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Executive Summary

Deliverable 5.6 summarises the work that has been carried out within Tasi&t@bolismbased
NBS Planning and Simulation Todlkifthin the project period M12M24. The present deliverable
presentsthe euPolis NBS Urban Water Metabolism Toollvaxich has been developed within Task
5.6with the aim offacilitating an innovativeurbanmetabolsmapproachcentred around urban water
fluxesfor the planning phaseassessment and design NBSin cities. The Toolbox comprises three
sub-componentsthe Urban Water Optioneering Tool (UWQA), the linkage with and estimation of
the euPOLI®erformance Indicators (B), and thB8S Urban Water Metabolisashboard (C). Their
characteristicsdevelopment, and customisatiomccording tceuPOLI$quirementsare described in
detail within the present deliverabléds a proof of concept, the developed Toolbox was thoroughly
pilot tested inRalleion SchodComplex, one of theilot locatiors within PiraeuseuPOLIER cityThe
case study implementatiomcludes thebaselinemodel setup and calibration, NBS scenarios model
development and simulationsjuantificationof the identifiedeuPOLI$dicators,as well as scenario
comparisonTheToolbox implementaon in the selected case studyhichwas also visualised along
with the associated model results in the developeds & dzf ( a Q, réveaked¢aridus NIRhts
regarding NBS deploymeand assistedh the identification ofvarious cebenefits, but also tradeffs
within the specifigilot.

Overall, it is considered thahe proposedNBS Urban Water Metabolisfioolbox andhe type of
innovative integrated approach it employs for NBS analysis and design takes into accitical cr
interactions and can therefore help identify synergies, as well as tofideresulting from NBS
deployment while alsadesigning fothe environmentally sustainality of the proposednterventions
The proposed approach can facilitaiee comparien of differentconcept NBS interventions and
intervention combinationghrough estimation of theisimulated impactn various environmental
aspects related to the urban water cycle and consequepttyide valuable insights and decision
supportin the danning phasdéor NBS selection and desidfinally the Toolbox also supporeuPOLIS
stakeholder involvement and edesign processes through the visualisation of key NBS scenario
information andsimulationoutputsthat providequantitative insightwithout the need for specialised
technical knowledge and can further enhareféective decisiormaking and the deployment of well
integrated NBS interventions.

This document is an official project deliverable of the euPOLIS project. The dissemination level of this
deliverable igPublic.
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List of Acronyms / Abbreviations

Tablel Acronyms

Abbreviation Explanations
AET Actual Evapotranspiration
BG Blue Green
BOD Biochemical Oxygen Demand
Ck Contextual Indicates
DMS Data Management System
Eb Evaluationindicators
EPA (U.S) Environmental Protection Agency
ES Ecosystem services
FR FrontRunner (city/cities)
GA Grant Agreement of theuPOLI®roject
GHG Greerhouse Gases
IM Impervious Area
INVEST Integrated Valuation of Ecosystem Services and Tradeoffs
KPI Key Performance Indicator
MF Multi-functional
MNR Metabolic NetworkReactor
NBS Nature-based solutions
NSE NashSutcliffe coefficient
PV Pervious Area
PET Potential Evapotranspiration
PH Public Health
RWH Rainwater Harvesting
SM Sewer Mining
SUDS Sustainable Urban Drainage Systems
UGS Urban Green Space
UHI Urban Heat Island
uw Urban Water
uwcC UrbanWater Cycle
UWMH Urban Water Management and Hydroinformatics
uwoT Urban Water Optioneering Tool
wB Well-being
WWTP Wastewater treatment plant
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1 Introduction

Metabolismbased NBS Planning and Simulation Toolkit

1.1 ObjectivegScope

euPOLIGnain aim is thggromotion of NatureBased Systems (NBS) to enhaRablic Health (PH) and
WellBeing (WB)as well ago provide various environmental (including ecosystem services), social
and economic benefits. To achieve this purpose, appropriate @atsmodels are needed for the
effective analysis and comparisohNBSTraditional urban planningractices entail the investigation

of only a few technologies andéhterventions,on an adhoc basis These are usually analysed in
isolation without taking into account critical interactions, such as these between NBS and the existing
legacy (grey) infrastructurevarying longerm climatic or social conditiongnd withoutincluding
stakeholdes in the decisionmaking process. This could lead to safiimal results and to costly
interventions that are not well integrated within the urban fabric and local communities.

The linkage between urban water and NBS in cities is very strong, as water istoahiealeployment

of NBS, but also NBS implementation can play a key role to urban water manag@&imemnbaleand

main aimof Task 5.@&nd the relevant workarried out is the development of appropriaitenovative
technology for the metabolisAbased desigmnd assessment of NBS in cit@ntred aroundurban

waterd | OO2NRAYy3I (2 GKS dz2NbBly YSiloz2ztAaay O2yOSLIi=z
this allows for a different view of urban processes and the degree to which these are interconnected.
When adopting a metabolism approach, different resources are considered to flow through urban
FNBFa FyYyR GNIYaF2NY Ay | ReYylFIYAO YIFIYyYSNI Ay (KS
with the ability to simulate and quantify the main urban fluxesich as water, waste, energy, £0
emissions, etc. as they move through the city and are being transformed by various processes.

To facilitate such a metabolic approach the NTUA UWiviblip has developed theuPOLISNBS

Urban Water Metabolism Toolbox which comprises different elements. ThHdrban Water
Optioneering Tool (UWOTA)is the main metabolism model of thi@olbox that simulates the entire

urban water cycle (UWC), from source to user, treatment and disposal or reuse. UWOT uses a
metabolic approach and therefore simulates and quantifies the main fluxes related to urban water,
such as water, waste, energy,£OYA daA2yas SiO0Od® !'2h¢ A& ¢KIFG O2dz R
of the complete urban water cycle. In other words, it isragkd model to simulate the entire urban
water cycle, incl. supply (reservoirs, aqueducts), distribution and consumptionu&srd), as well
sewerage, drainage, WWTPs and recipient watéfihin the present task UWQO$ customised and
extended to simulataifferent types of NB#iterventions anchence be able tsimulate ancevaluate

the implementation ofdifferent conceptualNBSdesigns, as well amvestigatethe impact of
alternative distributed water sources for the support of NBS contributing theeetowards the
environmental sustainability of proposed interventions.

TheToolbox also facilitates the evaluation of a number of developeBOLI®erformance Indicators

(B) after carrying out a linking/mapping process between UWOT outputs and inputsenR©OLIS
Evaluation (Els) and Contextual (Cls) Indicaidns.quantification of these indicators will enable the
NBS impact assessment on various urban water related aspects aclystem services (ES),
environmental sustainability, and urban resilience, as well as facilitate scenario comparison and NBS
concept designThemainaim of the Toolboxs tobe able tocarry out an initial, premplementation
assessment of the associatdeenefits and costsresulting from individual or combined NBS
interventions in a pilot siteidentify synergistic opportunities, but also tradéfs, and therefore
critically assist imecision support for the NBS selection and design
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Finally, the Toolboxncludes theNBS Urban Water Metabolism Dashboard (@)at enables the
visualisation and effective communication of key model outputs, most importenfBOLI8dicators,
to related stakeholders. The Results Dashboard can help ensure stakeholderpptiditiand
promote theeuPOLISIBS calesign process.

As a proof otoncept,the Toolbox is applied to a pilot location within the City of Piraeus FRiloiy
Ralleion SchoaComplex, for which different NBS interventions have been identified together with
stakeholdersas part of the work carried out within WP6rhese NBS interventions are compared to
the baseline scenariand with each other mainly through estimatedPOLI$dicators(Els and ClIs)
The model results for alixaminedscenarios are communicated through tResults Dashboard

1.2 Beyond the State of the Art/Innovation

TheeuPOLISIBS Urban Water Metabolism Toolbdevelopedwithin Task 5.6y customising and
further developing existing tools ising an innovative urban metabolism approach which is going to

be used for the assessment and design of NBS in cities. This more integrated approach, unlike
conventional tools, takes into account the interactions betwedfedent elements, such as NBS and
conventional infrastructure, and can help identify potential synergies and todf$e These tools will
therefore facilitate the comparison of different intervention alternatives with the aim of providing
more optimised slutions through the prism of environmental sustainability under hydroclimatic and
social uncertainties.

A thoroughconnection/mapping between simulation outpuasid model inputsvith relevanteuPOLIS
Performance Indicatorshoth Evaluatior(Els)and Contextual Indicators (Clsds been carried out.
The estimation of identified NB@lated indicators within the NBS planning phase facilitétether
the comparison of different concept solutions and optimal decision makbejore NBS
implementationin cities In additionthe estimation of these indicators and their presentation through
the NBS Urban Water Metabolism Dashboadables the more effective communication of the
simulations analysisand design process tearious technical and operatiohatakeholders but also

to the general public and hencachievesa more participatory approach to urban planning. Tisis
further enhanced through the connection with teeiPOLI®MS and visualisation platform.

Overall, theNBS Urban Water Metabolisifiodbox is considered to offer a valuable NBS analysis,
design, and decisiemaking platform that accounts for the impaoh various urban water related
aspects of ecosystem services (ES), environmental sustainability, and urban resilepsadentify
syrergistic opportunities and tradeffs and facilitates stakeholder participation.

1.3 Connection to otherruPOLISVPs

Task 5.68eceivesnputs mainly fromWP4 WP3 andTask 5.1 Task 5.6s connected to WP4 and WP3
through the Evaluation andContextual Indicators (Els and Clsgspectively, for the
connection/mapping with UWOT model outputs and inpufask 5.1 has set out theechnical
gpecificationsfor Task 5.6 (and the rest tasks within WP5) based orréfjairementsidentified via

1 Since the NBS atesignprocessefactivities are not the topic of the present deliverable, they are not going to
be analysed within this report.
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WP3. Tking into account these requirements urban water metabolism tools have been customised
according tceuPOLI8eeds Finally, there is some connection between Task 5.6 and WP3 through the
data gathered during the baseline assessment, some of which coulddakeas model inputs.

Metabolismbased NBS Planning and Simulation Toolkit

Output interconnections within WP5nclude connections toTask 5.4for the connection to the
euPOLIPata Management System and Task 5.7for connectionof the outputsto the euPOLIS
Visualisation Tools.

Beyond WP5He tools in Task 5.6 are going to be usetMiR6for the investigation of different NBS
NBS combinationand relevantNBSsupporting decentralised urban water technologiasselected
locations ineuPOLISilots to assistin NBSevaluation, selection and design where considered
appropriate The type of analysis facilitated by Task 5.6 is therefore going to be ug¢déto obtain
the Concept Design Brief (Task 6.3, D&n2jelevant pilot locations andinally the Detailed or
Optimised Design Brief unde&/P7(Task 7.1, D7.1 and D7.Zhe developedirban water metabolism
toolsare also going to be usddr WP8to i) inform theeuPOLI®erformance AssessmelRtamework
through the estimation of performance indicatofsask 8.1), thémplementation of the galuation
framework ineuPOLIgilots(Task 8.2), as well gsssiblyassist in the exploration 8BS performance
under varyinduture scenarios irruPOLIPilots (Task 8.,3D8.3.

1.4 DeliverableStructure

This report includes in total six mathapters and the Annex. The Chaptavkich include various
sub-sections are organised as follows:

1 Chapter loutlinesthe scope/objective of Task 5.6 and the innovations developed within the
task. It also describes the connections with otlePOLISVPs ad the structure of the
deliverable.

1 Chapter 2ncludes a brief literature review diBS and available tools and modelsjuantify
their impacts andacilitate NBS design.

9 Chapter3is the chapter in which all the methodological approach employed for $#sks
described it is organised itthe followingsub-sections:

0 Section 3.Ipresents a generalverview of theNBS Urban Water Metabolisioolbox
(subelements A, B and C)

0 Section 3.2ncludes the description of the main urban water metabolism tool, UWOT
(A), and how it has been developed and used to simulate diffetgmes of NBSas
well assupportingurban watertechnologies.

0 Section 33describesi KS 02y y SOGA2y 0 $aupulsSayd in sdnet Q &
cases inputsand relevanteuPOLI$erformance indicators (Bputlines the mapping
between themandincludesdetails on how these are calculatedder corresponding
indicator categories

0 Section 34 presents theeuPOLISIBSUrban Water Metabolism ResulBashboard
(C) its use and functionality and how this has been implemented €ioPOLIS
including the architecture employed and programming languages.

0 Section 35 outlines the connection to theuPOLIPDMS (a detailed desctipn is
included in D5.4).

1 Chapter dincludes a general description of tiselectedcase studyor Task 5.6 and the NBS
UW Metabolism Toolbox, Ralleion School in Pirathessetup of the baseline model, as well
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as its calibration and the baseline modekults, before movingn to the description of the

various NBS scenario models develop#tbir outputs and their comparison. Finallthe

AYLX SYSyGlrGdAz2y 2F GKS wSadzZ 64aQ 5FaKoz2FNR 2y |
i Chapter 5 summarises anddiscusses the main outputs of this task, possible future

developments and outlines the main conclusions.

1 Chapter6 provides a list of resources/references used for the work carried out in Task 5.6 and
the present deliverable.

1 Chapter 7includes the report Annex with more detailed model schematisations of the Ralleion
school case studyA), as well as more detailed descriptions of the Ralleion school model
calibration(B)
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2 Literature Review / State of the Art

An ecosystem consists of &lling organisms (biotic factors) in an area together with their physical
environment and their interactions. Ecosystems provide human societies with a great variety of
benefits, such as food, water, materiat well aseisureand recreatiorpossibilities, clean air, or flood
protection,among others] y2 6y 4 GSO2aeadiSY aSNIWAOpracksses9 O24a e a
andsupplies an ecosystem can offer in ordeistgstain andulfil human life they can be classified in

four main categories Makropoulos et al. (2018jliscuss the importance of ater-enhancedES,

especially in watescarce areas where related ecosystem functions vireetive due tdimited water

availability andhighlight the importanceof creatingdiverseES throuf the use ofrecycled water.

' 3a20A10SR G2 GKAAa GSNX¥YI GKS aSO2aeaidSY | LILINEBLFO
centreof the decisiorg making processes. This approach leads to the management of land, water and

living resources in such a way promote sustainability. In this base, circular economy concept plays

an important role at the attempt to improve the quality of life. The understanding of the constraints

and limits of the resources and energy and the necessity of turning waste neoarce is a crucial

part of increasing efficiency of resources and it is beneficial in order to ensure a sustainable future.

¢ KS (N&thtavbasied solutions (NBS) & NBFSNNBR (2 alF OlAzya (2 LINEI
restore natural or modifiececosystems that address societal challenges effectively and adaptively,
simultaneously providing humanw@l SAy 3 | Yy R 0 A 2 RA @ SHNdcham et gl@a0836).SFA G & @
More specifically, naturdased solutions are approaches that rely on nature artdnagprocesses to

provide infrastructure, services, and integrative solutions to the growing challenge of urban resilience.
NBSare beneficial to cities by addressing various societal challenges, such as disaster risk reduction

and climate resilienceaswell as restoring biodiversity, creating recreational opportunities, improving

human health, water and food security, and supporting community wellbeing and livelihoods. NBS
interventions refer to a variety of structural and nstructural approaches thananage, restore, or

create natural or naturédbased features. Along with other advantages, NBS can mitigate the
consequences of natural disasters (flooding, erosion, extreme, b&aj in cities (Ozment et.aR019;
SudmeierRieux et al 2021). They caalso be used to support grey infrastructure such as storm

drains, retaining wallsetc. In some cases, the integration of NBS has proven to beetfestive

(Raymond et al 2017).

Urban NBScan be applied at many different spatial scales in and around cities. -Sca&INBS
interventions include green spaces on buildings, green corridors along streets and water bodies, urban
parks and forests within city limitsetc. Figurel), which protect cities from flooding and improve
water supply and quality.

The multiple benefits of NBSand their increasing implementation in urban areas alongside
conventionalurban infrastructure hased to the need for findin@ppropriatetools to quantify ther
impacts and facilitate effective NBS design and option comparisrhe potential of NBS is being
recognized, the interest in NBS is increasing and the benefitscapteffectiveness of NBS are
progressively demonstrated in practice (Chaussoal& H n1 H 1 T ala2020)i FoythisSdason, a
large variety of toolsKigure2) have been developed to support the implementation of NBS in cities,
ranging from methodologies, software, catalogues, repositories apthttorms to guidelines and
handbooks. NBS tools can contribute to inform and enhance the planning processes bggeled
evaluating NBS, simulating NBS implementation, calculating the costs and benefits of NBS, supporting
stakeholder involvement and facilitating collaborative processes (Ferreira,e20#0; Alves edl.,
2020; Kuller etl., 2017; Ruangpan et., 2019). As a result, many opsource or licensed tools and
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databases have been developed to guide the implementation of NBS. These tools can be categorized
based on the scale of implementation, the objective/purpose (e.g. design, selection, impact
assesmient, etc.) as well as the processes modelled.
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Figurel Examples of NBS solutions (World Bank, 2021)

Some of the tools developed that acerrently proposedor simulating NBS are described below.

Green tool

This tool is developed for the Belgian city of Antwerp, with the aim of advising urban planners and city
officials on urban green applications in real estate development and infrastructural changes. Green
tool can be useds a decision support tool ftNBSn other interested cities or regions (VITO, 2022).

The environmental assessment module of the Nature4Cities platform

The main aim oNature4Cities Environmental Assessméntto help decision support during the
planning phase of NBS related projects in order to select NBS alternatives whigttest potential
benefit and the smallest environmental footprinAdditionally, it carevaluate the performance of

NBS during their implementation phases well asiegativeenvironmental impactshroughouttheir

entire life cycle. In order t@chievethese objectives, a twstage evaluation strategy wasnployed

It entailedthe urban ecosystemsiodellingand (1) a quantitative analysis of benefits, accompanied
by performance monitoring of indicators and (2) a quantitative assessment of environmental impacts
(Nature4Cities, 2022a).

NBenefit$: Webbased (geo) tool for monetary and biophysical valuation of NBS ecosystem services

To facilitatethe deploymentof NBS solutionén policy, local plans, and urban interventioriisjs
necessary to integrate theeconomic dimensiomni the sustainability analysisVithin this context,
Nature4Cities developed a tool for monetary (rather than biophysical) valuations of the ecosystem
services provided by NB8singa common monetary unitThe main aim of this tool is to provide
decision support to plicymakers, urban planners, and other professionals working in the built
environmert (Nature4Cities, 2022b).
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NBS uptake
Name Type of resource Climate hazards Co-benefits

Catalogue
Repository
E-Platform
Handbook/ Guideline
Software
Methodology
Heavy rainfall
Flooding
Drought
Heat waves
Cold waves
Landslides
Wild fires
Sea level rise
Nature & Biodiversity
Urban agriculture
Air quality
Energy
Sacio-economic
Recreation
Noise reduction

- Health & Wellbeing
Housing
Lack of financial resources
Lack of expertise, know-
how or competence
Collaborative governance
and planning
Institutional setting

A Risk-Based Impact and Vulnerability Analysis
Methodology [29]

A Sourcebook for Climate-Proof Urban
Development [30]

Adaptation Support Tool [31]

Benefits Estimation Tool [32]

Cities and Flooding: A Guide to Integrated urban
Flood Risk Management for the 21st Century [33]
CitiesWithNature [34]

Citydeal Klimaatadaptatie [35]

Climate Actions Prioritisation MCA Tool [36]
Climate Change Challenge Catalogue from
URBAN GreenUP [37]

Climate risk typology [38]

Collective Intelligence and Co-Creation
Guidelines for NBS [39]

Developing with Nature Toolkit [40]

EGOKI Integrating Adaptation to climate
change in spatial and urban planning [41]
Geo Cluster 4 NBS [42]

Green City Development tool kit (43]

Green Factor Tool [44]

Green Infrastructure Wizard [45]

GreenTool [46]

Integrated Valuation of Ecosystem Services
and Tradeoffs [47]

Klimaateffectatlas Vallei en Veluwe [48] -
Living Lab Handbook for Urban Living Labs
Developing Nature-Based Solutions [49]
Natural Solutions Toolkit [50]

Nature Insurance Value: Assessment and
Demonstration - Business models for NBS [51]
Nature-Based Solutions Business Model
Canvas [52]

Nature-Based Solutions Handbook [53] -
NATURVATION social and cultural value and .

benefit categories for NBS [54]

NATURVATION Value and Benefit Assessment
Methods Database for Urban Nature-based
Solutions [55]

Oppla [56]

PANORAMA [57]

5

RainBo innovative tools for planning and
timely responding to floods in urban areas [58]
REnovation of public Buildings and Urban
Spaces [59]

Sustainable Drainage Systems Manual [60]
Technical Handbook of Nature-based
Solutions [61]

The Adaptation Wizard [62]

The Economics of Ecosystems and Biodiversity-
City [63]

The RESIN Urban Adaptation E-Guide [64] l

Think Hazard Tool [65] l -
Think Nature Platform [66] -

Tools for Assessing and Managing Forests and I
Community Trees [67]

Urban Green-Blue Grids [68]

Urban Nature Atlas from Naturvation [69]

UrbanProof Toolkit [70] l
Water Climate Toolbox [71]

Water Sensitive Cities Scenario Tool [72]

Figure2 Overview of the reviewed tools and their main characteristics (type of resource, climate hazards and co
benefits and cdbenefits addressed and NBS uptake challenges addressed) (VoskampGa3|
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Green Infrastructure Modeling Toolkit

Innovative models and tools have been developed by the ERgstetommunitiesn managngwater
runoff in urban and other environment$. K A & { 2 2rteb ihchrpoiateeBréo adzombination
of green and grey infrastructure practicasningat helping communitiesincreasetheir resilience to
future changes andnanage their water resources in a more sustainable Wdys toolkit includes
various differentelements(EPA, 2022):

Storm Water Management Model (SWMM)

National Stormwater Calculator (SWC)

Green Infrastructure Wizard (GIWiz)

Watershed Management Optimization Support Tool (WMOST)

Visualizing Ecosystems for Land Management Assessment (VELMA) Model

Green Infrastructure Flexible Model (GIFMod)

Communityenabled Lifecycle Analysis of Stormwater Infrastructure Costs (CLASIC) Tool
Integrated Decision Support TooldBT)

= =4 =4 =4 =4 =8 =8 =9

INVEST Software Platform

INVEST is platform consistingof free, opensource software modejsnainly usedfor mapping and
valuingthe goods and services from nature that sustain &nfil human life.Governments and many
other institutions and corporations manage natural resourmesnultiple usesreating therefore the
need toevaluate tradeoffs among themThe InVES{latform is a multi-serviceemploying anodular
designand provides an effective tool for balancing the environmental and economic goals of these
diverse entities. It enables decision makersetmluate quantified tradeoffs related to alternative
managemenbptionsand to identify areas where investment in naturapdal can enhance human
development andnature conservation.The toolset includes distinct ecosystem service models
designed for terrestrial, freshwater, marine, and coastal ecosystems, as vgherssupplementary
tools which helpto locate and process input dataas well asunderstand and visuale outputs
(Stanford, 2022).

Value and benefit assessment methods database firban naturebased solutions

This database was developed from a review of assessment frameworks, models, and tools which are
currently used to estimate the ecological, economic and other benefits of NBS in urban planning. It
provides open access to knéedge about where, when, and under which circumstances, integrated
multi-functional and systemic impacts of natdbased solutions can be assesg®tATURVATION
2022).

GreenScenario

GreenScenario proves to cities and developera softwareaugmented planning process that
combines analysis, simulation and collaboration on a single;fusadly platform so that planning
climate adaptive developments is more simplifiédis applicable tonew developmentsor urban
retrofits in existing areasAs forresidential or commercial buildings, or mixade neighbourhoods
and districts, GreenScenario responds to the complexigpoentplanning environment bgssessing
a combinatiorof climate,design,and economic parameters (Ramboll, 2022).

Urban Water Optioneering Tool (UWOT)

UWOT tool, as extensively describeithin Sectior3.2, is a simulatiorbased Decision Support System
(DSS), of the metabolism modelling type, able to simulate the entire urban water cycle. UWOT is able
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to simulateboth standard urban water flows, i.e. potable water, wastewater and runoff as well as
integrated interventions at household and neighbourhood level, which target these flows in order to
create feedback loops that cover household demand; other types wfsflthat can be modelled
through appropriate components are green roofs, blyreen urban areas (Rozos et al., 2013),-peri
urban areas, irrigated zones, generic pervious or impervious areas etc.

UWOT can operate at various spatial scales, from the sitbeémeighbourhood and up to the city
scale anchas the ability tssimulate both conventional and decentralised urban water technolqgies
making therefore its potential utilisation on NBS in urban areas very promigiithin the work
carried outin this ask(T5.6)the ability of UWOT to simulate different types of NBSconjunction
with supporting decentralised water technologjassing an innovative urban water metabolism
approachis explored in detaénd is described in the following sections
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3 Methodology

3.1 Overview& general description of the NBBW MetabolismToolbox

Within Task 5.6 theN\BS Urban Water Metabolism Toolbdxas been developed with the aim of
facilitating the analysis, impact assessment and design of NBS interventions for im@&orei

urban areas using an innovative urban water metabolism concept with a special focus on the
environmental sustainability of the proposed systems.

The NBS Urban Water Metabolism Toolbox comprises different elements and functionalities/purpose,
asit is graphically represented Figure3. Specifically, the different elements within the Toolbox are:

i) UWOT (A) for facilitating a metabolidmased design and assement of NBS (Al) and the
investigation of decentralised water technologies (A2), ii) the linking toetile@OLIFerformance
Indicators (B) and iii) the NBS Urban Water Metabolism Dashboarith¢€3 elementsare described

in summary in the paragraphs below.

NBS Urban Water Metabolism Toolbox

UWOT (A)

Urban Water Metabolism
Tool NBS Urban Water

euPolis :
Indicators (B) Metabolism

Metabolism-based design and Dashboard (C)
assessment

Quantification of main urban
water fluxes related to NBS
(A1)

Implementation of alternative
water sources/decentralised
water technologies for NBS

Environmental Sustainability
(A2)

Figure3 Components antlinctionalitiesof the NBS Urban Water Metabolism Tootbo

Specifically, the Toolbox is centred around tdan Water Optioneering Tool (UWOT) (Ayhich is

the metabolism model that can simulate the entire urban water cycle (UWC), from source to user,
treatment and disposal or reuse. UWOT uses a metabolicoagp and therefore simulates and
guantifies the main fluxes related to urban water, such as potable and recycled water weaste
water-related energy and associated LCOYA daA 2y azx SO0 !2h¢ Aa 6KIQ
aSlé¢ Y2RSt 2dbanivwatr cy@li2. Ynldthé& vdds, it is a single model to simulate the
entire urban water cycle, incl. supply (reservoirs, aqueducts), distribution and consumption (end
users), as well sewerage, drainage, WWTPs and recipient waters. This methodologguenitly
enables us to assess many different types of interventions in all phases of the UWC, in order to identify
synergies and tradeffs and as a result, reach more integrated solutions. For example, UWOT takes
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into account the wateienergy nexus withithe UWC and related intervention effects. It can therefore
assist us in reaching more synergistic solutions between water and energy fluxes within a real
metabolism context (Rozos et al., 2013).

Metabolismbased NBS Planning and Simulation Toolkit

As mentioned irSection2, UWOT can operate at many different scales, simulating the entire urban

water system at a city scale or more locally simulating more specific urban areas, technologies, and
interventions, theefore making it appropriate for the study of NBS interventions at a specific site

(Rozos et al., 2013). Another critical feature is that UWOT could simulate decentralised water demand
management interventions and technologies, such as rainwater harvestidggreywater reuse, to

investigate to what extent such interventions at different scales within urban developments can make

I RAFTFSNBYOS Ay (KS OAaideQa NBalLkRyaS yR FT220LINRY

The tool is dynamic in nate and can simulate the dynamically changing environment, kydro
climatically/environmentally, but also soetechnically in terms of behaviour patterns. Consequently,
different scenarios could be tested to stress the urban system and analyse its resorcseUWOT

is a demanebased model, i.e. it is centred around users sending demand signals, it can facilitate a
sociatechnical approach bringing together physiealgineering and socieconomic dimensions
(Baki et al., 2018). Hence, some social aspemitdgossibly be considered if required, which could

be useful especially after considering teaPOLISiuman/citizencentric approach and planning
general technical description of UWOT and NBS related aspectieaceibed in more detail in the
following sectionSection3.2)

The developments carried out within UWOT within Task 5.6 are according to the main objectives set
for this work. The first main objectivis the simulation, assessment, and design of diffefdBtS
interventions within urban areas using amrban metabolism approach (Althrough the prism of

urban water, as this integrated approach is expected to assist in the identification of synergies and
trade-offs of the examined urban systems.

For this purpose, initially the simulation elements and functionalities thatiamgortant for the
analysis/investigation of the deployment of different types of NBS in urban environments in terms of
the urban water cycle have been identified. The existing functionalities of UWOT, as well as the needs
and possibilities for its custon@ton to achieve this task were then identified. According to the
outcomes of this analysis various advancements to the tool were implemented and specifically, the
development of appropriate methodology on how to simulate different types of NBS, as vib# as
SELI yaArzy 2F '2hc¢Qa (SOKyz2fz23& fAONINE 6AGK FRR
types of NBS interventions (e.g. different types of green roofs). The urban metabolism modelling of
NBS through UWOT and the related advancements are thescin detail m Section3.2.2 These
methodologies and expanded tool were extensively pilot tested for one NBS intervention (two types
of green roofs) in one @UuPOLIPilots (Sectiord).

The second main objective is to provide the ability to investigate and simulate the adtermfative

water sources and decentralised ater technologies (A2)including reuse options (e.g. rainwater
harvesting, greywater use) specifically to support NBS applications in terms of irrigation needs. It is of
paramount importance within theuPOLI&pproach to account for the environmental saimability

of the NBS interventions to be implemented and this design consideration is especially critical for

water stressed aread.he manner in which UWOT takes into account and simulates in general such
distributed technologies are described in deiailSectior3.2.3 For the purposes @uPOLISFask 5.6

GKS dzliAfAalrdAz2y FYR aAvYdz A2y 2F (KSaS (GSOKy2f z
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irrigation needs was pilot tested in one efiPOLSpilots using two different types of decentralised
technologies (greywater recycling, rainwater harvestir@gatiord).

Metabolismbased NBS Planning and Simulation Toolkit

The second element of the Toolbox is tbennection to related developeduPOLIFPerformance
Indicators (B)as their quantification facilitates the impact assessmenN&S implementation on
different aspects of ecosystem services and the resilience of the urban water system in general, but
alsothe evaluation of the environmental sustainability of the examined interventions. Consequently,
in this context different concept NBS interventions and intervention combinations can be assessed
through their simulated impacts which will provide valuabisights and decision support for the NBS
selection and desigtor this purpose, within Task 5.6 a systematic linking/mapping beteeBPOLIS
indicators (Els and ClIs) developed in ot@POLISVPs (WP4, WP3 and WP8) and UWOT outputs and
inputs, has beenarried out so that so that the metrics of interest are calculated through the Toolbox.
This process and the related outcomes are described in detdgation3.3.

The third and last element of the Toolbox is #ePOLISIBS Urban WateMetabolism Dashboard

(C) The main objective of the Dashboard is the visualisation and effective communication of ke
model outputs to related stakeholders. Main emphasis is givesut®OLI$dicators estimations and
NBS scenario comparison. This implementation is expected to support the appropriate NBS design
selection through communication between modelers/researchemnd stakeholders, promoting
further the euPOLIS0-design process. Furthermore, these model results are also going to be linked
to the euPOLI®MS(Sectior3.5). To implement the connection with the NBS Urban Water Dashboard
and euPOLIPMS within Task 5.6 the key main model outputs and inpetgiired to deliver to
stakeholders a summarised and-tiwe-point simulation analysis and scenario compariseare
identified. Further details and gechnical descriptioron the Resultdashboard development are
includedin Section3.4.

To test and customise all the elements of the NBS Urban Water Metabolism Toolbox, the methodology
and tools were applied in one of theuPOLISilots, Ralleion School in Piraeus, to faatkt a
metabolismbased site assessmenDifferent NBS implementation scenarios, including different
alternative decentralised water sources, were examined. The liekDLIperformance indicators

were estimated for each scenario to enable their comparismd support the decisiemaking
process. The specific application and results were also presented through the developed Dashboard.
The selected case studthough which théloolboxis tested,is described in detail iBectiond.

Figure4 summarisesgraphically the overall urban water metabolism approach adopfedthe
analysis of NBS interventions with@uPOLISThe different incoming fluxes related to urban water
flow, induding water, wastewater, waterelated energy, and CGQCemissions, flow through the
site/urban areaand transformin a dynamic manner. Different scenarios with NBS and various
supporting urban water interventions(including decentralised technologiesdesgns and
configurations, are simulated in UWOT and then analySatce UWOT is a dynamic tool, it can also
simulate the dynamically changing environment (hydlionatically/environmentally and socio
technically in terms of behaviour patterns), so we ctiass test our urban systems and see how these
respond and analyse different scenarid®BA y I f f @ FNRY ! 2h¢Qa aAvydzZ I dS
identified correspondingguPOLISndicators are estimat#, synergistic opportunities and tradeffs

are identified, and for each scenario/configuration the costs and benefits are estimiatentder to
arrive to optimal NBS interventions and desigtimt are environmentally sustainable. This
methodology and apprazhis further enhanced through theBS Urban Water Metabolism Dashboard
for the effective communication of modelling results and insights.
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Figure4d TheeuPOLI8rban water metabolism approach in analysing & designing NBS for areas

3.2 The Urban Water Optioneering Tool (UWOT)

3.2.1 Overview (General Description)

The Urban Water Optioneering Tool (UWOT) is a simukdtam®ed Decision Support System (DSS), of
the metabolism modelling type, able to simulate the entire urban water cyble nodelling is mainly
referred to individual water uses and technologies in order to manage and estimate their combined
effects at multiple scales, starting from household level and progressing up until the neighbourhood,
regional and entire city level (dkropoulos, 2017). UWOT uses a bottam signalbased systems
analysis approach to simulate the generation, aggregation and transmission of the water demand (via
demand signal). The water demand signals start from the household level and propagate ttveards
source of water demands, i.e. the central drinking water network (Rozos & Makropoulos, 2013),
placing the household/neighbourhood water demand as the starting point of every study. This
demandc oriented approach (see algeigure5) enables UWOT to simulate the entire urban water
system from tap to source (Rozos & Makropoulos, 2013). UWOT is able to simulate both standard
urban water flows, i.e. potable water, wastewater astbrmwater runoff as well as integrated
interventions at lousehold and neighbourhood level, which target these flows in order to create
feedback loops that cover household demand; other types of flows that can be modelled through
appropriate components are green roofs, blgeen urban areas (Rozos et al., 20¥®i-urban

areas, irrigated zones, generic pervious or impervious areas etc. The main UWOT local components
include (Nikolopoulos et al2022):

1 Water-consuming household appliances, such as hand basins, toilets, showers, and washing
machines

1 Local watertreatment or harvesting options, e.g., rainwater harvesting and greywater
recycling

1 Regional components such as treatment plafits water or wastewater)reservoirs, etc.
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Figure5 Modelling the urban water cycle from tap to source using UWOT (adapted from Makropoulos C. (2017))

UWOT requires specific information to simulate the operation of water components. This information
includes parameters such as water consumption, requémreergy Biochemical Oxygen Dema(®iOD

@ tdzSaz OFLAGEE FYyR 2LISNYaGA2ylf 02ad SGO0d FyR )
f AN NE£d ¢KS&S RIGFE FNB YFAyfte 2060GFAYSR TN a
laboratory and pot tests, etc. Technology library database (see alsgure 6Figure5) allows
combinations of specific technological options to be selected for evaluation by the user (Makropoulos

et al., 2008). The table Specification contains the values of the specificafitims components. The

GFrotS {LISOAFTAOFGAZ2Y/ I GS3A2NE O2yilAya GKS OFaGsS3az
/| 2a0¢% a2 GSNJ dzal 3S¢é0d ¢KS GlFofS . NryR O2yilAya
gt @S FtdzaK (NMIAEXONES ©O{EtKkA1d INIE dSySiés SG0P0 P ¢ K.
ALISOATAOIGAR2Y @FtdzSa o0SdId a[ ¢3 a[kdzaSEX a2 Kk]
O2yiGlrAya GKS T @FAfFoftS GSOKy2f23ASada[oS@®3Itd il y (i
GWSASNIB2ANES SO0 FYRZI T2N K2 dfuKirdsd? par paistinA | y OS2
per day). The user can therefore decide to include a specific technology in the household (e.g. a toilet

flush) and select a specific typetoflet flush (e.g. a dual valve flush) with a specific water usage (e.g.

6 L/use) and estimate its performance, making setup and testing new technological options, both
generic (at the design stage) and detailed (at the simulation stage). This appréeshitself to both

evaluation of predefined technological configurations and optimisation for best options identification
(Makropoulos et al., 2008).
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Figure6 Schema of the technology library database (Rozos & Makropoulos, 2013)

UWOT requires standard, headerless csv files of input, as well as manual input from the user through
the Graphical User Interfad&U). UWOT saves the topology files as xml files, and outputs time series
as csv files, as well as by Windows clipboard/qugsting (e.g. in MS Excel spreadsheets).

The simulation results in the estimation of (i) potable water demand, (ii) water fledliationinside

tanks and reservoirs, (iii) leakages, (iv) evaporation, (v) runoff, (vi) urban water cycle energy
consumption(including energy required for water circulatios.g., pumg, and energy consumed by
water appliances, e.gwater heaters), and (vii) capital and opational costs (Rozos et al., 2013).
UWOT is also capable of providing an estimation of the water quality of the outflows (wastewater and
runoff).

UWOT has been previously developed and tested in water cycle modelling applications on different
spatial sches for a range of different cases and demonstrated water management technologies (see
Figure7 as anexample). The range of applications includes neighbourksmadeblue-green ara
design (Rozos et al., 2018hole city cycle modelling (Rozos & Makropoulos, 2013), resilience studies
(Makropoulos et al., 2018a) and consultancy for circular water neighbourhogdésegns (Bouziotas

et al., 2019).
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Figure7 Example of UWOT simulation

UWOT comes in the form of an executable file (.exe) with its own GUI, where the end user is able to
draw topologies, connect different components and perform simulations. The GUI works with
Windows 64bit systens. An example of the tool GUI is provided bel&ig(res).
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The main steps to run a simulation on UWOT are the following:

1. Select the appropriate components to construct a topology
2. Connect the components to form the examined scenario
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Figure9 Steps 1 & 2Build a topology

3. After receiving and preparing data (to csv format) for the case study, input appropriate data
to be used for the simulation and check if the data are complete
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FigurelOStep 3¢ Input appropriate data (for example, timeseries to csv format)
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5. Access the output datadm the user interface, visualize or export the output data to other
program or copy the data to clipboard for further analysis
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Figurel2 Step 5 Visualize output data

UWOT is a tool that can successfully simulate the entire urban water system from tap to source, a
potential that makes it an ideal tool for supporting both centralised and distributed water
management solutions (Rozos & Makropoulos, 2013). UWOT is suitakhleplications including NBS
elements at local scale. It is not the ideal tool for detailed modelling of napucalessesbut it can

act complementary to other more detailed tools, building synergies to achieve the desired outcome.
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3.2.2 Simulation of NBh UWOT

General description

UWOT, as described above, is a bottamurban water cycle modetiemand is simulated beginning
at the water appliance level and working upwardsaditional wban water models ofteremploya
hydraulicapproach in conceptualisinthe urban water networkby simulating actual water flows,
including runoff, potable water, and wastewater. UW@dopts analternative path centredon
generaing, accumulating and finally transmiting a demand signal, starting from househédével
water appliances, and movingpwards the chaitowards thewater source.The various simulation
outputs are outlined in the previous section andetaileddescription of UWO€an be found ilRozos
& Makropoulos (2013).

Description of the UWQAlue-green component (BG)

The purposeof the BG component is to simulate thgdrologyof the urban greerinfrastructure
elements(e.g. parks, green roofs, etand their linkswith the urban water cycle. Specifically, a
standard soil moistureaccountingprocedure (ThornthwaiteMather model; Rozos et al., 201B)
employedto simulate themain BG function.The solution is given viafarward numerical scheme
providing estimates of soil moisture, runoff, infiltration, root abstractions andctual
evapotrandJA NI G A 2y @ ¢ & $he dumeri&l séhansis the same ashe one used irthe
UWOT simulationSoil moisture content (V) in mm at time step t is given by:

w | Elw w'Y M Op &4 (1)
Where
f infiltration 02 STFAOASY (i 6l YS dzyAda 6AGK p
R NIFAYyFrEt AyiSyardge 208SNJ G4KS INBSY FNBF Ay YVY
K maximum amount of water in mm that can be retained in the substrate soil,

E actualS @I L2 GNF YALIANI GA2Yy Zafid GKS 3INBSY | NBF Ay YY
Izp percentage of planivater needs covered from the saturated zone

From Eq (1) itis readily understoodhat simulated soil moisture fluctuates between 0 and K.
According to the original model formulation (see Rozos et al., 2013) which is adopted here, it is
assume that the datum, taken equal to zerogorrespond to the soil moisture conditions of the
readily available water threshold (or RAW, see Allen et al. (19984er this assumptiorthe sum of

RAW + K corresponds tbe field capacity ofthe substrate Actual evapotraspiration is assumed
equal to thereference crop, which practically means it equals the potential evapotranspiration (crop
coefficient constant and equal to 1 according to Allen et al. (19%8jgntial evapotranspiration is
estimated using the Thornthviti@ formula (Thornthwaite 1948).

The parameter Izp was introduced to simulate areas where vegetation includes bigResss et al.,
2013) Inthis casepart of the evapotranspiration is assumed to be covetadwater abstractedvia
the treeroots fromthe lower saturated zoneag formulated in theSacramentgainfallrunoff model;
seeFiedler 2000)Forvery shallowroot depth applicationge.g., green roofs, urban grassed areas,
etc.) this parameter is assumed equal to zero.
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Runoff igenerated from &cess rainfall @Qnm/ nt), whichoccurs when the soil moisture level exceeds
K. This is estimated at each time step by:

Ow | Adb w Y Q Op adan vht ()

According to Allen et al. (1998), plant water requirement is defined as the amount of water required
to compensate the evapotranspiration lo§he model formulation for the BG component, presented
above, essentially equatdke irrigation water requiremenwith the difference between vegetation
needs and effective precipitation. Thisficitisdenoted5 = K I & dzghtl i§ &stimatéckapeach
time step by:

0w [ Eilo oY ® "Q Op &afn €

From Eq(3), and the definition of igiven earlieritis clearthat irrigation is triggered to ensure that
the soil moisture content does not fall below RAW.

Evaporating water consumes large amounts of energy\ (¢ 1 3, Which can be calculated using
the following formula:

O o0 O (4)

Where

A green aregm?),
density of water(kg/L), and

< fraSyd KSFG 2F QFLR2NRaAFGAZ2Y 062 Ky df evapbrftéd K S|
water (Shuttleworth 1993) or 0.68 kWh/kg.

When evaporation takes place in the open air this energy is absorbed from the surrounding air, thus
its temperature is lowered, and this is called evaporative cooling. Thegvaporation process from
urban green spaces can be used in redutihegUHIeffect.

A schematic representation of the BG compontmtctionis given in the followinfigure
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K overflow

Figurel3 Schematic representation of the UWOT BG compdingiction (Notation as explained in the text

In terms of thespatial and temporal distribution of excess water, it is evident from the above
description that the UWOT BG component accounts only for the retention effect of the simulated
green area on excess rainfall. UWOT also includes a dedicated component tosaithdr eletention

effect of green areas on excess rainfall (i.e., attenuation of the excess rainfall peak). This component
was not used in the simulation of the NBS options examined in the present work as its effect is only
appreciable in short (e.g., houjliime steps. The present UWOT application is run on a daily timestep,
and calibration data are available on a monthly basis, to which the model results are aggregated for
comparison after each run. Therefore, any detention effects are not appreciabléeaimiodel
resolution employed and are absorbed into the temporal aggregation of the available data.

LG aK2dzZ R Ff&az2 oS y2GSR GKFIG GKS L2 NIXFYis 2F 61
considered to represent deep infiltration, that isater that percolates to depths not accessible by

the urban green space vegetation (large trees are handled via the Izp paramséer next section

FYR RSAONALIIAZ2Y | 020S0® ¢CKSNBET2NBZ GKAA ljdzl yiAlde
water budget of the total model. If this quantity is of interest for some reason, then it should be

brought back into the model budget by introducing a source component with the equivalent flux.

Parks / Urban green spaces

General Description

Urban green spaces play a crucial role in human-kahg by providing air for breathing, reducing
noise, enhancing socieconomic and environmental functions, and regulating the local climate (Dong
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& Hauschild, 2017). The protection of the existing ogeeen spaces and the creation of new ones

are essential elements to achieve sustainable urban development. Parks and other unpaved green
areas of multiple sizes contribute to the climate change adaptation by cooling, providing shade as well
to urban floodrisk management by absorbing the stormwater, and minimizing stormwater and
sewage discharge. Open green spaces ameliorate the quality of life and offer a great variety of benefits
for people who live in urban environments by acting as places for relaxatiomecreation and at the

same time by offering social and physical activities. Another attribute of green spaces is that urban
ecosystems create suitable habitats for many plaatsmal,and fungispecies and some of them serve

as critical shelter for biodiversityUrban green spacesary significantly in size (pocket parks,
residential gardens, natural playgrounds, etc.) and properties and this variation results in providing
different social and evironmental servicesHigurel4).

Figurel4 The four types of urban green infrastructure (UGI) elements selected: atrium (a), gardgadb),
verge (c), and park (d) (Tudorieatt2020)

In summary, sme of the main functions and benefits provided by open green spaces are the following
(Figurelb):

1 Help manage stormwater and mitigate floo@&orld Bank, 2021)
1 Reduce heat by providing shade and evaporative cooling (Gehrels 20 5b)
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9 Build resistance against drought, remove pollutants from air, water, and soil, and support
biodiversity by providig nourishment and habitat for flora and fauna (Eisenberg and Polcher,
2020)

1 Store carbon in soil and vegetation, mitigating climate chgiwgerld Bank, 2021)

1 Create suitable habitats for many planenimal,and fungispecies some of them serve as
critical shelter for biodiversitfWorld Bank, 2021)

9 Attract social and physical activity (Wan and Shen, 2015)
1 Have a positive effect on mental wellbeing and physical h€sitbrld Bank, 2021)

Pluvial ﬂoqd risk Social interaction
reduction L

Heat stress
risk reduction

- a7
: : l Biodiversity

OPEN GREEN

SPACES
Tourism and
recreation
Carbon storage and : &% e
sequestration \ " 4

Stimulate local economies
and job creation

Figurel5 Benefits of open green spaces (World Bank, 2021)

Defining critical characteristics of urban parks

For the purposes of the present study, urban parks are considered to have the following major
characteristics:

1 Most of the park vegetation is comprised byniture of large trees and low vegetation such
as shrubs and grassy areas. Trees might be organized in relatively dense clusters with low
vegetation areas interspersed between them or in small groups distributed along the open
spaces. Other vegetation suels flower beds or specimens of exotic species (e.g., cactuses,
etc.) are not significant in terms of area occupied relative to the total tree/shrub/grass area
of the park.

1 Urban parks do not include the usual tree undergrowth often encountered in natwoads.
Because of the active landscaping and the need to maintain as much open space as possible
for walking and recreation activities, the area underneath large trees is considered kept clear
of undergrowth.

36



o)
&

1 Impervious areas are not extensive in termstatfl area and can be ignored as sources of
direct runoff.
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1 Park size may vary from several hectares down to a few hundreds of square meters in so
OFffSR aLIR2O1SH LINLAedd 1ff 2F (KSasS IINB O2ya.
view if the aboveconditions apply.
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Urban parks as described in the previous paragraph have obviously two different major water budgets
taking place simultaneously across the park area. One is the water budget of the |oatimygareas
(shrubs and grassy fieldewng and the other the water budget of the areas with large trees. There
are also open spaces without any vegetation.

The proposed simulation configuration, considering the properties of the BG component aveescri
earlier, is to useseveral BG components in paralielsimulate the water balance of an urban park. A
minimum of two BG components should be used, each corresponding to the area covered by large
trees and low vegetation (henceforth BGtrees and BGlow respectively). A third BG component
(BGopen) may be necesry to simulate noivegetated (but still unpaved) open spaces. The BG
component parameter configuration for these is the following:

I Thearea, A, represented for each component should correspond to mapped areas of tree and
low vegetation coverage respectly and/or open norvegetated space as required.
Regarding the area covered by trees, the actual area of interest is the root expansion area
which is not necessarily coincident with the canopy diameter. It is suggested to estimate it
according to 12 timesthe canopy width or 1.5 times the tree height (Day et al. 2010).
Although the best predictor of tree root expansion is the trunk diameter (see Day et al., 2010
for review and averages of multiple studies) for the present study canopy widths and tree
heights are more readily available.

1 Auniform value of K, the soil moisture capacity, should be initially considered for both BGtrees
and BGlow as the soil characteristics of the park area should not differ especially for a small
area (same originating substrah). If there is evidence to the contrary, different values can
also be specified. K values range from about 30 for shallowsdraghhed soils and may reach
values up to 100 or 150 for deep soils with significant clay content. The Thornthvlaitesr
approach is a rather simple conceptualization; therefore, one should not consider this
parameter as corresponding exactly to physical properties. Potential difference in K values
between the BG components will perhaps become evident during model calibration.

¢ L r n F2N.DINBSE yR 1T LT n F2N .Df2gd ¢ KA
for part of the evapotranspiration demand of the large tree area to come from deep aquifer
storage, due to larger and deeper roots, effectively cancellimggighe external supply that
would be required to cover for it.

9 Finally, f, the infiltration parameter is a calibration parameter. It represents the rate of deep
percolation into the underlying strata and should therefore be consistent with the structure
and characteristics of the deeper soils.

A schematic representation of the modelling configuration is showkigarel6.
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Figurel6 Modeling of urban parks with the UWOT BG component

Developed UWOT brands for urban parks

Taking into account the parameters were previously referred regarding the BG component, suitable
brands were developed in order to simulate the different types of urbaksadt is necessary to input

the area of the park in sq. m and the initial water storage in,mamit is shown ifrigurel?. In the
Table2 below, the variety of brands developed are presented with their correspondent specifications.
Low and high infiltration levels refer to 0.002 and 0.012 I/d respectively and there are thfeedt
scenarios of evaporation percentages which are 0, 40 and 80%.

Table2 Brands for urban parks simulation in UWOT

Water .

Brands Usage/capacity Evaporates (€1) Infiltrates (I/day)
Park, low infiltration,

0 deep ET 150 0 0.002
Park, low infiltration, 40% deep ET 150 0.4 0.002
Park, low infiltration, 80% deep ET 150 0.8 0.002
Park, high infiltration,

0 deep ET 150 0 0.012
Park, high infiltration, 40% deep E 150 0.4 0.012
Park, high infiltration, 80% deep E 150 0.8 0.012
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@8 Component properties (id=120), (brand id=100047 ? X
Wl Brand "P 1, 80 ?
Type Blue Green &8 K ) 8 €
Title bg
no | Descr ilj|value unit
Brand Park, low infiltration, 80% deep ET 1 | Water usage/capacity |1|1]150 ——
Area in sq.m 113.7 2 | Capital Cost 1{1|0
Initial water storage (mm) 0 3 _|Operational Cost 1j1j0
| |4 |output Quality 1|1]15 mg/L
Group nbs v Edit
. |5 |Evaporates 1/1]0.8 Oto1l
Comments 6 |Infiltrates 1{1/0.002 1/day
7 |Cap.cost date 1|1/1.262304e+09 |s
8 |Op.cost date 1|1/1.262304e+09 |s
e b Valer_rom_sysiem_iogger
) I B =)
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total_demand
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Figurel7 Example of UWOT brand developed for urban park simulation

Green roofs

General Description

Naturebased interventions in buildings show an increasing trend in tbeent years. Such
interventions Figurel8) include adding green surfaces to building roofs which provide significant
benefits for the building itseland the neighbourhood as a whole. They retain and store stormwater,
improve air quality and reduce urban heat island effect. Research and innovation increasingly focus
on the potential of productive rooftop gardens that also provide food, educationaleational, and
biodiversity benefits (World Bank, 2021).
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Figure18 Green roofs on residential buildings (1,2); institutional buildings (3,4); commercial buildings (5,6)
(Shafique etl., 2018)

Green roofs can be classified asemsive, semintensive or extensive according to their substrate
depth and plants used=(gurel9). Intensive green roofs have a thicker substrate laygporting the
growth of a wide variety of plants, such as shrubs, bushes and small trees. Among their benefits are
the water management and cooling as well as many opportunities for gardening, exercise, relaxation
etc. Their growing medium ranges in thigss from 20 to 100 cm. An intensive roof weighs-280

kg/m?. Extensive green roofs, which are normally not accessible to the public, can typically
accommodate droughtolerant plants with shallow root systems such as mosses, sedums, succulents,
perennid herbs and lowgrowing grasses. They have a relatively thin layer of growing medium of
around 6 to 20 cm thickness and weigh aboutl®D kg/nf. Semiintensive green roofs are a
combination of intensive and extensive types. They have a thinner plantiniantiean an intensive

roof but thicker than an extensive one, which ranges from 15 to 30 cm. They can support the growth
of grasses, small shrubs, herbs, aromatics, bulbs etc. Their weight is abe2®Ax@/nt (Raji et al

2015; Langemeyer &l., 2020)
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Table 1

Classification of green roofs according to type of usage, construction factors and maintenance requirements

TS aa) e B
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 19 Classification of green roofs according to type of usage, construction factors and maintenance
requirements (Raji et al2015)

Some of the main functions and benefits provided by green roofs are the followingdRiglu

I Retain, store, and recycle rainwater, reducing the amount of rufWfirld Bank, 2021)

1 Improve the microclimate both in winter, functioning as a complementary insulation layer,
and in summer, providing shade and an evaporative cooling effect orbtiilding and
surrounding area (Manso and Castemmes, 2015)

=A =4 =4 -4 =9

Improve air qualitfWorld Bank, 2021)
Have a positive environmental and psychological im@a&irid Bank, 2021)

Are important sources for environmental educatiGiorld Bank, 2021)
Enhance urba biodiversity(World Bank, 2021)
Facilitate sediment capture and water filtration resulting in clean stormwater that can be

safely reused in many applications (Hop and Hiemstra, 2012), reducing the demand for treated

water.

41



Metabolismbased NBS Planning and Simulation Toolkit

Water quality and sediment management

Pluvial flood risk Q
reduction

I | 1 Social interaction

Heat stress
risk reduction
i
Resources cb( fy Biodiversi
production iodiversity
BUILDING
SOLUTIONS
Education

Human health

Figure20 Benefits of green solutions in buildings (World Bank, 2021)

Defining critical characteristics of green roofs

Green roofs are an increasingly important NBS used to tackle significant urban problems. Benefits of
green roofs arenumerous, including, but not restricted to, providing part of the water demand,
improving air quality, providing thermal performance and roof insulation, reducing urban heat island
effects and noise disturbance, increasing biodiversity and amelioratimgnstater. Depending on

which of the above benefits is targeted, either an extensive (lightweight) green roof or an intensive
(heavier) green roof can be installed.

The most popular type of green roof is extensive, which includes a shallow substrate dde#s o

than 15 cm and lowying, droughiresistant vegetation. Contrarily, intensive roofs have much greater

substrate depths and can include a greater variety of vegetation such as trees. Extensive roofs are
generally preferred because they require leisictural support and can often be added as a retrofit

G2 SEA&AGAY3I NBR2F& (2 RSONBIAS || odzAf RAYy3IQa AYLISN
one that holds water well but does not allow ponding, which would drown the succulent plants
frequently found on extensive green roofs.

DNBSY NRP2F aAYdzZ [ §A2Yy S6AGK !'2he¢Qa .D O2YLRySyi

Green roof simulation with the BG component is proposed to be carried out by calibrating the
component parameters (K and f, with Izp=0) so that the BG component dentand) matches an
externally and previously calculated irrigation water demand, based on local climate data, potential
evapotranspiration estimated using the FAM56 equation and suitable crop coefficients for the mix

of plants used in the green roof. Bhapplies to both the extensive and the intensive green roof type,
the difference between the two reflected in the different values assumed by the model parameters.
This approach is warranted for the following reasons:
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First, models with water balance egtions (in hourly or daily time step) and suitable representation

of the actual evapotranspiration process (AET) were found by many studies to be sufficient for
estimating green roof retention (Abdalla et al., 2021 and references thegeig)he reader Wi recall,

only the retention effect is modelled by the BG component. The most common way to model AET is
by multiplying the potential evapotranspiration (PET), the maximum evaporation rate assuming
unlimited water supply, with coefficients that accountrfsoil moisture deficit and crop type.
Therefore, depending on the plant species mix designed for any potential green roof, there may be a
need for a previous external estimation of the water demand as the default BG component essentially
assumes a cropoefficient of 1.

Second, crop factors for agricultural crops are well documented and studied (Allen et al., 1998).
However, crop factor values for Sedum plants, commonly applied for green roofs, present large
variance among studies. Previous work repdrieery different crop factor values for Sedum plants
(Berretta et al., 2014; Rezaei et al., 2005; Sherrard and Jacobs, 2012; Chow et al., 2021). Research on
crop factors for Mediterranean typdroughttolerant plants such as various aromatics often used in
green roofs in the region (oregano, thyme, rosemary, lavender etc.), is even more limited (e.qg.,
Hancioglu, 2020; Eman et al., 2008)

The maximum green roof soil capacity is less difficult to estimate as it was found by many studies to
be related to themeasurable field capacity of the substrate. K values range from about 30 for shallow,
well-drained soils and may reach values up to 100 or 150 for deep soils with significant clay content.

For the above reasons it is difficult to prescribe a set of BGpooent parameters able to generate
reliable estimates across all possible types of green roof. Therefore, a calibration strategy based on
estimates of actual evapotranspiration specific to the particular green roof application being modelled
(i.e., specifi plant species mix and type of soil used) is the best approach to ensure that the green
roof transpiration demand is correctly estimated.

Developed UWOT brands for green roofs

In order to develop the necessary UWOT brands of the BG component for sonutédtthe green

roof, the theoretical approach documented above was supplemented by information and data
provided by landscaping companies which spesgdh green roof installation in the Mediterranean
climatic and horticultural conditions.

The most inportant design values concerning extensive green roofs that we obtained are the
following:

9 The substrate thickness for a standard green roof of the extensive typeli& ¢t and of the
semtintensive type,20-40 cm (in some special cases the latter megch up to 1 m if trees
are to be planted)

1 Below the substrate, a drainage/storage layer consisting of hard plastistegged containers
is laid, with a total height of 2.5 cm

1 More importantly, the typical maximum soil wateetention of an extensive igen roof is
approx. 3540 L/n? while the remainingcapacity (moisture remaining after all excess water
has drained away) ranges betweenl3 L/nt, with the former applying to the shallow
extensive type and the latter to the sesmtensive, deep green roaypes.

{1 Irrigation requirement for the extensive green roof was reported &sLZnt/application. The
frequency of application is determined empirically and by observing available soil moisture
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during periodical visits. There is no previous estimate ofwlager requirements in terms of
volumef/time since the developers consider unlimited availability of irrigation water (from the
urban water supply network)

91 Interms of runoffthe containers of the drainage layer are designed to hold some water for
later use by the plants. If rainfall depth is enough to fill them the excess water drains away as
runoff.

9 If permeable pavement is used in the same green roof application, the absorbed runoff by the
pavement does not supply the green roof system imstead drains away as runoff.

Further to the abovedesign values for the green roof brand were obtained by applying the proposed
calibration procedure (seem explanation in previous section) to the case study at hand (Ralleion
school).

Potential evapotanspirationwas estimatedon a monthly basis using the Penmistonteith method
(specifically the FAGB6 formulation, Allen et al., 1998). The method requires the following:data

i. Max and min monthly temperatures
il. Relative Humidity

iii. Wind speed

iv. Sunshine duration

Data were obtained from nearby meteorological stations (Piraeus Athens Marina and Hellinikon) and
the freely availablélydrognomorsoftware (www.hydrognomon.orgywas used to estimate PET. Then,
using the monthlfPET and rainfall as inputs the FAO procedvas appliedo estimate the irrigation
requirements for the green roof. As already explained in the previous section on simulagamoist
common way to modedctual evapotranspiration and therefore irrigation needshy multiplying PET

with coefficients that acgunt for soil moisture deficit and crop type.

For a Mediterranean type of extensive green roof which is planted dittughttolerant plants
adjusted to the local climate, research on suitable coefficients is limited. Considering that most plant
speciesused in green roofs in this climate are various aromaéds (oregano(Origanum vulgarg
thyme, lavender, rosemary, etc.) the coefficient derived from the researdddmcioglu et al(2020

was adoptecbn oregano cultivation and irrigation stress (deigure2l).

In Table3 the irrigation requirement for an extensive green roof is shown estimated with actual data
from the Ralleion case study. An average Kc coefficient value equal to 0.5 is adopted, based on the
results on oregano, to represent the green roof plant mix. Timeual requirement for this example

of a 120m? green roof amounts to 59 frof net irrigation with peak demand in July (11.8)rfhis is
equivalent with the higher rate provided by the green roof manufacturers (F/afoplication)if one
assumes a daily igation schedule in July. There is no need for irrigation for the months of November,
Decembeyand January.

The BG component was calibrated to match this estimated demand for different types of green roof
and the results were used in the formulation espective brands of the UWOT BG component.
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Figure2l. Actual evapotranspiration of oregano cultivation, under four different levels of water @ttassioglu
etal., 2020)

Table3 Estimationof monthly net irrigation requirements for a Mediterranean type of green roof

ocT NOV DEC JAN FEB MAR APR MAY JUN JuL AUG SEP Sum
POTEVAP (mm) | 760 43.6 383 416 474 713 96.3 1318 163.6 188.4 1742 1191 | 1197.5
KCROP [-) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
CROP EVAP (mm) | 3846 24.28 19.17 20.81 23.68 35.67 48,15 65.89 8178 94.21 871.09 59.55 598.7
RAIN (mm) 30,97 48.94 65.94 3371 27.97 37.48 17.6 18.2 2517 9.14 2.29 21.97 339.4
EFFRAIN (mm) | 12.10 2782 42.70 14.50 9.47 17.80 0.40 0.93 0.47 0.00 0.00 422 130.4
IRR REQ 26.36 -3.55 0.00 6,31 14.21 1786 | 47.75 64.96 §1.32 94.21 87.09 55.33 491.9
AREA (m2) 120 120 120 120 120 120 120 120 120 120 120 120
VOL. (m3) 3.16 -0.43 0.00 0.76 170 2.14 373 7.80 9.76 1130 10.45 6.64 59.0

Further to the analysis above, two brands are developed in UWOT to simulate two different types of
green roofs, extensive and seqintensive. The parameter K refers to watemlags/capacity and the
parameter f to the amount of water that infiltrates and their values are shownhahle4, Figure22
andFigure23.

Table4 Values for K and f in simulation of extensive and getansive green roofs

Types of green roofs| K (mm) f (I/d)

Extensive 30 0

Semiintensive 60 0
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&8 Component properties (id=120), (brand id=100047 ? X
Type Blue Green
Title bg_green_roof_extensive
rvh_tan|
Brand K=30, f=0 - Specs.
Area in sq.m 113.7 . I
@ Brand "K=30, f=0" properties ? X
Initial water storage (mm) 0
Group nbs R4 ‘ no | Descr i |j |value unit
Comments 1 |Water ‘ 1(1|30 mm
Usage/capaci
2 |Capital Cost |1|1|167 pounds/sq.m
3 |Operational 11|10 pounds/sq.m/year
Cost
4 |Output 11|15 mg/L
Quality
5 |Evaporates (1|10 Otol
6 |Infiltrates 1(1]0 1/day
-
= I 1] I
Figure22 Brand for extensive green roof
@ Component properties (id=149), (brand id=100048 ? X
Type Blue Green GBI
Title bg_green_roof_semintensive 5
Brand K=60,f=0 | @ Brand "K=60,f=0" properties ? X
Area in sq.m 45
no | Descr i|j value unit
Initial water storage (mm) 0
1 |Water 11|60 mm
Group nbs - Usage/capaci
Comments 2 |Capital Cost |1{1/167 pounds/sq.m
3 |Operational (11|10 pounds/sq.m/year
Cost
4 |Output 1115 mg/L
Quality
5 |Evaporates |1(1|0 Oto1l
6 |Infiltrates 1{1|0 1/day

| T
Accept Cancel g}" B

Figure23Brand for semintensive green roof
Green walls

General Description

In addition to green roofs, naturbased interventions in buildingalso include green wallsi.e.
vegetated wall surfacedlore specifically, thergen wall isa wall partially or completely covered with
@S3IASGFGA2Y S6KAOK A& 3ISYySNrffe RSOSE2LISR |f2y3
components and it can be directly attached on the wall or supported by a structure (Palermo and
Turco, 2020). Greewalls are divided into two categories:

1 Green Facades which are characterized by a low systemic technology and a limited level of
integration between plants and walls. Green Facades can be differentiated into direct in case
the plants are directly attacltbto the wall, and indirect in case they are nbigure24).
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Figure24 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 plan

1 The Living Walls which allow the coverage by vegetation of high buildings and can support a
wide variety of plants such as grasses, shrub, succulent and so on. The Living Walls can be
continuous or modular, as shown kiigure25.

CONTINUOUS LIVING WALL MODULAR LIVING WALL
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Figure25 Different types of Living Walls: (a) Continuous Living Wall; (b) Modular Living Wall (Palermo and Turco,
2020)

Green wallgyenerallyoffer similarbenefitsasgreen roofs but due taheir verticallayout andsmall
exposedsurfacearea their contribution to water retention and reduction of theunoff volumeis
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minimal compared to green roofs. However, theyy be able to retain some rainwatetepending
on their design

Defining criticatharacteristics of green walls

Green walls are vertical structures that have different types of plants or other greenery attached to
them. The greenery is often planted in a growth medium consisting of soilestir water. Green
walls usually feature butin irrigation systems. Green walls differ from facades, as the growth medium
is on the surface or structure of the wall, whereas facades are rooted in the grMordover, the
greenery of facades can takéamng time to grow enough to cover an entire wall, while green walls ay
be pregrown.

The growth medium for the plants of green walls is usually placed on a structure which is then
attached to the wall. The system is comprised of a combinatiografvth medium and structural
mount. These combinations come in four types: loose, mat, sheet, and structural media systems.

Loose growth medium systems have the soil packed into a shelf or a bag which are then placed onto
the wall via a supporting structa. Mat media are, as the name implies, mat systems, usually made

of thin coir fiber or felt. The plants root themselves directly onto the mat and require no loose media
(such as soilSheet media are similar to mat systems but consist of patterned imicgelyurethane

sheets more endurant than coir fiber or felt. Structural media combine the loose and mat systems by
forming a block that can be made in different shapes and sizes. For example: the greenery can be
planted into loose media, placed into paasd laden onto a wall structure with built irrigation. In

loose media systems, soil, hydro stone, volcanic stone, and hydroponics are common ways of growing
plants. Growth media used in conventional green walls tend to be rockwool or soil as hydfsonic
considered challenging due to many variables related to water quality.

In the context of the present NBS analysis and simulation with UWOT, the green wall types that are
considered are: (i) the structural media type employing individual pots fdr pket which are placed

in a speciamade structure mounted on the wall. The structure incorporates the builtrigation

system as well as the water recycling storage tank and pump system and, (ii) the loose growth media
type using soil placed in shely (essentially low height planting beds) also arranged in a structure
mounted on the wall, with buitn irrigation. The water storage tank and pump system in this case is
external to the mounting structure.

DNESY ¢l ff aAYdzZ I GA2Y gAGK | 2h¢Qa .D O2YLRYSyYI

The loose growth media type of green wall essentially consists of mounted shallow planting beds
which behave, transpiratiowise, more or less like regular plant pots except for the shallow depth of
the soil which retains little moisture, requiring constairrigation inputs. In terms of the BG
component configuration this would amount to estimating a very small value of the K parameter so
that the rate of irrigation inputs is in line with the specifications of the green wall system used.

Things are morecomplicated in case of the structural media type, which is based on blocks of
individual plant pots. The irrigation system in structural media systems varies among manufacturers
and in some cases includes an individual store of water for each pot whach ghant can reach with

its roots to withdraw water in case of water stress due to e.g., malfunction of the irrigation system,
more dry conditions occurring than foreseen, etc.
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The conclusion is that green wall systems are highly diversified and dificimulate with a single
configuration. Therefore, the best approach is again to calibrate the model parameters against
observed, realvorld data of irrigation requirements for sargystem green wall applications.
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The difference with the green roof sais that for green walls the total area should be also considered

a parameter and not a constant. The reason for this is that the total planting area of the green wall is

not necessarily equivalent with the same area planted in a conventional way. Degesdthe green

wall system used, there are large differences in exposure to the surrounding air and sunlight as there
Oy 0SS I &AA3AYAFAOIY:G RSANBS 2F aKFERAYy3I Aygd2f OSRZ

Therefore, in the effort for to migh the BG component output to the consumption reported from

realworld applications of the green wall system used, area should be treated as a parameter for
OFfAONI GA2Y f2y3 GKS 20KSNE® hyS YAIK(astheKAy | 217
area of conventional flat surface planting which would produce the same water requiregnaiht

other things being equaj as the specific green wall system studied.

Since geen walls have not been tested in any of #ePOLIPilots yet, nospecificgreen wall brands
have been developed yet.his component and brandwill be further developed during UWOT
implementation in other pilotgs part of the work iTask 6.2 according to the methodology developed
and describedbove

Natural wastewater/greywater treatment systems

There is a growing interest in employing NBS for treating wastewater and facilitating water reuse in
OAGASAT SOSY Y2NB a2 Ay O2YoAylLdA2y AGK GNI RAGA
sustainable, lowcost low-energy and lowimpact (Cross et al., 202Castellaet al., 2022) approach,

providing also several additional environmental, social, and health andbwiglfy cabenefits. In this

section the Biopolus NBS solutions are analysed since a relevdragplecation is planned within the
euPOLIproject.

Biopoluswater-based urban circularity revolves around using natbased solutions to bioengineer
a sustainable water cycle. The solutions are housed rinaasthetically pleasingreenhouse
environmert (the BioMakerywhere water can béreborne to be used over and over agaBiopoluf)
modular, expandable water treatment systgBiopolus MNR technologyses complex circular urban
water treatment and management to maintain valuable natural resosiice sustainable manner

Wastewatersof various quality characteristics, e.g. blackwater or greywdtem different sources
including industrial processes, commercial and residential developments, and even urban
waterbodies can be treated to the most stringent regulatiosis that the effluent igperfectly safe to

be released back into the environment. However, by adding-frestment processes, the water can

be given new life and recycled back into the community in the form of a variety of water products.
Local reuse within th&ioMakeryis possible and presents an effective solution.
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Figure26 Left: Architecturally designed to match the surrounding landscape (pictured above is the La Trappe
Abbey Brewery BioMakerWastewater treatment facility}; Right: Lush vegetation inside (interior view of the
La Trappe Abbey Brery BioMakeryWastewater treatment facility)

¢tKS aSilro2tA0 bSGg2N] wSIOG2N) 6abw0O0 GSOKy2f 23
Fixedfilm Activated Sludge (IFAS) water treatment technolfjgure27). The underlying principle
behind the MNR technology is a wkhown natural phenomenon, where microbial biofilm develops
on the roots of aquatic plants. The technology is characterized by a large qudntignoass that is
FGdl OKSR (2 & dzgeitteNdtBeRaturaDrodil dydied diispecially selected plants, or
to artificial roots, developed by Biopolus, for this specific purpose.

The full treatment process takes place in an array of MNR reacidis separation makes it possible

to fine-tune the environmental conditions in each section, allowing for the development of separate,
specialsed ecologies to mature in the different tanks. As the water flows from reactor to reactor, it is
continually cleaned, as various species break down the different contaminants. The path and
volumetric distribution of wastewater between the reactors is controlled by process management
software and can dynamically adapt to the changing loads, thereby optimizimgacess.

Artificial Roots

to provide additional
surface for microbial growth

Aquatic Plants

to provide root surface
and air quality control

Membrane Air Diffusor

Natural Plant Roots

a unique habitat for
bacteria

Figure27 MetabolicNetwork Reactor(MNR)

The MNR reactor technology was designed to be modular and expandable, where the system can be
scaled to the desired size and arranged in a vertical or horizontal layout for maximum architectural
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flexibility. The facility that houses the MNR technology,BieMakery, can integrate water treatment

and recycling with a wide range of other functions including biological manufacturing, food
production, energy recovery technologies, and community functions, to become a true hub for urban
circularity. Odor freecompact, and modular, the BioMakery with its gareée atmosphere, can
placed into any urban environment through creative architect{ifigure29).

Figure28 Modular solutions for urban environments

Various module sizes with capacities ranging from 1%@ay to 60,000 r¥day can be combined and
arranged in various formats to create BioMakeries that work for most instakigare28 showsa
conceptual design for a mixed industrial and municipal water treatment facility that is set to expand
in three phases, with a final capacity of 1,3®&day. A phased approachvas adopted with three
separate, stanehlone buildings.

Odor-free Aesthetically v Small physical Economically
Q @ pleasing A footprint @ viable
High-tech Stable and Technically Circularity-
@ insfrastructure v reliable m effective O based
integration

Figure29 Advantages of the Biopolus system

In addition to creating a modular, highch living system for complex circular urban water treairne

and management, via MNR technology, Biopolus also created a platform for circular economy. The
BioMakery itself was created based upon the principle of wassed urban circularity, where energy,
food, and waste systems are built around a regeneradive sustainable water cyc(Eigure30).

By means of advanced metabolic engineering, energy, organic materials, and minerals can be derived
from organic waste throgh biosolid fractionation. These solutions, along with optional space for
community functions and urban food production, can all be integrated and housed in the Biopolus
BioMakery, creating a true hub for natub&sed urban circularity.

With supplementarymodules, the BioMakery can become a production platform that produces
intermediary products from wastewater and organic waste. These intermediary products can then be
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further processed into a wide range of valuable end products such as reuse water, fdddea,
biopolymers, etc(Figure30).
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Figure30 The BioMakery, a production platform for wadesised urban circularity.

Defining critical characteristics of treatment systems

Sewer Mining UWOT componeffiigure31) is mainly used to simulate sewer mining units, but it has
the potential to also simulate other types of local treatment units such as local greywater treatment.
It can manage different wategualities and be used for different uses. It receives wastewater from
sewerage, treats a fraction of the incoming flow and returns the rest, along with the treatment sludge.

-
Green

- MN

—
WWwW

Figure31 The UWOT Sewer Mining component

The amount of incoming water at tirrgdep t is Ign(L/time-step) with quality Igl(mg/L). It is assumed

a removal rate equal to 99%. The amount of the volume that the unit can treat k (L/d) is exiting the

first output p)NIi 0y F YSR GDNBSYye¢0d ¢KS FY2dzyd 2F GKS @2f
GNBI GYSyid atdzR3IS INB SEAGAY3I FNRBRY G(GKS asSOz2yR 2dz
the emitted signals at the two output ports are:
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onp | ETQ Qfine (5)
0@ Tmrp ana (6)
6ng anéodnm (7

s, ANETEIp U
U a a
NG an SR &

(8)

where Ign and Igl stand for quantity in L/(tinstep) and quality in mg/L of the incoming signal, Ogn_1,

Ogn_2 and Qql_1, Qgl_2 stand for the quantity in L/(tstep) and quality in mg/L of the ports 1 and

H NBALISOGAGStes ¢gKSNB LRNI m Aa GKS 2yS yIYSR ¢
component influences the energy, the capital and operatlac@st pots of the group to which this

component belongs to. The required energy per tigtep is calculated by the formula:

o - 0 9

GKSNB ¢ Aa O2yadzySR SySNH& Ay 12K LISNI[ 2F LINER
capital cost is taken directly from the technology library. The operational emstsalculated by the
formula:

60 G¢& Qo (10)

where co ighe operational cost per year (from the technology library).

Developed UWOT brands for wastewater/greywater treatment

Following the previous analystsyo RA F F SNBy i SEI YL S& 2F ry 06N} YyR& |
are presented in the figures below.

Shce ratural wastewater/greywater treatment systentgve not been tested in any of treuPOLIS
pilotsyet, these general brands will need to be further customiaedording to pilot needs arattual
technologiedor implementation (Biopolus customised watdreatment systemsas part of the work
inTask 6.2
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@ Add new component..,, (brand id=0) ? X
Type Sewer Mining/Local treatment
Title
Brand Local greywater treatment v Specs.
Group New untitled group ~ Edit '@ Brand "Local greywater treatment” ... ? X
Comments
no | Descr i|j|value unit
1 |Water Usage/capacity |1|1|126 L/d
2 |Water Loss 1/1/0.3 Oto1l
| 3 |Energy Use 1/1/0.005 kWh/L
4 |Capital Cost 1{1|2000 pounds
5 |Operational Cost 1{1/230 pounds/year
6 |Cap.cost date 1/1/1.29384e+09 |s
7 |Op.cost date 1/1/1.29384e+09 (s
Accept

Figure32 Brand for local greywatek treatment

@ Component properties (id=1), (brand id... ? X
Type Sewer Mining/Local treatment
Title
Brand Sewer mining v Gnare —1
J @ Brand “"Sewer mining” properties ? X
Group New untitled group ~ Ed
Comments no Descr ilj|value unit
1 |Water Usage/capacity |1 |1|35000 L/d
2 |Water Loss 1{1/0.3 Oto1l
3 |Energy Use 1/1/0.005 kWh/L
4 | Capital Cost 1/1|2000 pounds
5 |Operational Cost 1/1|230 pounds/year
6 |Cap.cost date 1/1/1.29384e+09|s
7 |Op.cost date 1/1|1.29384e+09|s
Accept

Figure33 Brand for sewer mining

3.2.3 Covering NBS water demand througtiternative/distributed water sources

Greywater, Rainwater Harvesting, Sewer Mining

The increase of urban populations, the water scarcity and the increasing water needs lead to high
pressure on water resources. This stress creates the need to find aliteznadys to provide water.
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The understanding of the constraints and limits of the resources and energy and the necessity of
turning waste into a resource are essential steps to move towards a more circular economy.
Decentralsed technologies (greywater cgcling, rainwater harvesting, sewer mining etc.) are
connected with circular economy concept since they manage closing the loop between waste and
resource locally. The wastewater is not only apogduct of the urban water system that may be
reused but ao a resource per se, eliminating in this way the transmission costs (Rozos and
Makropoulos, 2012).

Greywater is defined as the urban wastewater generated from household appliances such as hand
washbasins, baths and showers, excluding the discharged dhré&iichen sinks, WCs and washing
machines (Memon and Butler, 2005). Greywater accounts for theé3(B0@ of total domestic
wastewater and due to the low levels of contaminating pathogens and nitrogen, it can be reused after
a simple treatment (Alayyoussi2001; Filali etl., 2022). Treated greywater can be used both for
indoor demands such as flushing toilefsgure34), and outdoor such as for irrigation purposesisTh
scheme can reduce the potable water demand at a household level. Additionally, the reuse of treated
water in agriculture can benefit the environment as it reduces the pressure on water resources and
the discharge of wastewater. There are many greywatsatment technologies that include physical
(sand filters, membrane filters, etc.), chemical (chlorination, coagulation etc.) and biological systems
(filtering marshes, RBC, SBR, and sludge blanket) (Fila)iza22).

RESIDENTIAL GREYWATER REUSE PROCESS

Y

Ny
=
o =pl

WASTEWATER
Y p—
GREYWATER IN > OverFlow WY
> WATER
TREATMTNT
SviTEm )
= TO SANITARY SEWER
PURGED WATER

%
MUNICIPAL
“TOP UP" WATER

Figure34 Configuration of the residential greywater reuse process (Craig, 2015).

CrAIG, 2015

Another water¢ al Ay 3 aOKSYS A& NIAYyglFIdGSNI KINPSaGAyId

technology as the concept of collecting and storing rainwatemfrooftops or land surfaces using
simple techniques (natural or artificial ponds, reservoirs etc.) has been used for years (Cralich et
1996). Rainwater might be polluted by bacteria and hazardous chemicals (May and Prado, 2006) and
thus techniques li& slow sand filtration, solar technology and membrane technology are needed to
provide treated rainwater at high quality level (Wegelin ef £094).
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There are three major forms of rainwater harvesting (Helmreich and Horn, 2009; Rozos and
Makropoulos, 2012):

1 Domestic. The water is collected from roofs and stored in local tdfiksie35). Domestic
rainwater harvesting, apart from reducing the potalater demand, has as side benefit the
reduction of the runoff volume.

9 In situ.Rainfall is collectedlirectly on the surface where it falls and stored in the soil. The
most promising version of this forare the QustainableUrbanDrainage SystemSUDS[EA
2003). SUDS have combined benefits like mangargnoff flowrates, increasinggroundwater
recharge,and even provithg a habitat for wildlife in urban watercourses.

1 External. The runoff originating from rainfall over a surface elsewherellscted and stored
offsite.

ROOF CATCHMENT RAINWATER TANK PUMP AND
ELEVATED TANK

Figure35 Rainwater harvesting and gardening facility with roof catchment and storage tank (Woltersdduf et
2015)

Sewermining is anotherdecentralsed wastewater reuse technology at a local esalt extracts
wastewater from local sewers and then a treatment process takes place at the point of demand. The
produced treated water supplies local ng@otable uses such as urban irrigation whereas the
treatment residuals return back to the sewer systehypical uses of the treated water are industrial
cleaning and cooling as well as irrigation of urban green spaces (Tsoukalas2€l@). Current
implementations of sewer mining technologies mainly involve parks and open green spaces. A sewer
network is a system where multiple physical, biological and chemical processes take place (Pomeroy,
1990).

buffer tank

Hybrid UF storage tanks

+ Biology sl
pre-fabricated pumping it
stion = ! container MBR -

tark excess

- I evacuation sludge
i . i

* jmigation
* aquifer recharge

gravity flow

green

waste

thickener
_ ¥ compost
retum fo the sewerage | W% . —7 FORDTND, | WD ¢ application
waste »

network

¥
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Figure36 The Athens pilot configuration in Nextgen project (Pleval.e2020)
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Technology combinations & UWOT schematisations

Futher to examining eaclecentralsed technology separately, the combination of two of them can
lead to multiple benefits. If a greywater recycling scheme is combined with a rainwater harvesting
scheme Figure38), the reduction of the potable water demand can be significantly increased. UWOT
is able to simulate such configurations includidgcentralsed technologies using ahree-level
hierarchicaktructure Figure37):

1. Lower level. This level includes the individual household water appliances (e.g. toilets,
washing machines, local treatment units).

2. Middle le6f ® ¢KA& f S@St AyOf dzZRSa (GKS K2dzaSKz2f Ra
technologies such as centralized greywater treatment, centralized wastewater treatment or a
development scale drainage system). Each household includes (a) water using appliahce
in-house water infrastructure (greenwater tanker harvested rainwater and/otreated
greywater, pipework9 and (c) a set of characteristics that affect the water budget (occupancy,
pervious/impervious area).

3. Higher level. The higher level is theban development as a whole. An urban development
could range from a neighbourhood to a village or small town. It is defined by the number of
household types included in the development, the public pervious/impervious areas of the
development and the typef the recycling/treatment scheme.

Development
Raln
g Housa‘hold type 2
i st?hob type 1 areas Grey. Potable
w-d -
" Potable n water water
w water ~ , ﬁ WA Central WY
I ﬁ Runorr™ [ technologies [*Runoff
Q W Centrally treated greywater
x Runoff (CTG)
Household type Central technologies
Rain
~ 4 Central grey
§ 5 RB'E?." Grey- Central greywater J- (or Ww) %?:ter
w ccupanc ] treatment unit
- Y Wl e cTe :;art\?\:w : {or WW) reservoir t | orww)
w water tank e
O | Potable water {In-house appliances | I Runoff
a : — 1—'_| Locally treated grey || Runoff Sups | Hune
= |Pendamares Aid Jinfitration
- In-house appliances
E [ o]
o In In oz Gre reated grey
w water {green
= Out ut
(o}
. |

Figure 37 Hierarchical representation of the water system of an urban development in UWOT (Rozos and
Makropoulos, 2012)
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Figure 38 Representation in UWOT of the hohell that implements greywater recycling and rainwater
harvesting
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Figure39 The setup consisting of a single SM Unit in Urban Water Optioneering Tool (UWOT) (Liakopoulou et
al., 2020)
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3.3 Connection toeuPOLI$ndicators

3.3.1 Overview

It is critical to define and quantify appropriate performance indicators to assess the impact of NBS
implementation on different aspects of ecosystem services and the resilience of the urban water
system in general, but also to evaluate and design with the aim of ensuring the environmental
sustainability of the interventions to be implemented on pilotesit The estimation of a range of
performance indicators under different simulation scenarios will therefore facilitate the effective
comparison of corresponding concept NBS interventions and intervention combinatiander to
maximise potential synergseas well agdentify potential tradeoffsand minimisghemto the extent
technically and economically possible

euPOLIperformance indicators have specifically been developed for assessing the effectiveness of
NBS against various objectives across diverse yet complementary and interrelated scientific domains.
Even though the main objectives efiPOLI&re related to healt and wellbeing, the environmental
sustainability of the interventions to be implemented is a critical issue that needs to be addressed
from the design phase of NBS. Themd?OLIS$erformance indicators, identified aBvaluation
Indicators (Els¥ince theg are used for the evaluation of NBS, have been selected and developed as
part of the work carried out within WP4. Detailed descriptions of Els are included in Deliveddbles

and D4.2 in which various related aspects are covered including indicatanitiehs and units,
corresponding Challenges and Themes, significance and connection to physical health and wellbeing
or other important aspectge.g. sustainabilityresilience, social cohesion, €tcvarious possible
methods of estimation (monitoring, adelling, etc.), data required, etc.

Within this context and to accomplish the aims of this task detailed linking/mapping mainly
between UWOT model outputs wiguPOLI$dicators has been carried oigure40). Some model
inputs, mostlyin terms of scenaria@esign parameters, have also been linked to indicatbrghis
process theeuPOLI$dicators, mainly Els, but also some Cls, that are mostly relevambém uvater

flows and whose estimation can be facilitated by UWOT, have been identified. The model input
related indicators are linked with design scenario assumptions regarding different types of areas,
whereas the model outputelated indicators are linkeeto the main urban water flows, i.e., a) Potable
water, b) Stormwater/Runoff, c) Wastewater and d) Watelated Energy and also take into account
the utilisation of alternative sources of water. Additionallyore economic in nature indicators can
also ke estimated following the estimation of the physical quantities, through monetisation of the
associated benefits and costs. This mapping of releeafOLI$dicators and creation of links to

2 ¢ Qa AyLdzia | yR 2 dzi LidzBigure40.5A1l tHeNidlehtifiedl Ddichtore areA t  dza i
included inTable5 along with the related urban water fluxes and topics of interest.

In the following sections the identifieéeuPOLISndicators are described in detail under each

corresponding category, aswe | & GKS OFf Odzf F A2y LINRPOS&a (KNP dz
model data.
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Mapping UWOT model outputs/inputs Evaluation Indicators (Els)

Cls & Els & euPolis Indicators Potable water
Water Autonomy (EI-45)
Site areas NBS interventions & combinations, Water Reuse (EI-46b)
conceptual designs & configurations Potable Water Savings (El-46a) ‘

Impervious Surfaces (CI-55)
Green Areas (EI-67/CI-66)

Scenario Design Parameters |*

Stormwater Runoff
Stormwater managed locally (El-48b)
Outcoming fluxes Runoff coefficient (EI-50)

Incoming fluxes

- Model Outputs

Model Inputs -
Variable Conditions / Scenarios -
(Hydroclimatic & Water Users Behaviour) * &=

Costs & Benefits
NBS Evaluation & Synergistic
opportunities

; Economic

El-46a, El-44a, E-41

Figured0: Mapping/Linking UWOT model outputs/inputs wahPOLI8dicators through UW fluxes and design
parameters

Design Optimisation

Table5: Mapping of relevaneuPOLISdicators and UWOT related fluxes and purpose

Indicator

Code Indicator Name UWOT related urban water fluxes & topic/purpose
CI55 (ENV) Impervious Surfaces (%) Areas/Design Scenarigsiput)
EF67 (URB) / 0 . .
CH6 (ENV) Green Surfaces/Spaces (%) Areas/Design Scenaridsiput)
EF45 (ENV) Site Water Autonomy for NBS| Water Demand (Alternative Water Sources)/Water
(%) Scarcityg Environmental Sustainabilityputput)
EF46b (ENV) Water Reuse (%) Water Demand (Alternative Water Sources)/ Wate

Scarcityg Circularity(Output)

Water Demand (Potable water)/ Water Scargjty

i 0,
Er46a (ENV) Potable Water Savings (%) Environmental Sustainability, (Econoni§utput)

Stormwater/Flooding, Urban Drainag&esilience

., 0
EI50 (ENV) Runoff coefficient (%) (Output)
EF48b (ENV) Stormwater treated/managed Stormwater/Flooding, Urban Drainag€ircularity
locally (%) (Output)
Wastewater treated/managed . .

Et48a (ENV) locally (%) Wastewater/Circularitf Output)

(Additional) Wastewater Wastewater/Sanitation, PH&WB, Environmental
EH7 (ENV) ;

Treatment Coverage protection (Output)

Energy Consumption for osite Energy Demand (local water management)/ Climat

Et44a (ENV) water management (kWhiyear) resilience, environmental sustainability, (Economy
(Output)
E+41 (BUS) Annual maintenance savings Local water management/Economy, (Water Scarcit]
RWHand/or GWTand reusage Environmental Sustainabilityputput)
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3.3.2 Input-related indicators

The indicators in this category represent inputs to UWOT models, rather than outputs, and are linked
to design assumptions used to create different simulation scenarios. The two retatBOLIS
indicators identified)mpervious Surfaces (6b)and Green Areas (E87/CF66), are associated with

the different types of areas within the pilot site being simulated for a given scenario, i.e. existing
condition (baseline) or future scenarios after an NBS implementation.

Specifically, these indicators ad@ectly linked to the properties of three UWOT components, used as
input to the model, where appropriate. These UWOT components are i) Impervious Area component
(IM) (Figured4l), ii) Pervious Area component (P¥gure42) and iii) Blue Green component (BG)
(Figure43). In all three components, the property of interest to the correspondinBOLISdicators

is the component area. In the case that more than one component of the same type is used for a

specific pilot site simulation, then theum of the individual areas needs to correspond to the relevant
indicator.

8 Component properties (id=8), (brand id=113 T X
Type Impervious area
Title [mprv_roofs |
|30 evaparates v | spes |
N
Impervious area W |
. Group |School Type Hand Basin NorthEast ~ | | Edt || add |
imprv_roofs
FFFTiiiT:
Runoff (+)

Figured1Impervious Area UWOT component (IM) and area input parameter in the component properties dialog
box

? X

\
=]
\
\

= et | |

] L e % Commen its
Runoff (+)

Figure42 Pervious Area UWOT component (PV) and area input parameter in the component properties dialog
box
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Watir demand (-)

&8 Component properties {id=200), (brand id=100047]

ype Blue Green

X

.
Title |bo_shefter

Hz&mm

[ e ]

Areainsam [262.3)
T

ol e [ A |

Figure43Blue Green UWOT component (BG) and area input parameter in the component properties dialog box

3.3.3 Water Demand flows, potable water, and use of alternative water sources / Circularity

The indicators in this category deal itvater demand flows, with an emphasis on irrigation needs
for NBS, the use of alternative water sources on site, including rainwater, greywater or treated
wastewater, as well as the use of potable water. They can be used in conjunction with one another or
individually, depending on the pilot application characteristics, examined interventions and
objectives. For the estimation of these indicators model outputs of potable water flows, harvested
rainwater flows and treated greywater/wastewater flows are uséthie threeeuPOLI$dicators in

this category and how these are estimated from UWOT are analysed below.

Site Water Autonomy for NBS (&5)

Site Water Autonomy for NBS (&5)is defined as the percentage of locally sourced water (rainwater,
greywater,recycled wastewater, etc.) to cover the irrigation needs of all the NBS included in the site
of interest. The indicator is a measure of how autonomous/safitained a site is in terms of
adequately covering the irrigation water needs of all the greemmdéine NBS within its boundaries. It

is also important to note the importance of the sufficient greenery irrigation so that plants are not in
stress and are able to provide climate regulation.

The purpose of this indicator is to design systems that mserttie need for potable water, as much

as possible as there could be various technical or financial constraints that make difficult the complete
elimination of potable water use. The use of alternative water sources is especially important for

water scarceareas, where the aim is to reduce environmental pressures on water resources and the

provision of environmentally sustainable solutions is a priority. It is evident that the specific indicator

has a very weak connection to PH & WB, but it is directlfteeélto the environmental sustainability

of the proposed/implemented NBS interventions.

This indicator can be estimated in general via calculations, monitoring, or modelling. It is estimated as
the percentage of locally sourced water to the total wateru@gd for sustaining the NBS and can be
estimated through estimations considering hydrologic factors, as well as plant irrigation needs;
estimations should be carried out for at least one year. The work in this deliverable focuses on its
estimation via UW@odelling in UWOT, as it offers a unique tool for examining the use of alternative
water within the site or neighbourhood level (Rozos and Makropoulos, 2013; Bouziotas et al., 2019).
The indicator can be calculated on an annual basis (average annua) waloa a monthly basis
(average monthly values) to provide more details and insights regarding seasonal variations in
irrigation water requirements and alternative water supply. It is sufficient to simulate the model with
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a daily time step to capture dgilvariability and for at least one year, even though much longer
timeseries would provide more reliable information due interannual climatic variability. Furthermore,
the indicator can also be calculated for each individual NBS, to assess its autonopgnuheialy.

The data required to estimate this indicator include the irrigation water requirements for all the NBS
and the volumes of locally sourced water supplied for their irrigation. The indicator is calculated as
the ratio of locally sourced water tile total irrigation water requirements for the site NBS and the
following equation.

[ONGNV) b o Pprm 11
' B wO (1)
0w Yo Ow W w (12

Where:
WDi total volume of irrigation water demand of NBS i within tieéerence period (rf)
N number of NBS on site

LWies total volume of locally sourced water supplied to the NBS within the reference perigyd (m
calculated from:

RWss total volume of harvested rainwater supplied to the NBS)(m
GWiss total volume of (treaed) greywater supplied to the NBSYm
WWiis total volume of treated wastewater supplied to the NBS)(m

WD is estimated directly from the BG components simulating the various NBS on site and the
corresponding output timeseries related to thgater Demandlows (Figure43).

The output timeseries used for the calculation of the volumes of locally sourced water generally
depend on the implemented topology in each UWOT model. However, since in most cases a tank for
storing the collected recycled water is used before supplytinig the NBS, the volume of supplied
recycled water is then calculated as the difference from the output timeseries of the flow coming out
of the tank to irrigate the NBS and the potable water flow filling the tank in the cases that the stored
recycled wger does not sufficeRigure44). This process is repeated for each tank used to supply an
NBS on site.

The minimum value for this indicator is 0%, when no altermatiater sources are used for the

irrigation of the NBS, and the maximum value is 100%, when only locally sourced water is used for the
NBS, and which is the ideal condition.
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total_green roof demand_logger rwh_pump

. | ) r] I Signal (+/9) |
I (+/-) o Pumpin (+/-) Pufnp out (+/9)

Signal (+/-)
rwh_tank_spill
Signgl (+/-) o o
Signal (+/-
rwh_tank ’
rwh_logger Water in (—: m system Q
Signal (+/-
Sora H nal (1) rwh_water_from_system_logger
signal (+/9) 5
Signal (+/-)

signal (+/-)
Signal (+/-)

signal (+/-)

Figure44 Example of UWOT topology for calculatafrsupply of locally sourced water (RWH example)

The EI indicatoPotable water savings/Water reuse (#I6) has been split into two sulmdicators
described below.

Water Reuse (E46hb)

Water Reuse (E46b)is defined as the percentage of the total logaiourced water (rainwater,
greywater, recycled wastewater, etc.) used to cover the water needs of the site of interest (irrigation,
domestic water needs, etc.). This indicator, which is related to water demand flows, potable water
flows and recycled watdtows, is a measure of circularity for the site/area of interest.

This indicator can be estimated via UWC modelling in UWOT using a daily time step and simulations
for at least one year, even though much longer timeseries would provide more reliabtenatfon

due interannual climatic variability. The data required to estimate this indicator include the total
@2t dzyS 2F t20ltte a2dz2NOSR ¢l SN I yR @2fdzyYS 27
needs. The indicator is calculated as the raifothe locally sourced water over the total water
consumption of the site, as given by the following equation.

. 0w
00 @ — 13
OB @ ~ Ppmm (13
Dw Yoo O wow (14
Yo 0@ 0w (15

Where:
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TW total water consumption for the site within theeference period (%)

LW total volume of locally sourced water supplied to the site within the reference pericd, (m
calculated from:

RW total volume of harvested rainwater supplied to the site’(m

GW total volume of (treated) greywater supplied to thites(m®)

WW total volume of treated wastewater supplied to the site¥m

PW total volume of potable water (central system) supplied to the sité)(m

The output timeseries used for the calculation of the volumes of locally sourced water are described
in the Site Water Autonomy for NBS ) indicator, with the only difference that all the locally
sourced water used on site e@nsideredor covering & types of needs and not only the water flows
used for NBS irrigation. For the estimatiorRW/, the aggregated potable water demand signal for the
entire site, from all the different appliances and uses within the site, and the related output timeseries
are used Figure4b).

The minimum value for this indicator is 0%, when no alternative water sources are used for any of the
uses within the site, and the maximum valis 100%, when only locally sourced water is used and
zero potable water to cover all the site water needs, and which is the ideal condition.

= 3 H
Figure45Example of UWOT topology for calculation of the potable water usedeon si

Potable Water Savings (El6a)

Potable Water Savings (Hl6a) is defined as the percentage of change in total potable water
consumption for covering all the water needs (irrigation, domestic water needs, etc.) within the site
of interest in comparisoito the baseline status. This indicator, which is related to water demand and
potable water flows, is a measure of the reduction (or in some cases the increase) of the
environmental pressures on water resources, which can also be translated into econoreid ber

cost).

A reduction in potable water consumption can be achieved through the implementation of

decentralised water technologies, including water recycling technologies, the use of-effibéent
appliances and technologies, as well as a change ¢ I G SNJ dzd SNA Q (Baksdt BI.PJA 2 dzNI f
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2018).Within the context of NBS implementation, the effect on water consumption is twofold. There

is an obvious increase in water consumption due to the introduction of new uses within a site in terms

of irrigation needs for the new greenery. However, this @ase in potable water demand could be
counterbalanced with the parallel exploitation of locally sourced water that could be used for
irrigating the NBS. Moreover, since these decentralised water systems will already be installed on site

for supportingtheb . { = G KS& O2dzZA R | ta2 O20SNJ LI NI 2F GKS &
flushing or irrigation of existing green areas. Such an environmentally conscious intervention could
GKSNEF2NBE LINBY23GS OANDdzZ I NA (i & entage EM§OOAHibcasted 3 (K S
previously, but also reduce existing environmental pressures and create economic benefits though

the reduction of the initial potable water consumptioBEH464a).
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This indicator can be estimated via UWC modelling in UWOT agiady time step and simulations

for at least one year, even though much longer timeseries would provide more reliable information

due interannual climatic variability. The data required to estimate this indicator includes the potable

water consumptionn the original state (baseline consumption) and the potable water consumption
F2tt26Ay3a GKS SEFYAYSR AYOUSNBSyidiArAz2y FT2N 020SNAy3
4 GKS LISNOSydal3IsS OKFy3aS Ay K Sfollawing &@efion L2 i 6t S 6

co 0® 0O (16
o P
Where:
PW, total volume of potable water (central system) supplied to the site in the baseline scenario
(m°)

PWs  total volume of potable water (central system) supplied to the sitedenario i (i)

The output timeseries used for the calculation of the volumes of potable water are the same as
described inNVater Reuse (EI6b)andFigure45. Inthe case that the potable water consumption in a

scenario is larger than the baseline consumption, then the indicator receives a negative value which
AYRAOIFIGSa LRGlIoftS 46 0SN) aallSyRAy3Iaé¢ AyailiSIR 2F 2
value forthis indicator is 100%, when no potable water is used on site (ideal condition).

3.3.4 Stormwater management

Stormwater treated/managed locally (E48b)

The indicatorEF48 has been split into two sulmdicators to account for the different types of urban
water flows, i.e. stormwater and wastewater. In this section the indicator related to stormwater is
analysedstormwater treated/managed locally (E#8b). This indicator is defined as the percentage
of stormwater managed locally within the site instead of eirtg the central stormwater network. It

is related to stormwater flows and is a measure of circularity for the site/area of interest.

NBS intercept part of the rainfall directly through infiltration in the permeable vegetated areas and as

a result stormwéer runoff entering the central stormwater network is reduced. Furthermore, when
F2a20AFGSR b.{ adzLIRNIAYy3I AYyISNBSyiliAz2ya FNB | faz
impermeable surfaces for the irrigation of the new greenery, additist@imwater runoff is achieved
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in an indirect manner. This function has a direct impact on flood mitigation, increasing the resilience
of the urban system to flood events, but also contributing to circularity by managing stormwater flows
within the site ingead of burdening the central system in terms of transportation and treatment,
reducing thus the associated costs in the context of the entire urban water cycle.

This indicator can be estimated via UWC modelling in UWOT using a daily time step andaisulat
for at least one year, even though much longer timeseries would provide more reliable information
due interannual climatic variability. The data required to estimate this indicator includes the runoff
generated from the site before any interventionsaéeline) and the resulting runoff following NBS
implementation. The indicator is calculated as the percentage decrease in stormwater entering the
central stormwater network with the following equation.

0o Yo Yo (17
NG Pprm

Where:

SW, total volume of stormwater generated from the site in the baseline scenarfp (m
SWs  total volume of stormwater generated from the site in scenario ¥)(m

For the calculation o8Wthe aggregated runoff signal for the entire site, originatingm all the
different model elements (impervious, pervious and NBS areas), and the related output timeseries are
used Figure46).

ofa|_runoff total_runoff logger

[S5gna

oial_green_roof_demand_logger

rwh_tank_spill

Figure46 Example of UWOT topology for calculation of the total runoff from the site

Runoff coefficient (EbO)

Runoff coefficient (EbO)is defined as the ratio of stormwater runoff volume draining from a site of
interest to the total volume of precipitation. The indicator is related to stormwater flows and flood
mitigation/risk.

As discussed above, NBS intercept part of the rainfalluinoinfiltration (reduction of runoff

coefficient), reducing therefore the volume of water going to the stormwater network and reducing
the risk for urban flooding. ThRunoff coefficientan be estimated either through monitoring or
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modelling. There areifferent types of models with varying level of complexity. UWOT can provide a
simplified calculation of th&unoff coefficientmostly in terms of annual estimates, in the case that
more elaborate, specialised rainfall runoff models are not used for afspsite.

For the purposes of obtaining annual estimates of this indicator UWOT can be run using a daily time
step and simulations for at least one year, even though much longer timeseries would provide more
reliable information due interannual climati@riability. The data required to estimate this indicator
includes runoff volume generated from the site and the precipitation volume corresponding to the
siteand t is calculated from the following equation

00 - (19)

Where:
SW total volume of stormwater generated from the site (within the reference period) (m
PV total volume of precipitation on the site (within the reference periodfYm

SW is calculated as in the casd&d8b (Figure46) andPVby multiplying the model input time series
of precipitation with the area of the site.

3.3.5 Wastewater management

Wastewater treated/managed locally (E48a)

Wastewater treated/managed locall(EF48a)is defined as the percentage of wastewater managed
locally within the site instead of entering the central wastewater network. It is related to wastewater
flows and is a measure of circularity for the site/area of interest.

NBS supporting interveions such as greywater recycling systems intercept part of the wastewater
generated on site to use it for irrigation purposes following its appropriate treatment. This results in
the reduction of wastewater flows entering the central wastewater netwonkl @irected towards
central wastewater treatment plants, alleviating thus the pressure from central infrastructure and
reducing the associated costs as well.

This indicator can be estimated via UWC modelling in UWOT using a daily time step and simulations
for at least one year, even though much longer timeseries would provide more reliable information
due interannual climatic variability. The data required to estimate this indicator includes the
wastewater generated from the site before any interventiobageline) and the resulting wastewater
following NBS implementation. The indicator is calculated as the percentage decrease in wastewater
entering the central wastewater network with the following equation.

o 00 00 a9
oo P

Where:
WW, total volume of wastewater generated from the site in the baseline scenarfp (m
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WWs; total volume of wastewater generated from the site in scenario)(m

For the calculation o'WW the aggregated wastewater signal for the entire site, originating from all
the different model elements (household appliances), and the related output timeseries are used

(Figure47).

oial_wastewater_|ogger

Figure47 Example of UWOT topology for calculation of the total wastewater from the site

(Additional) Wastewater Treatment Coverage (&T)

This indicator measures the additional wastewater treatment acd@shpd through the
implementation of a relevant NBS employed for water/wastewater treatment. It is related to
wastewater flows and is important for boH&WB through the provision of adequate sanitation, as
well as environmental protection.

This indicadr can be monitored or modelled. UWOT could represent in a simplified manner such a
water/wastewater treatment NBS and function. It is calculated as the percentage of the treated
wastewater by the NBS over the total wastewater on,sée given by the fallving equation.

W w
0® Y —— 20
OX o Pnn (20
Where:
WWirr volume of treated wastewater by the NBSHm
WW total volume of wastewater at the site (in

The output series used depend on the model topology and specific application, but gendtally
and outflow volumes would be required.
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3.3.6 Water-related energy (savings & costs)

Avoided or additional net energy consumption (or GHG emissions34[|

IndicatorEF44 is defined as the avoided or additional net energy consumption (or associated GHG
emissions) due to NBS implementation. It is related to climatic resilience, environmental sustainability
and can also be translated into economic benefit or cost.

The implenentation of NBS could result in energy savings (e.g. heating and cooling, energy for the
UWC- upstream or downstream, etc.), but alsoadditional energy consumptiofe.g., onsite water
treatment, water supply, illumination, etc.). All the differeneeients need to be taken into account

to estimate the net energy spending or savings (or associated GHG emissions based on the
corresponding emission factors) resulting from NBS implementation to assess the environmental
sustainability of the interventioras well as the associated economic benefit or cost.

In the current analysis we are specifically dealing with the energy related to the urban water cycle and
the total energy consumption for ossite water management (E#4a), which can be estimated
through UWOT simulationssing a daily time step and simulations for at least one yBaki and
Makropoulos, 2014)The data required to estimate this indicator includes the energy consumed by
the different waterrelated technologies/appliances used at the stel it is calculated as the sum of
these energy consumption elements with the following equation.

g0 YO "YO§ (21)

Where:
TEG total energy consumption for water pumping on site (kWh)
TEG total energy consumption for localater treatment on site (kwWh)

The model output timeseries required to estimate these energy consumptions are extracted from the

energy pots corresponding to the UWOT elements of interest, including pumps, greywater treatment
systems, etc., and the groufisat these belong toKigure48).
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total_green_roof_demand total_greer|_roof_demand_logger
2 &=
Sum output (-} Signal (+/)

g O
ignal (+/-)

bg_shelter
LR e of rainfal (+]

Wit demand ()

bg_shelter_demand_logger

Signal (+/-)| &8 “Pump, gw_pumpiid omponent series ? s

Seriesid Object type Object (id) Series type
1 07 Group gw_pump (19)  Operstional cost Pot ‘
2 1706 Group gw_pump (19)  Capitsl cost Pot
3 1705 Group gw_pump (19 Evaporation Pot
41704 Group gw_pump (19 Leakage Pot
5 1703 Group pump (18] Ipfiltration Pot
(e 702 Group gw_pump (19)  Energy Pot
aw_tank w_water
total_deman
2 Copy Copy selected data | Chartselected data|  Save selected series | Save all series
SUM e

Figure48 Example of UWOT topology for calculation of energy consumption fsit@water managemen

To estimate the entire waterelated energy consumption component of teé44indicator, the entire

urban water cycle needs to be taken into account besides the site of interest. As mentioned previously,
the reduction in potable water consumption, aelMvas stormwater and wastewater entering the
central network system from the site translates to energy reduction upstream and downstream the
UWC. Specifically, the reduced potable water consumption results in reduced energy consumption for
conveyance, war treatment and distribution in the central water supply system, whereas the
reduced stormwater and wastewater exiting the site results in reduced energy consumption for
collection and treatment of these flows (Baki and Makropoulos, 2014).

Eventhough UWOT can be used to simulate the entire UWC of an urban area and hence estimate
these energy consumptions for all the different UWC phases in detail, such a modelling endeavour
might not be in the scope of a specific analysis. Alternatively, a sionglified approach can be
adopted by using energy intensity values of the different phases of the UWC of a particular urban
water system either from actual data or in the case that these are not available or known, use more
generic values from literaturéPlapally and Lienhard V, 2013). The analysis within the entire UWC
would result in the estimation of the avoided or additional net watelated energy consumption in

an annual basis (kWh/y). To convert this to Greenhouse Gases (GHG) emissions theezasdy

be multiplied by using the appropriate emission factors for each phase according to the energy source
utilised (kg Céay).
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3.3.7 Economic benefits & costs

As mentioned previously, some of the indicators relating to physical quantities could alsoblatea

into and expressed in monetary terms in order to also estimate the economic benefits and costs of a
particular intervention. Specifically, the indicatoPotable Water Savings (&ba) and Energy
Consumption (E44a)can be converted into monetamalues through the price of water and energy.

However, it needs to be noted that additional components need to be taken into account for a more
complete costenefit analysis, such as the whole range of operational, maintenance and capital costs
associatd with the NBS implementation. This is also related to indicgtt (Annual maintenance
savings from rainwater harvesting and / or greywater treatment andsage).

UWOT has the ability to include capital and operational costs @oitgponents and brands, therefore
it could be used as a tool for facilitating NBS dw=tefit analysis.

3.4 TheeuPOLI®IBS Urban Water Metabolism ResulBmashboard

3.4.1 Overview

TheeuPOLISIBS results dashboard is an interactiisualsationtool with the maingoal of presenting
key informationand simulation outputselated to the urban water metabolism aspect different
NBS scenarios to various groups of stakeholders in a caneiseer. The dashboard allows end users
to evaluate the performance of differedBSnterventionssupported byariousdecentralsed urban
water systens, modelledwith the aid of UWO@andit can be used to support quantitative comparative
analyses and relevant decisions on the choice of the appropriate technical solution. Theamsaes\c

the dashboard results in a welased (browser) environment on their systems (i.e., computers, tablets
and/or smartphones) and need not have experience with Uw@dellingin local systems to view
and evaluate its contents; as such, the dashboard is a helpful decision support tool for stakeholders
interested in obtaining quantitative insight without going into detailntodellingspecifics and the
high-resolution data genexted from the model. The pool of potential end users inclujlepecialised
groups of stakeholders, such agty urban plannersand engineers,architects, wuban designers,
landscapespecialists andurban water management consultants) decisionand polcy makers
includingcity authorities,city operators approval bodiesandrelevant politicalstructures but could
also includemore generallyiii) local community organisationgjtizens groupslocal residentsand
property owners

3.4.2 Description

The main @inctionality of the dashboard is to be used as a presentation interface, as well as an
information abstraction layer, between the UWOT NB&lellingresults and the users interested in
obtaining quantitative insight without going into detail imodelling specifics and the raw data
generated from the model. The overall dashboard architecture follows the backend/frontend
softwaretemplate,and two distinct communicating modules (information layexsg distinguished

A the data accessnodelling,and analysis layer, which groups the actions needed to efficiently
simulate, store, and retrieve information about the NBS, as well as analyse and handle
information accordingly before presenting it to the user. This layer utilizes the UWOT model
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to simuhte different NBS interventions and is not directly viewed by the end user, as it is
handled by the backend module.

A the presentation layer, i.e. the layer encompassing the actions to display information to the
end user in a welbased environment. This ike layer that the end users interact with and
is called the frontend module.

An overview of both information layers and how they interact can be seé&tigure49. At the right

side, the backend module handles UWOT model input/output (I/O) behind the scenes, including
loading data from a model input database based in SQLite (i.e., a technology library that includes all
possible NBS options and their kagyributes) and outputting data to a tabular model output database

that includes general scenario parameters, hydrological timeseries of the system resptmsnce

the model output information is obtained, a distinct subprocess within the backend laldted

lines) handles data analysis, aggregation and pivoting. This subprocess produces a communication file
(JSON) that is readily usable by the frontend module and includes the information necessary for
visualsation (including pivot tables and the levant NBS metri¢euPOLISndicatorsdescribed in
Section3.3). To enable communication between the two layers, JSON (JavaScript object notation) is
used as an open data protocol close to the frontend language (JavaScript) that allows the flexible
storage of heterogeneous data as keglue pairs and arrays. MoreoyefSON is both human and
machine readable, and is thus easy to maintain, control and expand, while at the same time being
computationally efficient. One JSON file is produced\BEscenario and then communicated to the
frontend module.

euPolis NBS dashboard architecture

frontend communication
data

et file S
§-|— f /analysw/plvotlng
1

=
o / . P backend \
main view of user interface . {; /<|

scenarios I [JSON o I
uil | I a : simulation engine
— — — — — S— /
L!‘ - P (UWOT)
/ %‘“I_
presentation model output -
of dashboard K databasf —
results ' 4

model input
database

Figure49 Overview of the dashboard architecture

Following the generation of the JSON file(s), the frontend module (left sigligofe49) is tasked with
displaying dashboard information to the end user, including the main view of scenarios and
presentation of dashboard results. The frontend module displays results in a brgwsbpage)
environment and works with popular browsers (Google Chrome, Mozilla Firefox, Internet Explorer).
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The programming language used for the backend development of the application is Python 3.x and its
most widely used data analysis and communigatliibraries (numpy, pandas, json). Calls to the
simulation model (UWOT) are done through the UWOT Python API, as well as libraries that handle 1/0
file reading, such as pandas and xlread, while UWOT itself is built using Python and C. For the frontend
devdopment, the webpage design is based on the markup language HTML5 and the style sheet
language CSS3. Additional styling has been achieved using the popular CSS framework Bootstrap.
Manipulation of all HTML elements and handling of the JSON file informigtidane by using the
Javascript programming language. All charts of the application have been created via the Javascript
visualsation framework called chart.js.

Metabolismbased NBS Planning and Simulation Toolkit

3.5 Connection to theeuPOLI®ata Management System (DMS)

The Data Management System (DMSeoPOLISdocumented ineuPOLIDeliverableD5.4, is the
middleware component that stores all results and information from otkePOLISpplications,
mobile apps and IoT devices. Data is captured in this cesgtdaiepasitory to be further processed

and analysed with the goal to visualize and supporten®OLISnodelling, planningand design of

NBS. Communication with the various components, one of which is the NB&etAlolismToobox

is achieved via REST API wiscbxposed by the DMS. Following the Representational State Transfer
(REST) architectural constrains, clients communicate with the DMS independently of the programming
language and technology in which they are implemented. The NBSlet#holismTooboxuses this

type of communication to make its data available to the Visualisation To@dskbI7 and through it

to the enduser of theeuPOLISystem via the DMS. Upon availability, data are posted in csv format
for each pilot city and include simulation segions, timeseriesand indicators. The DMS is processing

the requests and is capable of identifying the pilot site and the simulation scenario and then storing
the available data in structured form. Further, these data are available through restful ersl |t

follow the JSON standard. Further details on the endpoints are available in D5.4. The resources of the
DMS are accessible only by autlsed components, while the communication is over encrypted
channels. This means that both the NBS M¥#fabolismTooboxthat needs to publish data via HTTP

and the Visualisation Tool that need to access these data must first successfully complete the
authentication process by logging in to the system with their credentials.
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4 Case Studyg NBSUrban Water MetabolismToolbox Application

4.1 Ralleian School Piraeus pilot description

Ralleio school is one of the pilot locations in tleePOLIEront Runner City of Piraeus. It is a school
with a long historydating back to the mid9th centuryin the City of Piraeus and operates as an
Experimental School overseen by the Department of Education of the University of Athens. Its
innovative nature, due to experimentation with different teaching approaches in primary education
and its participationn various educational research programmes and other research initiatives, make
it ideal as areuPOLIilot siteand washerefore selected as one of the thremuPOLIgilot locations

in PiraeusKigure50). It wasalso choserior the work carried out within T5.6s a case study for the
implementation of the NBS Urban Water Metabolism Toolboxfanthis purposerange of different
potential NBS interventiong/ere investigated for implementation in the schaodrhis initial toolbox
implementation analysis and its results gmesentedin this chapter

Ralleion School is located on no. 3 of Alexandrou Street (corner of Tzavedia séeFigure51) and

liesa short 5min walk from Akti Dilaveri and 4fdin walk from Mikrolimano areaFigure50). It is
comprised of 2 classroom buildings, a méltaction hall, the courtyard, a basketball court, a small
garden, a tree grove, separate toilet rooms for students and staff, the school cantina, a kitchenette,
anoffice spae for teaching staff, auxiliary rooms and the seypen areas connecting buildings. There

are two existing green areas, the tree grove on the south side and a small garden near the entrance
(Figureb2 andFigure53).

The total school area 8177.26 n% of which2,542.26 nt are impervious areas and the remaini®8s
m? pervious areas. The detailed area breakddiwi) of the various school spaces is showd able

o s (5,
Wt KAS TIE Il AVKASTE
Mikrolimano
-y 14
s
2
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B4V aroulko Seaside

A
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Fiure50 euPOLISiIotsinPiraeusénd the Ralleion School complex

[} = ~
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Table6 Floor areas of Ralleion School premises

School Floor Surfaces @n

North ClassroonBuilding 327.6
South Classroom Building 327.1
Multi-function Hall 307
Connecting corridor 34.7
Entrance 141
Shelter 269.3
Stairwell 23.6
Basketball court 500
Stairs 8.96
Courtyard 603

Small garden 81

Tree grove 554

Figure51 The Ralleion School complex in Piraeus

As an Experimental school, Ralleion hosts three different modes of primary school (sgaly¢hree

seat and singleseat) corresponding to the needs of areas with different population densities, so that
new teachers can acquire experience in all modes. Because of this feature the school size is large,
comprising 380 students, 40 teachers and 3 persons cigastaff. The number of students in the-all
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day school program (students staying past the end ofdfamdardschool day) is 101. In addition to
the above, each July the school hosts summer camps with a total of 125 children.

The climate in the school aaes typically Mediterranean with mild winters and hot summers. The

school is connected to the water supply network from Alexandrou Street and is equipped with a
RSRAOFGSR 41 GSNI YSOUGSN® {{i2NX¥gI GSNI FNRY (kS aOKz2?2
collected in a main drain which heads to the southeast corner of the lot and discharges into the main
stormwater drain underneath Tzavella sét. The school water supply is also connected to the
neighbouring primary school covering part of its wadlemand.

Figure52 Pictureé of the various school spaces, the entrance (upper left), the basketball court (upper right), the
courtyard and the tree grove (lower left) and the small garden (lower right)

4.2 Baseline model

The exidghg situation at the school was simulated first to servéh@Baseline Scenario and for model
calibration purposes. The Baseline scenamdich was seup according to the methodology
described in summary in Secti@2.1, refers tothe schoo2 &  deMderlcyle as it is described by
data on the scho@l@centwater consumption and other informatiamlating tothe existingsituation
(see Sction 4.2.1). The school populatiofwater user$ for the Baseline scenaris considered
constant for the NBS scenarios as well, since the gdalssnulate thepotential differenceon the
school @ daMbricyéledue to theNBSmplementation while all other factors remain the same.
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Figureb3is a satellite image of the school as it exists today. This image will be used as visual reference
and as the backdrop for showing the various NBS implementations later on aethisrable

qagle Eart

Figure53 Existing situation at the Ralleion ScheBlseline Scenario (Google Eafth)

4.2.1 Input data & model schematisation

Therequiredinput data for the baseline scenarwonsist ofthe followingdata types

9 Hydroclimatic data

1 Water consumption data

1 Other supplementary data

9 Data onthe number of Users (permanent and seasonal, elgringsummer camps)
1 In-situ flow and external taps usage measurements

Hydroclimatic data

The hydroclimatic data usddr the baseline and athe examinedNBS scenarios ambtainedfrom

the nearby automatic meteorological station of Piraeus Athens Marina which lies very close to the
school area. This station is part of the National Observatory of Athens (NOA) network of
meteorological stations. The location of the station in relation to the Ralleion School building is shown
in Figure54.

Data on dailyrecipitation, maxmum, minimumandmean daily temperatureand average daily wind

speed were obtained from this station. Data on sunshine duration were obtained from the
Meteorological Service (HNMS) Hellinikon station which is located further down the Attica coastline.
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The mean monthly Jaes of the above climatic parameters for the period 22D21 are shown in
Table7.

Ralleion School Pilo \_':'

= T TR T T

Ralleion School
Meteorological
station

S A & AN = - 2 /208m

4 ¥4 3 &oii g < o/
Figure54 Location of Piraeus Athens Marina metelogicalstation in relation to the Ralleion School building

Table7 Mean monthly meteorological data froRiraeusAthens Marina and Hellinikametearological stations

Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun Jul Aug | Sep
Max' | 538 | 195 | 154 | 136 | 150 | 168 | 19.7 | 24.1 | 28.4 | 32.6 | 331 | 28.7
Temp (C)
LAl 179 | 138 | 98 | 78 | 94 | 112 | 140 | 185 | 225 | 26.0 | 26.4 | 22.6
Temp (C)
Mean

207 | 166 | 125 | 108 | 12.2 | 139 | 16,7 | 209 | 252 | 289 | 29.3 | 25.3
Temp (C)
Wind
Speed | 2.32 | 252 | 2.76 | 3.06 | 2.84 | 2.88 | 2.60 | 253 | 2.64 | 2.94 | 2.92 | 2.65
(m/s)
S‘zﬂf:)'”e 205.7| 141.2| 118.4 | 136.7 | 140.6 | 184.8| 231.9| 288.2 | 348.0| 360.3| 335.7| 268.8

Water consumption data

Water consumption data were obtained from the water bills issued by the Water and Sewerage
Company of Athens (EYDAP) for the period 202021. As mentioned, the school has a dedicated
water meter. Water consumption is measuredsightlyvariabletime intervals, usually every three
months. The data are presented Tiable8. The water consumption data were the main data used in
the model calibration.However, the measrement marked in red colour was excluded from the
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calibration process a@swas not considered reliabknd was probably an error since it was significantly
lower than all other measurements.

Table8 Ralleion School water consumption data

Consumption Period Water Quantity (nr)
From To Water Utility Data
19/07/2017 16/01/2018 665
17/01/2018 18/04/2018 377
19/04/2018 14/07/2018 443
15/07/2018 22/10/2018 327
23/10/2018 10/04/2019 135
11/04/2019 09/07/2019 414
10/07/2019 15/10/2019 95
16/10/2019 21/01/2020 255
22/01/2020 06/05/2020 209
07/05/2020 05/08/2020 175
06/08/2020 15/01/2021 189
16/01/2021 14/04/2021 204
15/04/2021 12/07/2021 198

In-situ flow and external taps usagmeasurements

With the aim ofgainng some insight on the frequency and amount of water use by the students in
the school, a series of 4situ measurements were conducted time periodMay ¢ June 2021 during
normal school operating hourd\ series of obsemtions and measurementaere carried outto
determine the consumption of théwo external tap groups to aid in the calculation of greywater
production/availability. The external taps were chosen because their observation was less disturbing
to the school peration; in addition,the presence oéxternalobservers in theschooQ iaternaltoilets

was not permitted.

Measurements were conducted for one whole school week for each external tap drotiglly, the

flow rate of the taps was established using@Wwn volume container and a chronometer. The average
flow rate of all taps in each group was used as the representative value for the group. The average
flow rate was estimated 0.06 I/s for the first group and 0.058 I/s for the second group. It must be
noted that all taps are equipped with butterfly type switches which allow only fully open or closed
flow positions.Secondly, the frequency and time of tap use was determingd direct observation

and measurement. Observations were made according to a pesoéhed schedule which was
designed taccount forobservationscarried outin every class break andriotating order by weekday

so thatallinstancesf student presence in the courtyaidere covered.

The frequency of use was determinedual t0162 times/week for the first group and 138 times/week

for the second group. The average time each tap remained flowing was determined to be 16.6 seconds
for the first group and 15.6 seconds for the second group. These data resulted in the estimation of
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average ta@ consumption of 0.963 l/use for the first group and 0.940 l/use for the second group. The
observation schedule used with frequency and flow time dathown inTabk 9.

The measured @a on external tap water use were used to provide estimatesatker consumption
for the relevant brands of UWOT for the modelling of the existing situation (baseline).

Tabk 9 External tap water use observations

East tap group Observation

School
break

1st

2nd

3rd

4th

schedule
1st Week
Monday Tuesday Wednesday Thursday  Friday
Legend
Frequency
5 23.26 18 10.6 21 (times taps
opened)
Average
28.5 9 14.4 43 16.6 time tap
open (s)
7 15.23 23 13.5 5
- 16 10.7 15 -

Other supplementary data

Other data collected fothe baseline simulatiomncludethe following:

1

|l

Floor areas an@levations of the various parts of the school building were estimated from
building drawings obtained from the school management.

School operation detailsuch as daily schedule, numberefistingstudents and stafand

data on summer camp attendanosere provided by the school management

No water from the central supply is used for watering the tree grotree grove is self
sustained through rainfall and available soil moisture. Watering of the small garden takes
placeduringthe summer months.

Other wses include the provision of water to parts of the neighbouring primary school. This
has been the casedm before the present managemerthat currentlyruns the school, and

the exact reasons are unclear (possibly for technical convenience). However, theiggsct
supportedare known the kitchen and outside tapsand thereforethis demand could be
estimated approximately equal 00 I/d.
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The simulation of theschools baselineurban water cyclewas based on the following UWOT
elementgcomponents

Two (2) external tap groups (Hand Ba@iB)componen)

One (1) school staff toilet (WE©mponen)

One (1) student toilet (W€omponen)

One (1) internal hand basin for students (Hand bésliB)componen)

One (1) internal hand basin for school staff (Hand bé&sB) component

One (1) kitchen (kitchen sirfKS) componeit

One(1) outside use (OWomponentrepresentingthe washing othe courtyards

One (1)outside use (OWomponent representing thgardenirrigation

The supply to the neighbouring schaepresented by an input signal (IN)

The impervious area of the school roofs and y@dnapervious area (IM) component)

= =4 =4 =4 =8 =8 -8 -8 -89

Detailson the specific component brands used for Raldiaseline modehre providedin Tablel0
and the overalUWOT schematation of the baseline modeils shown inFigure55. Schematisation
detailed views oUWOT components used are showrFigure56.

The general parameters and baseline model parameters related to the different surfaces in the school

which are used respectively for indicator calculations and within the mb@deke been set according
to the information in Sectiod.1and are shown iTablell.
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Tablel0Baseline Scenario brand configuration

Frequency Demand Occupancyfo. of users) Brand€)
of Use Fluctuation pancyxo. Water Use
190- normal operation
Externalr(;l'fp;s (el 2/day 1 0-when closed 0.94 L/use
group 63- during summer camps
190- normal operation
S VEIS (2 2/day 1 0-when closed 0.963 L/use
group) .
63- during summer camps
' 380- normal operation
e aEe SiLee 2/day 1 0-when closed 0.963 L/use
wcC .
125- during summer camps
40- normal operation
Hand basins Staff WQ 2/day 1 0-when closed 0.8 L/use
15- during summer camps
380- normal operation
WC Students 1/day 1 0-when closed 9 L/use
125- during summer camps
40- normal operation
WC Staff 2/day 1 0-when closed 9 L/use
15- during summer camps
20- normal operation
Kitchen sink 1/day 1 0-when closed 2.1 L/use
20- during summer camps
1/5 days in
winter
Garden 1/3 days in 1 1 81 L/use
summer
1/15 days
Outside use O when 1 1 500 L/use
school
closed
External Taps
(Neighbour school) 1/day 1 1 0.963 L/use
Kitchen (Neighbour 0.5/day 1 190- normal operation 21 L/use
school) 0-when closed

Tablel1 Ralleion school general and baseline model parameters

General parameters

Total site surface (A) 3177
Pre-existing green surfaces @n 635
Impervious surfaces baseline scenarigym 2542
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== {EI

Figure55Baseline schemation in UWOT

1. School appliances 2. Outside use and Garder
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Figure56 Components used for Baseline scenéitail view)
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4.2.2 Model calibration

Thebaseline model was calibrated against the observed water supply consumption as provided by the
water supply utility. The measurements concerned the period fror7T-P®17 up to 127-2021.

The model performance is evaluated using the follovgogdnessof-fit metrics: (a) the Nasisutcliffe
coefficient (NSE) and (b) the sum of squared differences between observed and simulated values. The
metrics are computed according to the following equations (Legates & McCabe, 1999):

() 0 "YO pgt ——— (22)
0 YYD YOaQB O 0 (23
where:
R the simulated values
O the observed data
0 the average of the observed datand
n the number of simulation timesteps.

1{9 GF1S%a Okt di2a mo SRAIKS ydrditating abetrfnddelSiNCohvRrsely,
SumSQ indicates a better fit when its value is closer to zero.

The water supply utility bills refer tthe accumulated consumption ovéhree-month periods. The
model results were aggregated to the same time periods corresponding to the observed data for
comparisonAn initial run was made to check the model performantile observed consumption
data together with the initially simulateddseline and their difference are shownTiablel2. Figure

57 shows the results in graphical form.

Tablel2 Initial baseline model simulation results

Consumption Period Water Consumption (m)

From To Water Utility Data (Ba'\élgl(ijrila rgzsgario) Difference

19/07/2017 | 16/01/2018 665 353.46 311.54
17/01/2018 | 18/04/2018 377 226.55 150.45
19/04/2018 | 14/07/2018 443 219.81 223.19
15/07/2018 | 22/10/2018 327 149.96 177.04
11/04/2019 | 09/07/2019 414 187.14 226.86
10/07/2019 | 15/10/2019 95 118.81 -23.81
16/10/2019 | 21/01/2020 255 235.51 19.49
22/01/2020 | 06/05/2020 209 141.18 67.82
07/05/2020 | 05/08/2020 175 111.44 63.56
06/08/2020 | 15/01/2021 189 212.45 -23.45
16/01/2021 | 14/04/2021 204 74.69 129.31
15/04/2021 | 12/07/2021 198 152.19 45.81
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Figure57 Initial model fit to observed data

It was immediately observed that there were two distiticte periods of model performance within

the entire simulation period: for the first period endingn 9-7-2019 the observed comsnption is
consistentlyhigher than the simulad one whilst in the second period endirmg 12-7-2021 there is
relatively good agreement betwedhe observed and simulated values. More specifically, fron719
2017 to 97-2019 there is an almost constanifférence between observed and simulated values of
the order of 100 miper threemonth period for unknown reasons. Taken at face value, this difference
amounts to a significant change in consumption after July 2019 which is not justified by any
documentedchange in the school populatidusers It was thought that maybe the summer camp
operation influenced the consumption during this period, however this was not supported by the data
as summer camps occurred after the change in consumption as well.

Severalattempts were made to change model parameters and forcings to improve the fit in this

period. It was possible to tweak the model to achieve a good fit in this period, but this came at the

cost of losing the good fit in the second period2-2019 to 127-2021. It was presumed that this
RAFFSNBYOS aK2dzZ R 6S FOGNAROGdziSR (2 a2YS dzyR2 OdzY S
at some point identified and fixed. However, to investigate further we performed two different model
calibrations, each considag as valid the observed data only in one of the two periods. We named

the two investigative calibrations as

9 Version 1, calibrated on data for the period-I72017 to 97-2019 and
9 Version 2, calibrated on data for the period-7€2019 to 127-2021

usingdifferent assumptions in each case, as showmhahlel3.

The goal of this exercise was to see if there was some plausible combination of model parameters and
assumptions that could produce the observed outcome in each of the data periods and allow insight
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as to whether the observed difference wmater consumption could be attributed to a change in

consumptive behaviour of the school populatiosers

Tablel3 Differences between the two calibration versions of the baseline scenario

Baseline scenario versions

Frequency of Use

Outside use

0 when closed

Version 1 Version 2
WC Students 1/day 0.5/day
1/15 days 1/15 days

0 when closed

1/15 days (even after 10/202@uarantine)

Version 1 calibration

Version 1 was calibrated using observed data in the period 19/7/2017 to 9/7/2019. The results are

shown inTableld. Tablel5shows the objective function metrics for tlspecificcalibration period. It

is observed that changing the model assumptions reduced the difference between observed and

simulated values significantly.

Tablel4 Simulated vs. observed values for Version 1 calibration.

Consumption Perid Water Consumption ()

From To Water Utility Data (l\I/IS(z)i(iilli:"neeSLéI::enario) Difference

19/07/2017 | 16/01/2018 665 578.59 86.41
17/01/2018 | 18/04/2018 377 374.02 2.98
19/04/2018 | 14/07/2018 443 362.71 80.29
15/07/2018 | 22/10/2018 327 243.68 83.32
11/04/2019 | 09/07/2019 414 307.80 106.20
10/07/2019 | 15/10/2019 95 191.11 -96.11
16/10/2019 | 21/01/2020 255 388.34 -133.34
22/01/2020 | 06/05/2020 209 232.34 -23.34
07/05/2020 | 05/08/2020 175 182.69 -7.69
06/08/2020 | 15/01/2021 189 343.83 -154.83
16/01/2021 | 14/04/2021 204 122.95 81.05
15/04/2021 | 12/07/2021 198 250.42 -52.42

Tablel5 Goodnes®f-fit metrics for Version 1 calibration.

Period 19/07/2017 to 09/07/2019

NSE

0.821

SUM (Observedviodelled)?

32144.81

Period10/07/2019 to 12/07/2021

NSE

0.350

SUM (Observedviodelled)?

60909.98
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The result is graphically shownkigure58 andFigureb9. It is seen that forcing the model to adapt to
the earlier period of data produces awverall result whichpoorly fits the latter period (from 167-
2019 onwards)while model performancevaluatedover the whole period of data is average at best.
This indicates that perhaps the increased consumption in the first period should not be atfitmut
consumptive behaviour.
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Figure58 Comparison of observed data and simulated results from Version 1 model
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Figure59 Observed vs simulated consumption according to Version 1 model calibration

Verson 2 calibration

Version 2 was calibrated using observed data in the period 10/7/2019 to 12/7/2021. The results are
shown inTablel6. Tablel7 shows the objective function metrics for this calibration period. Again, as
in the case oWersion 1, it is observed that changing the model assumptions reduced the difference

between observed and simulated values significantly.

Tablel6 Simulated vs. observed values for Version 2 calibration

Consumption Period Water Consumption ()

From To Water Utility Data | Model result (Baseline Scenario)| Difference
19/07/2017 | 16/01/2018 665 420.66 244.34
17/01/2018 | 18/04/2018 377 270.56 106.44
19/04/2018 | 14/07/2018 443 262.47 180.53
15/07/2018 | 22/10/2018 327 177.94 149.06
11/04/2019 | 09/07/2019 414 223.15 190.85
10/07/2019 | 15/10/2019 95 140.33 -45.33
16/10/2019 | 21/01/2020 255 281.13 -26.13
22/01/2020 | 06/05/2020 209 168.38 40.62
07/05/2020 | 05/08/2020 175 132.72 42.28
06/08/2020 | 15/01/2021 189 253.31 -64.31
16/01/2021 | 14/04/2021 204 91.85 112.15
15/04/2021 | 12/07/2021 198 181.52 16.48
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Tablel7 Goodnes®f-fit metrics for Version 2 calibration.

Period 1907/2017 to 09/07/2019 Period10/07/2019 to 12/07/2021
NSE NSE
0.095 0.753
SUM (Observedodelled)? SUM (Observedodelled)?
162264.74 23159.81

The result is graphically shown kigure60 and Figure61l. It is observed that Version 2 model fits
better to its calibration period while the flerence with the first period remains very high. This leads
to the conclusion that the increased consumption recorded in the earlier time period (b&tbre
2019) is probably not due to a different consumptive behavibut since itis systematic andimost
constant itindicatesan undocumented los®(g. possibha leak that was later identified and fixed).
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Figure60 Comparison of observed data and simulated results from Version 2 model
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Consumption per threemonth periods
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Figure61 Observed vs simulated consumption according to Vegsinadel calibration

Based on thaboveinvestigation a final calibratiowaspursued using the latter period as calibration
data,and adjusting the model to represent thedocumented leak.

Final calibration

In order to obtain a final calibration of the model with common assumptions on brand parameters
across the observed data period, the latter period data (aftef74D19)was adopted as being
representative of the actuakchool consumption and the modelas adjusted to reflect the
undocumented loss that occurred prior to July 2019. For phigpose,an input component which
produces a single constant daily demamasintroducedin the model The value of this daily demand
wasadjusteduntil the best match across the whole datasedsfound. The best fitvas reachedor a
constant loss demand of 3000 I/d or 3.G/day.

The results of the final calibration are shownTiable18 and Tablel9. In Figure62 and Figure63 the

good fit achieved throughout the available data permah be observedafter the adjustment for the
final calibration. The overall odel fit per the NSE metric is 0.88.
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Tablel8 Simulated vs. observed values for the Final calibration.

Consumption Period

Water Consumption (m)

From To Water Utility Data Model result (Baseline Scenario) Difference
19/07/2017 | 16/01/2018 665 687.96 -22.96
17/01/2018 | 18/04/2018 377 452.06 -75.06
19/04/2018 | 14/07/2018 443 427.47 15.53
15/07/2018 | 22/10/2018 327 280.24 46.76
11/04/2019 | 09/07/2019 414 371.65 42.35
10/07/2019 | 15/10/2019 95 140.33 -45.33
16/10/2019 | 21/01/2020 255 281.13 -26.13
22/01/2020 | 06/05/2020 209 168.38 40.62
07/05/2020 | 05/08/2020 175 132.72 42.28
06/08/2020 | 15/01/2021 189 253.31 -64.31
16/01/2021 | 14/04/2021 204 91.85 112.15
15/04/2021 | 12/07/2021 198 181.52 16.48

Table19 Goodnes®f-fit metrics for the Final calibration, for the total time period (left), the latter calibration
period (centre) and the earlier data period (right)

Total period Per. 10/07/2019 to 12/07/2021 Per. 19/07/2017 to 09/07/2019
NSE NSE NSE
0.877 0.753 0.942
SUM (Observedvodelled)? SUM (Observedodelled)? SUM (Observedodelled)?
33542.32 23159.81 10382.52
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