boundary node is saturated, and as a no-flux boundary
when it is unsaturated. The initial pressure head was assumed to be constant in the entire

domain and was set to —100 cm.

4.3 Results and Discussion

4.3.1 Rainfall Events

The whole studied period was characterized by 62 rainy events and one snowy event
(19 January 2016), which was not considered in this study (Table 4.1), for a total
precipitation depth (PD) of 1256.3 mm ranging from 2.0 mm to 120.1 mm with a mean
value of 20.3 mm. For the whole dataset and the specific climate conditions, more than half
(51.6%) of the rainfall events had a precipitation depth less than 10 mm, while 24.2% had
a precipitation depth between 10-30 mm, 16.1% had a precipitation depth between 30-50
mm, 3.2% had a precipitation depth between 50-70 mm, 1.6% (one event) had a
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precipitation depth between 70-90 mm, one event had a precipitation depth between 90—
110 mm, and one had a precipitation depth greater than 110 mm. This analysis is
representative of the specific precipitation pattern where the experimental site is located,
and therefore is affected by the Mediterranean climate condition characterized by hot and
dry summers and cool and wet winters (Garofalo et al., 2016).

Table 4.1: Hydrological characteristics of each rainfall event collected from October 2015 to September 2016
on the experimental site. PD: precipitation depth, D: rainfall duration, Mean i: mean rainfall intensity, Max i:
maximum rainfall intensity, ADWP: antecedent dry weather period, and RP: return period (Palermo et al.,

2019b).
No. Date PD D Mean i Max i ADWP RP
(dd/mm/yyyy; hh:mm) (mm) (hh:mm) (mm/h) (mm/h) (hh:mm:ss) (years)
1 07/10/2015; 07:47 42.2 15:05 2.8 121.9 - <1
2 09/10/2015; 19:21 241 16:32 15 167.6 43:40 <1
3 10/10/2015; 23:25 48.3 17:11 2.8 106.7 11:33 <1
4 15/10/2015; 08:01 6.4 04:24 14 15.2 90:45 <1
5 21/10/2015; 14:51 120.1 42:55 2.8 457 146:25 <20
6 29/10/2015; 13:10 63.3 35:32 1.8 61.0 147:25 <2
7 21/11/2015; 23:26 37.1 10:37 35 30.5 526:45 <1
8 23/11/2015; 16:30 13.0 04:19 3.0 15.2 30:28 <1
9 24/11/2015; 17:24 97.3 61:31 1.6 76.2 20:34 <3
10 28/11/2015; 08:49 2.8 01:53 1.5 15.2 25:54 <1
11 10/12/2015; 13:05 8.4 02:48 3.0 15.2 290:22 <1
12 03/01/2016; 06:04 66.3 36:28 1.8 76.2 566:10 <2
13 05/01/2016; 02:51 3.3 08:15 0.4 30.5 08:19 <1
14 06/01/2016; 05:45 24.6 24:08 1.0 30.5 18:37 <1
15 07/01/2016; 19:36 9.9 08:58 1.1 152 13:43 <1
16 12/01/2016; 19:02 6.1 08:43 0.7 30.5 110:28 <1
17 15/01/2016; 21:39 24.9 25:51 1.0 15.2 58:22 <1
18 11/02/2016; 08:01 23.4 04:54 4.8 30.5 519:58 <1
19 12/02/2016; 06:25 18.8 07:07 2.6 45.7 17:30 <1
20 12/02/2016; 23:22 74.9 35:24 2.1 76.2 09:49 <3
21 18/02/2016; 05:26 45.2 18:25 2.5 45.7 90:40 <1
22 20/02/2016; 12:15 4.6 00:48 5.7 30.5 36:24 <1
23 23/02/2016; 22:11 3.1 02:55 1.0 15.2 81:07 <1
24 26/02/2016; 03:52 10.9 19:30 0.6 30.5 50:46 <1
25 01/03/2016; 00:00 4.1 01:21 3.0 15.2 72:37 <1
26 01/03/2016; 07:19 31.0 15:33 2.0 45.7 05:58 <1
27 03/03/2016; 06:13 40.9 18:14 2.2 61.0 31:21 <1
28 07/03/2016; 06:13 7.4 14:36 0.5 15.2 77:46 <1
29 09/03/2016; 14:42 4.8 06:51 0.7 15.2 41:52 <1
30 12/03/2016; 06:27 6.1 08:03 0.8 15.2 56:54 <1
31 15/03/2016; 08:06 9.1 01:49 5.0 30.5 65:36 <1
32 16/03/2016; 14:38 27.9 20:10 1.4 30.5 29:33 <1
33 23/03/2016; 07:43 34.3 22:30 1.5 91.4 140:55 <1
34 24/03/2016; 23:08 2.8 01:15 2.2 15.2 16:55 <1
35 08/04/2016; 08:33 5.3 00:54 5.9 30.5 344:10 <1
36 08/04/2016; 21:12 2.3 02:12 1.0 15.2 11:46 <1
37 09/04/2016; 20:39 15.7 08:36 1.8 30.5 21:13 <1
38 23/04/2016; 18:12 8.1 00:36 13.5 61.0 325:01 <1
39 24/04/2016; 04:00 11.2 11:12 1.0 106.7 09:13 <1
40 25/04/2016; 04:38 2.5 02:00 1.3 15.2 13:27 <1
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Table 4.1 Cont.

No. Date PD D Mean i Max i ADWP RP
(dd/mm/yyyy, hh:mm) (mm) (hh:mm) (mm/h)  (mm/h) (hh:mm:ss)  (years)

41 25/04/2016; 12:45 8.1 05:36 15 76.2 06:07 <1
42 28/04/2016; 21:44 14.7 08:36 1.7 15.2 75:25 <1
43 01/05/2016; 11:00 3.3 07:50 0.4 15.2 52:40 <1
44 02/05/2016; 06:28 23.9 24:54 1.0 15.2 11:40 <1
45 04/05/2016; 03:49 5.3 04:00 1.3 15.2 20:25 <1
46 12/05/2016; 03:47 3.6 09:36 0.4 30.5 188:01 <1
47 14/05/2016; 19:09 35.6 21:42 1.6 61.0 53:48 <1
48 20/05/2016; 09:15 25 02:48 0.9 15.2 112:27 <1
49 13/06/2016; 01:01 2.8 03:30 0.8 15.2 564:57 <1
50 19/06/2016; 11:34 25 06:00 0.4 15.2 151:06 <1
51 24/06/2016; 03:34 7.9 01:42 4.6 15.2 106:03 <1
52 26/07/2016; 14:43 2.0 00:12 10.2 457 777:28 <1
53 07/08/2016; 13:28 8.4 10:24 0.8 15.2 286:34 <1
54 11/08/2016; 22:29 2.3 00:12 115 30.5 391:36 <1
55 23/08/2016; 14:51 22.4 22:06 1.0 76.2 280:10 <1
56 31/08/2016; 23:31 6.9 06:54 1.0 30.5 178:37 <1
57 06/09/2016; 03:44 36.3 07:12 5.0 76.2 117:21 <1
58 08/09/2016; 03:50 13.7 07:18 1.9 15.2 40:52:48 <1
59 13/09/2016; 15:29 125 02:42 4.6 91.4 124:24 <1
60 17/09/2016; 04:22 7.9 05:48 14 457 82:10 <1
61 18/09/2016; 23:19 38.9 20:48 1.9 61.0 37:10 <1
62 22/09/2016; 05:49 2.3 00:42 3.3 15.2 57:40 <1

Mean 20.3 11:47 25 40.8 129:27

Minimum 2.0 00:12 0.4 15.2 05:58

Maximum 120.1 61:31 135 167.6 777:28

Sum 1256.3

October 2015, with 340.4 mm of precipitation depth (24.2% of the total considered
period), was the wettest month, whereas July 2016, with only 2.0 mm, was the driest month
in this experimental period.

By comparing all the 62 monitored storms events in terms of total rainfall depth and
duration with the relevant intensity—duration—frequency (IDF) curves, which considered
the event return periods found using the historical data collected from the rain gauge station
in Cosenza, it emerges that most of the rainfall events fall below the one-year return period
threshold. This finding is important for the analysis of the precipitation events, and for the

subsequent evaluations of the hydraulic efficiency of the green roof.

4.3.2 Green Roof Hydrologic Effectiveness

To evaluate the hydrological performance of the experimental green roof, the runoff
volume - which was generated in response to the 62 rainfall events recorded at the

experimental site - and the hydrological indicators, were both analyzed.
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Table 4.2 reports the results obtained in terms of total runoff depth (RD) and
subsurface runoff coefficient (SRC) for each event. For peak flow reduction (PFR), peak
flow lag-time (PFL), and time to start runoff (TSR), only the results for rainfall events with
a precipitation depth (PD) greater than 8 mm are shown. In detail, the choice to evaluate
the PFR, PFL, and TSR indexes for only for some events was based on the evaluations
conducted on rainfall events with precipitation depths less than 8 mm, which were almost
completely preserved by the green roof. In this regard, having found a minimal runoff for
these events, it was difficult to identify a demarcated hydrograph peak as well as the start
of the hydrograph, which was considerably delayed. The same situation was found for event
53, which, despite having a rainfall depth of 8.4 mm, had a minimal runoff volume that was
probably affected by the long event duration and the high temperature of the period
(August), and therefore was not suitable for the analysis. Table 4.2 also reports the mean,
minimum, and maximum values for each hydrological indicator.

Table 4.2: Hydrological performance indicators for GR at event scale. PD—precipitation depth, RD—runoff

depth, SRC—subsurface runoff coefficient, PFR—peak flow reduction, PFL—peak flow lag-time, TSR—time
to start runoff (Palermo et al., 2019b).

No. Date PD RD SRC PFR PFL TSR
(dd/mm/yyyy; hh:mm) (mm) (mm) (%) (%) (min) (min)
1 07/10/2015; 07:47 42.2 20.0 47.4 65.4 6.0 17.0
2 09/10/2015; 19:21 24.1 10.8 44.8 17.9 5.0 23.0
3 10/10/2015; 23:25 48.3 31.0 64.2 13.3 2.0 10.0
4 15/10/2015; 08:01 6.4 0.4 6.3 - - -
5 21/10/2015; 14:51 120.1 100.0 83.3 28.3 9.0 30.0
6 29/10/2015; 13:10 63.3 46.4 73.3 52.6 531.0 51.0
7 21/11/2015; 23:26 37.1 13.0 35.0 83.0 468.0 200.0
8 23/11/2015; 16:30 13.0 4.2 32.3 82.0 197.0 60.0
9 24/11/2015; 17:24 97.3 79.5 81.7 44.3 207.0 10.0
10 28/11/2015; 08:49 2.8 0.4 14.3 - - -
11 10/12/2015; 13:05 8.4 1.6 19.0 95.2 168.0 15.0
12 03/01/2016; 06:04 66.3 32.7 49.3 75.5 1647.0 54.0
13 05/01/2016; 02:51 3.3 0.3 9.1 - - -
14 06/01/2016; 05:45 24.6 12.9 52.4 51.3 57.0 5.0
15 07/01/2016; 19:36 9.9 6.4 64.6 36.6 369.0 3.0
16 12/01/2016; 19:02 6.1 1.1 18.0 - - -
17 15/01/2016; 21:39 24.9 13.2 53.0 29.6 1447.0 24.0
18 11/02/2016; 08:01 23.4 4.1 175 79.7 18.0 42.0
19 12/02/2016; 06:25 18.8 111 59.0 27.6 58.0 102.0
20 12/02/2016; 23:22 74.9 56.0 74.8 22.5 8.0 5.0
21 18/02/2016; 05:26 45.2 30.4 67.3 33.6 55.0 39.0
22 20/02/2016; 12:15 4.6 0.9 19.6 - - -
23 23/02/2016; 22:11 3.1 0.1 3.2 - - -
24 26/02/2016; 03:52 10.9 4.6 42.2 73.6 13.0 42.0
25 01/03/2016; 00:00 4.1 0.7 17.1 - - -
26 01/03/2016; 07:19 31.0 19.9 64.2 32.1 49.0 73.0
27 03/03/2016; 06:13 40.9 29.4 71.9 41.3 1280.0 154.0
28 07/03/2016; 06:13 7.4 2.1 28.4 - - -
29 09/03/2016; 14:42 4.8 0.9 18.8 - - -
30 12/03/2016; 06:27 6.1 1.6 26.2 - - -
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Table 4.2 Cont.

No. Date PD RD SRC PFR PFL TSR
(dd/mm/yyyy, hh:mm) (mm) (mm) (%) (%) (min) (min)
31 15/03/2016; 08:06 9.1 3.8 41.8 44.9 124.0 3.0
32 16/03/2016; 14:38 27.9 19.4 69.5 41.6 897.0 73.0
33 23/03/2016; 07:43 34.3 16.1 46.9 74.5 9.0 26.0
34 24/03/2016; 23:08 2.8 0.1 3.6 - - -
35 08/04/2016; 08:33 5.3 0.3 5.7 - - -
36 08/04/2016; 21:12 2.3 0.0 0.0 - - -
37 09/04/2016; 20:39 15.7 5.8 36.9 86.5 8.0 11.0
38 23/04/2016; 18:12 8.1 1.8 22.2 92.9 11.0 15.0
39 24/04/2016; 04:00 11.2 29 259 62.1 4.0 10.0
40 25/04/2016; 04:38 25 0.2 8.0 - - -
41 25/04/2016; 12:45 8.1 4.2 51.9 73.3 1.0 4.0
42 28/04/2016; 21:44 14.7 5.8 39.5 * 521.0 108.0
43 01/05/2016; 11:00 3.3 0.3 9.1 - - -
44 02/05/2016; 06:28 23.9 16.9 70.7 72.8 1253.0 399.0
45 04/05/2016; 03:49 5.3 1.3 24.5 - - -
46 12/05/2016; 03:47 3.6 0.0 0.0 - - -
47 14/05/2016; 19:09 35.6 23.3 65.4 38.3 512.0 132.0
48 20/05/2016; 09:15 25 0.0 0.0 - - -
49 13/06/2016; 01:01 2.8 0.0 0.0 - - -
50 19/06/2016; 11:34 25 0.0 0.0 - - -
51 24/06/2016; 03:34 7.9 0.2 2.5 - - -
52 26/07/2016; 14:43 2.0 0.0 0.0 - - -
53 07/08/2016; 13:28 8.4 0.2 2.4 - - -
54 11/08/2016; 22:29 2.3 0.0 0.0 - - -
55 23/08/2016; 14:51 22.4 7.2 321 93.0 5.0 1.0
56 31/08/2016; 23:31 6.9 0.0 0.0 - - -
57 06/09/2016; 03:44 36.3 13.4 36.9 * 34.0 28.0
58 08/09/2016; 03:50 13.7 51 37.2 74.2 324.0 5.0
59 13/09/2016; 15:29 12.5 44 35.2 89.5 8.0 3.0
60 17/09/2016; 04:22 7.9 0.4 5.1 - - -
61 18/09/2016; 23:19 38.9 20.9 53.7 19.0 16.0 45.0
62 22/09/2016; 05:49 2.3 0.0 0.0 - - -
Mean (**) 20.3 111 32.0
Minimum (**) 2.0 0.0 0.0
Maximum (**) 120.1 100.00 83.3
Sum (**) 1256.3 689.7
Mean (***) 325 19.4 50.4 56.0 294.9 52.1
Minimum (***) 8.1 1.6 17.5 13.3 1 1
Maximum (***) 120.1 100 83.3 95.2 1647 399
Sum (***) 1137.0 678.2

* Due to an interruption of the sensor signal, it was not possible to evaluate the runoff from the conventional
roof (IR); thus, the result in terms of PFR was not evaluated; ** Values evaluated considering the whole
dataset (62 rainfall events); *** Values estimated by excluding the storm events with rainfall depth less than
8 mm and the rainfall event 53.

By analyzing the results in Table 4.2, it was found that the SRC exhibits a high
variability, ranging from 0% to 83.3% with a mean value of 32.0% when the whole dataset
(62 storms event) was considered; meanwhile, it ranges from 17.5% to 83.3% with a mean
value of 50.4% for storm events with rainfall depths more than 8 mm (26 events) and

excluding event 53, too. In this regard, this increase of the mean value of SRC is due to the

76



Chapter 4 - Hydrological Effectiveness of an Extensive Green Roof in Mediterranean Climate

exclusion by the average evaluation of 27 storm events, which were almost totally retained
by the green roof, and are the same events that are not considered also for the other indexes
(PFR, PFL and TSR). This first result, in accordance with a previous study carried out for
an extensive green roof in Mediterranean climate (Cipolla et al.2016) and fully falling
within the range of the variation mentioned in Section 4.1 (30-90%), confirms the good
response of the specific GR, but simultaneously highlights how the SRC index is strongly
influenced by weather conditions. For example, by comparing two events with different
rainfall depths, such as Event 9 (PD = 97.3 mm) and Event 18 (PD = 23.4 mm), the SRC
values were 81.7% and 17.5%, respectively. Two events with similar rainfall depths, such
as Event 7 (PD = 37.1 mm) and Event 27 (PD = 40.9 mm), produced SRC values of 35.0%
and 71.9%, respectively. These differences in SRC given similar precipitation can be
understood by observing the antecedent dry weather period (ADWP) of the two events,
which affects the initial soil moisture condition and therefore the soil retention capacity.
Event 7, with a retention of 65.0% (SRC = 35.0%), occurred after more than 20 continuous
dry days, whereas when Event 27 happened, at the beginning of the event, the soil substrate
had a reduced retention capacity due to the short ADWP (just over one day); therefore, this

results in a higher SRC than Event 7.

A similar conclusion can be reached by observing the other three indices (PFR, PFL,
and TSR) in Table 4.2. It was found that PFR, PFL, and TSR - with mean values of 56.0%,
294.9 min, and 52.1 min, respectively - were highly variable, and principally associated

with the climate condition before the beginning of the storm events, and therefore, with the

initial humidity of the soil.

By considering the results in Figure 4.3, which show the regression plots
(significance level equal of 0.5) estimated for selected hydrological parameters, it is noted
a linear strong relationship (R? = 0.95) between RD and PD (Figure 4.3a) and a logarithmic
relationship (R% = 0.77) between SRC and PD (Figure 4.3b). By analyzing the Figure 4.3a,
it was found that RD tended to be 0 to 10 mm for PD values lower than 20 mm, whereas
Figure 4.3b shows SRC values ranging between 75-85% for PD greater than 70 mm, and
a significant variation in the SRC value for PD less than 10 mm, principally depending on
the ADWP.
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All these findings confirm the findings reported in the literature (Stovin et al., 2012;
Garofalo et al., 2016), which identified ADWP as a significant determinant of hydrological
performance. This specific hydrological parameter, which ranged from around 6 hours to
more than 777 hours in this study (Table 4.1), significantly affects the substrate moisture
conditions and thus the green roof hydrological response in terms of SRC, PFR, PFL, and
TSR indexes.
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Figure 4.3: Regression plots (significance level = 0.05) for selected key parameters, by using all the rainfall
events: (a) runoff depth (RD) as a function of precipitation depth (PD) and (b) subsurface runoff coefficient
(SRC) as a function of precipitation depth (PD) (Palermo et al., 2019b).

All the results that were analytically evaluated in terms of runoff volume, rainfall
intensity, and hydrological indexes, provided excellent feedback, as shown in Figure 4.4,
where hyetographs and corresponding hydrographs of the GR (black line) and the IR (grey
color) are shown for eight selected rainfall events. These storms events were selected to
cover a wide range of precipitation depths, durations, and antecedent dry weather

conditions.

The events shown in Figure 4.4 confirm the hydrological efficiency of the
experimental green roof in terms of runoff volume reduction and peak hydrograph
mitigation compared to the conventional roof, and the delay in peak flow compared with

the hyetograph.
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Figure 4.4: Hyetographs and corresponding green roof (GR) and impervious roof (IR) runoff hydrographs
for eight selected rainfall events: (a) 7 October 2015 (total precipitation depth (PD) = 42.2 mm and total green
roof runoff depth (GR-RD) = 20.0 mm); (b) 29 October 2015 (PD = 63.3 mm and GR-RD = 46.4 mm); (c)
03 January 2016 (PD = 66.3 mm and GR-RD = 32.7 mm); (d) 15 January 2016 (PD = 24.9 mm and GR-RD
= 13.2 mm); (e) 12 February 2016 (PD = 18.8 mm and GR-RD = 11.1 mm); (f) 01 March 2016 (PD = 31.0
mm and GR-RD = 19.9 mm); (g) 16 March 2016 (PD = 27.9 mm and GR-RD = 19.4 mm); (h) 23 March
2016 (PD = 34.3 mm and GR-RD = 16.1 mm) (Palermo et al., 2019b).
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4.3.3 Soil Hydraulic Properties

The soil hydraulic properties of the soil substrate measured with the evaporation
method are shown in Figure 4.5. The measured soil water retention curve (SWRC) is well
described across the entire water content range (blue points in Figure 4.5a), whereas the
measured points of the hydraulic conductivity function (blue points in Figures 4.5b and
4.5c) are concentrated in the dry range between 10-30% of the volumetric water content.
The measured data were imported into HYPROP-FIT (METER Group AG, Munich,
Germany) software to fit the analytical hydraulic property functions.

Retention 0(pF) . Conductivity K(pF)
= T E
60 E \
= | ; |
55 R ‘ |
F b\ ‘ 2 |
50
45 : | ' \
= E | o-f \
w9 | ) 8 \
e 5 ‘ E 1t |
< — -
Qo E T 24 F 4.2
L % E \ ¥; E }p
® \ g B
25 = E
3 s \ 2 af |
S o \ 3 l
15 \ 51
F \
10 E ‘ 61 O  Measured
E 9 Meanuad F | —— Unimodal !
5 E Inimodal G-I [
OEALAII‘ 3"111‘xxxlxxxllxxlx
2 0 2 4 6 -2 0 2 4 6
a) PF I b) PF [
Conductivity K(6)
4 -
3
2
14
o-f
T E
£ -
A E
g 2L
° E
o 2T
o E
4 -
s
61 o Measured
F —— Unimodal
7
.8 : 1 1 1 T 1 1 1 T 1 1 1 T
0 20 40 60
C) vol. water content [%]

Figure 4.5: (a) The soil water retention curve showing the volumetric water content (6) versus pF (decimal
log of tension, expressed as pressure head in the unit of cm); (b) the conductivity curves showing the log of
the hydraulic conductivity (K) versus pF, and (c) the log of hydraulic conductivity versus volumetric water
content (0) (Palermo et al., 2019b).
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The unimodal van Genuchten Mualem model (VGM) (Van Genuchten,1980) was
fitted (Figure 4.5, black line). The root mean square error (RMSE) values for retention and
conductivity functions were 0.01 cm®*m > and 0.16 log K, cm/day, respectively.

The hydraulic properties obtained by fitting the van Genuchten Mualem model and
their limit of confidence are described in Table 4.3, where « is a parameter related to the
inverse of the air-entry pressure head (L '); 65 and &, are the saturated and residual water
contents, respectively; n is a pore-size distribution index; Ks is the saturated hydraulic

conductivity (LT !); and | is the tortuosity and pore-connectivity parameter.

Table 4.3: Estimated soil hydraulic parameters. 6r, residual water content; 0s, saturated water content; a,
inverse of the air-entry pressure head; n, pore-size distribution index; and I, tortuosity (Palermo et al., 2019b).

Parameter Value Lower Limit Upper Limit Unit of Measure
Or 0.00 0 0.07 cmicm3
Os 0.58 0.57 0.59 cmicm3
17 0.09 0.07 0.11 cm™?
n 1.25 1.20 1.32 -
Ks 3000 0.00 4000 cm day*
I 0.5 - - -

The model used indicates a soil characterized by a very high permeability, which
corresponds well with the textural composition of the GR substrate. This characteristic is
well suited for green roof substrates, which must guarantee fast drainage and avoid water
ponding on the surface, even during intense precipitation. Narrow confidence intervals for
parameters indicate high confidence in their estimation, whereas a huge range in the
estimation of Ks indicates that the evaporation method is not accurate for the determination
of the hydraulic conductivity near saturation, and this is reflected in the estimation of K.
To improve the accuracy in the estimation of the hydraulic conductivity near saturation,
other methods and devices should be used such as Ksat (UMS GmbH, 2012) based on the

Darcy experiment.

4.3.4 Green Roof Hydraulic Behavior for Different Soil Depths

As stated above, the hydraulic parameters of the soil substrate were used in
HYDRUS-1D to describe the hydrological behavior of the green roof with different soil
depths.

Cumulative inflow and outflow fluxes of the green roof are reported in Figure 4.6.

By increasing the soil substrate depth, the green roof was able to reduce the total runoff
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volume from 22% to 24% in response to the same total precipitation during the considered
period.
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Figure 4.6: Cumulative rainfall and cumulative modeled runoff for different values of soil depth (H) by
considering a six-month dataset (January—June 2016) (Palermo et al., 2019b).

The steep gradients in the cumulative outflow indicate that the green roof responded
quickly to precipitation. This aspect is directly related to the limited thickness of the
substrate, which reduces the possible delay.

During simulations, mass balance errors were always below 1%, which is generally
considered acceptable at these low levels.

As shown in Figure 4.6, the outflow volume reduction achieved by doubling the soil
substrate depth under the same climate conditions was not significant. This result, which
confirms the findings of Feitosa and Wilkinson (2016), can be justified by observing that
the six-month dataset used for these simulations was obtained in winter and spring, where
evapotranspiration is not predominant. Based on these findings, since the adoption of a
deeper soil depth does not contribute to a significant increase in the retention capacity, it
would only represent a structural overloading, while a substrate depth of six centimeters

would be an ideal soil depth for extensive green roofs.
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4.4 Future Perspective: GR and RHW from a Smart and Innovative Point

of View

Evaluated the hydrological effectiveness of the extensive green roof located at
University of Calabria, by considering experimental analysis and modeling investigation,
in this section a future research challenge is discussed. The idea, here presented, is already
presented in the Paper V (Piro et al., 2019b) published and annexed to this thesis.

The integration of Green Roof (GR) and RainWater Harvesting (RWH) system,
like in the case of the experimental site of University of Calabria, allows considerable
benefits in terms of rational management of water resource. Furthermore, different studies
have considered the RWH systems as a good strategy to limit environmental impacts that
the on-going urbanization produce on the drainage network and receiving water bodies, but
only few have analyzed these ones as smart objects for an integrated management of the
water resource.

Therefore, an innovation in the field of Urban drainage is look at the single
techniques GR and RWH as smart objects, optimizing them with ICT technologies, based
on the 10T (Internet of Things) paradigm.

A new aspect, in fact, could lie in the integration of GRs and RWH techniques
through a complex network equipped with: sensors, which allow rapid quantitative
assessments from a hydraulic, energy and environmental point of view; regulators or
actuators, able to modify the processes in progress; transducers that allow the conversion
of the data detected in command; control units that report the variables to the pre-
established threshold values.

According on what was previously discussed about Green Roof experimental site
of University of Calabria, the rainwater collected in the storage tank is re-introduced
through the irrigation system at fixed time and in quantity set by the operator of the
experimental site. The optimization of this system could be achieved by considering the
smart automation through the estimation of water content and the evaluation on the
wheatear situation. More in detail, when the water content, monitored by specific sensors
dislocated within the layers of the green roof, falls below a threshold value that causes the
plant water stress, the smart system sends a command to activate the irrigation withdrawing
the water from the storage tank in the needed rates to re-reach the appropriate water content.

The Weather Station located at the experimental site offers also the opportunity to make
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preventive estimates, based on the rainfall regime and solar radiation recorded on the site,
S0 as to better calibrate the operation of the irrigation system.

Through these innovative strategies, in fact, not only a hydraulic benefit would be
obtained, optimizing the reuse of the rainwater and reducing the flow to the drainage
system, but also a thermo-energetic one. The activation of the irrigation system could also
be carried out following the temperature measurements in the rooms below in order to

improve the summer thermal comfort of the building.

4.5 Conclusions

Green roofs may be a solution for minimizing the impact of urbanization on the
hydrologic cycle. Given the important role they play in the mitigation of urban flooding
several studies have focused on the analysis of their hydraulic behavior.

In this study, a field monitoring campaign for one year on a full-scale extensive
green roof was conducted. Hydrological indices (subsurface runoff coefficient, peak flow
reduction, peak flow lag-time, and time to start runoff) were estimated on an event scale,
and possible correlations between these indicators and hydrological features of storm
events were evaluated. The findings showed that the subsurface runoff coefficient (SRC)
ranges from 17.5% to 83.3% with an average value of 50.4% for the rainfall events with a
precipitation depth more than 8 mm (35 rainfall events) and by excluding Event 53, which
presents an average value of 32.0% for the whole dataset (62 rainfall events). This result,
which is evaluated by considering an event scale analysis, falls in the range (around 30—
90%) evaluated in literature (Garofalo et al., 2016) under different climate conditions and
temporally scales. In addition, as the subsurface runoff coefficient is an extremely useful
index to quantify the hydraulic efficiency of a green roof, this finding confirms the optimal
retention capacity of the experimental green roof in the Mediterranean climate. Therefore,
the average value of the subsurface runoff that was obtained in this study for the specific
green roof can be taken into account during preliminary design choices for the construction
of green roofs in Mediterranean climate conditions.

Finally, to evaluate the influence of soil thickness on the hydraulic behavior of a
green roof, the HYDRUS 1D model was used to consider green roofs with soil depths of 6
cm, 9 cm, 12 cm, and 15 cm. The results obtained in this phase show how the considered

substrate depths for green roofs were able to achieve a runoff volume reduction of 22% to
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24% during the selected period for the Mediterranean climate conditions without observing
flow over the top surface of the soil. These findings are in accordance with the literature
(Feitosa and Wilkinson, 2016), which may be explained by the dataset used in these
simulations being obtained during winter and spring where evapotranspiration, one of the
key factors reducing storm water in the hydrological cycle, was not predominant. Thus, in
the field of extensive green roofs, as the outflow volume reduction achieved by increasing
the soil depth was not significant, the ideal depth for soil substrate would be six centimeters.
Finally, since the outflow volume reduction achieved by doubling the soil substrate depth
under the same climate conditions is not significant, the maximum depth of 15 cm is not
recommended for adoption considering the structural overloading.

Future research challenge is look at the single techniques green roof and rainwater
harvesting, located at University of Calabria, as smart objects, optimizing their benefits by
ICT technologies, based on the 10T (Internet of Things) paradigm.

Following this study and based on the findings obtained at building scale, next
chapter was focused on the analysis of hydrological effectiveness of Low Impact

development solutions at large-urban scale in a south Italian case study.
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Chapter 5 - On the LID systems effectiveness for urban
stormwater management at large scale: case study in

Southern Italy

Starting from the analysis on the hydrological behaviour of a single LID unit,
discussed in the previous chapter, in this section the hydrological effectiveness of Low
Impact development (LID) solutions at large scale, by modeling a highly urbanised area
located in South Italy, is presented. For the model creation and simulation, PCSWMM was
used. The analysis was carried out by considering different land use conversion scenarios
including the implementation of LID practices. The model has the aim to be a predictive
tool to understand the effect of the implementation of different percentage of LID systems
on urban stormwater management, by evaluated three hydrological performance indexes
(Runoff Coefficient, Runoff Reduction and Peak Flow Reduction). Given the unavailability
of real runoff data at the site specific, and to reduce the uncertainty, the model was
developed by considering topographical data, land use classification and data on the
existing stormwater system, already investigated in a previous study, as well as for the LID
parameters, the specific green roof and permeable pavement implemented at University of
Calabria were taken into account. This chapter is linked to Paper VI (Palermo et al., 2020a)

annexed to this dissertation.
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5.1 Introduction

To enhance the environmental quality and restore the exosystemic balance affected
by urbanization and climate change, sustainable solutions and assessment methodologies
at different spatial scale (urban, peri-urban, watershed, and so on) are become a priority,
and in this direction several studies have been carried out (Razdar et al., 2010; Javadinejad
et al., 2014; Talarico et al., 2018).

Focusing on urban environment, the highly imperviousness led a drastic change in
the natural hydrological cycle components with consequences in terms of reduction of
infiltration and evapotranspiration as well as increase of runoff volumes. Therefore, during
extreme stormwater events such volumes can overload the sewer systems causing local
floods (Piro et al., 2019a).

In this scenario, as stated above, is relevant to find solutions to reduce the impacts
(Razdar et al., 2010) and the implementation of decentralized stormwater controls, also
known as LIDs (Low Impact Development), whose investigation on hydrological benefits
is the main objective of this dissertation, can provide a promising answer to the current
environmental challenges.

Specifically, green roofs and permeable pavements, largely investigated, have been
considered among the most efficient strategies in terms of urban flooding risk mitigation,
water quality enhancement, and urban heat islands reduction (Fassman & Blackbourn,
2010; Berndtsson, 2010; Li et al., 2014; Vijayaraghavan, 2016; Maiolo et al., 2017; Turco
et al., 2018; Kuruppu et al., 2019).

Therefore, based on this framework, and after the analysis conducted in the previous
chapter on the hydrological behaviour of a single LID unit, the main objective of this
section is to analyze how the implementation of Low Impact Development systems (LIDs)
can contribute to mitigate the effect of climate change and urbanization in terms of surface
runoff reduction and, consequently, urban flooding risk mitigation at large urban scale.

To achieve this main objective, the hydrological response of a small selected urban
area of Municipality of Paola in Calabria Region - located in Southern Italy — under
Mediterranean climate condition, was investigated by considering different LIDs
conversion scenarios. In this regard, a modeling implementation of the Green Roofs and
Permeable Pavements, installed at University of Calabria, was carried out by using the
PCSWMM software (CHI PCSWMM).

92



Chapter 5 - On the LID systems effectiveness for urban stormwater management at large scale: case study in Southern Italy

5.2 Materials and Methods

5.2.1 Study Area

A highly urbanized area of an urban catchment (catchment of San Domenico Creek)
located in the municipality of Paola in Calabria Region (Italy) in Mediterranean Climate
Region, was selected as test site for modeling the land use conversion scenarios.

In this area the stormwater management is achieved by a combined sewer network
consisting of different conduits in terms of section and materials. More specifically, based
on the detailed information of a previous study (Palermo, 2018), the concrete conduits have
sections of 350x450mm, 400x400mm e 450x450mm, while the circular ones in stoneware
material have diameters of 200 mm and 300 mm.

The residential area, here considered, with a total surface of around 7.6 ha, presents
a grade of imperviousness of 96.0%. The analysis of land use data, carried out on the base
of regional cartography and aerial photographs, illustrated in Table 5.1, shows that the
study area consists of 28.9% of rooftops and 67.1% of roads, parking lots and others

impervious surfaces; only a small portion, 4.0% of the total surface, is covered by green

spaces.
Table 5.1: Land use of the selected area (Palermo et al., 2020a).
Land use Area
ha %
Rooftop 2.2 28.9
Parking lot, roads and other impervious 51 67.1
Total Impervious 7.3 96.0
Green Area 0.3 4.0
Total Pervious 0.3 4.0
Total Areas 7.6 100.00

This landscape analysis reveals as the area, almost totally covered by impervious surfaces,
can be a suitable site for Low Impact Development (LID) systems implementation for urban

stormwater management.

5.2.2 LID Simulation Scenarios

To assess the hydrological effectiveness of LID systems for urban stormwater

management, Green Roofs (GRs) and Permeable Pavements (PPs) are the LID systems
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selected to model the response of the urban area under different conversions scenarios,

described below.

() Scenario 0O is the reference scenario, implemented based on the current land use
data, in order to investigate the impact of the LID implementation;

(i)  Scenario 1 consists in the replacement of 30% of conventional rooftop area with
Green Roofs and in the installation of Pemeable Pavements on the 30% of
impervious surfaces (excluding roads opened to traffic);

(iif)  Scenario 2, where 60% of conventional roofs are substituted with Green Roofs and
60% of impervious areas (excluding roads opened to traffic) with Pemeable
Pavements;

(iv)  Scenario 3 considers the implementation of Green Roofs on all rooftops, and the
replacement of 100% of impervious surfaces (excluding roads opened to traffic)

with Pemeable Pavements.

5.2.3 Model Development

To simulate the hydrological response of urban catchment a dynamic rainfall-runoff
simulation model PCSWMM (CHI-PCSWMM), based on the EPA-SWMM version
5.1.012 (Rossman, 2015), was used. This choice was carried out based on the results of
other studies, which confirm the suitability of SWMM to assess the LID performances and
to support their implementation at catchment scale (Palla & Gnecco, 2015; Ahiablame &
Shakya, 2016).

The model was built considering topographical data, land use classification and data
on the existing stormwater system, already investigated in a previous study (Palermo,
2018). To obtain a detailed model, and improve the previous one, the study area of around
7.6 ha was divided into 26 subcatchments, defined in function of land use and homogeneous
properties (the surface slope, area, etc.). More in detail, based on the land use analysis, for
each subcatchment, before the modeling implementation, the land use features in terms of
pervious and impervious area were defined. In function of this analysis for each
subcatchment the Curve Number parameter (-), the Depression Depth value (mm), n
Manning coefficient (s/m*") were chosen, and then considered with the others geometrical

data (area, width, slope, etc.) as input subcatchment parameters to implement the model.

94



Chapter 5 - On the LID systems effectiveness for urban stormwater management at large scale: case study in Southern Italy

The Soil Conservation Service (SCS) Curve Number (CN) method was considered
for the infiltration method and the flow routing computations were based on the Dynamic
Wave Equations. The drainage network was defined in agreement with the data retrieved
from the design plans in terms of conduit length, section and material (Palermo, 2018).
Based on this, the implemented model consists of 26 subcatchments, 28 Conduits, 28
Junctions Nodes, and 1 Outfall node. This model is representative of the existing system
configuration, i.e. the reference scenario (Scenario 0) of this study.

To simulate the hydrological response of this urban area with the implementation
of LID solutions (Scenario 1,2,3), the model, previous defined, was integrated with the use
of the LID Control Editor; this is an additional SWMM module developed to simulate the
hydrological behaviour of source control solutions as bio-retention cell, rain gardens, green
roof, infiltration trench, permeable pavement, rain barrel, rooftop disconnection, vegetative
swale (Rossman, 2010).

In this study green roof and permeable pavement modules were selected. To assign
the properties for each layer, required by the LID Control section, the stratigraphy features
and the physical parameters (based on previous laboratory test measurements) of the green
roof and the permeable pavement located at University of Calabria were considered. More
detail, the features of these two LID solutions can be found in chapter 4 of this dissertation
(linked to Paper 11, Palermo et al., 2019b), as well as in the studies carried out by Piro et
al., (2019b); Brunetti et al., (2018).

For the hydrodynamic simulation, synthetic Chicago hyetograph was used. The
rainfall duration was assumed 30 min and the time-to-peak-ratio 0.4. The hyetograph was
defined based on the parameters of the Intensity—Duration-Frequency relationship
computed by the analysis of historical records (1945 — 2005) obtained from the Regional
Agency for Prevention, Environmental in Calabria Region (Arpacal, 2018) by considering

the rain gauge station of Paola.

5.2.4 Hydrological Performance Indexes

The response of each scenario was evaluated in terms of runoff coefficient (RC),
runoff reduction (RR), and peak flow reduction (PFR). These values were estimated for
each subcatchment and the mean values for each index were calculated in order to analyze

the overall result.
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The Runoff Coefficient for each scenario (RCo, RCy, RC2, RC3) was expressed as
percentage ratio between the total Runoff Depth in mm (RDo, RD1; RD2; RD3) and the total
Precipitation Depth in mm (PD).

Table 5.2: Equations used to evaluate the Runoff Coefficient for each scenario (Palermo et al., 2020a)

SCENARIO 0 SCENARIO 1 SCENARIO 2 SCENARIO 3
RC, = Do 100 RC, = Dy 100 RC, = D, 100 RC, = RDs 100
" PD ) 2 PD *PD

While, the Runoff Reduction (RRo-1, RRo-2, RRo-3)) was estimated as the percentage
difference between the total Runoff Depth of Scenario 0 (RDo) and the corresponding total
Runoff Depth of the other conversion scenarios (RD1; RD2: RD3).

Similarly, the Peak Flow Reduction (PFRo.1, PFRo-2, PFRo-3) was evaluated as the
percentage difference between the hydrograph peak of Scenario 0 (PFo) and the

corresponding hydrograph peak for each LID conversion scenarios (PF1, PF2, PF3).

Table 5.3: Equations used to evaluate the surface Runoff Reduction (RR) and Peak Flow reduction
(PFR) obtained by comparing Scenario 0 with the other Scenarios (1,2,3) (Palermo et al., 2020a)

SCENARIO 0 vs SCENARIO 1 SCENARIO 0vs SCENARIO 2 SCENARIO 0 vs SCENARIO 3

RRy_, = Do~ RD1 159 RR,_, = D0 —RDz 159 RRy_, = 2P0 —RDs 459
T RD 2 RD, =3~ RD,
PFO_PFI PFO_PFZ PFO_PF3
PFRo-y = —pp— 100 PFRy- = —pp— 100 PFRy-s = —5p— 100

5.3 Results and Discussion

5.3.1 Numerical Model

As specified in section 5.2.3, the model was developed by considering topographical
data, land use classification and information on the existing stormwater system. The final
model configuration (Figure 5.1) presents the entire study area divided into 26
subcatchments, defined in function of land use and homogeneous properties (the surface
slope, area, etc.).

The introduction of different percentage of LID units aims at improving the infiltration
capability of the selected area reducing the surface runoff.
By analyzing Figure 5.1, and specifically the Scenario 0 model configuration

(Figure 5.1a), it was possible to observe the high imperviousness percentage of this
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urbanised area: 22 subcatchments present an imperviousness more than 90%. While, by
implementing the different LID scenarios, it was detected a great reduction of
imperviousness until to reach the optimal and final condition related to scenario 3 (Figure

5.1d) where the majority of the subcatchments have an imperviousness less than 40%.
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Figure 5.1: PCSWMM final model configuration. (a) Scenario 0; (b) Scenario 1; (c) Scenario 3; (d) Scenario
4,

5.3.2 LIDs hydraulic efficiency at large-scale

To assess the LIDs hydrological effectiveness, the results were evaluated in terms
of outflow for the reference condition (Scenario 0) and those ones obtained for the

conversions scenarios (Scenarios 1,2,3).
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More in detail, first the total Runoff Depth (RD) and the Peak Flow (PF) were
estimated at subcatchment scale for each conversion scenario (Figure 5.2). For both cases,
the bar-graphs confirm the good performance of the LID systems, by showing how the RD
and PF values reduced to the increase of LID percentages in the urban area.

Therefore, based on the data of all subcatchments, the three Hydrological
Performance Indexes (RC, RR, PFR) were evaluated at subcatchment scale (Figure 5.3),
and then average values calculated in order to analyze the overall result (Table 5.4).

Specifically, by observing Figure 5.3, it is possible to detect the range of variation
of the three Hydrological Performance Indexes.

Table 5.4. Rainfall Depth and Average Values of Performance indexes (Palermo et al., 2020a)

Scenario 0 Scenario 1 Scenario 2 Scenario 3
Rainfall depth (mm) 33.5 33.5 33.5 33.5
Average RC (%) 98.1 72.6 53.0 36.4
Scenario 0 vs Scenario 0 vs Scenario 0 vs
Scenario 1 Scenario 2 Scenario 3
Average RR (%) 25.9 45.8 62.8
Average PFR (%) 31.4 59.3 83.8
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Figure 5.2. Total Runoff Depth (mm) and Peak Flow (I/s) for each subcatchment by comparing all
scenarios (Palermo et al., 2020a).

The values reported in Table 5.4 reveal the suitability of the LIDs to improve

retention capacity of a highly urbanised area.
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The RC average value decreases from 98.1% in the condition of almost total
imperviousness to 36.4% in Scenario 3, obtaining also good results for the inter-medium
scenarios. RC values of 25.5% and 45.1% less than the Scenario 0 were observed for the
Scenario 1 and 2, respectively. While the Runoff Reduction (RR) and Peak Flow Reduction
(PFR) present a linear increase of their values with the reduction of the impervious surfaces,
simulated from scenario 1 to scenario 3.

More in detail, the implementation of GR and PP on the 30% of the corresponding
impervious surface (as specified above) allow a runoff reduction of 25.9 % and a peak
reduction of 31.4%. Although the imperviousness change is limited to only this percentage
(30%), a good result was achieved by the implementation of the specific GR and PP in
Mediterranean climate condition.

As expected, more high performances have been reached in the second and third
scenarios, where the percentage of LID reached 60% and 100%, respectively, and the RR
and PFR reached values of 45.8% and 59.3% for scenario 2 and 62.8% and 83.8% for the
last one.
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Figure 5.3. Comparison of the Hydrological Performances Indexes evaluated on a subcatchment
scale for different conversion scenarios (Palermo et a., 2020a).
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All findings, here presented, confirm the suitability of LID solutions for the surface
runoff mitigation in terms of volume and hydrographs peak for all three LID conversion
scenarios.

By analysing the modeling results emerges the role of LID practices to restore the
component of natural hydrological cycle at the urban scale. And, even if, practical and
economic considerations are needed to select the optimal LIDs distribution, this study
demonstrates that also a small change of imperviousness, considered for example for the
Scenario 1, can enhance the hydrological response of an urban catchment.

5.4 Conclusions

To evaluate the hydrological performances of LID systems, in this study the
hydrological response of a highly urbanised area located in Southern lItaly has been
simulated under different LID conversions scenarios.

The selected area was modelled by using PCSWMM. A specific permeable
pavement and green roof, developed at University of Calabria, have been considered for
the modeling implementation by the LID modules in PCSWMM.

Modeling results confirm the suitability of these LID solutions to reduce surface
runoff and, therefore, urban flooding risk. More in detail, the findings reveal that this
beneficial effect can be reached by converting also only a small percentage of the
impervious surfaces. Considering that practical and economic conditions could limit the
implementation of these sustainable practices in urban area, this can be considered a
relevant finding.

In conclusion, the LID strategy achieves a sustainable management of urban
drainage network, limiting the environmental impact due to urbanization and climate
change.

Future investigation will take into account the response of the same area under
different rainfall event and by considering others combination of LID systems not only in

terms of percentage distribution, but also in terms of different design systems.
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Chapter 6 — On the use of New Mathematical
Optimization Approaches for LID Systems

By considering all of the findings, previous achieved by experimental and modeling
investigation, it emerged that many aspects related to LIDs design and operation, as well
as the choice of the facility and its location can affect the results in terms of hydraulic
efficiency. In this regard, a mathematical optimization approach to consider several aspects
together could be a suitable tool for designers of LID systems and experts in the field.
Therefore, in this chapter the application of Multi-Objective Mathematical Optimization
approaches is considered as additional tools for the analysis of essential attributes to
optimize the LID, providing a baseline for decision-making. More in detail, the
optimization of rainwater harvesting systems by using TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) and Rough Set method as Multi-Objective
Optimization approaches was carried out by analyzing different literature case studies. The
results obtained by the application of these methods to the Rainwater Harvesting (RWH)
system, already published (Paper VIII: Palermo et al., 2020b), are presented in this chapter.
Moreover, this chapter is also linked to Paper IX (Pirouz et al., 2020), where the same

methodologies was applied for LID sites location by considering hypothetical case studies.

105



Chapter 6 — On the use of New Mathematical Optimization Approaches for LID Systems

6.1 Introduction

LID systems are important tools in sustainable development and, as widely
discussed in section 2.2, they are different types of LID practices such as green roofs, green
wall, bioretention cell, permeable pavements, rainwater harvesting systems (RWH), etc.
Among these facilities, Rainwater harvesting systems meet the challenges of water saving
and surface runoff mitigation. Moreover, the collected rainwater can be re-used for several
purposes including green roofs and garden, flushing toilets, etc.

Several studies have been carried out to show the RWH efficiency for water saving
and runoff mitigation (Herrmann & Schmida, 2000; Li et al., 2010; Jones and Hunt, 2010;
Doménech and Sauri, 2011; Campisano & Modica 2015; Palla et al., 2017; Cipolla et al.,
2018; Becciu et al., 2018). However, as observed by Campisano and Modica (2015) the
RWH hydrological/hydraulic performance depends of site-specific factors, such as roof
type and surface, precipitation regime, demand usage, tank size, number of people in the
household, etc.

So far, the optimization of rainwater harvesting systems was mostly limited to
optimum size of the tankers according to hydrological and hydraulic analysis and in some
cases combined with economic analysis.

Therefore, principal aim of this study is to evaluate the use of mathematical
optimization approaches, as an additional tool for the analysis of essential attributes to
select and optimize the best LID solution for a project.

To achieve this purpose, Multi-Objective Optimization approaches have been
applied to RWH systems.

Thus, based on a deeper literature review, in this analysis some factors, called
“attributes” have been selected and considered in the mathematical optimization approach.
More in detail, the application of TOPSIS (Technique for Order Preference by Similarity
to Ideal Solution) and Rough Set theory (multiple attributes decision-making method) were
considered for the purpose. TOPSIS was used to compare algorithms and evaluate the
performance of alternatives, while Rough Set method was applied as a machine learning
method to optimize the use. Results by Rough Set method provided a baseline for decision

making and the minimal decision algorithm were obtained as rules.
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6.2 Materials and Methods

In the current study, the Rough Set method applied as a machine learning method
to optimize rainwater-harvesting systems. The process is reviewed in details and the result
is achieved with analysis of different case studies.

6.2.1 Rough Set Theory

The Rough Set method, introduced by Pawlak (2002) in 1982, can be used as an
excellent mathematical tool in analysis of vague description of decisions such as quality of
data, means variation or uncertainty that follows from information. The rough sets
philosophy is based on assumption that, for every object a certain information (data,
knowledge) exists, that can be expressed as attributes (Arabani et al., 2017).

With respect to the available data, the objects with the same description are
indiscernible and a set of indiscernible objects, named elementary set, can be provided to
build knowledge about a real system. Deal with quantitative or qualitative data depends on
the input information and before the analysis, it is necessary to remove the irregularities.
With respect to the output data, the relevance of particular attributes and their subsets to
the quality of approximation can be acquired (Arabani et al., 2012).

In this regard, the induction-based approach can provide clear rules for decision-
makers (DMs) in the form of "if..., then...". The concept of approximation space in rough

set method can be described in a given approximation space as follows:
apr = (U,A) [6.1]
where U is a finite and non-empty set and A is set of attributes in the given space.

Based on the approximation space, the lower and upper approximations of a set can

be defined. Let X be a subset of U and the upper and lower approximation of X in A are:

apr(A) = {x|x € U,U/ind(A) c X} [6.2]
@(A) = {x|x € U,U/ind(A) N X # ¢} [6.3]

where:
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U/lnd(A) = {(Xi' X]) eUxU, f(Xi,a) = f(X]', a),‘v’a € A} [64]

Eq. [6.2], that is the best upper approximation of X in A, means the minimum
composed set in A containing X, and Eq. [6.3], that is the best lower approximation, means
the maximum composed set in A contained in X. The graphical illustration of

approximations in the rough set method is shown in Fig. 6.1.

The boundary represents as:
BN(A) = apr(A) — apr(A) [6.5]

- B

/ \

Lower approximations Upper approximations

Figure 6.1: Graphical illustration of the rough set approximations (Pirouz et al., 2020).

The reducts and decision rules can be defined as below specified. The reduct RED
(B), is a minimal set of attributes B € A suchthat rg (U) = ru (U), rz (U) indicates the
quality of approximation of U by B.

The equation is:

_ Xcard(B(Xy))
"B (U)_ card(U) [6'6]

After providing the result of reducts, the decision rules can be derived by using the
overlaying of the reducts on the information systems. An expressed decision rule can be as
follow:

Q=0 [6.7]
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where ¢ is the conjunction of elementary conditions and 6 is the disjunction of

elementary decisions.

6.2.2 TOPSIS method

TOPSIS (Technique for Order Preference by Similarity to ldeal Solution) is a
method developed by Hwang and Yoon in 1981 to solve the ranking and compare problems
and (Hwang & Yoon, 1981). The ranking in this method is made according to the similarity
to ideal solution (Haghshenas et al., 2016; Balioti et al., 2018). The TOPSIS method can
be applied to a wide range of multi-attribute decision making with several attributes (Ic,
2014; Krohling &Pacheco, 2015; Haghshenas et al., 2017). The graphical illustration of the
TOPSIS methodology is presented in Figure 6.2.

Positive Ideal Solution

N\

Negative Ideal Solution
Attribute X1

Figure 6.2: Graphical illustration of the TOPSIS methodology, (A+ represents the ideal point, A— represents
the Negative-ldeal Point) (Pirouz et al., 2020).

The ranking by TOPSIS is carried out through seven steps
Step 1: Create the matrix

(nj)m xn [6.8]

Step 2: Construct the normalized decision matrix

ai]-

N =n; = , 1=1,2,...m & j=1,2,...,n [6.9]

J 2
) /Zim=1aij
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Step 3: Construct the weighted normalized decision matrix
V=NXW, Xn [6.10]
Step 4: Determine the solutions (the ideal and negative-ideal solutions)

The ideal solution: A* = {(max; (ai]-|j €]_)), {min; (ai]-|j €N}
[6.11]
The negative-ideal solutions:
A = {(mini (aijlj € ]_)), (max; (aijlj € ]+))} [6.12]
where,
J+ = {i=q,2,..,n|j} Associated with positive impact criteria

J-={j=4q,2,..,n|j} Associated with negative impact criteria

Step 5: Determine the distance of alternatives v;; from the ideal solution d; and

the negative-ideal solutions d;°

di = \[Z}Ll(vﬁ —vf),i=12,..,m [6.13]

di = \/Z]-“:l(vi]- —v), i=12,..,m [6.14]
Step 6: Calculate the closeness to the negative-ideal condition, CL;

CL; = di_fd? ,0<CL<1 &i=1,2,..,m [6.15]

where,
CL; = 1if the solution has the best condition and means the highest rank

CL; = 0 if the solution has the worst condition and means the lowest rank

Step 7: Rank in order to the highest CL; .

6.2.3 Case studies

To carry out the analysis by rough set and TOPSIS a set of data is required such as
case studies. The selection of the case studies has been done in a way that considers the
main possible attributes/factors confronting in rainwater harvesting systems.

The first and second case studies (CS1-CS2) are taken from the study carried out by

Herrmann and Schimida (2000) that considers the development and performance of
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rainwater utilization systems in Germany, and specifically in Bochum where the mean
annual precipitation is 787 mm. More in detail, the data considered there for CS1 are related
to a one-family house (with an effective roof area of 150 m?, 4 persons, combined demand
of 160 1/d, a storage volume of 6 m® and an additional retention volume of 15m?3, with a
covering efficiency of 98%). The CS2 case refers to a multi-story building (CS2) (with an
effective roof area of 320 m?, 24 persons, toilet flushing demand of 480 I/d, a storage
volume of 14 m3 and an additional retention volume of 35 m3).

A study carried out by Domenech & Sauri (2011) was considered to select the third
(CS3) and the fourth (CS4) case study. Both case studies are in Sant Cugant del Valles —
Spain. More in detail, CS3 is a single-family house with a rooftop catchment area of 107
m?, 3 residents, a toilet and laundry usage demand of 27 LCD and 16 LCD, respectively.
While CS4 refers to a multi-family building with a rooftop catchment area of 625 m?, 42
residents, a toilet and laundry usage demand of 30 LCD and 16 LCD, respectively. For
CS3, the model scenario in which a tank of 13 m® can meet 80% of the combined demand
of toilet flushing and laundry was selected; while for CS4 the model scenario is a tank of
31 m?® covering 59.5% of the combined demand of toilet flushing and laundry.

Case studies CS5, CS6 and CS7 are considered from the study of Palla et al. (2017).
These three case studies are located in Genoa (Italy) with a mean annual precipitation of
1340 mm. More in detail, CS5 is a 4-flat house with 16 inhabitants, a roof area of 420 m?,
an annual toilet flushing demand of 233.6 m®/y and a tank capacity of 14 m3. CS6 is a 6-
flat house with 24 inhabitants, a roof area of 420 m?, an annual toilet flushing demand of
350.4 m®/y and a tank capacity of 21 m3. CS7 is a condominium with 32 inhabitants, a roof
area of 680 m?, an annual toilet flushing demand of 467.2 m3/y and a tank capacity of 28
m®. For the three case studies, the modeling results show a water saving efficiency of 0.83,
0.79 and 0.76 for CS5, CS6 and CS7, respectively.

The CS8 case study considers the values of the example of application found in
Campisano & Modica (2012), where a 4 people residential house with a daily toilet flushing
demand of 0.168 m®, a roof area of 186 m?, daily precipitation of 0.0018 m and a size tank
of 2.93 m?, achieving a water saving of 67%, was considered.

The CS9 case study refers to a real case study at University of Calabria in Southern
Italy (Piro et al., 2019b), where a tank of 1.5 m? is located at the base of an university
building to collect the water for an experimental full-scale green roof implementation and

the water is reused to irrigate the same green roof in the dry period.
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Finally, three hypothetical cases, CS10, CS11 and CS12, have been considered to
evaluate remain factors under different conditions. Specifically, CS10 represent the
hypothetical implementation of RWH systems in the old town of Cosenza, CS11 in the old
town of Matera, and CS12 in the new area of Quattromiglia, in the town of Rende,
respectively.

Table 6.1: Case studies (Palermo et al., 2020b).

Locations of Case studies Case study
Bochum — Germany (Herrmann & Schimida, 2000) CS1
Bochum — Germany (Herrmann & Schimida, 2000) CS2
Sant Cugant del Vallés — Spain (Doménech & Sauri, 2011) CS3
Sant Cugant del Vallés — Spain (Doménech & Sauri, 2011) Cs4
Genoa — Italy (Pallaetal., 2017) CS5
Genoa — Italy (Palla et al., 2017) CS6
Genoa — Italy (Palla et al., 2017) Cs7
Sicily - Italy (Campisano & Modica, 2012) CS8
University of Calabria (Rende) — Italy (Piro et al., 2019b) CSs9
Old town of Cosenza - Italy Cs10
Old town of Matera - Italy Csl1
New Area of Quattromiglia (Rende) - Italy Cs12

6.3 Results and Discussion

6.3.1 Application of Rough Set Theory in optimizing rainwater-

harvesting systems

In real projects there is an enormous quantity of data that may be considered, and
this makes hard the decision-making process. In Rough Set method, all data should be
categorized. In this regard, the correlated RWH attributes must be determined. All the
information about the case studies in form of determined attributes, classification of
attributes and decision level for each of them should be provided.

According to the data gathered in Table 6.1, the main RWH attributes have been
determined and are presented in Table 6.2. The attributes have been classified based on 3
classes which denote the suitability conditions for decisions and are high (H), medium (M)
and low (L).
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Table 6.2: Conditional attributes for ranking decisions of selected case studies (Palermo et al., 2020b).

X?{;?;)ﬂ?gsal Classification of Individual Situations Decision
1- One-family building/one-office with garden H
2- One-family building/one-office without garden

T 3- Multi-family building/multi offices with M

a) Building type

(@) ghp garden
4- Multi-family building/multi offices without L
garden
1- Slope roof with tiles, corrugated plastic, plastic
or metal sheets H

(b) Roof type

2- Flat roof covered with plastic or metal sheet

3- Flat roof with concrete or asphalt slabs

4-Flat roofs with gravel

5 - Extensive green roof

6- Intensive green roof

(c) Roof Size
(collecting area)

1- Big surface capture (>250)

2- Average surface capture (100 - 250)

3-Small surface capture (<100)

1- New building

t()?J)I I'I(;?:gage of the 2- Average age building
3-0ld building

(e) Average Annual 1-> 700 or < 300

Precipitation 2- 300 to 700

(f) Number of 1- 1to4

building residents 2-5t020

(based on demand)  3- more 20

(9) Density of city
(based on the
location of the

1- Low Density

2- Medium Density

3- High Density

barrels)
1- New urban area
g:g;l'ype ofurban =5 " Average age urban area

3- Old urban area

(i) Demand usage
(m3ly)

1-combined usage

2- one usage (toilet flushing or garden irrigation)

STrZT r ZTrrZzTZ|Trr<Z|TirrZ|ir| <

3- laundry

4 - terrace cleaning

5- car washing

-

(j) Tank size

1 - Big Tank (>20 m°)

2- Medium Tank (6-20 m°)

3- Low Tank (< 6 m®)

(K) Economic

1-Very Economic

2- Partly Economic

3-Expensive

rZTrZxT

According to 11 attributes and classes, the selected case studies have been ranked
from 1 to 3 and the results are presented in Table 6.3. For instance, in the first case study
(CS1), since the conditional attribute (a) that is “Building type” is “One-family building”,
the highest rank, i.e. 3, has been selected. Since the table represents the correlation between

the case studies and conditional attributes it is named "decision rules”
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Table 6.3: Data Inspection for analysis of Site Selection Decision Ranking (Palermo et al., 2020b).
Conditional Attributes

Case study abocde f g h ik Decision Level
CS1 3 3 2 2 3 3 1 2 3 1 2 M
CS2 133 2 3 1 1 2 2 1 2 M
CS3 3 32 2 2 3 1 2 3 2 1 H
CS4 2 3 3 2 2 1 1 2 3 3 1 H
CS5 2 3 3 2 3 2 1 2 2 2 2 M
CS6 2 3 3 2 3 1 1 2 2 3 2 H
CS7 2 3 3 2 3 1 1 2 2 3 2 H
CS8 2 3 2 2 2 3 2 2 2 1 3 M
CS9 2 2 2 2 3 1 2 2 2 1 3 H

CS10 13 21 3 2 1 1 2 2 1 L
CS11 1311 3 2 1 1 3 3 1 L
CS12 1 33 3 3 1 1 3 2 3 2 H

All the decisions and attributes have been checked to find out the existence of non-
deterministic rules that means that for case studies of similar attributes decisions are
different. The number of non-deterministic rules in Table 6.3 was zero. Therefore, the
number of conditional attributes is sufficient for determining the decisions. The found
reduction in the data is presented in Table 6.4.

Table 6.4. The founded reduction (Palermo et al., 2020b).
Raw Reduction Raw Reduction Raw  Reduction
{a,b,dj} 13: {abij} 25: {a, f,j}
{a,c,e, j} 14. {ab,j, k} 26: {d, e 0, j}
{b,cejt 150 {ab,h,j} 27: {c, 1, j}
{a,b,c,j} 16: {b,ch,j} 28: {b,h,i,j}
{b,d,e, j} 17: {aeh,j} 29: {e,q,h j}
{a,d, e j} 18. {b,eh,j} 30: {f,0,h,j}
{b,c,dj} 190 {c e j} 31: {b, c, i, j}
{a,d, ¢ f 20:  {a e, j} 32: {b, d, j, k}
9: {a,e, f,h} 21: {d,f g j} 33: {b, h, j, K}
10:  {b,d,f,j} 22 {b,d,ij} 34: {e, j, k}
11: {a,d,f,k} 23 {ce0,j} 35: {f, j, k}
12:  {a,f,h,k} 24: {bf h,j}

XN W

After deriving the reducts, the decision rules can be achieved by overlaying the
determined reducts on the data. A decision table free of contradiction and determining a
minimal decision algorithm can be achieved after elimination of all non-deterministic rules
that was zero in this study. The contradictions have been analyzed based on the conditional
attributes and the decisions in selected case studies. Moreover, if the attributes do not cause
any contradiction they can be removed. In order to check the impact of an attribute on the
result, the attributes can be removed one by one. For example, if the conditional attributes

(@), (b), (c), and (d) are removed, the decision rules of case studies 1 and 2 might be
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contradictory that means the decision levels of these two case studies are subordinate to the
mentioned conditional attributes. In this regard, and after elimination of all removable
conditional attribute or classes, the minimal decision algorithm has been obtained and is

presented in Table 6.5.

Table 6.5: Minimal decision algorithm (Palermo et al., 2020b).

Rules
Rule 1 (d = 1) => (Decision = L)
Rule 2 (b =3) & (j = 1) => (Decision = M)
Rule 3 (a=2) & (j = 2) => (Decision = M)
Rule 4 (f=1) & (j = 3) => (Decision = H)
Rule 5 (b = 2) => (Decision = H)
Rule 6 (a=3) & (e = 2) => (Decision = H)

The validation of the rules is presented in Tables 6.6 and 6.7. It must be mentioned
that, since the selected case studies are only 12, the accuracy of the rules might not be high.
To be able to extend the result of the method to other similar case studies in RWH systems,

more field data might be required.

Table 6.6: Confusion Matrix (sum over 10 passes) (Palermo et al., 2020b).

1 2 3 None
1 2 0 0 0
2 0 2 2 0
3 1 4 1 0

Table 6.7. Average Accuracy (%) (Palermo et al., 2020b).

Correct Incorrect None
Total 40.00 +- 43.59 60.00 +- 43.59 0.00 +- 0.00
1 20.00 +- 40.00 0.00+- 0.00 0.00+- 0.00
2 15.00 +- 32.02 15.00 +- 32.02 0.00+- 0.00
3 5.00 +- 15.00 45.00 +- 47.17 0.00+- 0.00

6.3.2 Application of TOPSIS in ranking of rainwater-harvesting systems

In this section, the TOPSIS method has been used to rank the selected case studies

and the results are compared with those of a simple ranking. The results of simple ranking
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are presented in Tables 6.8 and 6.9. and those obtained by TOPSIS method in Tables 6.10
to 6.12.

Table 6.8: Values of each attribute for each case study (Palermo et al., 2020b).

Attributes
Casestudy — "% ¢ d e f g h i | k
Csi 3 3 150 2 787 4 1 2 584 6 2
Cs2 1 3 320 2 787 24 1 2 1752 14 2
Cs3 3 3 107 2 612 3 1 2 471 13 1
Csa 2 3 625 2 612 42 1 2 7052 31 1
CS5 2 3 420 2 1086 16 1 2 2336 14 2
CS6 2 3 420 2 1086 24 1 2 3504 21 2
CST 2 3 680 2 1086 32 1 2 4672 28 2
Cs8 2 3 186 2 657 4 2 2 613 293 3

Table 6.9: Simple ranking of the factors for each case study (Palermo et al., 2020b).

Case Rank of Attributes Sumof Final
study a b c¢c d e f g h i j k ranking rank
csi 116 12 2 4176 2 33 6
Cs2 3 1 41 2 4 415 42 23 4
css 117 1 41 1185 3 24 5
cs4 21 21 46 11113 18 2
Css 2 1 3 113 3 14 4 2 19 3
cs6 2 1 3 1 1431332 18 2
csr 21111531222 17 1
csg 21513221671 23 4

Table 6.10: TOPSIS matrix without scale (Normalized) (Palermo et al., 2020b).

Case Attributes

study a b C d e f g h i j k
Cs1 048 0.35 0.13 0.35 032 0.11 046 0.35 0.06 0.11 0.36
CS2 0.16 0.35 0.27 0.35 0.32 0.26 0.46 0.35 0.18 0.26 0.36
CS3 048 0.35 0.09 035 025 0.25 0.03 0.35 0.05 0.25 0.18
Cs4 0.32 035 053 0.35 025 059 0.03 0.35 0.73 059 0.18
CSs5 032 035 036 0.35 044 0.26 044 035 0.24 0.26 0.36
CS6 032 035 036 0.35 044 040 044 035 0.36 0.40 0.36
Cs7 032 035 058 0.35 0.44 053 044 0.35 048 0.53 0.36
Cs8 032 035 0.16 0.35 0.27 0.06 0.04 0.35 0.06 0.06 0.54
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Table 6.11: TOPSIS matrix without scale and equal weighted (Palermo et al., 2020b)
Case Attributes
study a b c d e f g h i j k
CS1 0.044 0.032 0.012 0.032 0.029 0.010 0.041 0.032 0.005 0.010 0.033
CS2 0.015 0.032 0.025 0.032 0.029 0.024 0.041 0.032 0.016 0.024 0.033
CS3 0.044 0.032 0.008 0.032 0.023 0.022 0.003 0.032 0.004 0.022 0.016
CS4 0.029 0.032 0.048 0.032 0.023 0.053 0.003 0.032 0.066 0.053 0.016
CS5 0.029 0.032 0.033 0.032 0.040 0.024 0.040 0.032 0.022 0.024 0.033
CsS6 0.029 0.032 0.033 0.032 0.040 0.036 0.040 0.032 0.033 0.036 0.033
CS7 0.029 0.032 0.053 0.032 0.040 0.048 0.040 0.032 0.044 0.048 0.033
Cs8 0.029 0.032 0.014 0.032 0.024 0.005 0.003 0.032 0.006 0.005 0.049
V+ 0.044 0.032 0.053 0.032 0.040 0.053 0.003 0.032 0.066 0.053 0.049
V- 0.015 0.032 0.008 0.032 0.023 0.005 0.041 0.032 0.004 0.005 0.016

Table 6.12 Ranking in TOPSIS based on higher CL and comparison with simple ranking (Palermo et al.,

2020b)
Case Rank in Simple Decision
study I d- CL topsis  Rank Level
Method

CS4 0.040 0.109 0.731 1 2 H
CSs7 0.049 0.090 0.645 2 1 H
CS6 0.063 0.064 0.504 3 3 H
CS5 0.077 0.049 0.389 4 4 M
CS3 0.095 0.054 0.363 5 7 H
CS8 0.101 0.053 0.342 6 6 M
CS2 0.088 0.038 0.302 7 5 M
CsS1 0.105 0.035 0.250 8 8 M

Despite the fact that in some case studies the difference in ranking methods are
minor since in TOPSIS all correlated attributes and the differences among the values are

taken into consideration the results could be more accurate.

6.4 Conclusions

There are many benefits in Rainwater harvesting (RWH) systems mainly water
saving for non-potable water uses and surface runoff mitigation. Moreover, the collected
rainwater can be re-used for several purposes including green roofs and garden, flushing
toilets, etc. The analysis showed that, in previous studies the optimization of RWH systems
mostly is limited to optimize the size of the tankers according to hydrological and hydraulic

analysis and in some cases, this is combined with an economic analysis.
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In this study, multi-objective optimization approaches have been considered for
comparing algorithms and evaluating the performance of alternatives to identify the ideal
solution. For this, a limited set of data extracted from several case studies has been used.
The selection of the case studies has been made considering the main possible
attributes/factors confronting in rainwater harvesting systems.

The results show that the Rough Set method is a suitable way for analysis of RWH
systems and the outcomes can be useful in decision making by decreasing the uncertainties,
reducing the cost, and increasing the efficiency. The generated decisions are explicit, and
the results are not limited to restrictive assumptions. With consideration of more case
studies, more stringent decision rules can be achieved. Moreover, the final ranks of TOPSIS
shows the advantages in compared with simple ranking method. According to the results,
TOPSIS ranking method showed good agreement with the decision levels in the case
studies. This may be due to the consideration of all correlated attributes and of the
differences between the values of this ranking method.

Therefore, the Rough Set and TOPSIS methods could be applied as a useful
approach in rainwater harvesting systems investigations and provide an additional tool to
identify the optimal system and the best site.

The new presented mathematical optimization approaches can improve the previous
studies about LIDs. Similar satisfactory results, in fact, were achieved also in Paper IX
(Pirouz et. al, 2019) where the same approaches were presented and applied to LID
solutions in general, by considering hypothetical case studies.

In conclusion, these methods provide an additional tool for engineers in analysis of
essential attributes to select and optimize the best LID system for a project and accordingly
define the scenarios and hydrologic or hydraulic modeling. This means that the presented
methods would provide a baseline for decision-making and would increase the efficiency

of the systems and decrease the project cost by preventing uncertainties.
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Chapter 7 - Summary, Conclusions and Future

Directions

This Ph.D dissertation is conceived as a cumulative thesis composed of nine papers,
already published in international peer-reviewed journals, books and indexed conference
proceedings, attached to the appendix, which represent a substantial part of the work.
However, this thesis presents not only the findings of the annexed papers, but also
additional results, discussion, critical reflections and give a holistic overview of the entire
context. In this regard, the structure of this dissertation was conceived in order to provide
to the reader a comprehensive analysis of hydrological benefits of Low Impact
Development techniques by literature review analysis, experimental investigation,
numerical modeling and mathematical approaches. Although, a specific conclusion and
outlook is given in each chapter, in this final one an overall view of the entire work in terms

of general conclusions and future directions will be discussed.
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7.1 Summary and Conclusions

The aim of this thesis was to investigate hydrological benefits of LID techniques by
experimental investigation and numerical modeling. LID techniques were analyzed in a
comprehensive view to give a new contribution to the scientific community. To achieve
this goal, several analyses were carried out by considering different: LID systems, spatial
scales, site locations, weather conditions, laboratory techniques, modeling tools
(conceptual and mechanistic), numerical analysis, as well as mathematical optimization
approaches. In this regard, each case study, discussed during the dissertation, allowed to
investigate specific factors which affect the hydrologic/hydraulic behaviour of LID

technique and to analyze the LID performances.

More specifically, this dissertation provided contributions by five main aspects:

1. analyzing the state of art of LID systems, by a thorough overview on the principal
LID systems components, design features and literature studies, which evaluated
the hydrological effectiveness of these solutions, in order to highlight the scientific
gaps;

2. assessing the most influential parameters in the development of a detailed
hydrodynamic model, based on a real case study in a Continental climate, which
integrates conventional drainage infrastructure and LID systems in a sustainable
urban stormwater concept;

3. estimating the hydraulic efficiency of a full-scale experimental extensive green roof
in Mediterranean climate and the influence of hydrological and physical factors, by
empirical analysis, laboratory investigation and mechanistic model
implementation;

4. analyzing the performance of LID systems at large-urban scale by considering
different land use scenario through a conceptual model;

5. evaluating the use of new mathematical optimization approaches for LID

techniques.

More in detail, Chapter 1 was dedicated to the identification of the stormwater
management problem and the innovative solution to solve it. In this regard, the research

gaps were identified, the principal aims of the thesis argued, and the structure displayed.

In Chapter 2 an overview of Low Impact Development (LID) systems was

presented, by highlighting design features and analyzing literature studies carried out on
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the specific LID systems considered during the thesis. This overview allowed to identified

the following key aspects.

- The lack of comprehensive analysis finalized to evaluate the hydrological performance
and the physical processes occurring in LID systems, by considering both long-term
experimental investigation and numerical modeling.

- The main factors affecting LID hydrological/hydraulic behaviour, can be principally
grouped in two main categories site location/weather conditions and the design
features.

- The heterogeneity of LIDs' stratigraphy, in terms of materials and components, and
consequently the complexity of the physical processes, involved in these systems,
require modeling tools able to accurately interpret their hydraulic behaviour.

- The physical parameters, specifically the soil hydraulic properties are not always
investigated in a properly way, by limiting the analysis to specific parameters or
literature values.

- The analysis of the most influential hydrological parameters is often quite restricted
for the missing of full-scale LID implementation, as well as for the unavailability of
long-term hydrological monitored data.

- Finally, the missing of tools able to evaluate the optimal solution in terms of LID
system and site location by mathematical approaches.

Therefore, based on these considerations in the others Chapters of the thesis these scientific

gaps and limiting key factors were considered and overcome, by carrying out a

comprehensive analysis of different LID systems in order to investigate the hydrological

benefits of these innovative and sustainable solutions at multiple spatial scales, considering
experimental full-scale implementation and long-term monitored data as well as modeling
large-scale implementation, lab experimental investigations, conceptual and mechanistic

models, sensitivity analysis and mathematical optimization approaches.

Therefore, based on these main considerations, in Chapter 3 a global sensitivity
analysis (GSA) was applied to a microscale hydrodynamic model, which combines pipe
infrastructure and small-scale source treatments in terms of Rain Gardens (RGS), in order
to identify the most influential model parameters. To achieve this purpose, the model
creation and simulation, was developed by the Storm Water Management Model (SWMM),
while for the GSA the Elementary Effect Test (EET) was considered. More in detail, the

uncertainties of 18 model input parameters, (10 for subcatchment and 8 for rain gardens),
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are assigned and analyzed by 1,900 simulations. The model’s responses are assessed at four
main RGs and four model outputs: total inflow, surface level, storage level, and surface
runoff at the RGs. GSA’s findings showed that an important role is taken by the Depression
Storage Impervious, parameter related to the Inflow outcome, followed by the percentage
of Impervious Area. While, form the results obtained for the last three model outputs,
related to RGs, emerged that the Soil Hydraulic Conductivity and Seepage Rate parameter
are the most sensitive parameters. Therefore, in agreement with the studies, discussed in
Chapter 2, the soil hydraulic properties of infiltration/retention-based LID techniques take
an important role for the hydraulic efficiency of the systems in terms of retention and
detention of stormwater runoff. Thus, the identification of these properties for LID systems
is crucial in order to correctly evaluate the hydraulic performance of such techniques.
Moreover, the development of the hydrodynamic model, described in this chapter, allowed
also to elaborate the concept of an advanced LID systems, by the modeling implementation

of a smart rain barrels, which represents a future research direction.

Starting from the finding achieved in Chapter 3 in term of most influential
parameters and based on the main conclusions achieved in Chapter 2, in Chapter 4 the
analysis of a full-scale extensive green roof, located at University of Calabria, was
considered in order to assess the hydrological effectiveness of this LID technique in
Mediterranean climate. To achieve this aim, the study of some hydrological and physical
parameters was taken into account, by monitoring analysis, laboratory investigation on the
soil substrate hydraulic properties, and numerical modeling. More in detail, first a field
monitoring campaign for one year was conducted, and four hydrological indices
(subsurface runoff coefficient, peak flow reduction, peak flow lag-time, and time to start
runoff) on an event scale were evaluated, as well as possible correlations between these
indicators and hydrological features of storm events were assessed. The findings showed
that the subsurface runoff coefficient (SRC) ranges from 17.5% to 83.3% with an average
value of 50.4% for the rainfall events with a precipitation depth more than 8 mm,
confirming the optimal retention capacity of the experimental green roof in the
Mediterranean climate. Moreover, this average value of SRC can be considered during
preliminary design choices for the construction of green roofs in Mediterranean climate
conditions. Later, to evaluate the influence of the substrate depth on green roof retention
capacity, a six-month dataset (January 2016 to June 2016) was considered. Reference

evapotranspiration was calculated using the Penman—Monteith equation and in in order to
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assess the hydrological response of the green roof by variating the soil substrate depth (6
cm, 9 cm, 12 cm, and 15 cm) using the mechanistic model HYDRUS 1D model, the
hydraulic properties of the soil materials were investigated in Laboratory, by the simplified
evaporation method. The results obtained in this phase showed the considered substrate
depths were able to achieve a runoff volume reduction of 22% to 24% during the selected
period for the Mediterranean climate conditions without observing flow over the top
surface of the soil. These findings may be explained by the dataset used in these simulations
being obtained during winter and spring where evapotranspiration was not predominant.
Thus, in the field of extensive green roofs, as the outflow volume reduction achieved by
increasing the soil depth was not significant, the ideal depth for soil substrate would be 6
centimetres, while the maximum depth of 15 cm is not recommended for adoption

considering the structural overloading.

To follow this study, which considered the evaluation of a single LID units, in
Chapter 5, the hydrological effectiveness of Low Impact development solutions on the
urban stormwater management, at large-urban scale, was examined. The analysis was
carried out by considering different land use conversion scenarios including the
implementation of LID practices, by developing a predictive conceptual model by
PCSWMM. A specific permeable pavement and green roof, developed at University of
Calabria, have been considered for the different conversions scenarios: Scenario 0
(reference scenario), Scenario 1 (replacement of 30% of rooftop and 30% of impervious
surfaces, excluding roads opened to traffic, with green roof and permeable pavement,
respectively); Scenario 2 (where 60% is the related conversion percentage), Scenario 3, an
ideal scenario, which considers 100% of replacement. The results show that the Runoff
Coefficient (RC) average value decreases from 98.1% in the condition of almost total
imperviousness to 36.4% in Scenario 3, obtaining also good results for the inter-medium
scenarios. While the Runoff Reduction (RR) (%) and Peak Flow Reduction (PFR) (%)
present a linear increase of their values with the reduction of the impervious surfaces,
simulated from scenario 1 to scenario 3. Globally, the findings confirm the suitability of
these LID solutions to reduce surface runoff and, therefore, urban flooding risk. More in
detail, the findings reveal that this beneficial effect can be reached by converting also only
a small percentage of the impervious surfaces. Considering that practical and economic
conditions could limit the implementation of these sustainable practices in urban area, this

can be considered a relevant finding.
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Finally, as discussed in previous Chapters, since many aspects related to LIDs
design and operation, as well as the choice of the facility and its location can affect the
results in terms of hydraulic efficiency, thus an optimization approach can be a useful tool
for designers and decision makers. In this regard, Chapter 6 introduced the use of new
Mathematical Optimization Approaches for LID techniques. To achieve this goal, TOPSIS
(Technique for Order Preference by Similarity to Ideal Solution) and Rough Set method as
Multi-Objective Optimization approaches were applied by analyzing different literature
case studies. In this chapter, the mathematical approaches were applied to Rainwater
Harvesting (RWH) systems. For the analysis, the selection of the case studies has been
made considering the main possible attributes/factors confronting in rainwater harvesting
systems. The results showed that the Rough Set method is suitable way for analysis of
RWH systems. The generated decisions are explicit, with consideration that with more case
studies, more stringent decision rules can be achieved. Moreover, TOPSIS ranking method,
advantageous method in compared with simple ranking method, exhibited good agreement
with the decision levels in the case studies. Therefore, these approaches can be considered
as additional tools for the analysis of essential attributes to optimize LIDs, providing a

baseline for engineers and decision-making.

7.2 Future Directions

This thesis is not understood as a conclusive act, but as an intermediate step towards
new and advanced analysis in the scientific research on Low Impact Development
techniques, as well as on others innovative systems for sustainable urban stormwater
management.

Despite the interesting findings achieved in this work, since Low Impact
Development approaches are Multi-Objectives and many factors affect LID behaviour,
some simplifications and assumption were made during the work, therefore there is space
for improvements, by considering all aspects not yet taken into account.

Overall, based on the research results, several further investigations are
recommended.

From the Literature Review it emerged that some LID practices, like green wall

systems are not still widely investigated from a hydraulic perspective. In this regard, future

128



Chapter 7- Summary, Conclusions and Future Directions

research will extend the analysis to this facility, and to others LID solutions not yet
investigated, by considering experimental investigations and numerical modeling.
Moreover, as introduced in some Chapters, an innovation in the field of Urban
drainage is look at the single LID techniques as smart objects, optimizing them with ICT
technologies, based on the IoT (Internet of Things) paradigm. In this regard, future research
challenge will be to investigate the use of 10T from the single LID unit optimization to the
large scale optimization, as well as investigate the integrated use of more than one LID
solutions, with the aim to optimize their operation in Real Time Control maximizing the
hydraulic efficiency. This concept can be extended also to the conventional drainage
network, and, in this regard, some results are already achieved, with the final aim to reach

a smart urban stormwater management.
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Abstract. Here we present the results of a global sensitivity analysis
(GSA) applied for a microscale hydrodynamic model, which combines pipe
infrastructure and small scale source treatments in terms of raingardens (RGs).
The aim is to identify the most influential model parameters to support the
decision for future measurement installation sites and smart water control. For
the model creation and simulation, the Storm Water Management Model
(SWMM) is used. For the GSA method the Elementary Effect Test (EET) is
applied, were uncertainties to 18 model input parameters, comprising 10 sub-
catchment and 8 Low Impact Development (LID) parameters, are assigned and
analysed by 1,900 simulations. The model’s responses are evaluated at four
main RGs and for two model outputs: Inflow and Surface runoff at the RGs. First
results show that the most sensitive factors are the Depression Storage Imper-
vious and the Soil Hydraulic Conductivity for the Inflow and Surface Runoff at
RGs, respectively.

Keywords: Elementary Effect Test - LID - Sensitivity - SWMM
Uncertainty

1 Introduction

The emerging challenges due to ongoing urbanization and climate change require a
transition from traditional drainage infrastructure towards a sustainable, smart and
resilient urban water management.

One promising strategy is the implementation of decentralized stormwater controls,
also known as e.g. Green Infrastructure (GI) or Low Impact Development (LID), which
provide several benefits at multiple scales (Zischg et al. 2018, Maiolo et al. 2017).
Different studies have analyzed those beneficial effects and many numerical and
physical models were developed to prove GI feasibility and performance (Garofalo
et al. 2016). By implementing multiple small scale units in urban areas, a complex
system of temporal storage facilities for managing stormwater runoff is created.

For the system optimization with regard of flood mitigation, pollutant reduction,
sustainable irrigation, or recreational aspects, smart water control is needed. This can
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G. Mannina (Ed.): UDM 2018, GREEN, pp. 982-987, 2019.
https://doi.org/10.1007/978-3-319-99867-1_169


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99867-1_169&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99867-1_169&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99867-1_169&amp;domain=pdf

Parameter Sensitivity of a Microscale Hydrodynamic Model 983

be achieved by equipping the existing drainage systems with low-cost sensors and
controllers, in order to have a highly adaptive new green and grey stormwater system.

This work provides a first step towards the sustainable operation of the newly set up
“Smart Campus” at the University of Innsbruck, where recently LID systems and
multiple sensors have been implemented. The first objective of this study is to present
the development of a detailed micro-scale hydrodynamic model. Secondly, the most
influencing model parameters are identified through a sensitivity analysis, including the
uncertainties of subcatchment and LID parameters.

2 Materials and Methods

2.1 Case Study Description

The case study area is the University Campus Innsbruck, in Tyrol, Austria (47°
15°50.87”N 11°20°40.17”E), where 12 Rain Gardens (RGs), 1 Green Roof (GR) and 3
Gravel Roofs were implemented to enable a more sustainable water management
strategy and to make the Campus more attractive and resilient to flooding risk.

To connect impervious surface areas (e.g. pavements, streets) to those LIDs a new
drainage system, consisting of a network of open channels (OCs) with a parabolic
cross-section and PVC conduits (DN200) was built. This system supports the existing
underground drainage network, composed of around 420 m of conduits
(DN200-+DN600), which collect the rainwater only from the roofs. Thus, the total
drainage system can be divided into two independent systems: one related to the RGs;
and the second one concerning the old drainage network.

Four RGs with an area of 65 m? each are located at the centre of the main square
and receive the rainwater collected only by the OCs system. The others RGs (ranging
from 16 m? to 43 m?) intercept the stormwater runoff from different areas. Even if the
RGs differ from each other regarding the area and the storage depth, they have identical
stratigraphy, and consist of the following horizontal layers (from top to bottom): (1) a
surface vegetated layer vegetated with a berm height of 26 cm; (2) a soil layer with a
thickness of 30 cm, (3) a storage layer with varying depths and (4) an underdrain.

2.2 Model Development

A detailed hydrodynamic model was developed considering the entire Campus drai-
nage system. The dynamic rainfall-runoff simulation model PCSWMM (CHI
PCSWMM ), based on the EPA-SWMM version 5.1.012 (Rossman 2015), was used.
The model was built considering topographical data, land use classification, new and
existing stormwater system, RG details, taken from construction plans and site
measurements.

To obtain a detailed microscale model, the study area of 3.02 ha was divided into
252 subcatchments, which were precisely defined depending on changes of the surface
slope and the land use. The drainage systems consists of 139 Junctions, 139 Conduits
and 13 LID Controls (12 RG and 1 GR). The subcatchment width that describes the
overland flow characteristic is generally an important and sensitive model parameter,
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especially for large subcatchments. For our microscale model, knowing all geometrical
features of the system, it was calculated as the fraction between the subcatchment area
and the flow length. The Soil Conservation Service (SCS) Curve Number (CN) method
was considered for the infiltration method and the flow routing computations were
based on the Dynamic Wave Equations.

2.3 Sensitivity Analysis

Taking into account that the implementation of the LID structures strongly influences
the hydraulic performance of the drainage system and that most model input parameters
are uncertain, a Global Sensitivity Analysis (GSA) was carried out. More specific, the
Morris screening method (Morris 1991), also known as Elementary Effect Test (EET),
was used (Saltelli et al. 2008).

Two sensitivity measures, the standard deviation of the EET (o) and the mean of
EET (p) are calculated. The sampling strategy defines r trajectories in the input space
(here assumed equal to 100). This strategy selects the starting point randomly over a
uniform grid of the parameter space and the subsequent points by moving one factor at
a time (OAT) by a fixed amount A, so that each trajectory allows for evaluating one
Elementary Effect (EE) per factor (Pianosi et al. 2016).

To consider the spatial variability of the model results (“prediction function™), the
outcome of the four main circular RGs was evaluated at different horizontal layers for
the presented case study (see Sect. 2.1).

Starting from the assumption the site-specific subcatchment parameters, slope,
width and area are measured physical features; the following 18 input parameters were
selected for the GSA (see Table 1). For each parameter, the range of variability was
chosen based on of their physical attributes and by considering reported values in the
SWMM Manual (Rossman 2015).

As previously mentioned, the four main circular RGs were considered for the
sensitivity analysis of this study. The effect of the variability of each parameters was
analysed by considering two different model outputs for the four RGs. The first one is
the LID Total Inflow, which considers the total runoff intercepted in each RG and takes
into account the influence of the subcatchment parameters; the other one is the LID
Surface Runoff to evaluate the hydrological performance of the RGs. To summarize the
four main RGs with similar physical characteristics, but different intercepted surfaces,
the mean values of these outputs are built. For the hydrodynamic simulation, design
storm event with a return period of one year (1.13 mm/min) was used.

For carrying out the GSA 1,900 model runs are performed through a Matlab Script
which uses SWMM and integrates the SAFE-toolbox (Pianosi et al. 2015).

3 Results and Discussion

First results of the EET Sensitivity Analysis are reported in Fig. 1, where the Mean of
EEs versus their standard deviation (left side) and the Convergence plots (right side)
are shown. In the graphs on the left side - where each input factor corresponds with one
point - the point located at the more right side along the horizontal axis is the more
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Table 1. Input parameters for GSA, meaning and corresponding range of variability taken from

User SWMM Manual

N |Name of Meaning Value range
parameter
Subcatchemnet |1 |Imperv (%) Percent of impervious area 90-100
Parameters 2 | Perv (%) Percent of pervious area 0-10
3 | Depression Depth of depression storage on 1.27-2.54
storage - impervious area
Imperv (mm)
4 | Depression Depth of depression storage on 2.54-5.08
storage -Perv | pervious area
(mm)
5 | N-Imperv Manning’s roughness coefficient for 0.012-0.014
impervious area
6 | N-Perv Manning’s roughness coefficient for 0.13-0.24
pervious area
7 | CN-Imperv SCS runoff curve number for impervious | 90-98
area
8 | CN-Perv SCS runoff curve number for pervious |30-61
area
9 |Drying Time | Time for a fully saturated soil to be 2-14
(days) completely dry
10 | OpenChannel | Manning’s roughness coefficient for 0.022-0.026
Roughness Open Channel
RG Parameters | 11 | Vegetative Fraction of volume within the surface |0.1-0.2
Volume storage depth filled with vegetation
(fraction)
12 | Porosity The volume of pore space relative to | 0.42-0.437
(volume total volume of soil
fraction)
13 | Field Capacity | Volume of pore water relative to total |0.062-0.105
(volume volume after the soil has been allowed
fraction) to drain fully
14 | Wilting Point | Volume of pore water relative to total |0.024-0.047
(volume volume for a well dried soil where only
fraction) bound water remain
15 | Conductivity | Hydraulic conductivity for the fully 30-180
(mm/hr) saturated soil
16 | Conductivity | Slope of the curve of log(conductivity) | 30-60
Slope versus soil moisture content
(dimensionless)
17 | Seepage rate | The rate at which water seeps into the | 30-180
(mm/hr) native soil below the layer
18 | Drain The drain coefficient C which 3-6
coefficient determines the rate of flow through a

(mm/hr)

drain




986 S. A. Palermo et al.

influential one, while the higher up referring to the vertical axis is that one presents the
larger degree of interactions with other factors. In the graphs on the right side, the
sensitivity indexes are estimated using an increasing sample size by considering one
line per factor, while the dashed lines represent confidence bounds (Pianosi et al. 2016).
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Fig. 1. Results of GSA for the 2 model outputs in terms of: mean of EEs vs their standard
deviation (left side) and the Convergence plots (right side). The number of each parameter are the
same reported in Table 1.

Being the p of EEs a measure on the global sensitivity, the findings show that the
most influential factor for the LID Total Inflow output is the Depression Storage
Impervious (3), the second one is the % Impervious Area (1). Even if, the higher ¢ is
reached by the CN-Impervious (7), the factor 1 presents also a high o, and this means
that these two factors (7 and 1) have a huge degree of interaction with the other factors.

By considering the results obtained for the LID Surface Runoff outcome, it can be
seen that the Soil Hydraulic Conductivity (15) is the most sensitive parameter and it
presents also the greater degree of interaction with the other factors. The % Impervious
Area (1), the Vegetative Volume (11), and the Depression Storage Impervious (3) fol-
low this result. The plots on the right side - where each p index is estimated using an
increasing sample size (one line per factor) - confirm previous findings in terms of most
influential factors, also providing other details about the number of model evaluations
needed to reach the convergence.
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4 Conclusions

In this study, the development of a microscale model for enhancing the implementation
of tools, devices and methods related to the smart campus project, i.e. smart water
management case study at the University Innsbruck was presented.

Moreover, a global sensitivity analysis (GSA) of the model was carried out in order
to identify the most influential parameters. The model’s performances were analysed at
four RGs and for two model outputs (Inflow and Surface Runoff at the RG).

First results showed that an important role is taken by the Depression Storage
Impervious parameter related to the Inflow outcome and that the Soil Hydraulic Con-
ductivity is the more sensitive factor for the RG hydraulic performance.
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Abstract: In urban water management, green roofs provide a sustainable solution for flood risk
mitigation. Numerous studies have investigated green roof hydrologic effectiveness and the
parameters that influence their operation; many have been conducted on the pilot scale, whereas
only some of these have been executed on full-scale rooftop installations. Several models have been
developed, but only a few have investigated the influence of green roof physical parameters on
performance. From this broader context, this paper presents the results of a monitoring analysis of an
extensive green roof located at the University of Calabria, Italy, in the Mediterranean climate region.
To obtain this goal, the subsurface runoff coefficient, peak flow reduction, peak flow lag-time, and time
to the start of runoff were evaluated at an event scale by considering a set of data collected between
October 2015 and September 2016 consisting of 62 storm events. The mean value of subsurface runoff
was 32.0% when considering the whole dataset, and 50.4% for 35 rainfall events (principally major
than 8.0 mm); these results indicate the good hydraulic performance of this specific green roof in a
Mediterranean climate, which is in agreement with other studies. A modeling approach was used to
evaluate the influence of the substrate depth on green roof retention. The soil hydraulics features
were first measured using a simplified evaporation method, and then modeled using HYDRUS-1D
software (PC-Progress s.r.0., Prague, Czech Republic) by considering different values of soil depth
(6 cm, 9 cm, 12 cm, and 15 ¢m) for six months under Mediterranean climate conditions. The results
showed how the specific soil substrate was able to achieve a runoff volume reduction ranging from
22% to 24% by increasing the soil depth.

Keywords: green roof; rainfall runoff; subsurface runoff coefficient; retention; soil depth; HYDRUS-1D
model; urban hydrology

1. Introduction

The combined effect of climate change and land-use alterations, due to ongoing urbanization,
produces several environmentally adverse effects. The constant loss of natural areas, which significantly
affects the natural hydrological cycle, and the increase in the frequency of extreme weather events
have resulted in a considerable increase in runoff volumes that overload the drainage systems and
produce floods [1-4].

In this scenario, the use of sustainable solutions as an alternative to conventional techniques has
become a general goal of urban water management. To move in this sustainable direction, low impact
developments (LIDs) such as green roofs (GRs) are a possible eco-solution that contributes to restoring
the pre-development natural hydrological response [5-8].

GRs, by exploiting otherwise unused spaces, are particularly beneficial in densely built urban
areas [9]. They represent a source of storm water runoff mitigation by reducing the total runoff volume,
peak flow rate, and delaying peak discharge time into the combined sewer systems [10,11]. GRs, which

Water 2019, 11, 1378; d0i:10.3390/w11071378 www.mdpi.com/journal/water


http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-4513-7401
https://orcid.org/0000-0003-3768-842X
https://orcid.org/0000-0001-5018-8599
http://www.mdpi.com/2073-4441/11/7/1378?type=check_update&version=1
http://dx.doi.org/10.3390/w11071378
http://www.mdpi.com/journal/water

Water 2019, 11, 1378 20f17

incorporate both the natural environment and engineered systems, offer a wide range of other benefits,
including an enhancement of water quality, reduction in the building energy demand, attenuation of
urban heat islands, decrease in air pollution and noise levels in urban spaces, increase in the building’s
aesthetic value, and wildlife and biodiversity growth [12-17].

Many studies agree on the classification of GRs into two main categories: extensive and intensive,
which differ from each other regarding the depth of soil layer and vegetation. Generally, extensive GRs
have a thin soil layer of less than approximately 15 cm, whereas intensive soil layers exceed this value;
shallow rooting and drought-resistant plants are used for the extensive GR, whereas deeper rooting
plants are used for the intensive GRs. Therefore, due to its characteristics, the extensive GR is lighter,
cheaper, and requires less maintenance than the intensive one [18-20].

Several studies have analyzed GRs retention performance worldwide; many of these have been
conducted on a pilot scale, generally consisting of different test beds or similar modules [11,18,19];
others have been conducted on a full-scale rooftop [10,20,21]. However, not all of these have analyzed
the GR behavior for a continuous monitoring period, evaluating each parameter on an event scale.

The hydraulic behavior of GRs has also been analyzed from a modeling point of view. Numerical
models have been developed using software such as the Environmental Protection Agency (EPA)’s
Storm Water Management Model (SWMM) [19,22-24], Soil, Water, Atmosphere, and Plant (SWAP)
model [25], and HYDRUS model [26-29].

From the analysis of these studies, some indicators (runoff volume reduction, peak flow reduction,
peak flow lag-time, etc.) have been used to estimate GR hydraulic effectiveness. Another useful
lumped parameter that is crucial for designing purposes is the subsurface runoff coefficient (SRC),
which is calculated as the ratio between the total runoff depth delivered from the GR and the total
rainfall depth, i.e., the inverse value of the GR retention capacity. From a literature review completed
by Garofalo et al. [30], the SRC presented a large variability in mean value, ranging from 0.30 to 0.90.
This wide range can be explained by analyzing, for each study, the climate conditions of the GR site,
the GR's size (full-scale or pilot system), period of data analysis, the time step resolution, and the
hydraulic and physical features.

Factors that typically influence GR water retention capacity can be grouped in two main categories:
weather conditions (length of the antecedent dry weather period, season/climate, characteristics of
rainfall event) and the GR’s physical features (number of layers and materials, substrate depth, its
hydraulic characteristics, type of vegetation, percentage of roof covered, roof geometry, and green roof
age). Being unable to intervene in the weather conditions of the site where the installation is located,
the choice of the physical characteristics of the substrate is crucial. In this regard, many studies have
observed that the hydraulic behavior of a GR is influenced by the substrate depth and type [31-33].
Some of these studies were conducted in the laboratory by considering constant rainfall data and not
real data recorded by a rain gauge, whereas others considered the results of modeling simulations
based on literature hydraulic soil properties and not real substrate hydraulic properties.

From this broader context, the first objective of this study was to present the field hydrological
monitoring results of a specific extensive GR that has been installed at the University of Calabria, Italy,
in a Mediterranean climate. To complete this analysis, first, one year of rainfall data (October 2015 to
September 2016) recorded by a rain gauge located on the experimental site was selected. Secondly, the
corresponding runoff from the GR was evaluated and compared with the runoff from an impervious
roof, which was located at the same site. Thirdly, to analyze the green roof’s hydraulic efficiency, the
response in terms of the SRC, peak flow reduction (PFR), peak flow lag-time (PFL), and time to start of
runoff (TSR) were determined on an event scale. The second objective of the study was to evaluate
the influence of the soil depth on the retention capacity of a substrate soil for an extensive green
roof in Mediterranean climate by considering the measured soil hydraulic properties and varying the
thickness (from 9 to 15 cm) by means of the HYDRUS-1D model.
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2. Materials and Methods

2.1. Experimental Site

The experimental green roof (Figure 1) was built in 2012 on the terrace of the Department of
Mechanical, Energy and Management Engineering (DIMEG), at the University of Calabria, Italy, located
221 m above sea level in the Vermicelli Catchment. The University is in the south of Italy in the vicinity
of Cosenza (39°18’ N 16°15” E), under a Mediterranean climate condition, which is characterized by an
average annual precipitation of 881.2 mm/year and a mean annual temperature of 15.5 °C [27].

Figure 1. The experimental green roof (GR) located at the University of Calabria, Italy. A map of Italy,
with the location of the green roof (left), the GR experimental site (middle), and an axonometric detail
stratigraphy (right). All the figures were captured or created by the Urban Hydraulic and Hydrology
Laboratory, University of Calabria, Italy.

The green roof (GR) was built according to Italian regulation UNI 11235, and from top to bottom
consisted of: (1) a surface layer, vegetated with three native Mediterranean species; (2) a commercial
soil substrate, called “Terra Mediterranea” (Harpo spa, Trieste, Italy), with a maximum depth of 8 cm
composed of a mineral terrain; (3) a permeable geotextile with a weight of 105 g/m? to prevent fine
soil particles from moving into the underlying layers; (4) a drainage layer in polystyrene foam with
a water storage capacity of 11 L/m? and a drainage capacity of 0.46 L-s"'m~2; (5) an anti-root layer
consisting of a waterproof bituminous membrane with an anti-root additive, specific for green roof
installation; and (6) an additional recovery waterproof membrane in elastobituminous membrane. In
detail, as discussed in depth by Brunetti et al. [27], the soil substrate consists of a mineral soil with
74% gravel, 22% sand, and 4% silt and clay; it presents a measured bulk density of 0.86 g-cm~3 and 8%
organic matter, which was determined in the laboratory using the Walkley-Black method. Among the
three native Mediterranean species, two are herbaceous plants that are suited for well-drained soils
(Dianthus gratianopolitanus and Cerastium tomentosum), and one is a succulent plant (Carpobrotus edulis),
which is characterized by a high drought tolerance. More detail on the specific soil substrate hydraulic
properties are reported in the results section, where the measurements recorded in the laboratory
are provided.

To evaluate the hydraulic efficiency of this specific stratigraphy, the outflow collected from the
GR, which is characterized by an area of 50 m? and a slope of 1%, was compared with that discharged
by an impervious roof (IR) located on the same site, which presented an area of 40 m?. The different
areas of the GR and IR were considered during the outflow comparison analysis.

The GR water supply is guaranteed only by reusing the green roof’s outflow, which was collected
in a specific storage tank and distributed through a drip irrigation system. This irrigation system is
activated during drought periods, generally occurring in summer when the precipitation volume for
the specific climate condition is low and very high temperatures are recorded in accordance with low
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values of soil moisture measured in the soil substrate. By analyzing the whole dataset, the irrigation,
actioned only during the driest days, did not affect the runoff results.

Rainfall depth was measured every minute using a tipping bucket rain gauge with a resolution of
0.254 mm, which was located on the roof. The outflow rates were collected by a flow meter device
that was installed at the base of the building, consisting of a vertically developed system, formed by
a polyvinyl chloride (PVC) pipe with a sharp-crested weir [34]. The water level in the device was
measured by a pressure transducer (Ge Druck PTX1830, GE Measurement & Control Solutions, Groby
Leicester, UK), with a measurement range of 75 cm and an accuracy of 0.1% of the full scale, and was
continuously recorded in the SQLITE database system with a resolution of 1 min.

2.2. Data Analysis

For this study, rainfall and runoff data with one-minute time resolution that were recorded at the
experimental site between October 2015 and September 2016 were considered.

In the first phase, from all the data collected, only the events with a precipitation depth greater
than 2 mm were selected. This assumption was supported by an analysis of the recorded rainfall events.
We found that the 51 events (total volume around 28 mm) with rainfall depths less than 2 mm are
unlikely to produce runoff volume for the specific site, confirming the assumption of Voyde et al. [10].
Individual events were also defined as being separated by continuous dry periods of at least six
hours [10,11,35].

To consider the hydrological features of each storm event, the precipitation depth (PD), rainfall
duration (D), rainfall intensity (i), antecedent dry weather period (ADWP, defined as the dry weather
period between two independent rainfall events), and event return period (RP, defined as the
average recurrence interval between events equaling or exceeding a specific magnitude [36]), were
evaluated at the event scale. To use a more rigorously probabilistic method, the characteristics of
the selected storm events were evaluated by considering the local precipitation pattern. For the
evaluation of the return period (RP) event, the experimental rainfall events were compared with the
historical records obtained from the Regional Agency Prevention Environment in Calabria Region,
Italy (ARPACAL) [37]. To consider all the rainfall events here with a duration of more than one day, the
intensity—duration—frequency (IDF) relationships were computed by analyzing the historical records of
the annual maximum series for rainfall durations of 1, 3, 6, 12, and 24 hours (1923-2012) and for rainfall
durations of 1, 2, 3, 4, and 5 days (1935-1999) according to data from the rain gauge station in Cosenza.

In the second phase, for each selected rainfall event and by using the data collected from the flux
meter devices, the corresponding total outflow rate in terms of runoff depth (RD) from the GR and IR
were evaluated. We chose to show the results in terms of runoff depth (mm) and not in terms of runoff
flow (L/s or m3/s) to obtain two comparable values, despite the two different areas of the GR and IR.

Finally, in order to determine the green roof (GR) hydraulic effectiveness, the precipitation
hyetographs and corresponding hydrographs of GR and impervious roof (IR) on an event scale were
analyzed and the hydrological indicators, reported below, were estimated.

(1) Subsurface runoff coefficient (SRC) was expressed as a percentage ratio between the total RD
from GR (RDgr) and the total precipitation depth (PD):

RD
SRC(%) = PSR x 100 1)

(2) Peak flow reduction (PFR) was calculated as the percentage difference between the hydrographs
peak of the IR (PFjr) and hydrographs peak of the GR (PFgR):

PFg — PF
PFR(%) = IRPTRGR x 100 )
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(3) Peak flow lag-time (PFL) was determined as the time difference between the peak of precipitation
hyetograph (tp) and the peak of GR hydrograph (thR):

PFL(min) = tpcg — tp 3)

(4) Time to start of runoff (TSR) was evaluated, according to Stovin et al. [11], as the time difference
between the start of rainfall (fy) and the time at which the total runoff exceeded 0.01 mm

(tRD>0.01 mm):
TSR(min) = trRp>0.01 mm — to 4)

2.3. Soil hydraulic Properties

To evaluate the influence of the substrate depth on green roof retention capacity, a six-month
dataset (January 2016 to June 2016) was selected from a weather station that measured the precipitation,
velocity and direction of wind, air humidity, air temperature, atmospheric pressure, and global solar
radiation. The weather station is located at the University of Calabria, next to the experimental site (the
Green Roof) cited in this work. Data from the station were collected online and were processed and
stored in an SQL database. Reference evapotranspiration was calculated using the Penman—-Monteith
equation [38]. An average value of albedo of 0.23 was assumed considering that the albedo for
vegetated areas was 0.23 in a similar study conducted on a green roof [39].

In order to assess the hydrological response of the green roof by variating the soil substrate depth
using the HYDRUS model, the hydraulic properties of the soil materials were investigated.

There are many methods to assess the hydraulic properties of soils in different conditions [40,41].
Among these, the simplified evaporation method [42] is one of the most popular. This method is
based on measuring both soil moisture and pressure head during a soil drying cycle under the effect
of evaporation. The method was developed by Wind [43], who introduced an iterative graphical
procedure to estimate, first, the water retention curve from the average soil moisture and pressure
head readings, and to define hydraulic conductivities from measured pressure head profile and
variations in the water content distribution. Afterwards, several authors proposed simplifications to
this method [44—46].

In this work, the hydraulic properties of the soil substrates were measured in the Urban Hydraulics
and Hydrology Laboratory, University of Calabria, Italy using a simplified evaporation method
proposed by Schindler et al. [45,46] using the HYPROP® device (METER Group AG, Munich,
Germany) [47]. With this method, two tensiometers are placed at two depths of a soil sample sitting in
a sample ring. The plane in the middle between the two tensiometers is identical to the horizontal
symmetry plane of the column. The sample is saturated with water, basally closed, and set on a balance.
The soil surface is open to the ambient atmosphere so that the soil water can evaporate. HYPROP®
(METER Group AG, Munich, Germany) measures the water tension in two horizons of the soil sample
over the evaporation process by means of two vertical tension shafts. The changing mass of the sample
over time is assessed by weighing. The medial water content is calculated based on the mass change.
This results in one measuring value per point in time for the retention curve.

The soil substrate of the green roof for the laboratory analysis was packed using a stainless-steel
sampling ring with a volume of 250 mL. Then, the soil sample was saturated from the bottom before
starting the evaporation test. The measurement unit and the tensiometers were degassed using a
vacuum pump to reduce the potential nucleation sites in the demineralized water. At the end of the
experiment, the sample was placed in an oven at 105 °C for 24 h; then, the dry weight was measured.
For a complete description of the system, please refer to the UMS [47].

The numerical optimization procedure, HYPROP-FIT [48], was used to simultaneously fit the
retention and hydraulic conductivity functions to the experimental data obtained using the evaporation
method. Fitting was accomplished using a non-linear optimization algorithm that minimizes the sum
of the weighted squared residuals between model predictions and measurements.
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The unimodal van Genuchten-Mualem model [49] was evaluated for the description of soil
hydraulic properties:

%m ifh <
© = ] (1+(aln)™) ith<0 (5)
1 ifh>0
. 6_67'
O = 5,20, (6)
2
I 1\\™ .
o ko [(1—(1—®m)) ] i1 <0 ”
Ks ifh>0
1

where O is the effective saturation; « is a parameter related to the inverse of the air-entry pressure head
(L™1); 65 and 6, are the saturated and residual water contents, respectively (-); n and m are pore-size
distribution indices; K; is the saturated hydraulic conductivity (L-T~!); and L is the tortuosity and
pore-connectivity parameter.

2.4. Simulation Procedure

Based on the hydraulic properties measured by the simplified evaporation method proposed
by Schindler et al. [45,46] using the HYPROP® device (METER Group AG, Munich, Germany) [47],
we analyzed the runoff volume from a specific substrate for an extensive green roof by considering
increasing values of soil depth using the HYDRUS-1D model. In detail, the cumulative runoff volume
from the green roof, in response to a continuous period of six months of rainfall events, was evaluated
by varying the depth of the soil from time to time, not exceeding the maximum soil thickness of 15 cm
generally attributed to an extensive green roof (6 cm, 9 cm, 12 cm, and 15 cm).

To run a simulation by varying the soil substrate, the HYDRUS-1D model [50] was used.
HYDRUS-1D is a one-dimensional finite element model that is used for simulating the movement
of water, heat, and multiple solutes in variably saturated porous media. HYDRUS-1D implements
multiple uniform (single-porosity) and nonequilibrium (dual-porosity and dual-permeability) water
flow models [50].

The studied green roof was interpreted as a one-dimensional, single-porosity, porous medium
system, which could be described by the Richards equation in the following form:

a0 d oh

E‘E[K(h)éﬂ]_s )

where 0 is the volumetric water content, / is the soil water pressure head (L), K(h) is the unsaturated

hydraulic conductivity (LT™!), z is the soil depth (L), and S is a sink term (L3L=3T~!), which is defined

as a volume of water removed from a unit volume of soil per unit of time due to plant water uptake.
Feddes et al. [51] defined S as:

S(h) = a(h) xSy (10)

where a(h) is a dimensionless water stress response function that depends on the soil pressure head h
and has a range of values between 0-1, and S, is the potential root water uptake rate.

Feddes et al. [51] proposed a water stress response function, in which water uptake is assumed to
be zero close to soil saturation and for pressure heads higher than the wilting point. Water uptake
is assumed to be optimal between two specific pressure heads, which depend on a particular plant.
Feddes parameters were assumed according to the HYDRUS database considering the vegetation
as grass.
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2.5. Numerical Domain and Boundary Conditions

The numerical domain representing the stratigraphy of the green roof consisted of one layer.
An atmospheric boundary condition was applied at the soil surface using the precipitation and
meteorological conditions measured. A seepage face boundary condition was specified at the bottom of
the layer. A seepage face boundary acts as a zero-pressure head boundary when the bottom boundary
node is saturated, and as a no-flux boundary when it is unsaturated.

The initial pressure head was assumed to be constant in the entire domain and was set to =100 cm.

3. Results and Discussion

3.1. Rainfall Events

The whole studied period was characterized by 62 rainy events and one snowy event (19 January
2016), which was not considered in this study (Table 1), for a total precipitation depth (PD) of
1256.3 mm ranging from 2.0 mm to 120.1 mm with a mean value of 20.3 mm. For the whole dataset
and the specific climate conditions, more than half (51.6%) of the rainfall events had a precipitation
depth less than 10 mm, while 24.2% had a precipitation depth between 10-30 mm, 16.1% had a
precipitation depth between 30-50 mm, 3.2% had a precipitation depth between 50-70 mm, 1.6% (one
event) had a precipitation depth between 70-90 mm, one event had a precipitation depth between
90-110 mm, and one had a precipitation depth greater than 110 mm. Our analysis is representative of
the specific precipitation pattern where the experimental site is located, and therefore is affected by the
Mediterranean climate condition characterized by hot and dry summers and cool and wet winters [30].

Table 1. Hydrological characteristics of each rainfall event collected from October 2015 to September 2016
on the experimental site. PD: precipitation depth, D: rainfall duration, Mean i: mean rainfall intensity,
Max i: maximum rainfall intensity, ADWP: antecedent dry weather period, and RP: return period.

No. Date PD D Mean i Max i ADWP RP
(dd/mm/yyyy; hh:mm) (mm) (hh:mm) (mm/h) (mm/h)  (hh:mm:ss) (years)
1 07/10/2015; 07:47 422 15:05 2.8 121.9 - <1
2 09/10/2015; 19:21 24.1 16:32 15 167.6 43:40 <1
3 10/10/2015; 23:25 48.3 17:11 2.8 106.7 11:33 <1
4 15/10/2015; 08:01 6.4 04:24 1.4 15.2 90:45 <1
5 21/10/2015; 14:51 120.1 42:55 2.8 45.7 146:25 <20
6 29/10/2015; 13:10 63.3 35:32 1.8 61.0 147:25 <2
7 21/11/2015; 23:26 37.1 10:37 35 30.5 526:45 <1
8 23/11/2015; 16:30 13.0 04:19 3.0 15.2 30:28 <1
9 24/11/2015; 17:24 97.3 61:31 1.6 76.2 20:34 <3
10 28/11/2015; 08:49 2.8 01:53 1.5 15.2 25:54 <1
11 10/12/2015; 13:05 8.4 02:48 3.0 15.2 290:22 <1
12 03/01/2016; 06:04 66.3 36:28 1.8 76.2 566:10 <2
13 05/01/2016; 02:51 3.3 08:15 0.4 30.5 08:19 <1
14 06/01/2016; 05:45 24.6 24:08 1.0 30.5 18:37 <1
15 07/01/2016; 19:36 9.9 08:58 1.1 15.2 13:43 <1
16 12/01/2016; 19:02 6.1 08:43 0.7 30.5 110:28 <1
17 15/01/2016; 21:39 249 25:51 1.0 15.2 58:22 <1
18 11/02/2016; 08:01 234 04:54 4.8 30.5 519:58 <1
19 12/02/2016; 06:25 18.8 07:07 2.6 45.7 17:30 <1
20 12/02/2016; 23:22 74.9 35:24 2.1 76.2 09:49 <3
21 18/02/2016; 05:26 45.2 18:25 25 45.7 90:40 <1
22 20/02/2016; 12:15 4.6 00:48 5.7 30.5 36:24 <1
23 23/02/2016; 22:11 3.1 02:55 1.0 15.2 81:07 <1

24 26/02/2016; 03:52 10.9 19:30 0.6 30.5 50:46 <1
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No. Date PD D Mean i Max i ADWP RP
(dd/mm/yyyy; hh:mm) (mm) (hh:mm) (mm/h) (mm/h)  (hh:mm:ss) (years)

25 01/03/2016; 00:00 4.1 01:21 3.0 15.2 72:37 <1
26 01/03/2016; 07:19 31.0 15:33 2.0 45.7 05:58 <1
27 03/03/2016; 06:13 40.9 18:14 22 61.0 31:21 <1
28 07/03/2016; 06:13 7.4 14:36 0.5 15.2 77:46 <1
29 09/03/2016; 14:42 4.8 06:51 0.7 15.2 41:52 <1
30 12/03/2016; 06:27 6.1 08:03 0.8 15.2 56:54 <1
31 15/03/2016; 08:06 9.1 01:49 5.0 30.5 65:36 <1
32 16/03/2016; 14:38 27.9 20:10 1.4 30.5 29:33 <1
33 23/03/2016; 07:43 343 22:30 1.5 914 140:55 <1
34 24/03/2016; 23:08 2.8 01:15 22 15.2 16:55 <1
35 08/04/2016; 08:33 53 00:54 5.9 30.5 344:10 <1
36 08/04/2016; 21:12 23 02:12 1.0 15.2 11:46 <1
37 09/04/2016; 20:39 15.7 08:36 1.8 30.5 21:13 <1
38 23/04/2016; 18:12 8.1 00:36 13.5 61.0 325:01 <1
39 24/04/2016; 04:00 11.2 11:12 1.0 106.7 09:13 <1
40 25/04/2016; 04:38 2.5 02:00 1.3 15.2 13:27 <1
41 25/04/2016; 12:45 8.1 05:36 1.5 76.2 06:07 <1
42 28/04/2016; 21:44 14.7 08:36 1.7 15.2 75:25 <1
43 01/05/2016; 11:00 3.3 07:50 0.4 15.2 52:40 <1
44 02/05/2016; 06:28 23.9 24:54 1.0 15.2 11:40 <1
45 04/05/2016; 03:49 53 04:00 1.3 15.2 20:25 <1
46 12/05/2016; 03:47 3.6 09:36 0.4 30.5 188:01 <1
47 14/05/2016; 19:09 35.6 21:42 1.6 61.0 53:48 <1
48 20/05/2016; 09:15 25 02:48 0.9 15.2 112:27 <1
49 13/06/2016; 01:01 2.8 03:30 0.8 15.2 564:57 <1
50 19/06/2016; 11:34 25 06:00 0.4 15.2 151:06 <1
51 24/06/2016; 03:34 79 01:42 4.6 15.2 106:03 <1
52 26/07/2016; 14:43 2.0 00:12 10.2 45.7 777:28 <1
53 07/08/2016; 13:28 8.4 10:24 0.8 15.2 286:34 <1
54 11/08/2016; 22:29 2.3 00:12 11.5 30.5 391:36 <1
55 23/08/2016; 14:51 22.4 22:06 1.0 76.2 280:10 <1
56 31/08/2016; 23:31 6.9 06:54 1.0 30.5 178:37 <1
57 06/09/2016; 03:44 36.3 07:12 5.0 76.2 117:21 <1
58 08/09/2016; 03:50 13.7 07:18 1.9 15.2 40:52:48 <1
59 13/09/2016; 15:29 12.5 02:42 4.6 914 124:24 <1
60 17/09/2016; 04:22 7.9 05:48 1.4 45.7 82:10 <1
61 18/09/2016; 23:19 38.9 20:48 1.9 61.0 37:10 <1
62 22/09/2016; 05:49 23 00:42 33 15.2 57:40 <1

Mean 20.3 11:47 2.5 40.8 129:27

Minimum 2.0 00:12 0.4 15.2 05:58

Maximum 120.1 61:31 135 167.6 777:28

Sum 1256.3

October 2015, with 340.4 mm of precipitation depth (24.2% of the total considered period), was the
wettest month, whereas July 2016, with only 2.0 mm, was the driest month in this experimental period.

By comparing all the 62 monitored storms events in terms of total rainfall depth and duration with
the relevant intensity—duration—-frequency (IDF) curves, which considered the event return periods
found using the historical data collected from the rain gauge station in Cosenza, it emerges that most
of the rainfall events fall below the one-year return period threshold. This finding is important for the
analysis of the precipitation events, and for the subsequent evaluations of the hydraulic efficiency of
the green roof.
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3.2. Green Roof Hydrologic Effectiveness

To evaluate the hydrological performance of the experimental green roof, the runoff volume—which
was generated in response to the 62 rainfall events recorded at the experimental site—and the
hydrological indicators, were both analyzed.

Table 2 reports the results obtained in terms of total runoff depth (RD) and subsurface runoff
coefficient (SRC) for each event. For peak flow reduction (PFR), peak flow lag-time (PFL), and time
to start runoff (TSR), only the results for rainfall events with a precipitation depth (PD) greater than
8 mm are shown. In detail, the choice to evaluate the PFR, PFL, and TSR indexes for only for some
events was based on the evaluations conducted on rainfall events with precipitation depths less than
8 mm, which were almost completely preserved by the green roof. In this regard, having found a
minimal runoff for these events, it was difficult to identify a demarcated hydrograph peak as well as
the start of the hydrograph, which was considerably delayed. The same situation was found for event
53, which, despite having a rainfall depth of 8.4 mm, had a minimal runoff volume that was probably
affected by the long event duration and the high temperature of the period (August), and therefore
was not suitable for the analysis. Table 2 also reports the mean, minimum, and maximum values for
each hydrological indicator.

Table 2. Hydrological performance indicators for GR at event scale. PD—precipitation depth,
RD—runoff depth, SRC—subsurface runoff coefficient, PFR—peak flow reduction, PFL—peak flow
lag-time, TSR—time to start runoff.

No. Date PD RD SRC PFR PFL TSR
(dd/mm/yyyy; hh:mm) (mm) (mm) (%) (%) (min) (min)
1 07/10/2015; 07:47 422 20.0 47.4 65.4 6.0 17.0
2 09/10/2015; 19:21 24.1 10.8 44.8 17.9 5.0 23.0
3 10/10/2015; 23:25 48.3 31.0 64.2 13.3 2.0 10.0
4 15/10/2015; 08:01 6.4 0.4 6.3 - - -
5 21/10/2015; 14:51 120.1 100.0 83.3 28.3 9.0 30.0
6 29/10/2015; 13:10 63.3 46.4 73.3 52.6 531.0 51.0
7 21/11/2015; 23:26 37.1 13.0 35.0 83.0 468.0 200.0
8 23/11/2015; 16:30 13.0 42 32.3 82.0 197.0 60.0
9 24/11/2015; 17:24 97.3 79.5 81.7 443 207.0 10.0
10 28/11/2015; 08:49 2.8 0.4 14.3 - - -
11 10/12/2015; 13:05 8.4 1.6 19.0 95.2 168.0 15.0
12 03/01/2016; 06:04 66.3 327 49.3 75.5 1647.0 54.0
13 05/01/2016; 02:51 3.3 0.3 9.1 - - -
14 06/01/2016; 05:45 24.6 12.9 52.4 51.3 57.0 5.0
15 07/01/2016; 19:36 9.9 6.4 64.6 36.6 369.0 3.0
16 12/01/2016; 19:02 6.1 1.1 18.0 - - -
17 15/01/2016; 21:39 249 13.2 53.0 29.6 1447.0 24.0
18 11/02/2016; 08:01 234 4.1 17.5 79.7 18.0 42.0
19 12/02/2016; 06:25 18.8 11.1 59.0 27.6 58.0 102.0
20 12/02/2016; 23:22 749 56.0 74.8 225 8.0 5.0
21 18/02/2016; 05:26 45.2 304 67.3 33.6 55.0 39.0
22 20/02/2016; 12:15 4.6 0.9 19.6 - - -
23 23/02/2016; 22:11 3.1 0.1 3.2 - - -
24 26/02/2016; 03:52 10.9 4.6 422 73.6 13.0 42.0
25 01/03/2016; 00:00 4.1 0.7 17.1 - - -
26 01/03/2016; 07:19 31.0 19.9 64.2 32.1 49.0 73.0
27 03/03/2016; 06:13 40.9 294 719 41.3 1280.0 154.0
28 07/03/2016; 06:13 74 2.1 28.4 - - -
29 09/03/2016; 14:42 4.8 0.9 18.8 - - -
30 12/03/2016; 06:27 6.1 1.6 26.2 - - -
31 15/03/2016; 08:06 9.1 3.8 41.8 449 124.0 3.0
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Table 2. Cont.

No. Date PD RD SRC PFR PFL TSR
(dd/mm/yyyy; hh:mm) (mm) (mm) (%) (%) (min) (min)
32 16/03/2016; 14:38 27.9 19.4 69.5 41.6 897.0 73.0
33 23/03/2016; 07:43 34.3 16.1 46.9 74.5 9.0 26.0
34 24/03/2016; 23:08 2.8 0.1 3.6 - - -
35 08/04/2016; 08:33 5.3 0.3 5.7 - - -
36 08/04/2016; 21:12 2.3 0.0 0.0 - - -
37 09/04/2016; 20:39 15.7 5.8 36.9 86.5 8.0 11.0
38 23/04/2016; 18:12 8.1 1.8 222 929 11.0 15.0
39 24/04/2016; 04:00 11.2 29 25.9 62.1 4.0 10.0
40 25/04/2016; 04:38 2.5 0.2 8.0 - - -
41 25/04/2016; 12:45 8.1 4.2 51.9 73.3 1.0 4.0
42 28/04/2016; 21:44 14.7 5.8 39.5 * 521.0 108.0
43 01/05/2016; 11:00 3.3 0.3 9.1 - - -
44 02/05/2016; 06:28 239 16.9 70.7 72.8 1253.0 399.0
45 04/05/2016; 03:49 5.3 1.3 24.5 - - -
46 12/05/2016; 03:47 3.6 0.0 0.0 - - -
47 14/05/2016; 19:09 35.6 233 65.4 38.3 512.0 132.0
48 20/05/2016; 09:15 2.5 0.0 0.0 - - -
49 13/06/2016; 01:01 2.8 0.0 0.0 - - -
50 19/06/2016; 11:34 2.5 0.0 0.0 - - -
51 24/06/2016; 03:34 7.9 0.2 2.5 - - -
52 26/07/2016; 14:43 2.0 0.0 0.0 - - -
53 07/08/2016; 13:28 8.4 0.2 24 - - -
54 11/08/2016; 22:29 2.3 0.0 0.0 - - -
55 23/08/2016; 14:51 22.4 7.2 32.1 93.0 5.0 1.0
56 31/08/2016; 23:31 6.9 0.0 0.0 - - -
57 06/09/2016; 03:44 36.3 13.4 36.9 * 34.0 28.0
58 08/09/2016; 03:50 13.7 51 37.2 74.2 324.0 5.0
59 13/09/2016; 15:29 12.5 4.4 35.2 89.5 8.0 3.0
60 17/09/2016; 04:22 7.9 0.4 5.1 - - -
61 18/09/2016; 23:19 38.9 20.9 53.7 19.0 16.0 45.0
62 22/09/2016; 05:49 2.3 0.0 0.0 - - -
Mean (**) 20.3 111 32.0
Minimum (**) 2.0 0.0 0.0
Maximum (**) 120.1 100.00 83.3
Sum (**) 1256.3 689.7
Mean (***) 32.5 19.4 50.4 56.0 294.9 52.1
Minimum (**¥) 8.1 1.6 17.5 13.3 1 1
Maximum (**¥) 120.1 100 83.3 95.2 1647 399
Sum (***) 1137.0 678.2

* Due to an interruption of the sensor signal, it was not possible to evaluate the runoff from the conventional roof
(IR); thus, the result in terms of PFR was not evaluated; ** Values evaluated considering the whole dataset (62
rainfall events); *** Values estimated by excluding the storm events with rainfall depth less than 8 mm and the
rainfall event 53.

By analyzing the results in Table 2, we found that the SRC exhibits a high variability, ranging from
0% to 83.3% with a mean value of 32.0% when the whole dataset (62 storms event) was considered;
meanwhile, it ranges from 17.5% to 83.3% with a mean value of 50.4% for storm events with rainfall
depths more than 8 mm (26 events) and excluding event 53, too. In this regard, this increase of the
mean value of SRC is due to the exclusion by the average evaluation of 27 storm events, which were
almost totally retained by the green roof, and are the same events that are not considered also for the
other indexes (PFR, PFL and TSR). This first result, in accordance with a previous study carried out for
an extensive green roof in Mediterranean climate [23] and fully falling within the range of the variation
mentioned in Section 1 (30-90%), confirms the good response of the specific GR, but simultaneously
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highlights how the SRC index is strongly influenced by weather conditions. For example, by comparing
two events with different rainfall depths, such as Event 9 (PD = 97.3 mm) and Event 18 (PD = 23.4
mm), the SRC values were 81.7% and 17.5%, respectively. Two events with similar rainfall depths, such
as Event 7 (PD = 37.1 mm) and Event 27 (PD = 40.9 mm), produced SRC values of 35.0% and 71.9%,
respectively. These differences in SRC given similar precipitation can be understood by observing
the antecedent dry weather period (ADWP) of the two events, which affects the initial soil moisture
condition and therefore the soil retention capacity. Event 7, with a retention of 65.0% (SRC = 35.0%),
occurred after more than 20 continuous dry days, whereas when Event 27 happened, at the beginning
of the event, the soil substrate had a reduced retention capacity due to the short ADWP (just over one
day); therefore, this results in a higher SRC than Event 7.

A similar conclusion can be reached by observing the other three indices (PFR, PFL, and TSR)
in Table 2. We found that PFR, PFL, and TSR—with mean values of 56.0%, 294.9 min, and 52.1 min,
respectively—were highly variable, and principally associated with the climate condition before the
beginning of the storm events, and therefore, with the initial humidity of the soil.

By considering the results in Figure 2, which shows the regression plots (significance level equal
of 0.5) estimated for selected hydrological parameters, we noted a linear strong relationship (R? =
0.95) between RD and PD (Figure 2a) and a logarithmic relationship (R? = 0.77) between SRC and PD
(Figure 2b). By analyzing the Figure 2a, we found that RD tended to be 0 to 10 mm for PD values lower
than 20 mm, whereas Figure 2b shows SRC values ranging between ~75-85% for PD greater than 70
mm, and a significant variation in the SRC value for PD less than 10 mm, principally depending on
the ADWP.

100

100 1 o =
= 90
90 3 RD=0.77PD-4.50 2 o °
80 4 R?=0.95 T & A
- P [ ° o o e
£ ’ E 704 %9 s
E : g . °° %o -~
£ 60 : O 801 ° Bl
o o b= ol
a 501 o B ¥ ® Q o © °
e 87 5 L e °
S 40 © °
g 2 ° @ Q
[ 30 4 990 8 30 1 690 SRC=20.31In(PD)-17.11
20 4 ¥ T i % RE=0.77
0 o, 2 O@D o
10 4 2 Dg S 10
X o
0 —dﬁ —— 0
O 10 20 30 40 50 60 70 80 90 100 110 120 O 10 20 30 40 50 60 70 80 90 100 110 120
a) Precipitation Depth (mm) b) Precipitation Depth (mm)

Figure 2. Regression plots (significance level = 0.05) for selected key parameters, by using all the
rainfall events: (a) runoff depth (RD) as a function of precipitation depth (PD) and (b) subsurface runoff
coefficient (SRC) as a function of precipitation depth (PD).

All these findings confirm the findings reported in the literature [3,11], which identified ADWP as
a significant determinant of hydrological performance. This specific hydrological parameter, which
ranged from around 6 hours to more than 777 hours in this study (Table 1), significantly affects the
substrate moisture conditions and thus the green roof hydrological response in terms of SRC, PFR,
PFL, and TSR indexes.

All the results that were analytically evaluated in terms of runoff volume, rainfall intensity,
and hydrological indexes, provided excellent feedback, as shown in Figure 3, where hyetographs
and corresponding hydrographs of the GR (black line) and the IR (grey color) are shown for eight
selected rainfall events. These storms events were selected to cover a wide range of precipitation
depths, durations, and antecedent dry weather conditions. The events shown in Figure 3 confirm the
hydrological efficiency of the experimental green roof in terms of runoff volume reduction and peak
hydrograph mitigation compared to the conventional roof, and the delay in peak flow compared with
the hyetograph.
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Rainfail event 7 October 2015
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Figure 3. Hyetographs and corresponding green roof (GR) and impervious roof (IR) runoff hydrographs
for eight selected rainfall events: (a) 7 October 2015 (total precipitation depth (PD) = 42.2 mm and total
green roof runoff depth (GR-RD) = 20.0 mm); (b) 29 October 2015 (PD = 63.3 mm and GR-RD = 46.4 mm);
(c) 03 January 2016 (PD = 66.3 mm and GR-RD = 32.7 mm); (d) 15 January 2016 (PD = 24.9 mm and
GR-RD = 13.2 mm); (e) 12 February 2016 (PD = 18.8 mm and GR-RD = 11.1 mm); (f) 01 March 2016
(PD = 31.0 mm and GR-RD = 19.9 mm); (g) 16 March 2016 (PD = 27.9 mm and GR-RD = 19.4 mm);
(h) 23 March 2016 (PD = 34.3 mm and GR-RD = 16.1 mm).
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3.3. Soil Hydraulic Properties

The soil hydraulic properties of the soil substrate measured with the evaporation method are
shown in Figure 4. The measured soil water retention curve (SWRC) is well described across the entire
water content range (blue points of the left-side curve), whereas the measured points of the hydraulic
conductivity function (blue points of the central and right-side curve) are concentrated in the dry range
between 10-30% of the volumetric water content. The measured data were imported into HYPROP-FIT
(METER Group AG, Munich, Germany) software to fit the analytical hydraulic property functions.
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Figure 4. (a) The soil water retention curve showing the volumetric water content (6) versus pF (decimal
log of tension, expressed as pressure head in the unit of cm); (b) the conductivity curves showing

the log of the hydraulic conductivity (K) versus pF, and (c) the log of hydraulic conductivity versus
volumetric water content (0).

The unimodal van Genuchten Mualem model (VGM) [49] was fitted (Figure 4, black line). The
root mean square error (RMSE) values for retention and conductivity functions were 0.01 cm®cm™
and 0.16 log K, cm/day, respectively.

The hydraulic properties obtained by fitting the van Genuchten Mualem model and their limit
of confidence are described in Table 3, where « is a parameter related to the inverse of the air-entry
pressure head (L™!); 05 and 0, are the saturated and residual water contents, respectively; 7 is a
pore-size distribution index; Kj is the saturated hydraulic conductivity (LT~!); and [ is the tortuosity
and pore-connectivity parameter.

Table 3. Estimated soil hydraulic parameters. ,, residual water content; 05, saturated water content; a,
inverse of the air-entry pressure head; n, pore-size distribution index; and /, tortuosity.

Parameter Value Lower Limit Upper Limit Unit of Measure
0, 0.00 0 0.07 cm3em™3
0s 0.58 0.57 0.59 cm3em 3
a 0.09 0.07 0.1 cm™!
n 1.25 1.20 1.32 -
K 3000 0.00 4000 cm day ™!
! 0.5 - - -

The model used indicates a soil characterized by a very high permeability, which corresponds
well with the textural composition of the GR substrate. This characteristic is well suited for green roof
substrates, which must guarantee fast drainage and avoid water ponding on the surface, even during
intense precipitation. Narrow confidence intervals for parameters indicate high confidence in their
estimation, whereas a huge range in the estimation of K, indicates that the evaporation method is not
accurate for the determination of the hydraulic conductivity near saturation, and this is reflected in
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the estimation of K;. To improve the accuracy in the estimation of the hydraulic conductivity near
saturation, other methods and devices should be used such as Ksat [52] based on the Darcy experiment.

3.4. Green Roof Hydraulic Behavior for Different Soil Depths

As stated above, the hydraulic parameters of the soil substrate were used in HYDRUS-1D to
describe the hydrological behavior of the green roof with different soil depths.

Cumulative inflow and outflow fluxes of the green roof are reported in Figure 5. By increasing the
soil substrate depth, the green roof was able to reduce the total runoff volume from 22% to 24% in
response to the same total precipitation during the considered period.

80

Precipitation

---------- Substrate soil depth = 6 cm
————— Substrate soil depth = 9 cm [ = - —v
— — —-  Substrate soil depth = 12 cm =

77777 Substrate soil depth = 15 cm /

60 -

Cumulative Runoff Depth [cm]

0 500 1000 1500 2000 2500 3000 3500 4000
Elapsed Time [hours]

Figure 5. Cumulative rainfall and cumulative modeled runoff for different values of soil depth (H) by
considering a six-month dataset (January—June 2016).

The steep gradients in the cumulative outflow indicate that the green roof responded quickly to
precipitation. This aspect is directly related to the limited thickness of the substrate, which reduces the
possible delay.

During simulations, mass balance errors were always below 1%, which is generally considered
acceptable at these low levels.

As shown in Figure 5, the outflow volume reduction achieved by doubling the soil substrate
depth under the same climate conditions was not significant. This result, which confirms the findings
of Feitosa and Wilkinson [32], can be justified by observing that the six-month dataset used for these
simulations was obtained in winter and spring, where evapotranspiration is not predominant. Based
on these findings, since the adoption of a deeper soil depth does not contribute to a significant increase
in the retention capacity, it would only represent a structural overloading, while a substrate depth of
six centimeters would be an ideal soil depth for extensive green roofs.

4. Conclusions

Green roofs may be a solution for minimizing the impact of urbanization on the hydrologic cycle.
Given the important role they play in the mitigation of urban flooding, several studies have focused on
the analysis of their hydraulic behavior.

In this study, we conducted a field monitoring campaign for one year on a full-scale extensive
green roof. We evaluated hydrological indices (subsurface runoff coefficient, peak flow reduction, peak
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flow lag-time, and time to start runoff) on an event scale, and we found possible correlations between
these indicators and hydrological features of storm events. The findings showed that the subsurface
runoff coefficient (SRC) ranges from 17.5% to 83.3% with an average value of 50.4% for the rainfall
events with a precipitation depth more than 8 mm (35 rainfall events) and by excluding Event 53,
which presents an average value of 32.0% for the whole dataset (62 rainfall events). This result, which
is evaluated by considering an event scale analysis, falls in the range (around 30-90%) evaluated in
literature [30] under different climate conditions and temporally scales. In addition, as the subsurface
runoff coefficient is an extremely useful index to quantify the hydraulic efficiency of a green roof, this
finding confirms the optimal retention capacity of the experimental green roof in the Mediterranean
climate. Therefore, the average value of the subsurface runoff that was obtained in this study for the
specific green roof can be taken into account during preliminary design choices for the construction of
green roofs in Mediterranean climate conditions.

Finally, to evaluate the influence of soil thickness on the hydraulic behavior of a green roof, the
HYDRUS 1D model was used to consider green roofs with soil depths of 6 cm, 9 cm, 12 cm, and 15 cm.
The results obtained in this phase show how the considered substrate depths for green roofs were able
to achieve a runoff volume reduction of 22% to 24% during the selected period for the Mediterranean
climate conditions without observing flow over the top surface of the soil. These findings are in
accordance with the literature [32], which may be explained by the dataset used in these simulations
being obtained during winter and spring where evapotranspiration, one of the key factors reducing
storm water in the hydrological cycle, was not predominant. Thus, in the field of extensive green roofs,
as the outflow volume reduction achieved by increasing the soil depth was not significant, the ideal
depth for soil substrate would be six centimeters.

Finally, since the outflow volume reduction achieved by doubling the soil substrate depth under
the same climate conditions is not significant, the maximum depth of 15 cm is not recommended for
adoption considering the structural overloading.
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Low impact development (LID) systems provide sustainable solutions for flood risk mitigation. Given their re-
levant role in urban water management, accurate estimation of the outflow rate of such systems is crucial to
assess their retention efficiency and the corresponding volumes discharged into the drainage network. Thus, the
selection of an appropriate flowmeter device is necessary. Thus far, various flowmeter devices have been de-
signed and calibrated for pipes, open channels, rivers, and irrigation systems, while only scarce and general
information has been presented for the devices used in LID systems. The main objective of this study is to
propose a new, simple, and easily replicable flowmeter device, which can be positioned in confined spaces, such
as drain wells, for measuring a large outflow rate range of LID systems. To identify the most influential para-
meters on the discharge coefficient, the evolutionary polynomial regression multi-objective and multi-case
strategy approaches were used for data mining. The results demonstrate that the ratio between the upstream
head (h) on the weir crest and the weir width (b), namely the (h/d) parameter, significantly affects the discharge
coefficient. Therefore, neglecting the Reynolds and Weber condition and h/d coefficient (where d is the weir
height), a simple and accurate relationship of the discharge coefficient was obtained. Finally, to implement the
laboratory findings to a full-scale green roof, the runoff collected by the developed device for a continuous
period of three months was analysed. The findings demonstrate that the plotted hydrographs do not exhibit
fluctuations and effectively interpret the small flow, at both the continuous and event scales.

1. Introduction open channels, rivers, and irrigation systems [6-9]. A common con-

figuration for measuring the flow rate, generally used in hydraulic la-

Continual urbanisation and climate change have severely modified
natural catchments, leading to significant alteration of the hydrological
cycle, thereby increasing urban flooding risks [1,2]. In response to this
issue, several strategies, known as ‘best management practices’ and ‘low
impact development’ (LID), have been adopted [3]. Among these,
permeable pavements, green roofs, and rain gardens provide innovative
solutions, mainly based on ground infiltration and temporal storage,
which provide significant reductions in runoff volume [4,5]. In order to
estimate the hydraulic benefits of these solutions, an appropriate eva-
luation of the outflow rate is important. Therefore, the selection of a
specific flowmeter device for LID systems, which can also estimate the
minimum flow rates released following small rain events, is necessary.

The accuracy and precision of the device strongly affect the flow
measurement; thus, several studies have focused on the detailed design
of flowmeter devices, particularly for the flow measurement of pipes,

* The authors contributed equally to this work.
* Corresponding author.

boratories and irrigation practices, involves placing a side weir, namely
an overflow structure, laterally to a channel [6]. Weirs are one of the
oldest and simplest hydraulic structures used for flow measurement,
energy dissipation, flow depth regulation, flood passages, and other
purposes [7]. Numerous weir types exist: the broad-crested, short-
crested, and sharp-crested weirs. Specifically, the sharp-crested weir is
used in hydraulic laboratories, industry, and irrigation pilot schemes,
where high accuracy is required [8]. Therefore, in the past several
years, there has been increasing interest in rectangular weirs and the
potentialities these devices offer in terms of the simplicity of outflow
modelling [9,10]. In fact, compared to those with orifice openings,
these devices exhibit a discharge law that is influenced by fewer in-
terpretation errors. Moreover, as they do not exhibit a high influence of
viscous phenomena, such as V-shaped devices, they can measure both
the smallest flow rates and the peak flow occurring during extreme
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Nomenclature

d Weir height [mm]

b Weir width [mm]

L Thickness of weir crest [mm]

?] Crest bevelled angle [°]

h Upstream head over weir [mm]

B Channel or tank width [mm]

Cq Discharge coefficient of weir [dimensionless]
Q Flow rate discharge by weir [1/s]

rainfall events.

In estimating the flow from rectangular weirs, the discharge coef-
ficient plays a significant role. Several studies have been carried out to
determine the discharge coefficient for the sharp-crested weir
[8,11-16]. The theoretical formulation of the discharge coefficient, as
presented in Section 2.1.3, is strongly affected by the geometric con-
figuration of the weir and a numerical analysis adopted.

In the studies, as previously mentioned, no specific devices for LID
systems were identified. Moreover, as discussed later, the studies on LID
systems, specifically green roofs, only provided general information on
the flowmeter device used. In more detail, Bliss et al. [17] considered a
channel with a trapezoidal area and used a Greyline LIT25 ultrasonic
sensor to measure the water levels released by extensive green roofs.
Voyde et al. [18] rated the runoff from each green roof plot by a re-
stricted orifice device equipped with a Global Water WL16USB pressure
transducer. Stovin et al. [19] collected the outflow from a green roof
test bed in a tank via a gutter, and monitored the water levels by means
of a pressure transducer. Moreover, Carson et al. [20] obtained con-
tinuous measurements of green roof runoff using a weir device con-
sisting of a runoff chamber with an outlet weir, and a Senix TSPC-30S1
ultrasonic sensor. Hakimdavar et al. [21] installed a tipping bucket
placed beneath the drain of the green roof test box. Versini et al. [22]
recorded the outflow from each green roof plot by means of a custom-
made PVC tipping bucket with a resolution of 0.01 mm. Moreover,
Zhang et al. [23] used PVC pipes with a U-shape, connected to the green
roof outlet on one side, and fitted with a 0.5m Odyssey capacitance
water level sensor on the other.

Although these studies carried out on green roofs introduced certain
devices for outflow estimation, no details on the construction and ca-
libration phases, which are useful for reproducing the devices, were
provided. Moreover, only few studies were conducted on full-scale
implementations; however, the spaces in which the measures were
detected were often confined within a manhole. Thus, research on and
definition of a device that is easily reproducible for geometrical and
material features, and can be used for different LID systems as well as
positioned in limited spaces, could provide suitable support to experts
in the field of sustainable urban drainage.
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Therefore, the main objective of this study is to propose an in-
novative and simple flowmeter device. The device, developed in the
laboratory, was created to measure the outflow rates from several full-
scale LID systems, including an extensive green roof located in the
Urban Hydraulics Park at the University of Calabria. A prototype was
developed with a rectangular sharp-crested weir in a thin wall, and
laboratory volumetric tests with a wide range of hydraulic loads were
carried out to define the outflow scale. A monomial discharge law de-
rived from dimensional analysis of the discharge equation for a rec-
tangular weir was analysed. Thereafter, to identify the most influential
parameters on the discharge coefficient, the evolutionary polynomial
regression multi-objective genetic algorithm (EPR-MOGA) and multi-
case strategy (MCS-EPR) were used for data mining. Furthermore, in
order to obtain a direct and continuous estimation of the water level, a
pressure transducer was selected, calibrated, and implemented. Finally,
the flowmeter device was reproduced and implemented in the LID
systems installed at the University of Calabria. To demonstrate the ac-
tual performance of the proposed device, the outflow rates collected
from an experimental green roof for a continuous monitored period of
three months are presented.

2. Materials and methods
2.1. Laboratory phases

The first part of the study was performed in the laboratory, and
consisted of three main phases, which are described in detail in the
following subsections. Thus, according to this section, a useful guide is
proposed to experts in the field of sustainable urban drainage for re-
production in the laboratory, followed by installation in full-scale im-
plementation, using the same flowmeter device that is suitable for the
estimation of outflow from LID systems.

2.1.1. Construction phase

In order to define a new and simple flowmeter device that can be
placed in manholes located at the base of LID systems, the main aspects
considered during the design and construction phases were: feasibility,
easy implementation, versatility, simple on-site installation and re-
moval for maintenance, lightness, and adequate size for reliable flow
measurement (that is, a device suitable for measuring the smallest flow
rates released from an LID system, and that, in the function of its
configuration, can minimise the cinematic viscosity and surface tension
effects on the efflux).

To fulfil all these characteristics, a ‘measuring pipe’ consisting of a
vertical PVC pipe DN200 with a rectangular weir was developed. The
selection of a device with a rectangular weir depends on the high
variability of flow rates from an LID system, which, given their reten-
tion capacities, are generally small, but could also be greater when
extreme rainfall events occur. Moreover, the use of a vertical pipe is

Fig. 1. a) Guided cutting of weir; b) re-finishing of edges.
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suitable for obtaining effective variability of the fluid vein, and owing
to its shape, it is possible to place it easily in manholes. Furthermore,
PVC material is a common material that can be processed effectively.

As a prototype diameter, a DN200 instead of a DN250 was con-
sidered for obtaining major water level variations, thereby enabling
easier reading of the water level by a piezometer and/or pressure
transducer.

On this basis, during the construction phase, the PVC pipe (DN200)
was first stiffened with wooden planks (Fig. 1a) and cut with a circular
saw bench for a weir width (b) of 12mm. To prevent the risk of the
small opening clogging, toothed gratings were implemented in the in-
take pipe and calm zone. The opening of 12 mm was placed 22 cm from
the bottom (Fig. 2b); thus, the calm zone performed a sedimentation
function in addition to the hydraulic function. Furthermore, the data
collected on the experimental sites following the device installation
confirmed the non-existence of a clogging problem, as the coarser
particles (> 12 mm) that escaped from the LID systems never blocked
the small opening. The geometric features of the weir and calm zone
were defined to minimise the viscosity and surface tension effects on
the efflux.

Moreover, the selection of the diameter and weir width depended
on preliminary considerations conducted to determine the maximum
flow rate. The areas of the experimental LID systems installed at the
University of Calabria, a rain intensity, for the laboratory tests, of
98 mm/h (mean value between 80mm/h and 116 mm/h and rain
events with two- and five-years return periods, respectively), and an
evaluation on the infiltration conditions of the LID systems, according
to the literature values, were considered. Based on these observations, a
peak flow rate of 1.51/s was estimated.

In order to achieve sharp detachment of the fluid vein and also
lower flow rates, the vertical walls and threshold were shaped at 45 °C
and 60 °C, respectively (Fig. 1b). Previous laboratory tests demon-
strated that an edge thickness greater than 1 + 2mm gives rise to
adhesion phenomena of the fluid vein, with instabilities for low flow
rates.

To obtain correct water level measurements, it is relevant to con-
sider the energy dissipation by the incoming current, in the case of both
a piezometer and pressure sensor. Thus, a system consisting of a con-
centric DN100 pipe, approximately 50 cm long (Fig. 2b), with openings
at the bottom, was placed within the DN200 pipe to inject and dissipate
the water energy mass. Moreover, to collect the water from the surface
and infiltration systems with ease, the dissipation system was connected
to the top by means of a special piece (diameter reducer DN200-
DN100), thereby obtaining a total device length of 58 cm (Fig. 2b). The

a)

<100

5
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maximum length of the device was previously defined based on the
depths of the manholes in which the device would be located following
the laboratory phase. Furthermore, rectangular openings were made at
the bottom to allow energy dissipation in the opposite direction to the
weir (Figs. 2a and 2b).

For the water level measurement, during this laboratory phase, a
piezometer with a graduated scale was placed laterally and below the
overflow threshold. Thereafter, to fix the zero reference point of the
piezometer, the measuring pipe was placed on a level surface and filled
up to the weir.

Finally, in order to allow for possible maintenance and inspection of
the device, its top and bottom were designed to be removable.

2.1.2. Experimental setup

Direct flow measurement tests based on the volumetric method
were performed in the laboratory to obtain the device outflow scale.
This method required that all of the flow originating from the weir
device was diverted into a graduated reservoir, by determining the time
necessary to fill five reference volumes, defined by splitting the entire
reservoir volume into equal parts.

Two reservoir volumes were used to consider different flow rate
ranges. The first, with graduation levels equal to 0.40, 0.80, 1.20, 1.60,
and 2.001, was used for small flow rates up to approximately 0.1551/s,
while the second, with graduations of 4.00, 8.00, 12.00, 16.00, and
17.801, was used for higher flow rates.

Moreover, a pumping system was used to guarantee a constant flow
into the weir device during the test.

A schematic representation of the system used for the previously
mentioned volumetric method is illustrated in Fig. 3a.

The reservoir dimensions were substantially larger than the rec-
tangular weir base, a section of which is illustrated in Fig. 3, according
to the details previously described. The geometric parameters of the
rectangular sharp-crested weir were: weir height d (220 mm); weir
width b (12 mm); weir crest thickness L (1 mm); crest bevelled angle 6
(60°); and upstream head over weir h.

The discharged flow rate and relative water level were measured
when the fluid vein was effectively detached from the weir; that is,
when the head was sufficiently high for free flow and the water nappe
was at atmospheric pressure [24].

For this reason, the pairs of the flow and water level values referring
to an imperfectly aerated jet were not examined. Complete separation
of the fluid vein was observed at 21 mm (Fig. 4b). This value guarantees
the condition of a sharp-crested or thin-plated weir; that is, the up-
stream head (h) on the weir crest must be at least 15 times the thickness

527

Fig. 2. a) Energy sink and measuring tube not yet assembled; b) final dimensions of two elements; ¢) device prototype in vertical position, ready for laboratory tests.
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Fig. 3. a) Schematic representation of system used for tests; b) rectangular sharp-crested weir section with indication of geometric parameters.

of the weir crest itself (L) [8,25].

Complete detachment of the effluent vein was identified at an h
value of 21 mm (hp;,). Trials were carried out by increasing the head by
approximately 5-6 mm at a time for a total of 31 tests. The mean dis-
charged flow estimation was obtained by dividing the volume collected
for the time (Appendix A).

Table 1 summarises the trial conditions. For each upstream head
value on the weir, the procedure was repeated four times.

2.1.3. Theoretical considerations and numerical analysis

As discussed previously, several studies have been conducted on the
estimation of the flow through a measuring channel. All of the results,
from De Marchi [26] to Zahiri et al. [6], exhibit the consensus that the
flow rate discharged by a rectangular weir can be expressed according
to Eq. (1), which is derived from considerations on the flow energy
[25]:

2
= ZCq./2g b3,

where Q is the flow rate discharged by the weir; Cy is the discharge
coefficient; g is the gravitational acceleration; h is the upstream head
over the weir; and b is the weir width.

The discharge coefficient is strongly affected by the geometric
configuration of the weir and, as can be detected in certain studies, can
be expressed as a function of the h/d ratio [11,14,27], Reynolds number
(Re) [16], and b/B ratios [8,28]. Therefore, C4 can be expressed as [9]:

Cq = f(Re,We, h/b, b/B, h/d), (2)

in which, in addition to h, b, and d, as discussed above, B is the channel
or tank width, while Re and We are the Reynolds and Weber numbers,
respectively.

In order to proceed with the evaluation of the discharge coefficient
equation best representing the outflow from the sharp-crested weir, by

Table 1
Variation range of experimental data.

b [mm]  hpyin Bmax  Bmin/b Bmax/b  hmin/d  Bmax/d  Qmin  Qmax
[mm] [mm] [I/s1  [l/s]

12 21 171 1.75 14.25 0.10 0.78 0.082 1.82

considering the observed values of the flow (Q) and upstream head over
the weir (h), the corresponding experimental values of C; were eval-
uated by means of the following equation, derived from Eq. (1):

3Q
Ci= ——=2 .
T 2 2gbhl? ®)

Thereafter, to obtain an analytical expression that correlates the Cq
coefficient to one or more parameters, the C; values as a function of h/
b, h/d, Re, and We were analysed. Moreover, as B > > b, the parameter
b/B was omitted, with the effect of the wall on the outflow considered
as negligible [9]. The parameter h/d was taken into account because,
for high values of head on the weir, the ratio h/d ranges from 0.10 to
0.78 (Table 1).

Although the effects owing to viscosity (v) and surface tension (o) in
thin walls could be considered negligible, they were investigated to
consider the properties of the Re and We parameters. For the di-
mensionless Reynolds and Weber numbers, Egs. (4) and (5) were used.
Moreover, working with effective approximation, in the hypothesis of
the hydrostatic regime in the calm zone, the Torricellian velocity
(\/2g7 ) was considered for the Reynolds number determination (4). The
hypotheses of the hydrostatic regime have exhibited strong confirma-
tion in experimental evidence.

J2ghb

v ()]

Re =

Fig. 4. a) Fluid vein adhering to weir (water level: 13 mm); b) fluid vein detached from weir and well aerated (water level: 21 mm); and c) fluid vein corresponding to

maximum water level on weir (171 mm).
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2ghbp
We = 221
=g )

where g is the gravitational acceleration (9.81 m/s?); v is the fluid
viscosity (1.27-10 % m?/s); o is the surface tension (0.0074 kg/m); and
p is the fluid density (102 kg s%/m*).

Thus, based on these considerations, Eq. (2) can be reduced to the
following:

Cq = f(Re,We, h/b, h/d). ®)

This work considered a data-mining approach [29] to achieve ad-
ditional knowledge regarding the relationship between the available
aggregate information and hydraulic features, assumed as input/output
data from the system on hand. The analysis was performed by EPR
MOGA-XL, developed in the MATLAB environment. This analysis
exploited two recent variants of EPR, namely the EPR-MOGA and MCS-
EPR.

This approach encompasses a multi-objective optimisation strategy,
in which the accuracy of data reproduction and parsimony of model
structures are simultaneously maximised [30]. The parsimony feature
refers to the number of variables and/or additive terms involved in the
analytic equations, and its minimisation is assumed to result in more
general phenomena descriptions, while allowing for physical read-
ability at the same time [31]. The version of EPR MOGA-XL employed
uses a MOGA optimisation strategy based on the Pareto dominance
criteria [32,33], and at the end of the modelling phase, a set of model
solutions is produced (the Pareto front of optimal models).

The Pareto front is the set of all Pareto-efficient allocations, con-
ventionally depicted graphically (in a chart with accuracy and parsi-
mony). It is an area of multiple criteria decision-making that is con-
cerned with mathematical optimisation problems involving more than
one objective function to be optimised simultaneously.

The main advantages of the EPR-MOGA are: (1) it allows for de-
veloping a Pareto set of models with different accuracy and parsimony
in only one modelling run; (2) the similarities between the returned
relationships lead to discussing and evaluating the phenomenon; and
(3) the set of models is aimed at supporting the user in the selection of a
suitable expression.

More specifically, in the study, EPR MOGA-XL modelling was per-
formed using the control option ‘penalisation of complex structures’,
which enables a trade-off between the data fitting quality (sum of
squared errors, SSE) and model complexity (the number of input
combinations) [30]. Moreover, the multi-objective optimisation
strategy for the evolutionary search of EPR was used.

Thus, the selected options were carried out in the following two
steps.

— Min(Xi,SSE), where Xi is the i-th model parameter: MOGA optimi-
sation strategy using two objective functions [30]; minimisation of
the input number (in this case, also maximisation of the model
parsimony) and minimisation of SSE (maximisation of model accu-
racy).

— Min(aj,SSE), where aj is the j-th model coefficient: Optimisation
strategy based on the MOGA, using two objective functions [30];
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minimisation of number of terms (maximisation of model parsi-
mony) and minimisation of SSE (maximisation of model accuracy on
training data).

2.2. Full-scale implementation

The flowmeter device, which is the object of this study, was placed
at the base of the Department of Mechanical, Energy and Management
Engineering building, on which an experimental green roof was con-
structed. The site, located in southern Italy, is characterised by
Mediterranean climate conditions, according to the Koppen climate
classification [34]. This green roof is part of the Urban Hydraulic Park
located at the University of Calabria, which also includes an extensive
green roof, a bioretention system, and a sedimentation tank connected
to a treatment unit [35,36].

The experimental green roof, with an area of 50 m? and a slope of
1%, vegetated with native Mediterranean plants, is characterised from
top to bottom as follows: a soil substrate with mineral terrain; a
permeable geotextile; a drainage layer in polystyrene foam (with a
storage capacity of 111/m? and drainage capacity of 0.461/(s m?)); an
anti-root layer; and a waterproof membrane.

Weather data, including precipitation, wind velocity, air humidity,
air temperature, barometric pressure, and solar radiation, were col-
lected by a weather station located at the experimental site [37]. The
rainfall depth was measured using a tipping bucket rain gauge, with a
resolution of 0.254 mm and an acquisition frequency of 1 min.

For direct and continuous estimation of the water level in the
flowmeter device, instead of the piezometer used in the previous la-
boratory phase, a pressure transducer (Ge Druck PTX1830) was se-
lected. This transducer, with a measurement range of 75cm and an
accuracy of 0.1% of the full scale, was calibrated in the laboratory by
using a water column to identify the relationship between the output
signal in mA, obtained through a digital bench multimeter, and the
water tension h, measured by a graduated rod. The water levels thus
measured were continuously recorded in a SQLITE database system
with a resolution of 1 min [36].

In order to analyse the outflow rates from this green roof, a con-
tinuous three-month dataset (rainfall and runoff) with a one-minute
time resolution, recorded at the experimental site from October 2015 to
December 2015, was considered. The entire studied period was char-
acterised by a total precipitation depth of 447.50 mm, with October
being the rainiest month and December the driest.

3. Results and discussion
3.1. Laboratory results

By following the procedure described in Section 2.1.3, the appli-
cation of the first step Min(Xi,SSE) simultaneously led to the model
structures in the output. The different models, denoted by 1-5, are
displayed in Table 2. These models were derived from the EPR-MOGA
analysis; that is, from an evolutionary type of optimisation strategy,
where the selection of models is based on the criteria of parsimony

Table 2
SSE and COD for different models in output at first step.
SSE COD %
Model 1 Cq = const Cy=0.73 1.97107* 0.51
Model 2 Cq=f(Re) Cyq=ag— arRe 3.8210°° 80.47
Model 3 Caq = f(Re;h/b - S S U 3.54107° 81.91
7 ) Ca=do+arprs = a5
Model 4 Cy = f(Re;Wesh/d h/d)05 3.57107° 81.74
4 =f (Re;Weh/d) Ca=ao+ HIT:LS - “2'(u/,21).5
_ W 0.5 , 1ye0.5 5810 ° A
Model 5 Ca = f (Re;We;h/b) Ca=ap— ari . az_Re Wwe' 3.5810 81.73
Re? (/b3
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(number of model parameters) and accuracy (model coefficient of de-
termination (COD)).

2n Gy’
ZN (yexp —avg (yexp))z , )

where N is the number of samples, y is the value predicted by the
model, y,,, represents the corresponding observations, and avg(3;,,) is
the average value of the observations (evaluated on N samples).

As mentioned previously, the Pareto front allows for evaluating the
optimal solution (among the models identified by EPR with the same
parsimony, the model with the highest accuracy is selected). On this
basis, the best model is graphically deduced on the knee point of the
Pareto front (Fig. 5a), in which the values (1-COD) are indicated on the
abscissas, while the numbers of input parameters (Xi) present in each
model are reported on the ordinates.

Furthermore, it is possible to detect that models 2 and 3 exhibit an
optimal compromise between precision (minimum value (1-COD)) and
simple structure (minimum number of inputs Xi).

By analysing Table 2, it can be noted that model 2 is a function only
of the Re parameter, and it yields a COD coefficient that is not very
different from the other more complex models (3, 4, and 5), while
model 1 can be rejected because the COD is close to 0 and, therefore, it
is not precise (1-COD equal to 1).

Based on the previous analysis, displayed in Table 2, the following
analysis focused on processing the discharge coefficient C,4 as function
of the Re and h/b parameters.

In order to proceed with this second step, as described in detail in
Section 2.1.3, the optimisation strategy of the number of terms was
applied. This final application simultaneously led to the model struc-
tures in the output displayed in Table 3.

The results presented in Table 3 agree with the EPR-MOGA XL
procedure, in which the parsimony was first analysed (therefore, the
number of parameters in play), and then, the efficiency was evaluated
for the same parsimony. The results in Table 3 indicate a model with a
constant C4 and another with one variable (h/b), which is in agreement
with typical hydraulic results.

According to this procedure, the discharge coefficient equation can
be expressed as:

COD = 1-

h. 0.5
Cy = 0.77988 — 0.017232(—) )
b ®

Thus, by using the second strategy, the discharge coefficient is a
function of the h/b parameter, instead of the Re number.

a)

s b e Moders T T
Model 4
s
®» 2 o Model 3
@ \
et
[T} !
£ %
S | Model 2
© lode
a T —
T Model 1]
0 : : -
0.0 0.2 0.4 06 0.8 1.0
1-COD

Flow Measurement and Instrumentation 65 (2019) 240-249

Table 3
SSE and COD for different models in output at second step.
SSE COD %
Model 1 Cq = const Cq =073 1.9610°* 0.25
Model 2 Ca :f(Re;%) Cimag— a1~(%)0'5 3.8610° 80.26

Having obtained the theoretical relationship of the discharge coef-
ficient (Fig. 5b and Eq. (8)), the theoretical flow rate can be expressed
through the discharge law (9).

)]

In Fig. 6, the observed data (the data measured during the labora-
tory tests) and theoretical data (the data obtained using Egs. 8 and 9)
are compared in terms of both the C, coefficient and Q. By analysing the
figures, it can be observed that Egs. (8) and (9) effectively interpolated
the C4 and Q obtained for the observed data. A high correlation with R?
= 99.97% was achieved when comparing the Q obtained using Eq. (9)
and that observed during the laboratory tests.

Moreover, analysing Fig. 7, it can be observed that the residuals are
randomly arranged around the null value of the ordered axis, and the
relative error is less than 2%. The residuals (10) were calculated as the
difference between the experimental value (Q;) and corresponding
theoretical predicted value (Q;*), while the relative flow rate was de-
fined as the ratio presented in (11).

e =Q; — Qi* (10)

0.5
Qtheoretical = % 0.77988 — 0.017232(%) ]Jz—gbhl.s

*
B == %
QF an
Moreover, approximately 77% of the 31 experimental points ex-
hibited an error of less than 1%, while the remaining 23% had an error
of less than 2%. These findings are comparable to those in the experi-
mental studies of Aydin et al. [9].

3.2. Runoff results from full-scale implementation

By considering the water level data recorded from the green roof
located at the University of Calabria, and by applying the flow Eq. (8),
as discussed previously, the corresponding runoff data were obtained
for a continuous period of three months (1 October 2015-31 December
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Fig. 5. a) Pareto front for first strategy; b) Pareto front for second strategy.
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Fig. 6. a) Best fit of discharge coefficient (C4) data for sharp-crested weir; b) best fit of flow (Q) data for sharp-crested weir.

2015).

In order to obtain an estimation of the ability of the flowmeter
device to record each runoff type, from the small events to the largest
ones, the green roof runoff hydrographs were evaluated from the three-
month scale to the event scale (Fig. 8).

The total runoff evaluated for the quarterly scale (Fig. 8a) was
269.87 mm; consequently, the specific green roof exhibited a subsur-
face runoff coefficient (SRC), which is evaluated as the percentage ratio
between the runoff depth and total rainfall depth, of 60.30%. These
results confirm the effective hydrological performances of this specific
green roof in terms of runoff volume reduction.

By observing the performance on a weekly scale (23-30 November
2015 - Fig. 8b), in response to the 115.57 mm precipitation depth, the
total runoff recorded was 84.39 mm, with an SRC value of approxi-
mately 73%.

From Fig. 8a, it is possible to detect that the flowmeter device also
recorded small rain events, specifically those from the end of November
2015 to the middle of December 2015. In particular, December 2015
was the driest month in the year; thus, from 28 November 2015 to
3 January 2016, only two small rain events occurred. The rain event of
28 November 2015, with a 2.8 mm rainfall depth, was almost totally
retained by the green roof, exhibiting an SRC value of approximately
13%; for the rainfall event that occurred on 12 December 2015,
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characterised by a precipitation depth of 8.4 mm, the green roof ex-
hibited an SRC of approximately 18%.

For individual rainfall events, only one of which was separated by
continuous dry periods of at least 6 h [19] and a rain depth greater than
2mm [18], the event of 21-23 October 2015 (Fig. 8c) was considered.
This event exhibited a total precipitation depth of approximately
120 mm, which was the maximum value for a single rain event recorded
in this specific three-month dataset, and the corresponding recorded
runoff depth was 100 mm. This result indicates that the experimental
green roof can also partially retain significant events in Mediterranean
climate conditions.

Following this generic analysis of the hydraulic performance of the
specific green roof, by considering three different temporal scales, from
the hydrographs in Fig. 8, it can observed that with both the flowmeter
device and Eq. (9) applied to the full-scale implementation, a high level
of precision was achieved in the data conversion. The plotted hydro-
graphs do not present fluctuations, and effectively interpret the small
flow on both the continuous scale and event scale.

Based on these considerations, the developed flowmeter device and
validated equation can provide useful and accurate tools for recording
the runoff data from the experimental green roof installations, and
could easily be replicated by experts in the field, as with the laboratory
phases for the other real-scale LID implementations.
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Fig. 7. a) Absolute error; b) relative error.
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Fig. 8. Hyetographs and corresponding green roof runoff hydrographs for: a) quarterly scale; b) weekly scale; c) event scale.

4. Conclusions

An experimental study was carried out on a rectangular sharp-
crested weir with a numerical analysis of the observed data. Modelling
was performed in two phases, and finally, a simple and accurate
equation for the discharge coefficient, only according to the h/b para-
meter, was obtained.

With B > > b and the ratio h/d < 1, the modelling confirmed that
the outflow was not influenced by the boundary conditions imposed by
the tank side and bottom walls. Moreover, according to the modelling
procedure used, it is clear that, in the case of the thin weir, with high h/
b ratio values, the contributions offered by the viscosity and surface

tension were negligible. This final observation confirms that the out-
flow coefficient formulation, as a function of only the h/b ratio, could
be highly advantageous, as in this case, the physical process of the
outflow is not taken into account.

Considering the high theoretical values of the discharge coefficient
(Cy, the achieved results demonstrate that the flow rate followed a
thin-walled weir law with a high correlation of R*> = 99.97%. The
theoretical discharge law tests the effectiveness of the interpolation of
the experimental points, and the relative errors are very low.

Finally, based on the analysis of the runoff results recorded from the
specific flowmeter device installed at the base of the experimental
green roof at the University of Calabria, the specific device and
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determined relationship effectively estimate not only the outflow for
different temporal scales, but also for various rainfall depths, from the
minimum registered outflow value to the largest one.
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(PON) - Research and Competitiveness for the convergence regions
2007/2013 - I Axis “Support to structural changes” operative objective
4.1.1.1. “Scientific-technological generators of transformation pro-
cesses of the productive system and creation of new sectors” Action II:
“Interventions to support industrial research”.

No. h [mm] Qmean [1/s]
1 21 0.082
2 24 0.098
3 27 0.117
4 32 0.155
5 37.5 0.192
6 43 0.238
7 48 0.280
8 53.5 0.324
9 59 0.382

10 65 0.433

11 71 0.493

12 75.5 0.542

13 80 0.586

14 85 0.647

15 91 0.708

16 97 0.788

17 99.5 0.809

18 105 0.872

19 109.5 0.934

20 116 1.024

21 121.5 1.085

22 125.5 1.146

23 130 1.199

24 136 1.269

25 140 1.338

26 146.5 1.435

27 150 1.482

28 155 1.549

29 161 1.656

30 165 1.669

31 171 1.819
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Abstract. Rain barrels are micro-scale applications which are used as tempo-
rary storage and for rainwater harvesting. They can be easily implemented into
existing stormwater infrastructure. Recent advances in the field of Internet of
Things (IoT) have opened up new possibilities for real-time monitoring and
control of such structures, that enable the reduction of urban flooding or com-
bined sewer overflows. The special feature of our smart rain barrel is its inte-
gration into a pilot project for smart cities, where every water inflow and outflow
of the university campus in Innsbruck (Austria) is measured. Weather forecasts
and time-controlled filling levels of different Low Impact Developments
(LID) structures and the connected sewer system are used for real-time control
(RTC). In a first step, the smart rain barrels are implemented into a SWMM-
model with the objective of reducing the peak runoff rate by using the filling
level in the main conduit as the control variable for real-time control. Results
show that depending on the installation site and the storage volume of the rain
barrel, a flood volume reduction of 18-40% can be achieved although only a
simplified automatic control system has been implemented.

Keywords: LID - Smart cities *+ Real-time monitoring and control
Peak flow reduction

1 Introduction

Low Impact Development (LID) practices are used to control runoff volumes, peak
runoff rates, flow frequency/duration and to improve the water quality in receiving
waters by increasing the intercepted runoff, water treatment, evaporation, infiltration
and storage volume. In many cases, LIDs are micro-scale applications, including rain
barrels and cisterns, which can be used as temporary storage and for rainwater har-
vesting (Prince George’s County 1991). In Australia, on-site detention systems, con-
sisting of controlled water tanks and placed on individual properties, have already been
used since the 1990 s to reduce stormwater runoff in the sewer system (O’Loughlin,
Beecham et al. 1995) and were later completed with storage volumes for non-potable
water usage (van der Sterren et al. 2009). Further research on controlled water tanks
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show that discharge rates and water demands can be reduced by an average of 18% and
10% respectively by using daily time-steps for the analyses (Melville-Shreeve et al.
2016). In particular, rain barrels require little space and can therefore be easily inte-
grated into existing infrastructure. Nowadays, due to the technological advances of the
Internet of Things (IoT), even in LID devices the water flow water can be measured,
communicated and analysed in real-time, and as a result, the overall state of the water
systems is known at any time. This information can be used for real-time control
(RTC) which allows for an adaption of existing infrastructure to changing needs
(Kerkez 2018).

In this paper, IoT and rain barrels are linked together, resulting in a smart rain
barrel, which is real-time monitored and real-time controlled. The idea of a smart rain
barrel is nothing new, as the large number of different publicly available products
shows (RainGrid n.d., Sieker n.d.). Unlike these products, however, our smart rain
barrels are integrated into a pilot project for smart cities, where LIDs will communicate
among each other and are connected with the RTC system. Within the Smart Water
Control project, every water inflow and outflow from the university campus in Inns-
bruck (Austria) is measured in real-time, including filling levels of different LIDs and
the central sewer system. In combination with weather forecasts, these data are used for
RTC of the smart rain barrels to optimize the efficiency of the above-mentioned LID
aims. In a first step, a simplified smart rain barrel model is implemented in the existing
stormwater infrastructure, by using only the filling depth in the sewer system as the
control variable for RTC. The objective of this paper is to investigate the potential of
peak runoff reduction and to estimate the future suitability of optimizing smart rain
barrels.

2 Materials and Methods

2.1 Concept of the Smart Rain Barrel (SRB)

The conceptual idea of the SRB is shown in Fig. 1(a). The SRB is equipped with a
controllable valve and a water level measurement and is placed within a network of
SBRs. The SRBs communicate with each other without a central database (IoT con-
cept); instead, data is transmitted wirelessly and directly between the SRBs via Long
Range Wide Area Network (LoRaWAN). The aims of the presented control strategy
are the reduction of peak runoff rate and the reduction of potable water consumption for
irrigation.

An important factor that influences the control of the SRB is the weather forecast
with predicted amount and duration of precipitation. Depending on the weather fore-
cast, three states of the control strategy can be distinguished: (i) the predicted rainfall
exceeds the available storage volume, (ii) the predicted rainfall is less than the available
storage volume, and (iii) dry weather period. If the predicted inflow to the rain barrel
exceeds the total storage volume, the SRB empties completely just before the rainfall
event. However, if the calculated inflow is less than the storage volume, the SRB is
only partially emptied to ensure a fully filled barrel at the end of the rain event, e.g. for
irrigation purposes. And for dry weather periods, the SRB reduces potable water
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Fig. 1. (a) Concept of a SRB: Different strategies for rainfall events or dry periods and
(b) placement of 7 SRBs (D1 to D7) and their intercepted roof areas. The red coloured areas
represent conventional roofs, the blue coloured areas are gravel roofs, and the green area
corresponds to a green roof.

consumption by using the stored water for irrigation. To reduce the uncertainties of the
weather forecast, rainfall is measured in real-time and compared with the weather
forecast to change the strategy if necessary. To find the ideal time for using the storage
volume of the SRB, minimizing system flooding and discharges to receiving waters,
the outflow of the SRB is real-time controlled by using data of the central drainage
system. Furthermore, in dry weather periods, soil moisture is measured and plants are
irrigated with the stored water to reduce the potable water consumption. As an example
of the effects of the SRB, the impact of the rain barrel control on the reduction of
stormwater runoff with a simple control strategy is presented.

2.2 Case Study

The SRBs are implemented into the existing stormwater system at the university
campus in Innsbruck (Austria). The Campus area is equipped with different measuring
devices including water meters, rain gauges, ultrasonic sensors and soil moisture
sensors. These devices measure water flows (e.g. water supply, rainfall, groundwater,
sewer system etc.) to and from the campus area in real-time. These data are used for the
development of RTC strategies such as SRBs.

The campus area can be divided into two different and currently independent
systems. On the one hand, surface areas (e.g. pavements, streets, green spaces), that
drain into decentralized LIDs (e.g. raingarden and infiltration trenches), on the other
hand, roof areas which are connected to the central stormwater system. The latter
system is used for the implementation of our SRBs. The SRBs can also be used to
connect the central and decentral systems, either by discharging into the LIDs and fully
utilizing their capacities, or by directly discharging to the central system. Figure 1(b)
shows the campus area, object of this study, consisting of one green roof (green
colour), three gravel roofs (blue colour) and three flat roofs without LIDs (red colour),
with a total area of 0.71 ha. The main stormwater conduit has a total length of 270 m
and consists of pipes with diameters from 200 mm to 500 mm, which exceeds the
design capacities. To show the advantages of the SRBs under design conditions, the
diameters were artificially reduced to 200 mm and 300 mm to observe flooding when
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applying the design rain events. D1 to D7 indicate the locations of the implemented
SRBs, which are independently investigated. This study is a modelling study to support
the development of a prototypes of SRBs (e.g. choice of sizes and locations) which is
currently under construction and will be situated at the campus area in the near future.

2.3 Numerical Model

For the hydrodynamic simulation, the EPA Storm Water Management Model SWMM
(Gironas et al. 2010) was used. In a first step, a simplified model for the SRBs was
created, using the filling level in the sewer system for RTC. The objective was to
reduce the peak runoff rate in the sewer system. The SRBs were implemented as
additional storage volume and placed between the roof subcatchments and the inlet of
the sewer system. The SRBs were controlled by rules consisting of a conditional clause
(e.g. filling level of the sewer systems) and an action clause (e.g. different outflows
from the rain barrel). In the model, the outlet from the SRBs was closed when the
filling level at the closest manhole was higher than a predefined height. As an initial
assumption, a filling level of 60% at the manhole was used for peak runoff reduction in
the drainage system. When the storage volume of the SRB was full, the overflow was
routed into the drainage system. To evaluate the reduction of peak runoff and the effect
of the SRB’s location, each building was individually equipped with a SRB (see Fig. 1
(b)). Furthermore, the additional storage of the SRBs was modified in a range from
0.1 to 6 m>. For the simulation, a 14-year rain series from a nearby weather station was
used and an exact rain forecast was assumed. The 16 rain events that caused flooding
were extracted from the rain series and aggregated to reduce the simulation time. They
were separated by an additional day without precipitation, which was used for emp-
tying the SRBs. The rain data were available in 5 min steps and the rain events had
maximum intensities from 3.3 to 11.5 mm in 5 min and a maximum total precipitation
of 13 to 38 mm. The total flood volume of the reference state was 214 m> and was used
for comparison of the different locations and SRB sizes.

3 Results and Discussion

Figure 2 shows the simulation results for the implementation of SRBs of different sizes
and at different locations as compared to the reference (actual) state without SRBs. The
flood volume reduction depends on the barrel size and its location (same colour coding
as in Fig. 1(b)). It can be seen that the location of the SRB has a major impact on the
reduction of the flooding volume. For example, SRBs located at D1 or D2 have no
effect, while SRBs situated at all other locations clearly decrease the total flood volume
of up to approximately 97 m®> which corresponds to a reduction rate of 40%. The
variations of the results can be explained by the fact that flooding primarily occurs in
the marked area (see red circled area in Fig. 1(b)), implying that not all SRB locations
are efficient. Additional storage volumes at D1 or D2 are located downstream of the
primary flooding area, so that the peak runoff rate that causes flooding is not reduced.
All other nodes are located in upstream direction of the flooding area, resulting in a
decrease of the flood volume by 18-40%.
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Fig. 2. Results of the simulation showing the potential of flood reduction when implementing
SRBs of different size at different locations compared to the reference state

It is particularly interesting to note that the size of SRBs located at a gravel roof
(D3) or a green roof (D7) does not have any influence on the flood volume reduction,
while for conventional roofs the flood volume reduction is greatly dependent on the
available volume. Another important point is, that there is hardly any difference
between rain barrels with storage volumes less than 1 m® noticeable. By a more
detailed exclamation, the effectiveness of storage volumes less than 1 m’ is mainly
influenced by two main factors. The first factor is the relation between filling time of
the SRB and the chosen report time steps in SWMM. For example, if the SRB is filled
in 10 s the report time step must be small enough to show effects in the flood reduction.
The other point is, that the control strategy with the fixed filling level in the sewer
system as input parameter is not suitable for minimising the flood volume. For
example, in the worst case the SRB is already fully filled bevor flooding occurs.
Although, the primary purpose of the SRB is not flood prevention, it can be seen that
the accumulated flood reduction can reach up to 40% compared to the reference state.
However, this reduction rates are not realistic because of SRB volumes of 6 m”.

4 Conclusions

This paper presented a concept for using real-time controlled smart rain barrels inte-
grated into a smart city pilot project using weather forecasts and real-time measure-
ments of rain, soil moisture and filling levels recorded in the LIDs and the sewer
system. The smart rain barrels were implemented into a SWMM-model for a first
evaluation of their effectiveness. In the current model setup, a simplified automatic
control by using the filling level in the sewer system as the only control variable was
applied. First results showed that accumulated flood volume reductions of 18 — 40%
can be achieved and that the location of the smart rain barrel and the storage size are
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important factors to reduce flooding. However, the main purpose of a smart rain barrel
is to reduce potable water consumption and not necessarily to increase flood robust-
ness. If the uncertainty of the weather forecast is increased, the choice of appropriate
weights for the two contradicting objectives of flood reduction and water savings for
irrigation becomes more important. Based on the presented evaluations, smart rain
barrels are installed and operated on campus. A further advantage of the proposed
concept is that the structures can communicate with each other even without a central
database (Internet of Things concept). Similar to the decentralised smart rain barrels,
we want to achieve a decentralised real-time control system, which is desirable in the
context of smart cities, and therefore the Internet of Things concept is most appropriate.
The smart rain barrels can also be used to connect the central and decentral systems,
either by discharging into the LIDs and fully utilizing their capacities, or by directly
discharging to the central system.

Acknowledgements. This research was funded by the Climate and Energy Fund within the
Smart Cities program (project number 858782).
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Abstract In an urban environment, sewer flooding and combined sewer overflows
(CSOs) are a potential risk to human life, economic assets and the environment. In
this way, traditional urban drainage techniques seem to be inadequate for the purpose
so to mitigate such phenomena, new techniques such as Real Time Control (RTC) of
urban drainage systems and Low Impact Development (LID) techniques represent
a valid and cost-effective solution. This chapter lists some of the recent experiences
in the field of Urban Hydrology consisting in a series of facilities, fully equipped
with sensors and other electronical component, to prevent flooding in urban areas.
A series of innovative numerical analysis (in Urban Hydrology research) have been
proposed to define properties of the hydrological/hydraulic models used to reproduce
the natural processes involved.

1 Introduction

During the last few decades, the area of impervious surfaces in urban areas has expo-
nentially increased as a consequence of demographic growth. This long-term process
has altered the natural hydrological cycle by reducing the infiltration and evaporation
capacity of urban catchments, while increasing surface runoff and reducing ground-
water recharge. Moreover, the frequency of extreme rainfall events, characterized
by high intensity and short duration, is expected to increase in the near future as a
consequence of global warming [34, 38]. In addition, these processes have led to an
increase in the frequency and magnitude of two undesired phenomena which neg-
atively affect human life, economic assets and the environment: (i) local flooding
and (ii) combined sewer overflows (CSOs) [44, 47]. Urban flooding occurs when
the urban drainage system (UDS) overload during extreme rainfall events, causing
untreated combined sewage and storm water to back up into basements and to over-
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flow from manholes onto surface streets. This phenomenon is generally worsened
by obstructions in conduits and manholes due to an infrequent maintenance.

CSO [42, 43] takes place when the wastewater treatment plant (WWTP) is not
able to treat the wastewater delivered by the UDS. Specifically, the sewage and wet
weather flows that exceed the WWTP treatment capacity. Specifically, the sewage
and wet weather flows are conveyed through the UDS to the WWTP until the maxi-
mum treatment capacity is reached. The exceedance of the water flows is discharged
directly into the receiving water bodies, such as rivers or lakes, without receiving any
treatment. As a consequence, CSO is one of the major contributors to water pollution
experienced in rivers, lakes, etc.

This work proposes two innovative alternatives to manage stormwater in urban
areas:

1. Direct management by using offline storage facilities with decentralized Real
Time Control (RTC) system;
2. Pervasive management by using Low Impact Development techniques (LID).

The offline storage facilities such as storage tanks, which have the goal to tem-
porarily accumulate stormwater volumes, are widely used, even though they are
often overly expensive due to the high construction and maintenance costs. In con-
trast, approaches aiming at temporarily accumulating stormwater volumes directly
in the existing UDSs have also been developed thus avoiding large investments [5, 7,
52]. These approaches are supported by the fact that the UDSs are typically designed
by taking into account a set of safety factors. In particular, conduits are intentionally
designed to be larger than required in the case of typical network working conditions.
Basically, the UDS is managed by a real-time control (RTC) system which requires
the network to be embedded with sensors and actuators permitting the network to be
real-time monitored and regulated so as to adapt to the different rainfall events [1,
19].

Previous studies in literature was focused on RTC based on a centralized approach.
In the study of Pleau et al. [45] a sewer networks global optimal control (GOC)
scheme with a two-level architecture has been designed. The upper level was com-
posed of a central station, which computed flow set points, whereas the lower level
was composed of local stations, which are used for monitoring, flow computation,
data validation and feedback control. The real-time computer was dedicated to all
RTC operations and supports a supervisory software, a GOC software, a non-linear
hydrologic—hydraulic model and a non-linear programming algorithm. The site was
controlled automatically under a flow set point computed by the GOC scheme. The
optimization problem was defined by a multi-objective (cost) function and a set
of equality and inequality constraints, based on the following control objectives:
minimizing overflows, minimizing set point variations and maximizing the use of
WWTP capacity. In Fu et al. [23] a multi-objective optimization genetic algorithm
was proposed which is used to derive the Pareto optimal solutions, which can illus-
trate the whole trade-off relationships between objectives. In Schiitze et al. [52] a
global optimal predictive real time control system has been implemented, which
involves solution of a multi-objective optimization problem. The control objectives
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were the minimization of overflows, the maximization of the use of the treatment
plant capacity, the minimization of accumulated volumes and, finally, the minimiza-
tion of variations of the setpoints. The real time control system was implemented
at a central station and used flow monitoring and water level data, rainfall intensity
data, radar rainfall images and 2 h rain predictions. Set-points were translated into
moveable gate positions at local stations by Programmable Logic Controllers (PLC).
In this work we illustrate the Distributed Real-Time Control (DRTC) system already
proposed in previous studies [16, 24, 25]. A multi-agent paradigm and specifically
a gossip-based algorithm has been exploited. The UDS was equipped with electron-
ically moveable gates and a set of water level sensors spread across the network.
All the gates are locally controlled by Proportional Integrative Derivative (PID) con-
trollers which are globally orchestrated by the mentioned gossip-based algorithm
thus achieving an optimal hydrodynamic behaviour in terms of CSO and flooding
reduction. The case study is the UDS of the city of Cosenza (Italy), which is mod-
elled by using the StormWater Management Model (SWMM) simulation software.
SWMM is an open-source computer model widely used by the hydraulic engineering
community for simulation of hydrodynamic water and pollutant transport in sewer
systems. It is provided by US EPA [50] and permits an accurate simulation of the
hydrological and hydraulic behaviour of the UDS during both dry and wet weather
conditions. SWMM simulation software has been customized in order to allow it
to be integrated with an external real-time control module. Experiments, conducted
using a set of selected extreme rainfall, show a substantial reduction of both CSO
and flooding when the proposed approach is exploited.

The other innovative approach presented here consist of implementation of per-
vasive technique. This approach to land development known as low-impact devel-
opment (LID) has gained increasing popularity. LID systems consist of a series of
facilities whose purpose is to reproduce the site’s pre-developed hydrological pro-
cesses using design techniques that infiltrate, filter, store, evaporate, and detain runoff
close to its source. Low-impact development practices consist of bioretention cells,
infiltration wells or trenches, stormwater wetlands, wet ponds, level spreaders, per-
meable pavements, swales, green roofs, vegetated filter and buffer strips, sand filters,
smaller culverts, and water harvesting systems. In recent years, researchers have
focused their attention on applying and developing empirical, conceptual, and phys-
ically based models for LID analysis. In their review, Li and Babcock [36] reported
that there were >600 studies published worldwide involving green roofs, with a
significant portion of them related to modeling.

Benefits of LIDs in terms of runoff reduction and pollutants removal have been
widely discussed in the literature [14, 26, 29, 32]

For example, Kamali et al. [32] investigated the performance of a permeable
pavement under sediment loadings during its life span by evaluating the temporal
and spatial clogging trends of this facility and by finding its vulnerability to sedi-
ment loadings during rainfalls. Zhang and Guo [68] developed an analytical model
to evaluate the long-term average hydrologic performance of green roofs. Local pre-
cipitation characteristics were described using probabilistic methods, and the hydro-
logical behavior of the system was described using mass balance equations. Carbone
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et al. [15] proposed a conceptual model to predict the hydraulic behaviour of a full-
scale physical model of a vegetated roof, located at University of Calabria, Italy.
The model idealized the vegetated roof as a system consisting of three individual
components in series. A mass balance equation was applied to each block, taking
into account the specific physical phenomena occurring in each module. The model
was validated using dataset observed from the monitoring campaign carried out on
the prototype of a full-scale vegetated roof. She and Pang [53] developed a physical
model that combined an infiltration module (based on the Green—Ampt equation)
and a saturation module (SWMM). The model calculates the water content in a
green roof in a stepwise manner from the initiation of precipitation until saturation.
In simulating the hydraulic response of green roofs to precipitation, an infiltration
module is used before field capacity is reached and when no drainage is produced,
while a saturation module is used after field capacity is reached and when drainage is
produced. However, because runoff and infiltration can occur simultaneously during
heavy precipitation, this stepwise approach may not be appropriate for a wide range
of precipitation events.

Carbone et al. [12] developed a physically-based model using the explicit Finite
Volume Method (FVM) for the infiltration process during rainfall events in green
roof substrates. The model solves a modified version of the Richards equation which
considers neglected the soil water diffusivity.

In another work, Huang et al. [29] proposed a numerical model for permeable
pavements and also proved its applicability by applying it to simulate both hydraulics
and water quality. The results of this study demonstrated a good agreement between
field measurements and modeled results for three types of pavement in terms of
hydraulics and water quality variables including peak flow, time to peak, outflow
volume and TSS removal rates. The sustainable management of water resources
requires the identification of procedures to optimize the use and the management
of resources [17, 37]. As pointed out by several authors (e.g., [22, 65]), there is a
strong demand for predictive models that can be applied across a range of locations
and conditions to predict the general performance of a range of stormwater treat-
ment measures. In addition, the heterogeneity of the materials that compose LIDs
(concrete, gravel, soils, etc.) and their strongly unsaturated hydraulic behaviour,
pose significant modelling challenges. In this way, several studies demonstrated that
physically-based models can provide a rigorous description of various relevant pro-
cesses such as variably-saturated water flow, evaporation and root water uptake,
solute transport, heat transport, and carbon sequestration [10].

Although analytical and conceptual models represent a viable alternative to the
numerical analysis of green roofs, their use suffers from several limitations. Con-
ceptualization of the physical processes involved often leads to simplification of the
system and a reduction in numerical parameters. While in a physical model each
parameter has its own meaning, in conceptual models, lumped parameters often
incorporate different components of the described process. These lumped parame-
ters are case sensitive and need to be calibrated against experimental data, implying
a lack of generality of the model itself. These drawbacks could represent a barrier
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to the use of modeling tools among practitioners who need reliable and generally
applicable models.

For these reasons, in this work some techniques/procedures on how to interpret
the hydraulic behaviour of several LIDs (green roof, permeable pavement) part of
the “Urban Hydraulic Park” of the University of Calabria, south Italy, have been
presented. It will suggest experimental and mathematical procedures for model cali-
bration, which consists of: (a) experimental design (system construction, and number
and character of measured transient flow data); (b) methods for independently eval-
uating of material hydraulic properties; (c) additional analysis of material hydraulic
parameters using the transient flow data; and (d) model validation.

2 Real Time Control Approach

In urban areas with Combined Sewer Systems, stormwater and wastewater are col-
lected in the same conveyance pipes. During heavy rainfall events, due to eventual
obstructions in the pipes or to a poor maintenance, the surface runoff may overburden
existing storm-water management facilities and cause flooding or combined sewage
overflow into receptive water bodies.

Since the current drainage systems will fail to control and manage a constantly
increasing runoff volume, and given the potential risk to human life, economic
assets and the environment, an efficient adaptation strategy able to improve the flood
resilience for the future urban environment is needed.

In this context, the main objective of this section is to illustrate a Distributed
Real Time Control (DRTC) approach, proposed in previous studies [16, 24, 25], as
a solution to mitigate CSO and reduce flooding at catchment scale. To illustrate the
advantages of the flood alleviation strategy focused on DRTC, the drainage network
of the city of Cosenza (south Italy), was chosen as a testbed. The proposal consists
in instrumenting the existing urban drainage network with sensors and a series of
movable gates that, by monitoring water level and the filling degree in each conduit,
self-adjust in real time to optimize the storage capacity of the pipelines and reduce
the CSO. In the following subsections will be described the components of the
DRTC system and the approach used, then will be provided details regarding the
implementation in the network and some results.

2.1 Components and Implementation of the DRTC System

In order to achieve the proposed goals and be controlled in Real Time, an urban
drainage network needs to be instrumented with a series of components, whose
conceptual organization is basically structured in control loops which can be
implemented by hardware components including sensors, actuators, controllers and
telemetry systems (Fig. 1). Sensors, by monitoring the process evolution, collect
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information about the current state of the system, actuators modify the monitored
process and influence it, controllers adjust actuators with a certain objective and the
telemetry system supports the data transmission among the different devices.

With regard to urban drainage networks, most of the time RTC implementations
are based on water level measurements. The selection of the correct equipment,
together with the choice of an adequate communication system and the proper soft-
ware to be used, is thus crucial for a durable and reliable installation of RTC systems
in UDSs. More in detail, to improve the performance of existing drainage networks
and balancing water level throughout the conduits of the network, so as to reduce
water level in the more overloaded conduits, the drainage network needs to be imple-
mented with the following equipment:

(i) Water level sensors, which measure the water level in each conduit and the flow
on the outfall;
(ii) Moveable gates, functioning as actuators, which can be real-time regulated
electronically;
(iii) Computational nodes, which can host and execute the distributed control algo-
rithm.

Sensors, which monitor water level and, hence, the degree of filling in each con-
duit, are positioned into pipes to evaluate flow depths and to monitor surcharge
conditions during rain events. Since the mechanism cannot work properly if the
increase of water level is not correctly perceived, it is important to correctly position
the water level sensor, because if it is placed in the “underloaded” part the gate-agent
would perceive a decreased water level instead of an increased one. In the proposed
approach, this issues is addressed by deploying more than one sensor per conduit
and taking the maximum sensed value as the water level value for the conduit.

Using the information acquired by the sensors, electronically Moveable Gates—-
functioning as actuators—can self-regulate to intelligently manage the storage capac-
ity of the pipelines. The moveable gates are made up of mobile plates rotating around
a horizontal hinge placed on the bottom of the conduit, as shown in Fig. 2. The gates
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are dynamically regulated in order to utilize the full storage capacity of the pipeline
by accumulating the excess stormwater volume in the less overloaded conduits thus
preventing CSO.

The gate is completely closed when the plate rotates in a perpendicular position
with respect to the flow direction. Conversely, the gate is fully open when the plate
is parallel to the flow. When the gate is closed, the opening area is null and no flow
rate is delivered from the node. An intermediate position of the gate corresponds to
a partial opening degree. The gates, as actuators, are the regulators elements of the
RTC system that are used to adjust flows and water levels in the controlled system.

The manipulation of actuators in RTC systems is performed by control units
(controller). A certain number of computing nodes are spread throughout the drainage
network in order to cover all the points of interest. In particular, these devices read data
received from local sensors through wireless connection, and collectively elaborate
the acquired information in order to provide—according to the objectives—output
adjustments to actuators and thus supply the gates with an “intelligent” behaviour
(Fig. 3).

The gates are located at the points of the network where subnetworks are connected
to the main channel. Figure 4a shows the logical places for inserting the gates, while
Fig. 4b shows the gates insertion in a case of a realistic network.

Each computational node has a partial view of the network as it can read only from
sensors which are located in its spatial neighbourhood and can actuate only gates it
can physically reach. Thus, these devices dynamically regulate the gates according
to the information acquired by the sensors in the neighbour areas. On the basis of
the previous considerations the idea proposed lies in using a distributed agent-based
architecture [66]. The agent paradigm has several important characteristics:

e Autonomy: Each agent is self-aware and has a self-behaviour. It perceives the
environment, interacts with others and plans its execution autonomously;

e Local views: No agent has a full global view of the whole environment but it
behaves solely on the basis of local information;

e Decentralization: There is no “master” agent controlling the others, but the system
is made up of interacting “peer’” agents.
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From the point of view of software architecture, the approach requires one agent
per gate. Each gate-agent runs on one of the computational nodes covering the specific
gate, it can perceive the local water level and communicate with the neighbouring
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gate-agents in order to elaborate a proper actuation strategy for its gate. In addition
to the gate-agents, another agent, called outfall agent, is logically associated with
the outlet node, it behaves the same as other agents except for the actuation part,
indeed, it is not associated with any gate. For each generated network, an optimization
algorithm, executed on computing nodes in a distributed fashion, leads to balance—in
real-time—the water level perceived by the agents and aims to distribute equally the
degree of filling of the conduits, thus preventing overcharge phenomena as far as
possible. The proposed goal has been achieved by means of agents continuously
executing two tasks:

1. Figuring out collectively the average of the water level in the generated network;
2. Each agent triggers its specific gate in order to bring the water level closer to that
average.

Task 1 is accomplished by exploiting a Gossip-based aggregation [30] for deal-
ing with the global aspect of the drainage network, while Task 2 is accomplished
exploiting locally a PID controller [4]. Once an agent knows the global water level
through the “gossip-based aggregation”, there remains the problem of appropriately
tuning its gate so as to reach that “desired” level. This issue is addressed using the
PID logic which, sending Proportional Integral and Derivative control action signals
to actuators, can be used when you do not know an exact mathematical model of the
system you want to control. A PID controller is a control loop feedback mechanism
where an error value is computed as the difference between a measured output of a
process and the desired value (setpoint). In the case studies proposed by Giordano
et al. [24] and Garofalo et al. [25], each gate of the drainage network is controlled
by a PID implemented by the gate-agent.

Once established the optimization computational operations to be carried out, the
drainage network of Cosenza was simulated using a customized version of SWMM
software, built for permitting it to Real-Time communicate with a separate Java con-
troller which implements the algorithm described before. Further hardware and soft-
ware details of this approach, which allows a dynamic management of the drainage
network, are given elsewhere [24, 25].

2.2 Case Study: The Drainage Network of Cosenza

The test site chosen for the proposed approach and the hydrological modelling of
the conversion scenarios was the Liguori catchment, a highly urbanized catchment
in Cosenza. The catchment has a population of 50.000 inhabitants and a total surface
area of 414 ha, of which almost one-half (48%) is densely urbanized and highly
impervious, while the other 52% (202 ha) is pervious, occupied by natural areas
(Fig. 5a).

The catchment is drained by a combined sewer system that collects sanitary
sewage and stormwater runoff in a single pipe system, conveying the entire water
flow directly to the wastewater treatment plant (WWTP). During the most intense
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Fig. 5 a The Liguori catchment of Cosenza; b SWMM model of the drainage network of Cosenza

rainfall events, wet-weather flows occasionally exceed the capacity of the sewer sys-
tem and the excess flows escape from the sewer system, via an overflow structure,
as a combined sewer overflow (CSOs) [43]. Such overflows are directly discharged,
without receiving any treatment, into the receiving water body, the Crati River.

In order to simulate the response of the LC drainage network to storm events,
the sewer dataset and the physiographic characteristics of the sub-catchments, were
imported into EPA-SWMM software [50] for the next hydraulic modelling of the
drainage system. The software SWMM, provided by EPA, is an open-source com-
puter model that allows a dynamic rainfall-runoff simulation for predicting hydro-
logical and hydraulic behaviour of urban drainage systems and watersheds.

More in detail, in SWMM, the Liguori Catchment area was simplified in 296 sub-
catchments, of which 258 are mostly urbanized (%Imp>0.7) and 23 average urban-
ized (0.3 < %Imp <0.7). The urban drainage network modelled in SWMM (Fig. 5b),
instead, consists of 324 conduits with different shapes and sizes and a slope varying
from 0.5 to 6%. Some pipes are circular and egg-shaped with diameters varying from
0.3 to 1.5 m and others are polycentric pipes. Finally, there are in total 326 nodes
(with Outfall and Junctions functions) which represent the catch basins. The model
used in this study was previously calibrated on the basis of several measurement
campaigns [42]. Calibration parameters taken into consideration in flow modelling
were surface roughness of the conduit (n), the impervious (N-Imperv) and pervi-
ous (N-Perv) surfaces in the catchment, and the depths of surface depressions on
impervious (Dstore-Imperv) and pervious (Dstore-Perv) areas.

As previously said, for the purposes of the proposed studies, the drainage network
was simulated using a customized version of SWMM built for the purpose for permit-
ting it to communicate in real time with a separate Java controller which implements
the algorithm described before. More in detail, in this version, the moveable gates
are modelled as a transverse weir with the opening area equal to the conduit section
area.
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2.3 Experiences and Results

In the following section, the finding obtained from the DRTC application to the case
study, will be described and discussed.

At first Giordano et al. [24] used and applied a totally decentralized RTC approach
to a drainage network. In this study the experiments were carried out using a sim-
plified network, which consists in a main channel of 1 m diameter and a total of
35 pipes inside the sub-networks, instrumented with a series of moveable gates and
sensors which monitor water level and, hence, the degree of filling in each conduit,
during severe rainy events. The water level in the pipes is balance by a combination
of a Gossip-based algorithm, which ensures a global correct behaviour, and a PID
controller used for each gate, so as to maintain locally its related water level as close
as possible to the “suggested” value computed by the algorithm. The results have
demonstrated that when the RTC is applied, the filling degree of conduits are much
closer to each other as the load on the entire network is more balanced. This means
that the network does properly exploit the residual water capacity of the undercharged
conduits and the latter implies an improvement in the behavior of the critical conduit
that reaches the overcharge condition later. The proposal provides positive effects on
the overall hydraulic performance of the network as it is able to prevent (or delay)
flooding events that would occur in the original (not instrumented) network. Fol-
lowing works, instead, focused on extending the algorithm and validating the DRTC
approach in real drainage networks.

In the study carried out by Carbone et al. [16], the DRTC investigations have
been extended to the real drainage network of Cosenza. To evaluate the effect of
the moveable gates on reducing the storage capacity of the conduits, a part of the
drainage network of Cosenza was investigated by comparing two scenarios of the CSS
in SWMM: the existing configuration (Scenario 0) and a new one (Scenario 1) where
six sluice gates were placed in the secondary conduits of the system. To investigate
the response of the new configuration of the drainage system, three extreme events
(dated March 1st, June 16th, October 8th) occurred in 2011 and which put in crisis
the system, were analysed.

Specially, in Scenario 0 were identified 2 most overloaded pipes in the main
conduit and used in this study to demonstrate the beneficial influence of gates in
alleviating the most critical sections of the system. Two example results obtained for
the Conduit 2 are reported in Fig. 6.

Figures show the distribution of storage capacity for two of the analysed events
and for both considered scenarios; as it can be noticed the storage capacity in Scenario
0 varies up to 100%; this mean that in some time points the selected conduits get
completely full. Instead the filling degree is lower when sluice gates are used to
control stormwater volumes. In Table 1 is reported the average storage capacity
reduction for each event; the reduction varies from 22 to 77% showing lower value
for the event with higher rainfall volume. However, as the authors have pointed
out, the beneficial effect may be dependent upon the storm characteristics (such as
hydrographs, intensity and duration).
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Fig. 6 Temporal distribution of storage capacity for Conduits 2

Table 1 Selected rainfall events

Rainfall event Rainfall volume (mm) Average storage capacity
reduction (%)

1 March 2011 97.40 22

16 June 2011 20.10 60

8 October 2011 48.60 77

The findings show that a series of devices inside the urban drainage systems are
actually able to control the flow rate to drop the storage capacity to a reasonable
value.

In Garofalo et al. [25], later, different scenarios have been analysed to evaluate
the performance of the DRTC as a function of the number of the moveable gates
placed in the system. As for the previous studies, the scenario without DRTC, which
corresponds to the actual UDS, is called Scenario 0. The other scenarios, controlled
by the DRTC, and differ according to the number of secondary pipes equipped with
moveable gates: 91 for Scenario 1 (S1), 107 for Scenario 2 (S2), 214 for Scenario 3
(S3) and 322 for Scenario 4 (S4). The response of the UDS for all these scenarios
is modelled for 15 independent rainfall events recorded in the weather station in
Cosenza during the years 2010-2015.

In this work, for each selected rainfall event, were evaluated both CSO reduction
(computed as the relative percentage difference between the CSO volume in the
scenarios with DRTC and the Scenario 0), and the local flooding reduction (as the
relative percent difference between the total flooding volumes from the conversion
scenarios and the reference one). Referring to the Scenarios 1 and 4, was observed
a CSO reduction which varies respectively between 2.7 and 83% (S1), and from
13 to 99% (S4), according to the rainfall events. The consistently higher CSO drop
in the S4, demonstrates the beneficial effect provided by using a larger number of
moveable gates. At the local level, thanks to the DRTC, the temporary stormwater
detention provided in the less overloaded conduits, utterly prevents the UDS from
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Fig. 7 Temporal distribution of Filling Degree (h/d) of two conduits during two rainfall events

local flooding in S1, where a drop of 100% is obtained for all the events. Otherwise,
the S4 the risk of flooding is solely mitigated, with reductions varying from 2.4 to
13.4% for all the events, except for one event (dated 23 Nov. 2013), where a drop
of 100% is obtained. As highlighted by the authors, the reasons why S4 offers a
limited flooding reduction are strongly related to the high number of gates adopted.
The high number of gates involved, able to exploit all the possible storage capacity
of the network, makes the Scenario 4 the best choice in order to prevent the CSO,
but it performs quite badly in terms of flooding reduction with respect to the other
controlling scenarios. The reason for this behaviour lies in the fact that when the
whole storage capacity is exploited, no additional water can be stored temporarily,
and so a growth in incoming water flows produces unavoidable flooding phenomena.
Therefore, these findings suggest that S2 and S3 are the most convenient solutions,
since they offer the highest overall performance in terms of reduction of local flooding
and perform well also with respect to the CSO reduction. Summing up, this study
clearly demonstrated that the DRTC produced beneficial effects on the management
of the UDS by substantially mitigating the risk of flooding and CSO.

More recently, Principato et al. [46], evaluated the potential of an integrated and
sustainable approach for a better management of the drainage network. The main
objective of this study was to assess the mitigation of CSO’s impact when dynamic
(RTC) and static (LID) measures are simultaneously adopted to cope with greater
stormwater volumes. With this purpose different conversion scenarios have been
applied on a portion of the Liguori Catchment (LC) of Cosenza: Scenariol, emu-
lates the behavior of the drainage network regulated by moveable gates controlled
in Real Time, while Scenario2 investigate the hydrologic response of the network
considering Green Roofs (GRs) implementation, in replace of impervious rooftops,
in a portion of the LC. A last scenario (Scenario3) has also been developed to ana-
lyze the combined effect of RTC and GRs implementation, in the same portion of
LC considered for the Scenario2. As a confirm of the studies already analyzed, also
these model results revealed that the RTC of urban drainage system, equipped with
a series of gates, provides beneficial effects to the overall hydraulic performance of
the network. Results reported in Fig. 7, show that the filling degree of two selected
conduits is lower when smart gates are used to control stormwater volumes: the peak
reduction is around 29% for conduit 210 and 19% for conduit 211.



288 P. Piro et al.

1 February 2014 24 March 2014

|
Fa .'r\\'/ﬂ’.__ / \/ﬁ\,_ 0.4
Z 03 i Bt Y, 203
Bl 3 L ]
.= T W 021 = o .
: Fapi™ .
o1 Ir\r '.fh Eons a1 5
od Event 81-02-2014: 29.32 mm ° Event 24-03-2014: 38.6 mm
0 100 200 300 400 00 GO0 FO0 800 900 1000 1100 1200 1300 1400 0 100 200 300 400 500 600 00 BO0 900 1000 1100 1200 1300 1400
Elapsed Time [Min] Elapsed Time [Min]

Fig. 8 Temporal distribution of Filling Degree (h/d) of the last conduit of the network during two
rainfall events

A novelty, compared to the studies already analyzed, are the results obtained from
Scenario3, which prove the importance of an integrated approach on the overall
hydraulic performance of the network, as a valid solution for controlling flooding
in urban areas. In particular Fig. 8, which refers to the last conduit of the network,
reveals that the coupling of distributed (RTC) and source control (LID) solutions,
leads a further reduction of the filling degree also compared to Scenariol, for the
most part of the event chosen.

In conclusion, the use of smart moveable gates provides beneficial effects to the
overall hydraulic performance of the network during critical rainfall-runoff events,
offering an alternative and valid solution for controlling flooding in urban areas. The
advantage of this system is to utilize the full storage capacity of the pipeline by
accumulating the excess volumes of rainwater that otherwise would be spilled out in
the pipes with a low water level. The advantage is also from the economic point of
view because it takes advantage of the existing sewer system.

3 LID Approach

Despite the hydrological benefits of LIDs are already studied in literature, these
techniques are not yet widespread probably because modelling tools often used sim-
plified methodologies, based on empirical and conceptual equations, which do not
take into account hydrological processes in a physical way. In addition, the hydraulic
properties of LIDs materials have not been investigated in a comprehensive man-
ner, limiting the investigation only to specific properties [59]. In this way, Brunetti
et al. [8, 9] proposed an innovative approach to investigate the hydraulic behaviour
of several LIDs using a mechanistic model coupled with specific numerical analysis
to explore the hydraulic properties of LIDs techniques. The LID systems considered
in this chapter are all implemented in the “Urban Hydraulic Park,” which includes
a permeable pavement, a stormwater filter, and a sedimentation tank connected to a
treatment unit.



A Comprehensive Approach to Stormwater Management ... 289

PRECIPITATION

Ill IGATION SYSTEM

_______ 1
H H

| TR Sty
| — ((N( RETE STRUCTURE u_

______________ -O DRAINAGE SYSTEM

Fig. 9 Schematic representation of the RWH system to collect the rainwater from green roof (left)
and the inset of a cross-section of the GR (right)

3.1 Green Roof Experience

To analyse the green roof and LIDs hydraulic behaviour, as discussed in the Introduc-
tion sectin, different models from the conceptual and analytical to the mechanistic
ones have been developed and widely used, but very few studies have focused on a
comprehensive analysis of the hydrological behavior of a green roof. Starting from
this assumption Brunetti et al. [8] carried out an accurate and comprehensive analysis
of Variably Saturated Hydraulic behavior of the experimental green roof installed at
University of Calabria by using HYDRUS 3D. The experimental green roof (GR),
considered in the study, was built on a fifth-floor terrace of the Department of Mechan-
ical, Energy and Management Engineering (DIMEG) at the University of Calabria
(Italy), in Mediterranean climate region. The area of an existing roof was parcelled
into four sectors: two sectors are vegetated with the same native Mediterranean
species (Carpobrotus edulis, Dianthus gratianopolitanus, and Cerastium tomento-
sum), but present different drainage layers; a third sector is mostly characterized by
spontaneous vegetation; while the last sector is the original roof, considered as the
reference compartment for experimental data analysis.

The water supply of GR is guaranteed by reusing the green roof’s outflow, col-
lected in a specific storage tank and distributes through a drip irrigation system during
drought periods. The Rainwater Harvesting (RWH) system (Fig. 9, left), designed
ad hoc for the site specific, consists of: (1) a system for collecting rainwater from the
experimental site; (2) a storage tank of 1.5 m? with a pump to relaunch the irrigation
system; (3) a connection system with the water supply to ensure the full satisfaction of
irrigated demand in any condition. When the storage capacity of the tank is reached,
the overflow is directly discharged into the sewer system. The drip irrigation system
is currently actioned by an electric valve at predetermined time, and the irrigation
rate is recorded by a water counter with a frequency of 1 min.
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3.1.1 Modeling Theory

To investigate the hydraulic behaviour of the GR and finally to evaluate a possible
optimization strategy of the specific green roof, it is necessary to proceed first of
all with a detailed description of its stratigraphy (Fig. 9 on the right). Thus, the GR
considered in the study, characterized by an area of 50 m?, an average slope of 1%
and vegetated, as described before, with native species, consists from top to bottom
of: a soil substrate, with a maximum depth of 8 cm, composed of a mineral soil
consisting of a hetero-disperse Particle Size Distribution (74% gravel, 22% sand,
and 4% silt and clay); a permeable geotextile; a drainage layer in polystyrene foam
with a storage capacity of 11 L/m? and a drainage capacity of 0.46 Ls™' m™; an
anti-root layer and a waterproof membrane.

A weather station located directly at the site collect precipitation, velocity and
direction of wind, air humidity, air temperature, atmospheric pressure, and global
solar radiation [11]. Rainfall data are measured every minute by using a tipping
bucket rain gauge with a resolution of 0.254 mm. While the outflow from each sector
is recorded at the base of the building by a flowmeter device composed of a PVC
pipe with a sharp-crested weir and a pressure transducer (Ge Druck PTX1830) to
estimate the water level inside the pipe.

In the work of Brunetti et al. [8] two-months rainfall data from 2015-09-01 and
2014-10-30 were used and the Penman-Monteith equation [2] was implemented
to estimate the hourly reference evapotranspiration. To model the water flow in
unsaturated soils by the Richards equation, and, thus, estimate the water retention
function 6(h) and hydraulic conductivity function K(h), the evaluation of unsaturated
hydraulic properties of GR substrate was carried out by implementing a simplified
evaporation method with the extended measurement range (down to —9,000 cm)
[60]. While to simultaneously fit 6(h) and K(h) to the experimental data obtained by
the evaporation method, HYPROP-FIT [41] numerical optimization procedure was
used. For the description of soil hydraulic properties, first of all the unimodal van
Genuchten—Mualem (VGM) model [62] was implemented; next, since the unimodal
VGM model couldn’t always describe the full complexity of measured data, the
bimodal model of Durner [20] was taken into account. Results of the experiments
are reported in Table 2.

To describe the complex physical features of the experimental green roof,
HYDRUS-3D software [54], which solves the Richards equation for multi-
dimensional unsaturated flow, was used implementing the parameters obtained with
the evaporation method. Finally, to evaluate the agreement between measured and
modeled hydrographs the Nash-Sutcliffe Efficiency (NSE) index [40] was evaluate.

The results concerning the estimated soil hydraulic parameters with their confi-
dence intervals, reported in this study revealed that the bimodal function presents a
more accurate description of the retention curve. While the findings obtained during
the validation process showed that: the unimodal and bimodal models are both able
to accurately describe the GR hydraulic behavior; a higher precision is achieved by
the bimodal model; both model slightly overestimate the outflow.
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Table 2 Estimated soil hydraulic parameters and their confidence intervals (Cls) for the unimodal
and bimodal hydraulic functions

Parameter Unimodal CIs Bimodal CIs
Residual water 0 0.05 0.070 0.007
content, 0, (-)

Saturated water | 0.551 0.01 0.562 0.003
content, 6 (—)

Air-entry 0.13 0.03 0.843 0.07

pressure head
index for the first
pore system, o
(1/cm)

Pore-size 1.25 0.06 1.24 0.04
distribution index
for the first pore
system, nj (-)

Saturated 4700 3500 12,600 3700
hydraulic

conductivity, Kg

(cm/day)

Air-entry - - 0.01 0.001

pressure index
for the secondary
pore system o2
(1/cm)

Pore-size - - 1.97 0.08
distribution index
for the secondary
pore system ny

-

Weight - - 0.422 0.01
coefficient wy (-)

Tortuosity and 0.53 0.02 0.5 -

pore connectivity
parameter, L (-)

In addition, starting from the assumption that critical rainfall events occur in a
very short time [8, 13] have investigated the hydrological response of the GR to single
precipitation events. The results obtained for four rainfall events with different total
precipitation volume (Vi) in terms of peak flow reduction Preq (%) and volume
reduction Vg4 (%), for both modeled and measured outflow, are shown in Table 3
and Fig. 10. By the analysis of this results the authors concluded that the green roof
hydraulic performance was affected primarily by the antecedent substrate moisture
and secondly by the precipitation pattern.
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Table 3 Analysis of the hydrological performance of the green roof during single precipitation
events

Rainfall Vpree (mm) Modeled outflow Measured outflow
events
Pred (%) Vied (%) Pred (%) Vied (%)

9 September | 100 5 12 7 16
2015

7 October 42 40 27 60 31
2015

10 October 69 5 5 45 9
2015

21 October 120 5 17 7 17
2015

3.1.2 Future Perspective: GR and RHW from a Smart and Innovative
Point of View

The integration of GR and RWH system, like in the case of the experimental site of
University of Calabria, allows considerable benefits in terms of rational management
of water resource. Furthermore, different studies have considered the RWH systems
as a good strategy to limit environmental impacts that the on-going urbanization
produce on the drainage network and receiving water bodies [48].

However, so far, these techniques (GR and RWH) have been studied from a purely
hydrological-hydraulic point of view, there are no studies that consider these ones as
smart objects for an integrated management of the water resource and urban drainage
system.

In light of this, an innovation in the field of Urban drainage is look at the single
techniques GR and RWH as smart objects, optimizing them with ICT technologies,
based on the IoT (Internet of Things) paradigm.

A new aspect, in fact, could lie in the integration of GRs and RWH techniques
through a complex network equipped with: sensors, which allow rapid quantitative
assessments from a hydraulic, energy and environmental point of view; regulators
or actuators, able to modify the processes in progress; transducers that allow the
conversion of the data detected in command; control units that report the variables
to the pre-established threshold values.

According on what was previously discussed about Green Roof experimental site
of University of Calabria, the rainwater collected in the storage tank is re-introduced
through the irrigation system at fixed time and in quantity set by the operator of the
experimental site. The optimization of this system could be achieved by considering
the smart automation through the estimation of water content and the evaluation on
the wheatear situation. More in detail, when the water content, monitored by specific
sensors dislocated within the layers of the green roof, falls below a threshold value
that causes the plant water stress, the smart system sends a command to activate the
irrigation withdrawing the water from the storage tank in the needed rates to re-reach
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Fig. 10 Rainfall (blue area) and modeled (cyan area) and measured (red line) outflow for four
selected rainfall events in the analysis of the hydrological performance of the green roof during
single precipitation events; Pred meas and Pred mod are the measured and modeled peak flow
reductions, respectively, and Vred meas and Vred mod are the measured and modeled volume
reductions, respectively

the appropriate water content. The Weather Station located at the experimental site
offers also the opportunity to make preventive estimates, based on the rainfall regime
and solar radiation recorded on the site, so as to better calibrate the operation of the
irrigation system.

Through these innovative strategies, in fact, not only a hydraulic benefit would be
obtained, optimizing the reuse of the rainwater and reducing the flow to the drainage
system, but also a thermo-energetic one. The activation of the irrigation system could
also be carried out following the temperature measurements in the rooms below in
order to improve the summer thermal comfort of the building.
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Furthermore, if we consider the possibility of reusing water for other domestic
uses (WC flushing, machine washing, ect.), it is possible to achieve total system
hydraulic efficiency with minimum runoff discharge in the sewer system. In this case,
the collected rainwater could be reused totally, avoiding that, in autumn and winter
season, when irrigation demand is lower and precipitations increase, the storage tank
exceeds the maximum value and the overflow is directly sent in the drainage network.

This innovation could be extended to the integration of others LID techniques
(green wall, permeable pavement, etc.) with RWH systems in order to maximize the
hydraulic, environmental and energy efficiency of these solutions. Furthermore, it
would be appropriate to develop of an optimization algorithm that not only includes
local actions for the building-scale system, but also evaluates the efficiency on the
district and basin scale to favour smart and eco-sustainable neighbourhoods. The
smart system, so thought, could be classified in function of its Hydraulic Efficiency
Class, i.e. the rainwater rate spilled in the urban sewer system.

3.2 Permeable Pavement Experience

Lack of studies in literature focused on the description of the hydraulic behavior
of a permeable pavement in a comprehensive manner suggested that research is
particularly needed in the development and identification of accurate modeling tools
for the analysis of LID practices, especially for permeable pavements.

In their work, Brunetti et al. [9] explored the suitability of the HYDRUS mecha-
nistic model to correctly describe unsaturated flow in typical permeable pavement,
installed at the experimental site of the University of Calabria. Multiple uniform
and nonequilibrium flow models included in HYDRUS-1D, such as single and dual-
porosity models, are used to define the hydraulic behavior of the permeable pavement.
The problem was addressed by combing a Global Sensitivity Analysis (GSA), used
to prioritize the hydraulic parameters and identify those that are non-influential, with
a Monte Carlo filtering approach, used to investigate the parameter space and iden-
tify behavioral regions. Results from these analysis are then used in the calibration
process conducted with the Particle Swarm Optimization (PSO) algorithm. Finally,
the calibrated model was validated on an independent set of measurements.

The studied permeable pavement has an area of 154 m?, an average slope of
2%, and a total depth of the profile of 0.98 m. Figure 11 shows a schematic of the
permeable pavement, consisting of 5 layers.

The surface wear layer consists of porous concrete blocks characterized by high
permeability (8 cm depth). Base (35 cm depth), sub-base (45 cm depth) and bedding
layers (5 cm depth) were constructed by following the suggestions of the Interlock-
ing Concrete Pavement Institute (ICPI), which recommends certain ASTM stone
gradations.

A weather station located directly at the site measures precipitation, wind velocity
and direction, air humidity, air temperature, atmospheric pressure, and global solar
radiation. Rain data are measured by a tipping bucket rain gauge with a resolution
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Fig. 11 A Schematic of permeable pavement

of 0.254 mm and an acquisition frequency of one minute. Climatic data are acquired
with a frequency of 5 min. Data are processed and stored in the SQL database.

Outflow from the pavement is measured by two flux meters, composed of a PVC
pipe with a sharp-crested weir and a pressure transducer. The pressure transducers
were calibrated in the laboratory by using a hydrostatic water column, linking the
electric current intensity with the water level inside the column. The exponential
head-discharge equations for the two PVC flux meters were obtained by fitting the
experimental data with a coefficient of determination R2 =0.999 for both devices. No
measurements of pressure heads or volumetric water contents inside the pavement
were taken.

Two month-long data sets were selected for further analysis. The first data set,
which started on 2014-01-15 and ended on 2014-02-15, was used for parameter
optimization and sensitivity analysis. Total precipitation and total potential evapo-
transpiration for the first data set were 274 and 43 mm, respectively. The second
data set, which started on 2014-03-01 and ended on 2014-03-31, was used for model
validation. Total precipitation and total potential evapotranspiration for the second
data set were 175 mm and 81 mm, respectively. The second data set was selected
so that it had significantly different meteorological data than during the first period.
The optimization set is characterized by multiple rain events with few dry periods.
The validation set has fewer rain events, which are concentrated at the beginning and
end of the time period and separated by a relatively long dry period between. Surface
runoff was not observed during these time periods.

Potential evaporation was calculated using the Penman-Monteith equation [2].
The permeable pavement was installed in 2013 and has been constantly exposed to
atmospheric conditions and traffic since then that has altered the surface roughness
and color. For these reasons, an albedo of 0.25 was used as suggested by Levinson
and Akbari [35] for weathered gray cement.
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3.2.1 Modeling Theory

Water flow simulations were conducted using the HYDRUS-1D software [57].
HYDRUS-1D is a one-dimensional finite element model for simulating the move-
ment of water, heat, and multiple solutes in variably-saturated porous media.
HYDRUS-1D implements multiple uniform (single-porosity) and nonequilibrium
(dual-porosity and dual-permeability) water flow models [56].

Two different conceptual models have been used to study the unsaturated water
flow in the pavement structure. Scenario I assumed that water flow in all five soil
layers of the permeable pavement can be described using the classical single-porosity
approach (SPM) described using the one-dimensional Richards equation:

89—8[1{11 8h+1] 1)
PPl ()<8_z ) (

where 0 is the volumetric water content [-], h is the soil water pressure head [L],
K(h) is the unsaturated hydraulic conductivity [LT'], tis time [T], and z is the soil
depth [L]. The soil hydraulic properties are described by the van Genuchten—Mualem
relation [62].

Scenario II assumes a single-porosity model for the wear layer, the bedding layer,
and the protection layer, and a dual-porosity model for the base and sub-base layers.
This configuration was selected in order to consider the occurrence of preferential
flow in the coarse layers of the pavement that are composed of crushed stones, with
particle size diameters ranging from 2.5 to 37 mm in the base layer and from 20 to
75 mm in the sub-base layer. Crushed stones were washed before installation in order
to remove fine particles. From a physical point of view, the structure of the base and
sub-base materials closely resembles fractured aquifers [6].

In this way, the classical approach to model water flow in fractured porous media
is the so-called “dual-porosity” or “mobile-immobile water” (MIM) approach [6,
63, 64]. This approach assumes that flow occurs only in the mobile fracture domain,
while water in the matrix domain is immobile with a coefficient I',, that represents
the mass transfer between two domains, which is assumed to be proportional to the
difference in effective saturations of the two regions [55, 56].

T, =w-(S)— Sy )
In this, Scenario II thus includes 20 parameters (additionally also w and 6s of the
immobile domain for the base and subbase layers).
3.2.2 Global Sensitivity Analysis

A sensitivity analysis (SA) can identify the most influential parameters and their
interactions and how these parameters affect the output [51].
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Most SAs performed in the literature of environmental sciences are the so-called
‘one-at-a-time’ (OAT) sensitivity analyses, performed by changing the value of
parameters one-at-a-time while keeping the others constant [18, 28, 49].

One of the most widespread algorithms for the GSA is the variance-based Sobol’
method [58]. Variance-based methods aim to quantify the amount of variance that
each parameter contributes to the unconditional variance of the model output. For
the Sobol’ method, these amounts are represented by Sobol’s sensitivity indices
(ST’s). These indices give quantitative information about the variance associated
with a single parameter or related to interactions of multiple parameters. For a more
complete explanation about the Sobol” method, please refer to Sobol’ [58].

In order to assess the accuracy of estimations of the sensitivity indices, the boot-
strap confidence intervals (BCIs) [21] were estimated. The rationale of the bootstrap
method is to replace the unknown distribution with its empirical distribution and to
compute the sensitivity indices using a Monte Carlo simulation approach where sam-
ples are generated by resampling the original sample used for the sensitivity analysis.
In our case, the q samples used for the model evaluation were sampled 1000 times
with replacement, whereby Sobol’s indices were calculated for each resampling. In
this way, 95% confidence intervals are constructed by using the percentile method
and the moment method [3].

The sensitivity analysis was conducted using the programming language Python
and in particular, the Sensitivity Analysis Library (SALib) [61]. An elaborated script
overwrites the input file containing the parameters for different materials at each
iteration. The script then executes HYDRUS-1D, which usually runs less than one
second.

As stated before, the GSA was also coupled with a basic Monte Carlo filtering in
order to identify behavioral regions in the parameter space and to reduce the uncer-
tainty in the following parameter estimation step by using the same sample and runs
of the GSA. Potential solutions are divided into two groups depending on the value
of the objective function calculated: behavioral, solutions with NSE > 0.0, and non-
behavioral, solutions with NSE < 0.0. Particle Swarm Optimization Inverse model-
ing is a procedure to estimate unknown parameters of the model from experimental
data. In this work a global search method based on Particle Swarm Optimization
(PSO) [33] have been used. PSO has been used in multiple studies involving inverse
modeling with complex environmental models [27, 31, 67]. In PSO, collections of
“particles” explore the search space, looking for a global or near-global optimum.

For the optimization process, a modified version of the PySwarm Python Library
has been used.

3.2.3 Experimental Results

Results from SA indicated that only two parameters exhibit a significant direct influ-
ence on the output’s variance, the pore-size distribution index nl and the air-entry
pressure parameter al. The third most influential parameter, the saturated hydraulic
conductivity Ksl1, has the effect, which is only half of the second most influential
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parameter, al. Ten parameters have a first-order index lower than 1%, which indicates
that their main effect on the output variance is negligible.

In addition, SA showed that almost 75% of variance in simulated outflow is caused
by nl, either by the variation of the parameter itself (30%) or by interactions with
other parameters. Together with al (51%) and Ks1 (42%), it is the most influential
parameter for simulated flow. It can be noted that the saturated hydraulic conductivity,
Ksl, has a relatively low main effect but a relatively high total effect. That indicates
that this parameter has a limited direct effect on the variance of the objective function,
but it has an effect in interactions with other parameters.

The effect of the sub-base layer on the output is less significant, while the wear
layer strongly conditions the output.

A Monte Carlo Filtering procedure was applied to the runs of the GSA. The
threshold value of NSE =0.0 produced a filtered sample composed of 1,452 behav-
ioral solutions.

Also, for Scenario II, parameters al and nl exhibit the highest main effects on
the output’s variance (about 35%). For both scenarios, modeling results are most
sensitive to the wear layer, which strongly influences the output’s variance. However,
in Scenario II, the influence of the wear layer is partially reduced and redistributed
to other layers. It is evident that the adoption of the dual-porosity model for the
unsaturated hydraulic properties significantly affects the influence of the base and
sub-base layers on the model’s output. The dynamics of sensitivity indices between
the two scenarios suggest that the physical description of unsaturated flow in the
sub-base layer is an important element in numerical simulations.

A Monte Carlo Filtering procedure was again applied to the runs of the GSA. The
filtered sample now consisted of 28,107 behavioral solutions. The filtered sample of
behavioral solutions for Scenario II was considerably larger than for Scenario I. This
indicates that the implementation of the dual-porosity model leads to higher values
of the objective function.

Figure 12 compares measured and modeled hydrographs for the two scenarios.
The PSO for Scenarios I and II resulted in NSE values of 0.43 and 0.81, respectively.
Both NSE values of the objective function are higher than zero and thus admissible
[39]. However, the implementation of the dual-porosity model for the base and sub-
base layers in Scenario II provides a more accurate description of the hydraulic
behavior of the permeable pavement.

In order to evaluate the reliability of the estimated parameters, the model has
been validated on another independent set of experimental data. Figure 13 shows
a comparison between measured and modeled hydrographs for the two scenarios
during the validation period.

The value of the objective functions is NSE=0.43 for Scenario I and NSE=
0.86 for Scenario II. For Scenario I, the value of the objective function remains the
same, which confirms the reliability of the calibrated model. Although the simulated
hydrograph provides an overall sufficiently accurate description of the hydraulic
behavior of the pavement, it is less accurate during rainfall events, which may be
a time period of main interest. For Scenario II, the value of the objective function
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actually increased and reached the value NSE = 0.86, which is very high and reflects
the accuracy of the modeled hydrograph.

4 Conclusion

The aim of this chapter was to presents the recent experiences in the Urban Hydrol-
ogy field able to manage stormwater in a correct way. The cited works have shown
how the smart management of the drainage networks and the application of urban
regeneration facilities such as green roof or permeable pavement can help in knowl-
edge of flooding phenomena. In particular, findings from Garofalo et al. [25] showed
how DRTC algorithm proposed was able to balance the hydraulic capacity of the
conduits within the system by utilizing the storage capacity of the less overwhelmed
conduits during intense rainfall events. In other words, the DRTC algorithm was able
to control the water level within the UDS successfully, ensuring a full utilization of
the actual storage capacity of the system. The findings clearly demonstrated that the
DRTC produced beneficial effects on the management of the UDS by substantially
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Fig. 13 Comparison between the modeled and measured hydrograph for the two scenarios for the
validation period

mitigating the risk of flooding and CSO. Results from Brunetti et al. [8, 9] showed
that the implementation of a model aimed at soil systems, together with accurate
experimental and numerical procedures, has been able to accurately describe the
hydraulic behaviour of systems of multiple layered materials that are not really soils.
Future perspectives are oriented in the smart optimization of LID and RWH systems
by the IoT advanced innovations in order to maximize the hydraulic efficiency of
these techniques and mitigate the urban flooding risk.
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Abstract. Here we present the hydrological effectiveness of Low Impact development (LID)
solutions at urban catchment scale, by modelling a highly urbanised area located in South Italy.
For the model creation and simulation, PCSWMM based on the Storm Water Management
Model (SWMM) was used. The analysis was carried out by considering different land use
conversion scenarios including the implementation of LID practices. Therefore, a specific
permeable pavement and green roof developed and implemented at full scale at University of
Calabria were chosen as source-control measures. The simulations were run by using as input a
synthetic hyetograph of 30 min with return period of 10 years. Three hydrological performance
indexes, Runoff Coefficient (RC), Runoff Reduction (RR) and Peak Flow Reduction (PFR) were
evaluated at subcatchment scale and, a mean value was estimated for an overall evaluation. Main
findings show that RR and PFR linearly increase with the reduction of imperviousness due to
the modelling of a major percentage of LID solutions, while the RC decreases. In addition, first
detailed results reveal the suitability of LID solutions to reduce surface runoff also for the
scenario 1 which considers the conversion of only 30% of specific impervious surface in green
roofs and permeable pavements.

Keywords: Rainfall-Runoff, Green Roof, Permeable Pavement, PCSWMM, Hydrodynamic Modelling

1. Introduction

Climate change and on-going urbanization can be considered the main factors which lead several
environmental impacts from the watershed scale to urban catchment scale, as increase of flooding risk,
water pollution, urban heat island, air pollution, biodiversity, problems related to water bodies alteration,
and so on [1-3].

In this context, to enhance the environmental quality and restore the exosystemic balance affected
by urbanization and climate change, sustainable solutions and assessment methodologies at different
spatial scale (urban, peri-urban, watershed, and so on) are become a priority, and in this direction several
studies have been carried out [4-6].

Focusing on urban environment, the highly imperviousness led a drastic change in the natural
hydrological cycle components with consequences in terms of reduction of infiltration and
evapotranspiration and increase of runoff volumes. Therefore, during extreme stormwater events such
volumes can overload the sewer systems causing local floods [7].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
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In this scenario, is relevant to find solutions to reduce the impacts [8]. A promising strategy is the
implementation of decentralized stormwater controls, also known as LID (Low Impact Development)
systems which provide several benefits at multiple scales [9-11]. These techniques allow a management
of stormwater directly at the source by a nature-based approach.

Green roofs and permeable pavements, largely investigated, have been considered among the most
efficient strategies in terms of urban flooding risk mitigation, water quality enhancement, and urban heat
islands reduction [12-18].

Based on this framework, main objective of this study is to analyse how the implementation of Low
Impact Development systems (LIDs) can contribute to mitigate the effect of climate change and
urbanization in terms of surface runoff reduction and, consequently urban flooding risk mitigation.

To achieve this, the hydrological response of a small selected urban area - located in Southern Italy
- was investigated under different land use conversion scenarios, by considering the modelling
implementation of Green Roofs and Permeable Pavements integrated in the existing drainage network,
by using PCSWMM [19].

2. Materials and Methods

2.1. Study Area

A highly urbanized area of an urban catchment (catchment of San Domenico Creek) located in the
municipality of Paola in Calabria Region (ltaly) in Mediterranean Climate Region, was selected as test
site for modelling the land use conversion scenarios.

In this area the stormwater management is achieved by a combined sewer network consisting of
different conduits in terms of section and materials. More specifically, based on the detailed information
of a previous study [20], the concrete conduits present sections of 350x450mm, 400x400mm e
450x450mm, while the circular ones in stoneware material have diameters of 200 mm and 300 mm.

The residential area, here considered, with a total surface of around 7.6 ha, presents a grade of
imperviousness of 96.0%. The analysis of land use data, carried out on the base of regional cartography
and aerial photographs, illustrated in Table 1, shows that the study area consists of 28.9% of rooftops
and 67.1% of roads, parking lots and others impervious surfaces; only a small portion of around 4.0%
of the total surface is covered by green spaces.

This landscape analysis reveals as the area, almost totally covered by impervious surfaces, can be a
suitable site for LID systems implementation for urban stormwater management.

Table 1. Land use of the selected area.

Land use Area
ha %
Rooftop 2.2 28.9
Parking lot, roads and other impervious 5.1 67.1
Total Impervious 7.3 96.0
Green Area 0.3 4.0
Total Pervious 0.3 4.0
Total Areas 7.6 100.00

2.2.  LID Simulation Scenarios

To assess the hydrological effectiveness of LID systems for urban stormwater management, Green
Roofs (GRs) and Permeable Pavements (PPs) are the LID systems selected to model the response of the
urban area under different conversions scenarios:
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0] Scenario 0 is the reference scenario, implemented based on the current land use data, in order
to investigate the impact of the LID implementation;

(i) Scenario 1 consists in the replacement of 30% of conventional rooftop area with Green Roofs
and in the installation of Pemeable Pavements on the 30% of impervious surfaces (excluding
roads opened to traffic);

(i) Scenario 2, where 60% of conventional roofs are substituted with Green Roofs and 60% of
impervious areas (excluding roads opened to traffic) with Pemeable Pavements;

(iv) Scenario 3 considers the implementation of Green Roofs on all rooftops, and the replacement
of 100% of impervious surfaces (excluding roads opened to traffic) with Pemeable
Pavements.

2.3. Model development

To simulate the hydrological response of urban catchment a dynamic rainfall-runoff simulation model
PCSWMM (CHI-PCSWMM), based on the EPA-SWMM version 5.1.012 [21], was used. This choice
was carried out based on the results of other studies, which confirm the suitability of SWMM to assess
the LID performances and to support their implementation at catchment scale [22,23].

The model was built considering topographical data, land use classification and data on the existing
stormwater system, already investigated in a previous study [20].

To obtain a detailed model, and improve the previous one, the study area of around 7.6 ha was divided
into 26 subcatchments, defined in function of land use and homogeneous properties (the surface slope,
area, etc.). More in detail, based on the land use analysis, for each subcatchment, before the modelling
implementation, the land use features in terms of pervious and impervious area were defined. In function
of this analysis for each subcatchment the Curve Number parameter (-), the Depression Depth value
(mm), n Manning coefficient (s/m"?) were defined, and then considered with the others geometrical data
(area, width, slope, etc.) as input subcatchment parameters to implement the model.

The Soil Conservation Service (SCS) Curve Number (CN) method was considered for the infiltration
method and the flow routing computations were based on the Dynamic Wave Equations.

The drainage network was defined in agreement with the data retrieved from the design plans in
terms of conduit length, section and material.

Based on this, the implemented model consists of 26 subcatchments, 28 Conduits, 28 Junctions
Nodes, and 1 Outfall node. This model is representative of the existing system configuration, i.e. the
reference scenario (Scenario 0) of this study.

To simulate the hydrological response of this urban area with the implementation of LID solutions
(Scenario 1,2,3), the model, previous defined, was integrated with the use of the LID Control Editor;
this is an additional SWMM module developed to simulate the hydrological behaviour of source control
solutions as bio-retention cell, rain gardens, green roof, infiltration trench, permeable pavement, rain
barrel, rooftop disconnection, vegetative swale [21].

In this study green roof and permeable pavement modules were selected. To assign the properties for
each layer, required by the LID Control section, the stratigraphy features and the physical parameters
(based on previous laboratory test measurements) of the green roof and the permeable pavement located
at University of Calabria were considered. More detail, the features of these two LID solutions can be
found in [7,24,25].

For the hydrodynamic simulation, synthetic Chicago hyetograph was used. The rainfall duration was
assumed 30 min and the time-to-peak-ratio 0.4. The hyetograph was defined based on the parameters of
the Intensity—Duration-Frequency relationship computed by the analysis of historical records (1945 —
2005) obtained from the Regional Agency for Prevention, Environmental in Calabria Region [26] by
considering the rain gauge station of Paola.

The hydrodynamic model here presented, as stated above, was used to simulate the response of an
urban catchments under different conversion scenarios with the aims to evaluate the hydrological
effectiveness of LID systems for stormwater management.
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2.4. Hydrological Performance Indexes
The response of each scenario was evaluated in terms of runoff coefficient (RC), runoff reduction (RR),
and peak flow reduction (PFR). These values were estimated for each subcatchment and the mean values
for each index were calculated in order to analyse the overall result.

More in detail:

The Runoff Coefficient for each scenario (RCo RC;, RC,, RC3) was expressed as percentage ratio
between the total Runoff Depth in mm (RDo, RD1; RD2; RD3) and the total Precipitation Depth in mm
(PD).

Table 2. Equations used to evaluate the Runoff Coefficient for each scenario.

SCENARIO 0 SCENARIO 1 SCENARIO 2 SCENARIO 3
RC, = RD, 100 RC, = RD, 100 RC, = RD, 100 RC, = RDs 100
" PD Yo pPD 2 PD *PD

While, the Runoff Reduction (RRo-1, RRo-2, RRo-3) was estimated as the percentage difference between
the total Runoff Depth of Scenario 0 (RDo) and the corresponding total Runoff Depth of the other
conversion scenarios (RD; RD2; RD3).

Similarly, the Peak Flow Reduction (PFRo.1, PFRo-2, PFRo.3) was evaluated as the percentage
difference between the hydrograph peak of Scenario 0 (PFo) and the corresponding hydrograph peak for
each LID conversion scenarios (PF1, PF, PF3).

Table 3. Equations used to evaluate the surface Runoff Reduction (RR) and Peak Flow
reduction (PFR) obtained by comparing Scenario 0 with the other Scenarios (1,2,3).
SCENARIO 0 vs SCENARIO 1 SCENARIO 0vs SCENARIO 2 SCENARIO 0 vs SCENARIO 3

RRy_, = Do~ RDy 159 RR,_, = Do —RDz 459 RRy_, = 2P0 —RDs 444
' RD 2 RD, =3 RD,
PFO_PF]_ PFO_PFZ PFO_PF3
PFRy-, = PF, -100 PFR,_, = P—FO. 100 PFRy_; = P—FO. 100

3. Results and Discussion

The introduction of different percentage of LID units aims at improving the infiltration capability of
the selected area reducing the surface runoff. By analysing the Scenario 0 model configuration, it was
possible to observe the high imperviousness percentage of this urbanised area: 22 subcatchments present
an imperviousness more than 90%. While, by implementing the different LID scenarios, it was detected
a great reduction of imperviousness until to reach the optimal and final condition related to scenario 3,
where most of the subcatchments have an imperviousness less than 40%.

To assess the LID hydrological effectiveness, the results were evaluated in terms of outflow for the
reference condition (Scenario 0) and those one obtained for the conversions scenarios (Scenarios 1,2,3).

More in detail, first the total Runoff Depth (RD) and the Peak Flow (PF) were estimated at
subcatchment scale for each conversion scenario (Figure 1). For both cases, the bargraphs confirm the
good performance of the LID systems, by showing how the RD and PF values reduced to the increase
of LID percentages in the urban area.

Therefore, based on the data of all subcatchments, the three Hydrological Performance Indexes (RC,
RR, PFR) were evaluated at subcatchment scale (Figure 2), and then average values calculated in order
to analyse the overall result (Table 4).

Specifically, by observing Figure 2, it is possible to detect the range of variation of the three
Hydrological Performance Indexes.
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Figure 1. Total Runoff Depth [mm] and Peak Flow [I/s] for each subcatchment by comparing all
scenarios.

Table 4. Rainfall Depth and Average Values of Performance indexes

Scenario 0 Scenario 1 Scenario 2 Scenario 3
Rainfall depth [mm] 335 33.5 33.5 33.5
Average RC [%0] 98.1 72.6 53.0 36.4
Scenario 0 vs Scenario 0 vs Scenario 0 vs
Scenario 1 Scenario 2 Scenario 3
Average RR [%0] 25.9 45.8 62.8
Average PFR [%] 31.4 59.3 83.8

The values reported in Table 4 reveal the suitability of the LIDs to improve retention capacity of a
highly urbanised basin.

The RC average value decreases from 98.1% in the condition of almost total imperviousness to
36.4% in Scenario 3, obtaining also good results for the inter-medium scenarios. RC values of 25.5%
and 45.1% less than the Scenario 0 were observed for the Scenario 1 and 2 respectively.

While the Runoff Reduction (RR) [%] and Peak Flow Reduction (PFR) [%] present a linear increase
of their values with the reduction of the impervious surfaces, simulated from scenario 1 to scenario 3.

More in detail, the implementation of GR and PP on the 30% of the corresponding impervious surface
(as specified above) allow a runoff reduction of 25.9 % and a peak reduction of 31.4%. Although the
imperviousness change is limited to only this percentage (30%), a good result was the same achieved
by the implementation of the specific GR and PP in Mediterranean climate condition.

As expected, more high performances have been reached in the second and third scenarios, where
the percentage of LID reached 60% and 100%, respectively, and the RR and PFR reached values of
45.8% and 54.3% for scenario 2 and 62.8% and 83.8% for the last one.
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Figure 2. Comparison of the Hydrologlcal Performances Indexes evaluated at subcatchment scale for
different conversion scenarios.

All findings, here presented, confirm the suitability of LID solutions for the surface runoff mitigation
in terms of volume and hydrographs peak for all three LID conversion scenarios.

By analysing the modelling results emerges the role of LID practices to restore the component of
natural hydrological cycle at the urban scale. And, even if, practical and economic considerations are
needed to select the optimal LIDs distribution, this study demonstrates that also a small change of
imperviousness, considered for example for the Scenario 1, can enhance the hydrological response of
an urban catchment.

4. Conclusions

To evaluate the hydrological performances of LID systems, in this study the hydrological response of a
highly urbanised area locate din Southern Italy has been simulated under different conversions scenarios.
The selected area was modelled by using PCSWMM. A specific permeable pavement and green roof,
developed at University of Calabria, have been considered for the modelling implementation by the LID
modules in PCSWMM. Modelling results confirm the suitability of these LID solutions to reduce surface
runoff and, therefore, urban flooding risk. The findings reveal that this beneficial effect can be reached
by converting also only a small percentage of the impervious surfaces. Considering that practical and
economic conditions could limit the implementation of these sustainable practices in urban area, this
can be considered a relevant finding.

In conclusion, the LID strategy achieves a sustainable management of urban drainage network, limiting
the environmental impact due to urbanization and climate change.
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Future investigation will take into account the response of the same area under different rainfall event
and by considering others combination of LID systems not only in terms of percentage distribution, but
also in terms of different design systems.
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Abstract. In the last few years, the increase of impervious surfaces, due to ongoing urbanization
and climate change led several environmental impacts such as: urban heat island effect, air
pollution, urban flooding, deterioration of water discharged in the receiving water bodies, and so
on. In this context, a sustainable strategy is required, and an innovative solution can be found in
the implementation of low impact development (LID) systems as green walls. These sustainable
solutions, by reintroducing vegetation in urban area, can partially restore the pre-urbanization
situation and mitigate these drastic environmental impacts. To investigate the state of art of these
techniques, a deeper overview on the green wall systems was carried out. This analysis was
finalized to evaluate the current developed systems in terms of classification, components and
benefits in order to establish where do we stand in terms of evolution of these systems and where
we are going in terms of new trends and possible future directions.

Keywords: Climate Change, Review, Vertical Greening System, Green Facades, Living Wall

1. Introduction

The combined effect of uncontrolled urbanization and climate change is one of the most challenging
problems of our time [1,2]. The drastically increase of urban heat island effect, air and water pollution,
urban flooding, loss of ecosystems as well as human health and well-being can be considered the main
environmental issues at global scale produced by these challenges. Only an innovative, sustainable, and
ecologically based approach can meet all these impacts, which even if are different from each-other are
strongly correlated.

Therefore, there is a growing attention of the governments to promote actions to develop sustainable
cities and societies [3]. In this regard, a promising strategy is the implementation of nature-based
solutions, also known as Low Impact Development systems (LID) or Green Infrastructures (Gl), which
reintroducing vegetation in areas highly urbanized, can restore the pre-development conditions and
mitigate the impacts due to climate change and urbanization, providing several benefits at multiple scale
[4-7].

Among these systems, green wall techniques, generally mentioned also as vertical greening/greenery
systems, vertical garden, bio-walls, and so on, [8] can be considered as a sustainable strategy, that by
using spaces otherwise unused, able to obtain beneficial effects from the building to the urban scale.
Specifically, at building scale, by optimizing the benefits of plants species, they can be considered
passive design solutions which improve thermal comfort both in winter and summer, thereby reducing

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
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energy demand for heating and cooling [9,10]. In addition, the implementation of a green wall increases
the value of the real estate and allow sound insulation; while at urban scale, these systems can enhance
air quality, urban biodiversity, mitigate urban heat island effect [11,12]. They represent also a control
source of stormwater management at urban catchment scale [13]. Moreover, from a social point of view,
the implementation of vegetation on facades improve cities image and wellbeing, favouring the fruition
of them [14].

Given their effectiveness from many points of view, several studies have been carried on these
ecologically solutions. In this regard, here we present an overview on the papers published on green
wall systems in order to: analyze the current state of art in terms of developed systems (components,
materials and features), design and construction methods, systems benefits; evaluate the main
differences, and establish where do we stand in terms of evolution of these techniques and where we are
going in terms of new trends and possible future directions.

2. Green Wall systems: types and components

The green wall system represents one of the low impact development (L1D) solutions able to increase
the green spaces in urban area, aiming at enhancing the aesthetic value of the building and leading
several benefits in terms of reduction of the environmental impacts caused by urbanization and climate
change.

Since with the term “green wall system”, we refer to each form of vegetation for facades, the first
applications can be found 2500 years ago in the hanging Gardens of Babylon; similar examples were
also in the Roman Empire. Many applications occurred over the centuries, until the 19th century, when
these techniques were used in several European and North America cities, as ornamental elements and
for thermal purposes [8,15,16].

Nowadays, with “green wall” we refer to a vegetative system which is, generally, developed along
the facade of a building, consisting of different components, and it can be directly attached on the wall
or supported by a structure [8,16].

To better identify the characteristics of the different green wall systems typologies, it is necessary to
introduce the general functional elements of this technique, consisting of: (i) supporting elements; (ii)
growing media; (iii) vegetation; (iv) drainage; and (V) irrigation. Based on the features of these elements
and on the presence or absence of some of these, the green wall systems can be subdivided into two
macro-categories: Green Facades (hereafter named GFs) (Fig. 1) and Living Walls (hereafter named
LWs) (Fig.2) [8].

The Green Facades (GFs) are characterized by a low systemic technology, few constituent elements,
and a limited level of integration between plants and walls. They are light, easy to install and, generally,
aimed at supporting the natural development of plants, mainly climbing plants, that can have evergreen
foliage or deciduous, and reach until 25 m of height, taking, however, some years for the full coverage
of the wall [8].

In addition, as it is possible to observe in Figure 1, in function of the presence or absence of the
supporting structure, the green facades can be differentiated into direct GFs and indirect GFs systems.
In the first case the plants are directly attached to the wall; while the indirect GFs present a structural
support for the growth of vegetation, generally consisting of continuous or modular guides (tensile
cables, stainless steel, grids, etc.). This support structure leads several benefits: to prevent the falling of
vegetation, to create an air gap between the surface of the building and the vegetation, to increase the
system resistance to the environmental actions as rain, wind, snow, and so on. Moreover, for both
systems, in case of very tall buildings or lack space at the base of the building, it is possible to use special
boxes (Fig. 1b and 1d), placed at intermediate heights [8,15,16].



SBE19 Thessaloniki IOP Publishing
IOP Conf. Series: Earth and Environmental Science 410 (2020) 012013  doi:10.1088/1755-1315/410/1/012013

DIRECT GREEN FACADES INDIRECT GREEN FACADES

Vi,
W

e
o

a) b)

2
p— T

Figure 1. Different types of Green Facades: (a) Direct Green Facade with vegetation planted into the
soil; (b) Direct Green Facade with plants rooted in the box; (c) Indirect Green Facade with vegetation
planted into the soil; (d) Indirect Green Facades with plants rooted in the box.
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Figure 2. Different types of Living Walls: (a) Continuous Living Wall; (b) Modular Living Wall.

The Living Walls (LWSs), allowing the rapid coverage by vegetation of high building, represent a more
recent innovation than the green facades. These types of green wall can use a wide variety of plants
species (grasses, perennial plants, shrub, succulent, and so on), selected according to the climate
condition, the drought tolerance, the root development, and specifically combined to achieve aesthetic
effects [8].

Based on their application method, the LW systems can be continuous (Fig. 2a) or modular (Fig. 2b).
More in detail, the continuous LWs do not require a substrate of soil, but the plants grow in lightweight
and absorbent screens, as a fabric layer (i.e. felt), cut to form pockets. This layer is connected to different
layers (permeable, flexible and root proof screens), supported by a base panel, directly attached to a
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supporting structure, consisting of a frame indirectly fixed to the wall. These types of systems are mainly
based on hydroponic technique [8,16,17]. The water supply is generally guaranteed by an irrigation
system installed at the top of the structure, while the permeable layer ensures the uniform distribution
of water and nutrients [8]. On the other hand, the modular LWs are characterized by pre-vegetated panels
with specific supporting elements (vessels, trays, flexible bags, planter tiles) in which the plants grow.
The growing media consists in an organic and/or inorganic substrate, which present a good retention
capacity, and where the roots can proliferate. The irrigation system, according to the configuration of
the supporting elements, is generally installed between the panels, and the water is drained through the
panels for the entire facade and collected on the bottom [8,15].

Due to its specific feature the Modular LWs provide greater seeding depth than the continuous ones,
and, allow easy maintenance in terms of replacing plant species [11,18].

By comparing the two main categories (GFs and LWSs), in terms of installations cost, it is detected
that although the LWs require much more materials than the GFs and, therefore, the costs are higher,
they offer several benefits during the maintenance process. In fact, in case of unexpected problems, the
LWs panels can be easily replaced or it is possible to provide a more rapid renewal of vegetation [8,19-
22]. While, the direct GFs present the advantage to not require a supporting structure, but the
disadvantage to employ a long period to cover the entire wall. The use of a supporting structure offers
the benefits to have a space between the system and the wall, which could be used for insulation or
maintenance purposes [8,23].

3. Green Wall Benefits: an overview

Green wall systems represent sustainable solutions to restore the environmental quality of urban areas
by re-introducing vegetation. Due to their features, these systems provide several benefits at multiple
scale.

Thus, in agreement with the European energy saving directions, that promote a rational and
sustainable development starting by the building sector [24], several studies have proved the potential
benefits of the green wall systems in terms of reduction of internal building temperatures and energy
consumption, and mitigation of urban heat island effect [25]. In fact, since the plants function as a solar
filter and prevent the adsorption of heat radiation, the use of greening systems produces a strong effect
on the thermal performance of buildings and on the urban environment [19].

In this regard, Eumorfopoulou and Kontoleon [26] have evaluated the thermal analysis of two equal
building floors (one with bare surface and one plant-covered surface). The findings have shown the
importance of the contribution on the thermal behaviour of plant-covered wall sections in densely
populated urban areas in Mediterranean region during the cooling period.

The same authors, the year after, presented another work on how the wall orientation, the wall plant
foliage percentage, and the type of wall configuration can affect the thermal behaviour of typical
building located in the northern Greek region during the summer period [20]. The results, obtained by
using a validated thermal-network model, were: a superior thermal comfort conditions within the
building zone that included a plant-covered wall; an increase of thermal benefits when there was more
percentage of plant foliage; benefits in terms of energy conservation of a plant-covered wall, which
allowed to improve the microclimate around the built environment by neutralizing the solar impact.

During the same year, Cheng et al. [27] used an experimental approach to assess the effect of
vegetation on the thermal performance of a vertical greening system, obtaining that the vegetated
cladding reduced interior temperatures and delayed the transfer of solar heat. Therefore, the
implementation of the green system decreased power consumption in air-conditioning compared with a
building with bare concrete.

While in another work, Wong et al. [9] showed the potential thermal benefits of eight vertical
greenery systems, located in HortPark, to reduce the surface temperature of buildings facades in the
tropical climate, and decrease the cooling load and energy cost.
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In 2011, Jim and He [28] evaluated the thermodynamic transmission process of the vertical greenery
ecosystem, by designing a field experiment and developing a thermodynamics transmission model. The
results showed that: the green wall radiation transmission was strongly correlated with canopy
transmittance and reflectance; the thermal shielding effectiveness depended on the orientation; due to
the presence of the vertical greenery ecosystem and, therefore, its more intensive evapotranspiration
effect, the south wall could transfer much more heat flux.

The same year, Perini et al. [19] analyzed the possible reduction of the wind velocity and (air and
surface) temperature by three different green wall systems in the Netherlands: (1) direct fagade greening
(Delft); (2) Indirect fagade greening system (Rotterdam); Living wall system (Benthuizen). The findings
showed not difference in the air temperature and wind profiles starting from 1 m in front of the facades
until inside the foliage. Moreover, the investigated systems could be considered effective natural
sunscreens; a low wind velocity was monitored inside the air cavity of the Living Wall and inside the
foliage of the direct and indirect systems. In addition, due the reduction of wind velocity, the exterior
surface resistance could be equalized to the interior one and, therefore, affect the total thermal resistance
with results in terms of energy savings.

Mazzali et al. [29] monitored three Living Wall field tests in different climate context located in
Mediterranean temperate region (at latitudes corresponding to Northern and Central Italy) to investigate
the potential effects of the energy behaviour on building envelopes. The analysis revealed a temperature
difference between the bare wall and the covered wall ranging between a minimum of 12 °C (for the
living wall located in Lonigo) and a maximum of 20 °C (for the living wall located in Pisa), during
sunny days. In addition, the analysis on the heat flux showed how these systems can significantly
contribute to cooling energy reduction.

Coma et al. [30], by comparing the thermal performance of two experimental vertical greenery
systems (a double -skin green facade with deciduous creeper plants and a designed green wall with
evergreen species), obtained a high potential energy savings for green wall (58.9%) and double-skin
green facade (33.8%) in comparison to a reference system during the cooling season, and no extra energy
consumption for evergreen system during heating periods.

In the Jubilee Campus of University of Nottingham, by an experimental and numerical investigation
on the thermal regulation feature of green wall systems located at the University, Cuce [25] obtained an
average of 2.5°C temperature reduction in internal wall for green walls with around 10 cm thickness
climbing vegetation of Hedera helix

To investigate the potential benefits of green walls as passive tool for energy saving, Perez et al. [31]
investigated a double-skin green facade implemented in an experimental site in Mediterranean
continental climate. The experimental findings showed the high potential of the green system as a
passive system in comparison to the reference conventional site, obtaining an energy saving up to 34%
with a leaf area index of 3.5-4. In addition, the results showed that, since the shadow effect of green
facades on the East and West orientations was representative, this should be considered as well as that
one of South orientation.

Another study, carried out by Tudiwer and Korjenic [32], analyzed the influence of two greened
facades on the thermal resistance of the walls, by developing a method to evaluate the U-value at greened
facades. The results showed: a lower temperature on the surface without vegetation in the winter, even
for south orientation; the greening reduced the fluctuation rate of the surface temperature and the heat
flux; the difference of the thermal between vegetated and not vegetated sections in winter ranged
between 0.31 m?K/W and 0.68 m*K/W.

In Mediterranean climate, Perini et al. [10] evaluated the cooling potential during the summer season
of a vertical greening system built in Genoa (Italy). The findings showed that a green layer can decrease
outdoor and surface temperature, improving thermal comfort and the building surfaces heating and, thus
contributing also to urban heat island mitigation. In addition, the presence of vertical greening system
allowed a reduction of cooling demand of 26% during summer.

In another study, Galagoda et al. [33] quantified the thermal performance, the relative humidity and
the CO2 concentration for three types of green infrastructures: living walls, indirect green facades and
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direct green facades located in Colombo metropolitan in Sri Lanka. Comparing the results with the bare
wall, they obtained a maximum temperature reduction of 8.0 °C - 0.28 °C for the living wall, 7.86 °C -
1.34 °C for the indirect green facades, and 6.64 °C - 1.34 °C for the direct green facades. In addition, the
study showed an averaged relative humidity increase of 1.6%-1.81% and a CO2 reduction of 0.63%
near green walls. Then, the authors demonstrated the capability of these systems on micro climatic
changes and human thermal comfort. The green walls were able to reduce 2.4 °C at indoors compared
to bare wall building; an energy saving of 10.97 MW was obtained; and, finally, a positive perception
of 79% of people, a thermal comfort by 58% of inhabitants, a visually comfort of 89.5%, a satisfied
about the light penetration level of the vertical greening systems of 61% occupants, were reached.

As it was possible observed, the benefits in terms of energy saving (for reduction of air conditioning
demand) is strongly correlated to the economic sustainability of the green wall system. In this regard,
Rosasco and Perini [34] carried out a Cost-Benefits Analysis on the vertical greening system, installed
at Genoa (Italy), in order to evaluate its economic sustainability. The findings revealed that the system
can be economically sustainable when a tax reduction on installation costs is considered. In addition, by
a sensitivity analysis they found how the optimal choice of the materials and technological solutions
during the design phase is relevant to reduce the installation and maintenance costs.

In addition, from the overview carried out, it is emerged that the vertical greenery system can be also
considered a Key element to mitigate the noise pollution. In this regard, Wong et al. [35] evaluated the
acoustics impacts of eight different vertical greenery systems installed in HortPark, Singapore on the on
the insertion loss of building walls. Furthermore, they determined the sound absorption coefficient of a
vertical greenery system developed in the reverberation chamber of National University of Singapore.
The results of first part of the study showed a higher attenuation at low to middle frequencies due to the
absorbing effect of substrate; while at higher frequencies, a smaller attenuation was observed due to
scattering from vegetation. During the second part of the study, they determined the sound absorption
coefficient which resulted one of the highest values compared with other materials and obtained that
this coefficient increased with the frequencies and with greater greenery coverage.

To evaluate the benefits of these systems in terms of mitigation of impacts due to climate change,
another environmental aspect was considered. The green walls systems, like green roofs or rain gardens,
are low impact development solution that can be considered sustainable tools able to restore the pre-
urbanization hydrological natural cycle and, thus mitigate urban flooding risk. In literature, the benefits
of these solutions in terms of runoff mitigation were not widely investigated as well as the other LID
solutions (green roof or rain garden). In this regard, Lau and Mah [13] studied the green wall
hydrological effectiveness, by developing a USEPA SWMM model, that considers the green wall
system as a portion of urban drainage system. More in detail, the study is based on a modelling
implementation of a modular green wall system on the commercial building in Central City, Kota
Samarahan. They carried out four simulation models, characterized of different conditions (soil texture
classes: sand, loamy sand, sandy loam and loam) and precipitation input. The findings confirmed that
green wall systems can be effectively considered for reducing surface runoff.

Moreover, to better investigate the environmental impacts of green wall techniques, a comparative
life cycle analysis (LCA) was carried out by Ottelé et al. [17] for Mediterranean and Temperate climate
condition. They considered different facades: a conventional bare wall (brick), a direct green fagade, an
indirect green facade, a living wall system based on planter boxes and another living wall system based
on felt layers. The results revealed that, due to the reduction in energy demand for heating, even if
additional resources needed, the direct greening system, the indirect greening system (with hard wood,
coated steel or HDPE as supporting system) and the living wall system based on planter boxes
represented a good environmentally choice.
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Finally, starting by the concept of “reconciliation ecology”, Francis e Lorimer [12] evaluated the
reconciliation potential of living roofs and walls, by observing that: the successful implementation of
these ecological engineering techniques is strongly related to the participation of urban citizens; and
these systems are important solutions to enhance urban biodiversity.

In conclusion, based on the analysis carried out, the green wall system can contribute significant
environmental, social and economic benefits for the built environment. From the overview, it is
highlighted the difficulty to compare studies which consider different construction system, climate,
plants species, and other parameters (as orientation, thickness, etc.). However, the analysis allowed to
evaluate the scientific gap on the green wall system in terms of the performance evaluations and
investigate the new trends and future directions.

4. New trends and future directions in green wall technology

In the last few years, new several applications encouraged the growth of green wall techniques as
tool for energy saving and this was deeper demonstrated in the previous overview.

However, as green infrastructures, these systems, like green roofs or rain gardens, can be valuable
engineering solutions to reduce the stormwater discharged into the drainage systems, mitigating thus the
urban flooding risk. But, from the literature review, it is emerged that green walls were little investigated
as elements able to reduce the runoff in urban environment. For example, Studies on the laboratory
analysis of the retention capacity of green walls soil substrates, were not find, as well as experimental
and numerical investigations on the hydraulic efficiency of these systems at urban scale. Based on this
background, future scientific trends could focus on the investigation of the hydraulic performance of
green walls both by developing experimental lab analysis and modelling the flow inside the porous
media and evaluating the hydrological efficiency of these systems from the building scale to the
catchment. In addition, another innovative element, in the field of water management, could be the
optimal integration of a green wall system with a rainwater harvesting system. The rainwater harvesting
system could provide the irrigation to the green wall, by reusing the water discharged from the system
itself. In addition, given the potential of vegetation, these systems could be further investigated as tool
to mitigate water pollution.

Finally, a further green wall optimization at multiple scales could be achieved, by developing smart
facade systems, i.e. facades that dynamically respond to the demands and conditions received by the
external environment. In this direction, for example it could be possible to optimize the green wall
irrigation, monitoring the soil humidity and the inside and outside building temperature.

Therefore, it is expected that the research on green walls will increase, by focusing the attention also
on the benefits and implications not still deeper investigated.

In this regard, the study, here presented, is a part of the analysis carried out during the project
“Innovative Building Envelope through Smart Technology (I-Best)”, developing at University of
Calabria (ltaly) in Mediterranean climate. This project involves, as one of the objectives, the
experimental analysis, the modelling development and the full scale implementation of an innovative
modular green wall system, aimed at decreasing urban flooding risk, achieving water saving, reducing
water pollution, enhancing biodiversity, and mitigating other environmental impacts due to climate
change.
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Abstract. Rainwater harvesting systems represent sustainable solutions that
meet the challenges of water saving and surface runoff mitigation. The collected
rainwater can be re-used for several purposes such as irrigation of green roofs and
garden, flushing toilets, etc. Optimizing the water usage in each such use is a
significant goal. To achieve this goal, we have considered TOPSIS (Technique for
Order Preference by Similarity to Ideal Solution) and Rough Set method as Multi-
Objective Optimization approaches by analyzing different case studies. TOPSIS
was used to compare algorithms and evaluate the performance of alternatives,
while Rough Set method was applied as a machine learning method to optimize
rainwater-harvesting systems. Results by Rough Set method provided a baseline
for decision-making and the minimal decision algorithm were obtained as six
rules. In addition, The TOPSIS method ranked all case studies, and because we
used several correlated attributes, the findings are more accurate from other simple
ranking method. Therefore, the numerical optimization of rainwater harvesting
systems will improve the knowledge from previous studies in the field, and pro-
vide an additional tool to identify the optimal rainwater reuse in order to save water
and reduce the surface runoff discharged into the sewer system.

Keywords: Rainwater harvesting - Water supply * Flood risk mitigation

1 Introduction

There are many benefits in Rainwater harvesting (RWH) systems mainly water saving
for non-potable water uses and surface runoff mitigation. Moreover, the collected
rainwater can be re-used for several purposes including green roofs and garden,
flushing toilets, etc. In previous studies, the optimization of rainwater harvesting sys-
tems was mostly limited to optimum size of the tankers according to hydrological and

hydraulic analysis and in some cases combined with economic analysis.

However, the design of RWH systems depends on many elements and even opti-
mizing different water usages is significant. Therefore, in this paper, Multi-Objective
Optimization approaches have been applied, and ranking methods such as TOPSIS
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(Technique for Order Preference by Similarity to Ideal Solution) have been considered
to compare algorithms and evaluate the performance of alternatives to reach the ideal
solution. Moreover, the attributes analysis such as Rough Set method has been used in
analysis of vague description of decisions.

1.1 Rainwater Harvesting (RWH) Systems

The combined effect of global urbanization, climate change and water scarcity, requires
a transition towards a sustainable, smart and resilient urban water management. In this
regard, nowadays the sustainability concept is a basilar element for scientific, technical
and socio-economic discussion. Therefore, the implementation of decentralized
stormwater controls systems, as LID (Low Impact Development) systems, represents a
promising strategy to achieve several benefits at multiple scales [1, 2].

Among these techniques, Rainwater Harvesting (RWH), considered an ancient
practice used all over the world to meet the water demand, is now supported by many
countries as a suitable solution to limit potable water demand, reduce frequency, peaks
and volumes of stormwater runoff at the source, and participate in the restoration of
natural hydrological cycle [3-6].

The principal component of a conventional RWH system is the rainwater tank
which temporally stores the water from a capturing surface, normally the building roof
or others impervious surfaces closely to the building. In a single-family building,
above-ground tank, named “rain barrels”, are generally used for irrigation and runoff
control, while, in the case of multi-story building, above or below-ground concrete
cisterns are implemented. In addition, a system consisting of gutters and downspouts
lead the runoff from the collecting surface to the tank, while a dedicated piping network
is needed for rainwater reuse. One or more pumps can be used to assure the pressure
head for different usages, while other devices as first flus diverters, debris screen, and
filters are generally implemented for water quality control. These information and more
specific detail regarding this technique can be found in several studies [4, 7, 8].

Recent advances have showed the possibility for real-time monitoring and control
of these systems in order to increase their efficiency in terms of reduction of urban
flooding or combined sewer overflows [9] and optimize the rainwater reuse.

Harvested rainwater can be considered a renewable water source that is perfect for
different non-potable water uses, as toilet flushing, laundry, car washing, terrace
cleaning, private garden irrigation and green roof irrigation [7, 10—15].

In addition, as source control technology distributed at urban catchment scale, these
systems are suitable to reduce stormwater runoff volume. In this regard, several studies
have evaluated also the hydrological efficiency of RWH in terms of reduction of the
runoff volume and peak discharged to the sewer system [5, 7, 11, 14, 16].

Several studies have been carried out to show the RWH efficiency for water saving
and runoff mitigation, as study of Campisano and Modica [11] showed that the per-
formance depends of site-specific factors, such as roof type and surface, precipitation
regime, demand usage, tank size, number of people in the household, etc.

Based on a deeper literature review, in this paper some factors, here after called
“attributes” have been selected and considered in a mathematical optimization of
RWH.
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2 Methodology

In the current study, the Rough Set method applied as a machine learning method to
optimize rainwater-harvesting systems. The process is reviewed in details and the result
is achieved with analysis of different case studies.

2.1 Rough Set Theory

The Rough Set theory is attributes analysis based on data or knowledge about a
decision. The results of analysis can provide clear rules for similar decisions [17-19].
The Rough Set rules in a given approximation space apr = (U, A) can be calculated as
follow:

The lower approximations of X in A apr(A) = {x|x € U, U/ind (A) C X} (1)
The upper approximations of X in A apr(A) = {x|x € U, U/ind (A)N X # ¢} (2)
U/ind (a) = {(xi, xj) e Ux U, f(xi,a) = f(xj,a),Va € A} (3)
Boundary is BN (A) = apr(A) — apr(A) 4)

Thereduct = minimal set of attributes B C A such thatrg(U) = ra(U) (5)

_ > card(B(X;))

The quality of approximation of U by B rg(U) AU
car

Decisionruleis ¢ = 60 (7)

Where:

U is a set,

A is attributes of the set,

¢ is the conjunction of elementary conditions,
0 is the disjunction of elementary decisions.

2.2 TOPSIS Method

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) method
developed by Hwang and Yoon in 1981 is a method to solve the ranking and com-
paring decisions [20-22] and can be applied to wide range of multi-attribute decision
making with several attributes [22-24]. The ranking in this method can be done for
matrix (nlj)m X n according to the similarity to ideal solution as follow:
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Normalized decision matrix: N = n; = & Ji=1,2,...,m,j=1,2,...,n (8)
St = lag
Weighted normalized decision matrix: V=N x Wn X n 9)
Determining the solutions:
Ideal solution: A* = {(max;(ay|j € J_)), (min;(ayli € J+))} (10)

Negative-ideal solutions: A~ = {(min;(ay|j € J_)), (max;(ayli € J 1))} (11)

Jy ={j=4q,2,...,n|j} Associated with positive impact criteria
J_={j=gq,2,...,n|j} Associated with negative impact criteria
Determining the distances from the solutions:

= j

Distance from ideal solution: d;" = \/Zn . <v,-j — v-*), i=1,2,...,m (12)

Distance from negative-ideal solution: d; = Z;Zl (vij - ), i=1,2,...,m (13)

Ranking in order to the highest closeness to the negative-ideal condition:

* di * ;
CLl:m, OSCLlSI&IZI,z,,m (14)

1 1

2.3 Case Studies

To carry the analysis by rough set and TOPSIS a set of data is required such as case
studies. The selection of the case studies has been done in a way that considers the main
possible attributes/factors confronting in rainwater harvesting systems. The first and
second case studies (CS1-CS2) are taken from the study carried out by Herrmann and
Schimida [7] that considers the development and performance of rainwater utilization
systems in Germany, and specifically in Bochum where the mean annual precipitation is
787 mm. More in detail, the data considered there for CS1, are related to a one-family
house (with an effective roof area of 150 mz, 4 persons, combined demand of 160 1/d, a
storage volume of 6 m> and an additional retention volume of 15 m’, with a covering
efficiency of 98%). The CS2 case refers to a multi-story building (CS2) (with an
effective roof area of 320 m2, 24 persons, toilet flushing demand of 480 1/d, a storage
volume of 14 m> and an additional retention volume of 35 m3).

A study carried out by Doménech and Sauri [13] was considered to select the third
(CS3) and the fourth (CS4) case study. Both case studies are in Sant Cugant del Valles —
Spain. More in detail, CS3 is a single-family house with a rooftop catchment area of
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107 m?, 3 residents, a toilet and laundry usage demand of 27 LCD and 16 LCD,
respectively. While CS4 refers to a multi-family building with a rooftop catchment area
of 625 m?, 42 residents, a toilet and laundry usage demand of 30 LCD and 16 LCD,
respectively. For CS3, we considered a model scenario in which a tank of 13 m> can
meet 80% of the combined demand of toilet flushing and laundry; while for CS4 the
model scenario is a tank of 31 m® covering 59.5% of the combined demand of toilet
flushing and laundry.

Case studies CS5, CS6 and CS7 are considered from the study of Palla et al. [5].
These three case studies are located in Genoa (Italy) with a mean annual precipitation of
1340 mm. More in detail, CS5 is a 4-flat house with 16 inhabitants, a roof area of
420 m?, an annual toilet flushing demand of 233.6 m>/y and a tank capacity of 14 m>.
CS6 is a 6-flat house with 24 inhabitants, a roof area of 420 m2, an annual toilet flushing
demand of 350.4 m*/y and a tank capacity of 21 m>. CS7 is a condominium with 32
inhabitants, a roof area of 680 m2, an annual toilet flushing demand of 467.2 m*/y and a
tank capacity of 28 m’. For the three case studies, the modeling results show a water
saving efficiency of 0.83, 0.79 and 0.76 for CS5, CS6 and CS7, respectively.

The CS8 case study considers the values of the example of application found in
Campisano and Modica [25], where a 4 people residential house with a daily toilet
flushing demand of 0.168 m?, a roof area of 186 m?, daily precipitation of 0.0018 m
and a size tank of 2.93 m®, achieving a water saving of 67%, was considered.

The CS9 case study refers to a real case study at University of Calabria in Southern
Italy [15], where a tank of 1.5 m® is located at the base of an university building to
collect the water for an experimental full-scale green roof implementation and the water
is reused to irrigate the same green roof in the dry period. Finally, three hypothetical
cases, CS10, CS11 and CS12, have been considered to evaluate remain factors under
different conditions. Specifically, CS10 represent the hypothetical implementation of
RWH systems in the old town of Cosenza, CS11 in the old town of Matera, and CS12
in the new area of Quattromiglia, in the town of Rende, respectively.

Table 1. Case studies

Locations of case studies Case study
Bochum — Germany [7] CS1
Bochum — Germany [7] CS2
Sant Cugant del Vallés — Spain [13] CS3
Sant Cugant del Vallés — Spain [13] CS4
Genoa — Italy [5] CS5
Genoa — Italy [5] CS6
Genoa — Italy [5] CS7
Sicily — Italy [25] CS8
University of Calabria (Rende) — Italy [15] | CS9
Old town of Cosenza — Italy CS10
Old town of Matera — Italy CS11
New Area of Quattromiglia (Rende) — Italy | CS12
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3 Results

3.1 Application of Rough Set Theory in Optimizing Rainwater-

Harvesting Systems
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In real projects there is an enormous quantity of data that may be considered and this
makes hard the decision making process. In Rough Set method, all data should be
categorized. In this regard, the correlated RWH attributes must be determined. All the
information about the case studies in form of determined attributes, classification of
attributes and decision level for each of them should be provided. According to the data
gathered in Table 1, the main RWH attributes have been determined and are presented
in Table 2. The attributes have been classified based on 3 classes which denote the
suitability conditions for decisions and are high (H), medium (M) and low (L).

Table 2. Conditional attributes for ranking decisions of selected case studies

Conditional attributes

Classification of individual situations

Decision

(a) Building type

(b) Roof type

(c) Roof Size (collecting area)

(d) The age of the building

(e) Average Annual Precipitation

(f) Number of building residents
(based on demand)

1 - One-family building/one-office with
garden

2 - One-family building/one-office without
garden
3 - Multi-family building/multi offices with
garden

4 - Multi-family building/multi offices
without garden

1 - Slope roof with tiles, corrugated plastic,
plastic or metal sheets

2 - Flat roof covered with plastic or metal
sheet

3 - Flat roof with concrete or asphalt slabs
4 - Flat roofs with gravel

5 - Extensive green roof

6 - Intensive green roof

1 - Big surface capture (>250)

2 - Average surface capture (100-250)
3 - Small surface capture (<100)

1 - New building

2 - Average age building

3 - Old building

1 - >700 or <300

2 - 300 to 700

1-1t04

2-5t020

3 - more 20

H

M

H

=

CzEZZEmCZ@DCZDC

(continued)
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Table 2. (continued)

Conditional attributes Classification of individual situations Decision

(g) Density of city (based on the 1 - Low Density

location of the barrels) 2 - Medium Density

3 - High Density

(h) Type of urban area 1 - New urban area

2 - Average age urban area
3 - Old urban area

(i) Demand usage (m3/y) 1 - combined usage

zTCczITCZT

2 - one usage (toilet flushing or garden
irrigation)

3 - laundry

4 - terrace cleaning

o

5 - car washing

(j) Tank size 1 - Big Tank (>20 m?)

2 - Medium Tank (6-20 m>)
3 - Low Tank (<6 m?)

(k) Economic 1 - Very Economic

2 - Partly Economic

3 - Expensive

CZz T -z

According to 11 attributes and classes, the selected case studies have been ranked
from 1 to 3 and the results are presented in Table 3. For instance, in the first case study
(CS1), since the conditional attribute (a) that is “Building type” is “One-family build-
ing”, the highest rank, i.e. 3, has been selected. Since the table represents the correlation
between the case studies and conditional attributes it is named “decision rules”.

Table 3. Data Inspection for analysis of site selection decision ranking

Case study | Conditional attributes Decision level
a/blc|dle|f|g h|i]j|k
CSl1 313/212(3|3/1(2|3]/1|2|M
CS2 1/3/3(2/3|1/1|2|2/1|2|M
CS3 313(2/2(2|3/1/2|3|2|1|H
Cs4 213{3|2(2|1|1|2|3|3|1|H
CS5 213(3(2(3|2/1/2|2(2|2|M
CS6 213(3/2(3|1|1/2|2[3|2|H
CS7 213|3|2(3|1|1|2|2|3|2|H
CS8 213(212(2|3/2(2/2/1|3|M
CS9 212(22(3|1(2/2|2|1|3|H
CS10 1/3(2|1]3/2|1|1|2]|2/1|L
CS11 1/3/1|1]3]{2/1|1|3/3|1|L
CS12 1/3/3(3/3|1/1(3|2/3|2|H
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All the decisions and attributes have been checked to find out the existence of non-
deterministic rules that means that for case studies of similar attributes decisions are
different. The number of non-deterministic rules in Table 3 was zero. Therefore, the
number of conditional attributes is sufficient for determining the decisions. The found
reduction in the data is presented in Table 4.

Table 4. The founded reduction

Raw | Reduction | Raw | Reduction | Raw | Reduction
1 |{a,b,d,j}|13: |{a b,i,j} |25 |{a, f,j}
2 |{a,c e, j} |14: |{a, b,j, k}|26: |{d,e, g j}
3 |{b,c,e j} |15 |{a, b, h,j} 27: |{c f, ]}
4: |{a,b,c,j}|16: |{b,c,h,j}|28: |{b,h,i,j}
5: |{b,d, e, j} |17: |{a, e, h,j}|29: |{e, g h,j}
6: |{a,d,e j} |18 |{b,e h,j} 30: |{f, g h,j}
7: |{b,c,d,j} |19: |{c, e, 1,j} |31: |{b,c,1i,]j}
8 |{a,d,e, f [20: |{a, e, i,j} [32: |{b,d, ], k}
9: |{a,e f,h}|21: |{d, f, g j} 33 |{b, h,j k}
10: | {b, d, f,j} |22: |{b,d,1i,j} |34: |{e,j, k}
11: |{a,d, f, k}|23: |{c,e g j} 35 |{f ] k}
12: |{a, f, h, k} | 24: |{b, f, h, j}

After deriving the reducts, the decision rules can be achieved by overlaying the
determined reducts on the data. A decision table free of contradiction and determining a
minimal decision algorithm can be achieved after elimination of all non-deterministic
rules that was zero in this study. The contradictions have been analyzed based on the
conditional attributes and the decisions in selected case studies. Moreover, if the
attributes do not cause any contradiction they can be removed. In order to check the
impact of an attribute on the result, the attributes can be removed one by one. For
example, if the conditional attributes (a), (b), (c), and (d) be removed, the decision rules
of case studies 1 and 2 might be contradictory that means the decision levels of these
two case studies are subordinate to the mentioned conditional attributes. In this regard,
and after elimination of all removable conditional attribute or classes, the minimal
decision algorithm has been obtained and is presented in Table 5.

Table 5. Minimal decision algorithm

Rules

Rule 1 |(d = 1) => (Decision = L)

Rule 2 | (b = 3) & (j = 1) => (Decision = M)
Rule 3 | (a =2) & (j = 2) => (Decision = M)
Rule 4 | (f = 1) & (j = 3) => (Decision = H)
Rule 5 | (b = 2) => (Decision = H)

Rule 6 | (a = 3) & (e = 2) => (Decision = H)
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The validation of the rules is presented in Tables 6 and 7. It must be mentioned
that, since the selected case studies are only 12, the accuracy of the rules might not be
high. To be able to extend the result of the method to other similar case studies in RWH
systems, more field data might be required.

Table 6. Confusion matrix (sum over 10 passes)

1/2|3 | None
1/2{0/0/0
210/2(21/0
3/1/4{1/0

Table 7. Average accuracy [%]

Correct Incorrect None

Total | 40.00 £43.59 |60.00 £ 43.59 | 0.00 £ 0.00
1 20.00 £ 40.00 | 0.00 & 0.00 |0.00 £ 0.00
2 15.00 £ 32.02 | 15.00 £ 32.02 | 0.00 & 0.00
3 5.00 £ 15.00 | 45.00 £ 47.17 | 0.00 £ 0.00

3.2 Application of TOPSIS in Ranking of Rainwater-Harvesting Systems

In this section, the TOPSIS method has been used to rank the selected case studies and
the results are compared with those of a simple ranking. The results of simple ranking
are presented in Tables 8 and 9 and those obtained by TOPSIS method in Tables 10,

11 and 12.

Table 8. Values of each attribute for each case study
Case study | Attributes

alblc |[d|e f |g|hli j k
CS1 3/3/150(2| 787| 4|1|2| 584 |6 2
CS2 1/3(320(2] 787|24|1|2|1752|14 |2
CS3 313/107(2| 612 3 |1|2| 47.1|13 |1
CS4 2131625|2| 612/42|1(2|7052|31 |1
CS5 2131420(2(1086|16|1/2(233.6 14 |2
CS6 2131420(2{1086 24 |1/2/3504 21 |2
CS7 2131680(2|108632|1|2|467.2 28 |2
CS8 2/3/186|2| 657 4|2|2| 61.3/293|3




Optimizing RWH Systems for Non-potable Water Uses 579

Table 9. Simple ranking of the factors for each case study

Case study | Rank of attributes Sum of ranking | Final rank
a/b/c|dje|f g|h|i|j |k
CS1 1/1/6/1/2(2/4]1]7/6|2|33 6
CS2 3/1(4|1(2]4]/4/1|5|4|2/|23 4
CS3 1/17|1]4]1]1]1]|8]|5|3|24 5
CS4 2/1(21]/4]6/1|1]|1]1]3]18 2
CSs5 201(3[1]1(3/3]/1(4/4/2/19 3
CS6 2/13[1]1(4/3]1|3/3]2]18 2
CS7 20111 1|5]3]|1|2]2]2]17 1
CS8 2/1/5/1(3]2/2]1]/6/7|1/|23 4

Table 10. TOPSIS matrix without scale (Normalized)

Case study | Attributes
a b c d e f g h i j k

CSl1 0.48/0.35/0.13]/0.35/0.32|0.11 | 0.46 | 0.35|0.06 | 0.11 | 0.36
CS2 0.160.35/0.27]0.35/0.32|0.26 | 0.46 | 0.35| 0.18 | 0.26 | 0.36
CS3 0.480.35/0.09|0.35|0.25|0.25 1 0.03|0.35|0.05 | 0.25 | 0.18
CS4 0.32/0.35/0.53]0.35/0.25|0.59 1 0.03|0.35|0.73 | 0.59 | 0.18
CS5 0.32/0.35/0.36|0.35|0.44 | 0.26 | 0.44 | 0.35|0.24 | 0.26 | 0.36
CS6 0.32/0.35/0.36|0.35|0.44 | 0.40 | 0.44 | 0.35| 0.36 | 0.40 | 0.36
CS7 0.32/0.35/0.58|0.35|0.44 | 0.53 1 0.44 | 0.35|0.48 | 0.53 | 0.36
CS8 0.32/0.35/0.16|0.35|0.27 | 0.06 | 0.04 | 0.35 | 0.06 | 0.06 | 0.54

Table 11. TOPSIS matrix without scale and equal weighted

Case study | Attributes
a b c d e f g h i j k

CS1 0.04410.032/0.012 | 0.032 | 0.029 | 0.010 | 0.041 | 0.032 | 0.005 | 0.010 | 0.033
CS2 0.015]0.0320.025 | 0.032 | 0.029 | 0.024 | 0.041 | 0.032 | 0.016 | 0.024 | 0.033
CS3 0.04410.032 1 0.008 | 0.032 | 0.023 | 0.022 | 0.003 | 0.032 | 0.004 | 0.022 | 0.016
CS4 0.029 (0.032 1 0.048 | 0.032 | 0.023 | 0.053 | 0.003 | 0.032 | 0.066 | 0.053 | 0.016
CS5 0.029 (0.032 | 0.033 | 0.032 | 0.040 | 0.024 | 0.040 | 0.032 | 0.022 | 0.024 | 0.033
CS6 0.0290.0320.033 | 0.032 | 0.040 | 0.036 | 0.040 | 0.032 | 0.033 | 0.036 | 0.033
CS7 0.029 [ 0.032 1 0.053 | 0.032 | 0.040 | 0.048 | 0.040 | 0.032 | 0.044 | 0.048 | 0.033
CS8 0.029 0.032 | 0.014 | 0.032 | 0.024 | 0.005 | 0.003 | 0.032 | 0.006 | 0.005 | 0.049
V+ 0.044 | 0.032 | 0.053 | 0.032 | 0.040 | 0.053 | 0.003 | 0.032 | 0.066 | 0.053 | 0.049
\% 0.015|0.032 | 0.008 | 0.032 | 0.023 | 0.005 | 0.041 | 0.032 | 0.004 | 0.005 | 0.016
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Table 12. Ranking in TOPSIS based on higher CL and comparison with simple ranking

Case study | d+ d- CL | Rank in TOPSIS | Simple rank method | Decision level
CS4 0.040(0.109 1 0.731 | 1 2 H
CS7 0.049 | 0.090 | 0.645 | 2 1 H
CS6 0.063 (0.064 | 0.504 | 3 3 H
CS5 0.07710.049 1 0.389 | 4 4 M
CS3 0.095|0.054 1 0.363 | 5 7 H
CS8 0.101 [{0.053/0.342 | 6 6 M
CS2 0.0880.038 1 0.302 | 7 5 M
CS1 0.105(0.035/0.250 | 8 8 M

Despite the fact that in some case studies the difference in ranking methods are
minor since in TOPSIS all correlated attributes and the differences among the values
are taken into consideration the results could be more accurate.

4 Conclusions

There are many benefits in Rainwater harvesting (RWH) systems mainly water saving
for non-potable water uses and surface runoff mitigation. Moreover, the collected
rainwater can be re-used for several purposes including green roofs and garden, flushing
toilets, etc. Our analysis showed that, in previous studies, some important factors in the
analysis and the feasibility of the RWH systems have been neglected and the opti-
mization of RWH systems mostly is limited to optimize the size of the tankers according
to hydrological and hydraulic analysis and in some cases, this is combined with an
economic analysis. In this paper, multi-objective optimization approaches have been
considered for comparing algorithms and evaluating the performance of alternatives to
identify the ideal solution. For this, a limited set of data extracted from several case
studies has been used. The selection of the case studies has been made considering the
main possible attributes/factors confronting in rainwater harvesting systems. The results
show that the Rough Set method is a suitable way for analysis of RWH systems and the
outcomes can be useful in decision making by decreasing the uncertainties, reducing the
cost, and increasing the efficiency. According to the results, TOPSIS ranking method
showed good agreement with the decision levels in the case studies. This may be due to
the consideration of all correlated attributes and of the differences between the values of
this ranking method. In conclusion, the numerical optimization of RWH systems may
improve previous studies in the field. Moreover, the Rough Set and TOPSIS methods
could be applied as a useful approach in rainwater harvesting systems investigations and
provide an additional tool to identify the optimal system and the best site.
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Smart Technology (I-Best)” Project funded by the Italian National Operational Program
“Enterprise and Competitiveness” 2014-2020 ERDF — I AXIS “Innovation” - Action 1.1.3 —
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financing of the industrialization of research results”.
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Abstract. Urbanization affects ecosystem health and downstream communities
by changing the natural flow regime. In this context, Low Impact Development
(LID) systems are important tools in sustainable development. There are many
aspects in design and operation of LID systems and the choice of the selected
LID and its location in the basin can affect the results. In this regard, the
Mathematical Optimization Approaches can be an ideal method to optimize
LIDs use. Here we consider the application of TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) and Rough Set theory (multiple
attributes decision-making method). An advantage of using the Rough Set
method in LID systems is that the selected decisions are explicit, and the method
is not limited by restrictive assumptions. This new mathematical optimization
approach for LID systems improves previous studies on this subject. Moreover,
it provides an additional tool for the analysis of essential attributes to select and
optimize the best LID system for a project.

Keywords: Optimization - LID - Rough Set Theory - TOPSIS method

1 Introduction

Low Impact Development (LID) systems are important tools in sustainable develop-
ment. There are different types of LID practices such as green roofs, green wall,
bioretention cell, permeable pavements, rainwater harvesting systems, etc. In the design
and operation of LID systems, many components must be considered. When choosing
and designing the best LID practices many factors can affect their efficiency in terms of
flooding risk mitigation, water quality improvement, water saving, urban heat island
reduction, air pollution decreasing. Previous studies are generally limited to focus the
design of a type of LID based on a determined scenario and location. However, these
elements are not fixed.

In this research, the application of mathematical optimization approaches by
TOPSIS ranking method and attributes analysis by Rough Set in evaluation of alter-
native decisions is described.
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1.1 LID Systems

In the last decades, the combined effect of urbanization and climate change produced
several environmental adverse impacts as flooding risk, water and air pollution, water
scarcity, and urban heat island effect [1-5].

Specifically, from a hydrologic point of view, land use changes led to significant
alterations of the natural hydrological cycle with a reduction of infiltration and evap-
otranspiration rates, a decreasing of groundwater recharge and baseflow, and a growth
of surface runoff. This phenomenon makes cities vulnerable to local flooding and
combined sewer overflows (CSOs) [6, 7].

In response to these issues, a novel approach, which considers the implementation
of sustainable nature-based stormwater management strategies, is necessary [8].

In this regard, several strategies, known as Low Impact Development (LID) sys-
tems [9], have gained increasing popularity. These techniques are small-scale units,
which provide several benefits at multiple scales [10-13].

LID systems consist of a series of facilities - such as green roofs, green wall, rain
gardens, bioretention cells, permeable pavements, infiltration trenches, rain water
harvesting systems, and so on - whose purpose is to infiltrate, filter, store, evaporate,
and detain runoff close to its source [14—16].

Therefore, their implementation in an urban area can create a complex system of
temporal storage facilities allowing an innovative urban stormwater management
approach [17].

In recent years, the implementation of these sustainable solutions has attracted
widespread interest from researchers, urban planners, and city managers researchers
[18] and several studies have been devoted to LID design, benefits, and simulation
models of their behavior.

From these studies, as pointed out by Eckart et al. [15], it appears that: (i) the
appropriate design of LID is affected by the site location (in terms of soil
type/conditions, plants, rainfall regime, land use types and other meteorological and
hydrological properties); (ii) the optimal selection and placement of LID is one of the
most crucial factors to consider to achieve the maximum efficiency at the minimum cost.

The implementation of these systems can improve the sustainable development and
mitigate several other environmental impacts in addition to urban flooding risk, such as
water and air pollution, water scarcity, urban heat island effect. Therefore, a large
number of factors have to be considered during the design process and for the choose of
the site location.

After a deeper analysis of different studies carried out on LID solutions, several
factors affecting their efficiency at multiple scale have been identified and are here
considered here for optimizing their use.

2 Methodology

In this paper, we discuss the application of TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) and Rough Set theory (multiple attributes decision-making
method) in optimization of LIDs.
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2.1 Rough Set Theory

Low Impact Development approaches are Multi-Objectives and there are many uncer-
tainties in the selection of these objectives [19]. The Rough Set method, introduced by
Pawlak [20] in 1982, can be used as an excellent mathematical tool in analysis of vague
description of decisions such as quality of data, means variation or uncertainty that
follows from information. The rough sets philosophy is based on assumption that, for
every objects a certain information (data, knowledge) exists, that can be expressed as
attributes [21].

With respect to the available data, the objects with the same description are
indiscernible and a set of indiscernible objects, named elementary set, can be provided
to build knowledge about a real system. Deal with quantitative or qualitative data
depends on the input information and before the analysis, it is necessary to remove the
irregularities. With respect to the output data, the relevance of particular attributes and
their subsets to the quality of approximation can be acquired [22].

In this regard, the induction-based approach can provide clear rules for decision-
makers (DMs) in the form of “if..., then...”. The concept of approximation space in
rough set method can be described in a given approximation space as follows:

apr = (U, A) (1)

U is a finite and non-empty set and A is set of attributes in the given space. Based on
the approximation space, the lower and upper approximations of a set can be defined.
Let X be a subset of U and the upper and lower approximation of X in A are:

apr(A) = {x|x € U, Ufind (A) C X} 2)
apr(A) = {x|x € U, U/ind (A) N X # ¢} (3)

where:
Ulind (a) = {(xi,xj) € U x U, f (xi,a) = f(xj,a),Va € A} 4)

Equation (2), that is the best upper approximation of X in A, means the minimum
composed set in A containing X, and Eq. (3), that is the best lower approximation,
means the maximum composed set in A contained in X. The graphical illustration of
approximations in the rough set method is shown in Fig. 1.

The boundary represent as:

BN (A) = apr(A) — apr(A) (5)

The reducts and decision rules can be defined as follows:
The reduct RED (B), is a minimal set of attributes B C A such that 1B (U) = rA
(U). B (U) indicates the quality of approximation of U by B.
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SET A
Lower approximations Upper approximations

Fig. 1. Graphical illustration of the rough set approximations

The equation is:

> card(B(X;))
U) ==———7-"-" 6
r5(V) card(U) (6)
After providing the result of reducts, the decision rules can be derived by using the
overlaying of the reducts on the information systems. An expressed decision rule can
be as follow:

¢=0 (7)
where:

o is the conjunction of elementary conditions,
= Represents indicates
0 represents the disjunction of elementary decisions.

2.2 TOPSIS Method

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) is a method
developed by Hwang and Yoon in 1981 to solve the ranking and compare problems
[23]. The ranking in this method is made according to the similarity to ideal solution
[24, 25]. The TOPSIS method can be applied to a wide range of multi-attribute decision



New Mathematical Optimization Approaches for LID Systems 587

making with several attributes [26-28]. The graphical illustration of the TOPSIS
methodology is presented in Fig. 2.

Positive Ideal Solution
\ N

Al
X2

A-

Negative Ideal Solution

Attribute X1

Fig. 2. Graphical illustration of the TOPSIS methodology, (A+ represent the ideal point, A—
represent the negative-ideal point)

The ranking by TOPSIS is carried out through seven steps:
Step 1: Create the matrix

(n,-j)m X n (8)

Step 2: Construct the normalized decision matrix

ajj

—Y __i=1,2,...m & j=1,2,...,n 9)
-4

N:n,j:

Step 3: Construct the weighted normalized decision matrix
V=NxWnxn (10)
Step 4: Determine the solutions (the ideal and negative-ideal solutions)
The ideal solution A ™ = {{max;(ay|j € J-)), (min;(azlj € J 1))} (11)

The negative—ideal solutions A~ = {(min; (aylj € J_)), (max;(azli € J+))} (12)
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where,

J+ ={j=4q,2,...,n|j} Associated with positive impact criteria

J_={j=gq,2,...,n|j} Associated with negative impact criteria

Step 5: Determine the distance of alternatives vy; from the ideal solution and the
negative-ideal solutions

The distance from ideal solution: d;* = \/Z]nl (v,-j - vf), i=1,2,...,m (13)

The distance from negative—ideal solution : d;” = \/ Z;L . (v,-j —v;* ) ,

i=1,2,...,m

Step 6: Calculate the closeness to the negative-ideal condition, CL"

* di * ;
CLZZW, 0§CL1§1&121727,m (15)

where,

CL; =1 if The solution has the best condition and means the highest rank

CL? = 0 if The solution has the worst condition and means the lowest rank

Step 7: Rank in order to the highest CL".

2.3 Case Studies

In order to perform the analysis of LID practices by Rough Set and TOPSIS a set of
data is required. For this purpose, sites have been chosen according to different con-
ditions and considering the main factors in the LIDs selection. The selected site along
with hypothesis are presented in Table 1.
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Table 1. Site selection hypothesis to rank the attributes

Site

Description

S1

S2

S3

S4

S5

S6

An high urbanized area (78% impervious surfaces), with extremely wet condition,
average age, presenting High Flooding Risk, Low Water Scarcity, High Water
Pollution, Medium Heat Island Effect, High Air Pollution, supposing to replace 50% of
impervious area with LID (permeable pavement and green roof); and that the
inhabitants are supported to implement them, thus partially economic

An urbanized area (65% of impervious surfaces), with moderately wet condition, old
area, presenting High Flooding Risk, Medium Water Scarcity, High Water Pollution,
High Heat Island Effect, High Air Pollution, where it is not possible to implement LID;
not economic

A peri-urban area (45% of impervious surfaces), with extremely dry condition, new
area, presenting Low Flooding Risk, High Water Scarcity, Medium Water Pollution,
Low Heat Island Effect, Medium Air Pollution, where it is possible to implement
combined usage of LID (rainwater harvesting and biofiltration trench) for a percentage
of 65%; high economic

A peri-urban area (40% of impervious surfaces), with moderate climate condition,
average age, presenting Medium Flooding Risk, Medium Water Scarcity, Low Water
Pollution, Low Heat Island Effect, Medium Air Pollution, where it is possible to
implement combined usage of LID (rainwater harvesting and green wall) for a
percentage of 40%; partially economic

A normal urban area (70% of impervious surfaces), with extremely dry climate
condition, average age, presenting Low Flooding Risk, High Water Scarcity, Low
Water Pollution, High Heat Island Effect, High Air Pollution, where it is possible to
implement combined usage of LID (rainwater harvesting, green roof and green wall)
for a percentage of 50%; partially economic

A rural area (20% of impervious surface), with extremely dry climate condition,
average area, presenting s Low Flooding Risk, High Water Scarcity, Low Water
Pollution, Low Heat Island Effect, Low Air Pollution, where it would be better to
implement rainwater harvesting for a percentage of 70%; partially economic

As it can be recognized, in Table 1. The main factors considered to define the case
studies include climate condition, urbanization level, age of site, flood risk, water
scarcity, water and air pollution, Heat Island Effect, LID implementation percentage
and economical condition.

3 Results

31

Application of Rough Set Theory in Optimizing LIDs

In Rough Set method, at the first stage all factors must be categorized in form of
attributes that are classified. This, and the decision level for each of them, can be done
according to previous standards, papers or experts. We identified 12 conditional
decision attributes for LIDs that are presented in Tables 2 and 3.
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Table 2. Conditional decision attributes in selected sites, part 1

Conditional attributes Classification Decision
(a) Type of area 1- Urban

2- Peri-urban

3- Rural
(b) Climate condition based on 1- Extremely wet or extremely dry

precipitation

(c) Age of area

2- Moderately wet or moderately dry
1- New area

2- Average age area

3- Old area

(d) Impervious surfaces of the selected 1- >75% of area

area

(e) Flooding risk

(f) Water scarcity

(g) Water pollution

2- 50%-75% of area

3- 25%-50% of area

4- <25% of area

1- High risk

2- Medium risk

3- Low risk

1- High water scarcity

2- Medium water scarcity
3- Low water scarcity

1- High water pollution
2- Medium water pollution
3- Low water pollution

CEIXZCzIICzITIZOogEDmozIozIooZ T

Table 3. Conditional decision attributes in selected sites, part 2

Conditional attributes

Classification

Decision

(h) Urban heat island effect

(i) Air pollution

(j) LID percentage

implementation

(k) LID usage

(1) Economic

1- High heat island effect

2- Medium heat island effect

3- Low heat island effect

1- High air pollution

2- Medium air pollution

3- Low air pollution

1- >60% of area

2- 30%—-60% of area

3- <30% of area

1- Combined implementation (more than 1 LID)
2- Only one type implementation
3- No implementation

1- Economic

2- Partially economic

3- Not economic

CEEmZZICZICZIDICOZT
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As it is clear from Tables 2 and 3 the conditional attributes have been categorized
in at most four classes with high (H), medium (M), low (L) and no (N) suitability
conditions for decisions. As next step, the selected sites presented in Table 1 have been
ranked according to the attributes of Tables 2 and 3. The result is presented in Table 4.
In Table 4 the ranks are based on the conditional attribute in the site and for ranks from
0 to 4. For example, in site 1 (S1), the conditional attribute (a) that is “Type of Area” is
“Urban”, and therefore the highest rank (3) has been selected.

Table 4. Ranking of decisions attributes in selected sites

Sites | Conditional attributes Decision levels
albjc/dle|f|g|h/i|j k]|l
S1 |3/3/2|3(3|1/3/2|3(2|3|2|/H
S2 |3/2/1/2/3|2/3/3|3|/1|0(1|L
S3 |2/3|3|1/1/3|2|1(2|3|3|/3|H
S4 |2(2(2/1/2/2|1|1|2]2|3[|2|M
S5 |3/3/2{21/3]1/3|3|2|3|2H
S6 |1/3/2(0(1|3|1/1|1(3]|2(2/M

3.2 Determining Minimal Decision Algorithm

The finding of a minimal decision algorithm can be achieved by analysis of decision
rules in all sites and finding non-deterministic rules or sites, thus assigning different
decision levels for different sites under the same class for every conditional attribute. In
this regard, at the next stage, the contradiction between data can be checked according
to the conditional attributes ranks and the correlated decisions and some of the attri-
butes can be removed if this does not cause any contradiction. For this purpose, the
conditional attribute can be eliminated one by one to check the role of that attribute in
the result. For instance, if the conditional attributes (a), (b), and (c) were removed, the
decision rules of sites S1 and S2 might be contradictory to each other, which means
that the decision levels of these two sites are subordinate to one of the conditional
attributes. Finally, and after checking all of the combinations, the minimal decision
algorithm can be extracted that will be the main rules for each level of decisions. The
determined rules according to the attributes data of Table 4 and the six case studies of
Table 1 are as follows:

Rulel: (c=1)= (D=L
Rule2: (g=1)&h =1 =D=M
Rule3: (b =3)&(k =3) = (D=H

Thus, by the determined rules it is possible to make a decision with minimum
attributes. However, these rules have been generated by the decision on the selected
case studies. Therefore, by increasing the number of the case studies, the accuracy of
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the rules will increase and after checking the validation and accuracy of the rules, it will

be possible to extend the rules for other sites.

3.3 Application of TOPSIS in Selection of LID Practices

In this section, the application of TOPSIS method in ranking the selected sites for LIDs
is presented. To provide the final ranking, the data of Tables 2 and 3 that are the
decision attributes for the selected sites have been used. The result of the process as

explained in the methodology section are presented in Tables 5, 6 and 7.

Table 5. Attributes matrix without scale

Case study | Attributes

a b c d e f g h i j k 1
S1 0.50{0.45/0.39]0.69|0.60 | 0.17 | 0.60 | 0.40 | 0.50 | 0.36 | 0.47 | 0.54
S2 0.50{0.30/0.20 | 0.46 | 0.60  0.33 | 0.60 | 0.60 | 0.50 | 0.18 | 0.00 | 0.18
S3 0.33]0.45/0.59]0.23{0.20 | 0.50 | 0.40 | 0.20 | 0.33 | 0.54 | 0.47 | 0.54
S4 0.33]0.30/0.39/0.23{0.40 | 0.330.20{0.20 1 0.33 | 0.36 | 0.47 | 0.36
S5 0.50{0.45/0.39]0.46|0.20 | 0.50 | 0.20 | 0.60 | 0.50 | 0.36 | 0.47 | 0.36
S6 0.17]0.45/0.39|0.00|0.20 1 0.50 | 0.20 | 0.20 | 0.17 | 0.54 | 0.32 | 0.36

Table 6. Attributes matrix without scale and with equal weight

Case study | Attributes

a b c d e f g h i j k 1
S1 0.04]0.040.030.06|0.050.01 |0.05{0.030.04|0.03|0.04 0.04
S2 0.04 10.030.02{0.04 | 0.05|0.03 | 0.05|0.05|0.04 | 0.010.00|0.01
S3 0.03]0.040.05]0.02{0.020.040.03{0.020.03|0.04|0.04 | 0.04
S4 0.03]0.03/0.030.02{0.030.03|0.02{0.020.03|0.03|0.040.03
S5 0.04]0.04 1 0.030.04|0.020.04 |0.02|0.050.04 | 0.03|0.04 | 0.03
S6 0.01{0.040.03|0.00{0.02/0.04|0.02{0.020.01 |0.04|0.030.03

Table 7. Final ranking in based on higher CL and comparison with initial decision level

Case study | d+ d- CL |Rank by | The initial
TOPSIS | decision level
S1 0.039/0.102 |0.722 | 1 H
S5 0.057 10.086 | 0.598 | 2 M
S3 0.066 | 0.080 | 0.548 | 3 H
S2 0.07210.081 | 0.530 | 4 H
S4 0.07410.059 | 0.446 | 5 L
S6 0.094 | 0.055]0.369 | 6 M
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The results of ranking by TOPSIS in Table 7 and the comparisons with the initial
decision levels represent that in some sites the results are the same such as S1, S3, S2
and S4. However, the decision levels in S6 was M but it is at the end of TOPSIs
ranking. This might be based on the consideration of all correlated factors at the same
time and more exact.

4 Conclusions

The analysis showed that in design and operation of the LID systems, many compo-
nents can be considered and that in choosing the best LID practices and implementation
percentage many factors can affect the results. In previous studies, generally, the
attentions was limited to design a type of LID based on determined scenarios and for a
selected site that both are not fixed elements and might need to be optimized.

The results of this application of mathematical optimization approaches by TOPSIS
ranking method and attributes analysis by Rough Set in evaluation of alternative
decisions confirm the advantage of using these methods. The rules provided by Rough
Set method can improve the designing decisions. The generated decisions are explicit,
and the results are not limited to restrictive assumptions. With consideration of more
case studies, more stringent decision rules can be achieved. Moreover, the final ranks of
TOPSIS shows the advantages in compared with simple ranking method.

In conclusion, the new presented mathematical optimization approaches can
improve the previous studies about LIDs. They provide an additional tool for engineers
in analysis of essential attributes to select and optimize the best LID system for a
project and accordingly define the scenarios and hydrologic or hydraulic modeling.
This means that the presented methods would provide a baseline for decision-making
and would increase the efficiency of the systems and decrease the project cost by
preventing uncertainties.

Acknowledgements. The study was co-funded by the Italian Operational Project (PON)—
Research and Competitiveness for the convergence regions 2007/2013—I Axis “Support to
structural changes” operative objective 4.1.1.1. “Scientific-technological generators of transfor-
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