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Executive Summary 

Deliverable 5.6 summarises the work that has been carried out within Task 5.6 "Metabolism-based 
NBS Planning and Simulation Toolkit" within the project period M12-M24. The present deliverable 
presents the euPolis NBS Urban Water Metabolism Toolbox, which has been developed within Task 
5.6 with the aim of facilitating an innovative urban metabolism approach centred around urban water 
fluxes for the planning phase assessment and design of NBS in cities. The Toolbox comprises three 
sub-components, the Urban Water Optioneering Tool (UWOT) (A), the linkage with and estimation of 
the euPOLIS Performance Indicators (B), and the NBS Urban Water Metabolism Dashboard (C). Their 
characteristics, development, and customisation according to euPOLIS requirements are described in 
detail within the present deliverable. As a proof of concept, the developed Toolbox was thoroughly 
pilot tested in Ralleion School Complex, one of the pilot locations within Piraeus euPOLIS FR city. The 
case study implementation includes the baseline model set-up and calibration, NBS scenarios model 
development and simulations, quantification of the identified euPOLIS indicators, as well as scenario 
comparison. The Toolbox implementation in the selected case study, which was also visualised along 
with the associated model results in the developed wŜǎǳƭǘǎΩ 5ŀǎƘōƻŀǊŘ, revealed various insights 
regarding NBS deployment and assisted in the identification of various co-benefits, but also trade-offs 
within the specific pilot. 
 
Overall, it is considered that the proposed NBS Urban Water Metabolism Toolbox and the type of 
innovative integrated approach it employs for NBS analysis and design takes into account critical 
interactions and can therefore help identify synergies, as well as trade-offs resulting from NBS 
deployment, while also designing for the environmentally sustainability of the proposed interventions. 
The proposed approach can facilitate the comparison of different concept NBS interventions and 
intervention combinations through estimation of their simulated impacts on various environmental 
aspects related to the urban water cycle and consequently provide valuable insights and decision 
support in the planning phase for NBS selection and design. Finally, the Toolbox also supports euPOLIS 
stakeholder involvement and co-design processes through the visualisation of key NBS scenario 
information and simulation outputs that provide quantitative insight without the need for specialised 
technical knowledge and can further enhance effective decision-making 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 is άPublicέ. 
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1 Introduction 

1.1 Objectives/Scope 

euPOLISΩ main aim is the promotion of Nature-Based Systems (NBS) to enhance Public Health (PH) and 
Well-Being (WB), as well as to provide various environmental (including ecosystem services), social 
and economic benefits. To achieve this purpose, appropriate tools and models are needed for the 
effective analysis and comparison of NBS. Traditional urban planning practices entail the investigation 
of only a few technologies and interventions, on an ad-hoc basis. These are usually analysed in 
isolation without taking into account critical interactions, such as these between NBS and the existing 
legacy (grey) infrastructure, varying long-term climatic or social conditions, and without including 
stakeholders in the decision-making process. This could lead to sub-optimal 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 is central to the deployment 
of NBS, but also NBS implementation can play a key role to urban water management. The role and 
main aim of Task 5.6 and the relevant work carried out is the development of appropriate innovative 
technology for the metabolism-based design and assessment of NBS in cities centred around urban 
waterΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ǳǊōŀƴ ƳŜǘŀōƻƭƛǎƳ ŎƻƴŎŜǇǘΣ ǘƘŜ Ŏƛǘȅ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ŀ άƭƛǾƛƴƎ ƻǊƎŀƴƛǎƳέ ŀƴŘ 
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 
ŀǊŜŀǎ ŀƴŘ ǘǊŀƴǎŦƻǊƳ ƛƴ ŀ ŘȅƴŀƳƛŎ ƳŀƴƴŜǊ ƛƴ ǘƘŜ ΨōƻŘȅΩ ƻŦ ǘƘŜ ŎƛǘȅΦ !ǇǇǊƻǇǊƛŀǘŜ ǘƻƻƭǎ ŀǊŜ ǊŜǉǳƛǊŜŘΣ 
with the ability to simulate and quantify the main urban fluxes, such as water, waste, energy, CO2 
emissions, etc. as they move through the city and are being transformed by various processes. 
 
To facilitate such a metabolic approach the NTUA UWMH group has developed the euPOLIS NBS 
Urban Water Metabolism Toolbox, which comprises different elements. The Urban Water 
Optioneering Tool (UWOT) (A) is the main metabolism model of the Toolbox 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, CO2 ŜƳƛǎǎƛƻƴǎΣ ŜǘŎΦ ¦²h¢ ƛǎ ǿƘŀǘ ŎƻǳƭŘ ōŜ ŎŀƭƭŜŘ ŀ άŎƭƻǳŘ ǘƻ ǎŜŀέ ƳƻŘŜƭ 
of the complete urban water cycle. In other words, 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. Within the present task UWOT is customised and 
extended to simulate different types of NBS interventions and hence be able to simulate and evaluate 
the implementation of different conceptual NBS designs, as well as investigate the impact of 
alternative distributed water sources for the support of NBS contributing therefore towards the 
environmental sustainability of proposed interventions. 
 
The Toolbox also facilitates the evaluation of a number of developed euPOLIS Performance Indicators 
(B) after carrying out a linking/mapping process between UWOT outputs and inputs with euPOLIS 
Evaluation (EIs) and Contextual (CIs) Indicators. The quantification of these indicators will enable the 
NBS impact assessment on various urban water related aspects of ecosystem services (ES), 
environmental sustainability, and urban resilience, as well as facilitate scenario comparison and NBS 
concept design. The main aim of the Toolbox is to be able to carry out an initial, pre-implementation 
assessment of the associated benefits and costs resulting from individual or combined NBS 
interventions in a pilot site, identify synergistic opportunities, but also trade-offs, and therefore 
critically assist in decision support for the NBS selection and design.  
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Finally, the Toolbox includes the NBS Urban Water Metabolism Dashboard (C), that enables the 
visualisation and effective communication of key model outputs, most importantly euPOLIS indicators, 
to related stakeholders. The Results Dashboard can help ensure stakeholder participation and 
promote the euPOLIS NBS co-design process. 
 
As a proof of concept, the Toolbox is applied to a pilot location within the City of Piraeus FR city, the 
Ralleion School Complex, for which different NBS interventions have been identified together with 
stakeholders as part of the work carried out within WP61. These NBS interventions are compared to 
the baseline scenario and with each other mainly through estimated euPOLIS indicators (EIs and CIs). 
The model results for all examined scenarios are communicated through the Results Dashboard.  

1.2 Beyond the State of the Art/Innovation 

The euPOLIS NBS Urban Water Metabolism Toolbox developed within Task 5.6 by customising and 
further developing existing tools is using 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 between different elements, such as NBS and 
conventional infrastructure, and can help identify potential synergies and trade-offs. These tools will 
therefore facilitate the comparison of different intervention alternatives with the aim of providing 
more optimised solutions through the prism of environmental sustainability under hydroclimatic and 
social uncertainties.  
 
A thorough connection/mapping between simulation outputs and model inputs with relevant euPOLIS 
Performance Indicators, both Evaluation (EIs) and Contextual Indicators (CIs) has been carried out. 
The estimation of identified NBS-related indicators within the NBS planning phase facilitates further 
the comparison of different concept solutions and optimal decision making before NBS 
implementation in cities. In addition, the estimation of these indicators and their presentation through 
the NBS Urban Water Metabolism Dashboard enables the more effective communication of the 
simulations, analysis, and design process to various technical and operational stakeholders, but also 
to the general public and hence achieves a more participatory approach to urban planning. This is 
further enhanced through the connection with the euPOLIS DMS and visualisation platform. 
 
Overall, the NBS Urban Water Metabolism Toolbox is considered to offer a valuable NBS analysis, 
design, and decision-making platform that accounts for the impact on various urban water related 
aspects of ecosystem services (ES), environmental sustainability, and urban resilience, helps identify 
synergistic opportunities and trade-offs and facilitates stakeholder participation. 

1.3 Connection to other euPOLIS WPs 

Task 5.6 receives inputs mainly from WP4, WP3, and Task 5.1. Task 5.6 is connected to WP4 and WP3 
through the Evaluation and Contextual Indicators (EIs and CIs) respectively, for the 
connection/mapping with UWOT model outputs and inputs. Task 5.1 has set out the technical 
specifications for Task 5.6 (and the rest tasks within WP5) based on the requirements identified via 

 

1 Since the NBS co-design processes/activities are not the topic of the present deliverable, they are not going to 

be analysed within this report. 
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WP3. Taking into account these requirements urban water metabolism tools have been customised 
according to euPOLIS needs. Finally, there is some connection between Task 5.6 and WP3 through the 
data gathered during the baseline assessment, some of which could be used as model inputs. 
 
Output interconnections within WP5 include connections to Task 5.4 for the connection to the 
euPOLIS Data Management System and to Task 5.7 for connection of the outputs to the euPOLIS 
Visualisation Tools.  
 
Beyond WP5 the tools in Task 5.6 are going to be used in WP6 for the investigation of different NBS, 
NBS combinations and relevant NBS supporting decentralised urban water technologies in selected 
locations in euPOLIS pilots to assist in NBS evaluation, selection, and design, where considered 
appropriate. The type of analysis facilitated by Task 5.6 is therefore going to be used in WP6 to obtain 
the Concept Design Brief (Task 6.3, D6.2) in relevant pilot locations and finally the Detailed or 
Optimised Design Brief under WP7 (Task 7.1, D7.1 and D7.2). The developed urban water metabolism 
tools are also going to be used for WP8 to i) inform the euPOLIS Performance Assessment Framework 
through the estimation of performance indicators (Task 8.1), the implementation of the evaluation 
framework in euPOLIS pilots (Task 8.2), as well as possibly assist in the exploration of NBS performance 
under varying future scenarios in euPOLIS pilots (Task 8.3, D8.3).  

1.4 Deliverable Structure 

This report includes in total six main Chapters and the Annex. The Chapters, which include various 
sub-sections, are organised as follows: 

¶ Chapter 1 outlines the scope/objective of Task 5.6 and the innovations developed within the 
task. It also describes the connections with other euPOLIS WPs and the structure of the 
deliverable. 

¶ Chapter 2 includes a brief literature review on NBS and available tools and models to quantify 
their impacts and facilitate NBS design. 

¶ Chapter 3 is the chapter in which all the methodological approach employed for Task 5.6 is 
described; it is organised in the following sub-sections: 

o Section 3.1 presents a general overview of the NBS Urban Water Metabolism Toolbox 
(sub-elements A, B and C). 

o Section 3.2 includes the description of the main urban water metabolism tool, UWOT 
(A), and how it has been developed and used to simulate different types of NBS, as 
well as supporting urban water technologies. 

o Section 3.3 describes ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ¦²h¢Ωǎ ƳƻŘŜl outputs, and in some 
cases inputs, and relevant euPOLIS performance indicators (B), outlines the mapping 
between them and includes details on how these are calculated under corresponding 
indicator categories. 

o Section 3.4 presents the euPOLIS NBS Urban Water Metabolism Results Dashboard 
(C), its use and functionality and how this has been implemented for euPOLIS, 
including the architecture employed and programming languages. 

o Section 3.5 outlines the connection to the euPOLIS DMS (a detailed description is 
included in D5.4). 

¶ Chapter 4 includes a general description of the selected case study for Task 5.6 and the NBS 
UW Metabolism Toolbox, Ralleion School in Piraeus, the set-up of the baseline model, as well 
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as its calibration and the baseline model results, before moving on to the description of the 
various NBS scenario models developed, their outputs and their comparison. Finally, the 
ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ wŜǎǳƭǘǎΩ 5ŀǎƘōƻŀǊŘ ƻƴ ǘƘŜ ŎŀǎŜ ǎǘǳŘȅ ƛǎ ŀƭǎƻ ǇǊŜǎŜƴǘŜŘΦ 

¶ Chapter 5 summarises and discusses the main outputs of this task, possible future 
developments and outlines the main conclusions. 

¶ Chapter 6 provides a list of resources/references used for the work carried out in Task 5.6 and 
the present deliverable. 

¶ Chapter 7 includes the report Annex with more detailed model schematisations of the Ralleion 
school case study (A), 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 all living 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, material, as well as leisure and recreation possibilities, clean air, or flood 
protection, among others, ƪƴƻǿƴ ŀǎ άŜŎƻǎȅǎǘŜƳ ǎŜǊǾƛŎŜǎέΦ 9ŎƻǎȅǎǘŜƳ {ŜǊǾƛŎŜǎ ό9{ύ ŀǊŜ ǘƘŜ processes 
and supplies an ecosystem can offer in order to sustain and fulfil human life; they can be classified in 
four main categories. Makropoulos et al. (2018) discuss the importance of water-enhanced ES, 
especially in water-scarce areas where related ecosystem functions were inactive due to limited water 
availability and highlight the importance of creating diverse ES through the use of recycled water. 
!ǎǎƻŎƛŀǘŜŘ ǘƻ ǘƘƛǎ ǘŜǊƳΣ ǘƘŜ άŜŎƻǎȅǎǘŜƳ ŀǇǇǊƻŀŎƘέ ƛǎ ŀ ǎǘǊŀǘŜƎȅ ǿƘƛŎƘ ǇƻǎŜǎ ǘƘŜ ŜŎƻǎȅǎǘŜƳ ƛƴ ǘƘŜ 
centre of the decision ς making processes. This approach leads to the management of land, water and 
living resources in such a way to 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 into a resource is a crucial 
part of increasing efficiency of resources and it is beneficial in order to ensure a sustainable future.  
 
¢ƘŜ ǘŜǊƳ άNature-based solutions (NBS)έ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ άŀŎǘƛƻƴǎ ǘƻ ǇǊƻǘŜŎǘΣ ǎǳǎǘŀƛƴŀōƭȅ ƳŀƴŀƎŜΣ ŀƴŘ 
restore natural or modified ecosystems that address societal challenges effectively and adaptively, 
simultaneously providing human well-ōŜƛƴƎ ŀƴŘ ōƛƻŘƛǾŜǊǎƛǘȅ ōŜƴŜŦƛǘǎΦέ ό/ƻƘŜƴ-Shacham et al., 2016). 
More specifically, nature-based solutions are approaches that rely on nature and natural processes to 
provide infrastructure, services, and integrative solutions to the growing challenge of urban resilience. 
NBS are beneficial to cities by addressing various societal challenges, such as disaster risk reduction 
and climate resilience, as well 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 non-structural approaches that manage, restore, or 
create natural or nature-based features. Along with other advantages, NBS can mitigate the 
consequences of natural disasters (flooding, erosion, extreme heat, etc.) in cities (Ozment et al., 2019; 
Sudmeier-Rieux et al., 2021). They can also be used to support grey infrastructure such as storm 
drains, retaining walls, etc. In some cases, the integration of NBS has proven to be cost-effective 
(Raymond et al., 2017). 
 
Urban NBS can be applied at many different spatial scales in and around cities. Small-scale NBS 
interventions include green spaces on buildings, green corridors along streets and water bodies, urban 
parks, and forests within city limits, etc. (Figure 1), which protect cities from flooding and improve 
water supply and quality. 
 
The multiple benefits of NBS and their increasing implementation in urban areas alongside 
conventional urban infrastructure has led to the need for finding appropriate tools to quantify their 
impacts and facilitate effective NBS design and option comparison. As the potential of NBS is being 
recognized, the interest in NBS is increasing and the benefits and cost-effectiveness of NBS are 
progressively demonstrated in practice (Chausson et al.Σ нлнлΤ aŀǊǘƝƴ Ŝǘ al., 2020). For this reason, a 
large variety of tools (Figure 2) have been developed to support the implementation of NBS in cities, 
ranging from methodologies, software, catalogues, repositories and e-platforms to guidelines and 
handbooks. NBS tools can contribute to inform and enhance the planning processes by selecting and 
evaluating NBS, simulating NBS implementation, calculating the costs and benefits of NBS, supporting 
stakeholder involvement and facilitating collaborative processes (Ferreira et al., 2020; Alves et al., 
2020; Kuller et al., 2017; Ruangpan et al., 2019). As a result, many open-source 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 
assessment, etc.) as well as the processes modelled. 
 

 

Figure 1 Examples of NBS solutions (World Bank, 2021) 

 
Some of the tools developed that are currently proposed for 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 used as a decision support tool for NBS in other interested cities or regions (VITO, 2022). 
 
The environmental assessment module of the Nature4Cities platform 

The main aim of Nature4Cities Environmental Assessment is to help decision support during the 
planning phase of NBS related projects in order to select NBS alternatives with the highest potential 
benefit and the smallest environmental footprint. Additionally, it can evaluate the performance of 
NBS during their implementation phase, as well as negative environmental impacts throughout their 
entire life cycle. In order to achieve these objectives, a two-stage evaluation strategy was employed. 
It entailed the urban ecosystems modelling and (1) a quantitative analysis of benefits, accompanied 
by performance monitoring of indicators and (2) a quantitative assessment of environmental impacts 
(Nature4Cities, 2022a). 
 
NBenefit$: Web-based (geo) tool for monetary and biophysical valuation of NBS ecosystem services 

To facilitate the deployment of NBS solutions in policy, local plans, and urban interventions, it is 
necessary to integrate their economic dimension in the sustainability analysis. Within this context, 
Nature4Cities developed a tool for monetary (rather than biophysical) valuations of the ecosystem 
services provided by NBS, using a common monetary unit. The main aim of this tool is to provide 
decision support to policymakers, urban planners, and other professionals working in the built 
environment (Nature4Cities, 2022b). 

https://vito.be/en/product/greentool
https://www.nature4cities.eu/post/environmental-impact-of-nbs
https://www.nature4cities.eu/post/nbenefit-web-based-geo-tool-for-monetary-and-biophysical-valuation-of-nbs-ecosystem-services
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Figure 2 Overview of the reviewed tools and their main characteristics (type of resource, climate hazards and co-
benefits and co-benefits addressed and NBS uptake challenges addressed) (Voskamp et al., 2021) 
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Green Infrastructure Modeling Toolkit 

Innovative models and tools have been developed by the EPA to assist communities in managing water 
runoff in urban and other environments. ¢Ƙƛǎ ǘƻƻƭƪƛǘΩǎ ǊŜǎƻǳrces incorporate green or a combination 
of green and grey infrastructure practices aiming at helping communities increase their resilience to 
future changes and manage their water resources in a more sustainable way. This toolkit includes 
various different elements (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) 

¶ Community-enabled Lifecycle Analysis of Stormwater Infrastructure Costs (CLASIC) Tool 

¶ Integrated Decision Support Tool (i-DST) 

 
InVEST Software Platform 

InVEST is a platform consisting of free, open-source software models, mainly used for mapping and 
valuing the goods and services from nature that sustain and fulfil human life. Governments and many 
other institutions and corporations manage natural resources for multiple uses creating therefore the 
need to evaluate trade-offs among them. The InVEST platform is a multi-service employing a modular 
design and provides an effective tool for balancing the environmental and economic goals of these 
diverse entities. It enables decision makers to evaluate quantified trade-offs related to alternative 
management options and to identify areas where investment in natural capital can enhance human 
development and nature conservation. The toolset includes distinct ecosystem service models 
designed for terrestrial, freshwater, marine, and coastal ecosystems, as well as other supplementary 
tools which help to locate and process input data, as well as understand and visualise outputs 
(Stanford, 2022). 
 
Value and benefit assessment methods database for urban nature-based 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 knowledge about where, when, and under which circumstances, integrated 
multi-functional and systemic impacts of nature-based solutions can be assessed (NATURVATION, 
2022). 
 
GreenScenario 

GreenScenario provides to cities and developers a software-augmented planning process that 
combines analysis, simulation and collaboration on a single, user-friendly platform, so that planning 
climate adaptive developments is more simplified. It is applicable to new developments or urban 
retrofits in existing areas. As for residential or commercial buildings, or mixed-use neighbourhoods 
and districts, GreenScenario responds to the complexity of current planning environment by assessing 
a combination of climate, design, and economic parameters (Ramboll, 2022).  
 
Urban Water Optioneering Tool (UWOT) 

UWOT tool, as extensively described within Section 3.2, is a simulation-based Decision Support System 
(DSS), of the metabolism modelling type, able to simulate the entire urban water cycle. UWOT is able 

https://www.epa.gov/water-research/green-infrastructure-modeling-toolkit
https://naturalcapitalproject.stanford.edu/software/invest
https://naturvation.eu/result/value-and-benefit-assessment-methods-database-urban-nature-based-solutions
https://ramboll.com/greenscenario
https://www.watershare.eu/tool/urban-water-optioneering-tool/
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to simulate both 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 of flows that can be modelled 
through appropriate components are green roofs, blue-green 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 site to the neighbourhood and up to the city 
scale and has the ability to simulate both conventional and decentralised urban water technologies, 
making therefore its potential utilisation on NBS in urban areas very promising. Within the work 
carried out in this task (T5.6) the ability of UWOT to simulate different types of NBS, in conjunction 
with supporting decentralised water technologies, using an innovative urban water metabolism 
approach is explored in detail and is described in the following sections. 
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3 Methodology 

3.1 Overview & general description of the NBS UW Metabolism Toolbox 

Within Task 5.6 the NBS Urban Water Metabolism Toolbox has been developed with the aim of 
facilitating the analysis, impact assessment and design of NBS interventions for implementation in 
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, 
as it is graphically represented in Figure 3. Specifically, the different elements within the Toolbox are: 
i) UWOT (A) for facilitating a metabolism-based design and assessment of NBS (A1) and the 
investigation of decentralised water technologies (A2), ii) the linking to the euPOLIS Performance 
Indicators (B) and iii) the NBS Urban Water Metabolism Dashboard (C); these elements are described 
in summary in the paragraphs below. 
 

 
Figure 3 Components and functionalities of the NBS Urban Water Metabolism Toolbox 

 
Specifically, the Toolbox is centred around the Urban Water Optioneering Tool (UWOT) (A), which 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 metabolic approach and therefore simulates and 
quantifies the main fluxes related to urban water, such as potable and recycled water, wastewater, 
water-related energy and associated CO2 ŜƳƛǎǎƛƻƴǎΣ ŜǘŎΦ ¦²h¢ ƛǎ ǿƘŀǘ ŎƻǳƭŘ ōŜ ŎŀƭƭŜŘ ŀ άŎƭƻǳŘ ǘƻ 
ǎŜŀέ ƳƻŘŜƭ ƻŦ ǘƘŜ ŎƻƳǇƭŜǘŜ urban water cycle. In other words, 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 methodology consequently 
enables us to assess many different types of interventions in all phases of the UWC, in order to identify 
synergies and trade-offs and as a result, reach more integrated solutions. For example, UWOT takes 
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into account the water-energy nexus within the 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). 
 
As mentioned in Section 2, 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, therefore 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 harvesting and greywater reuse, to 
investigate to what extent such interventions at different scales within urban developments can make 
ŀ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ŎƛǘȅΩǎ ǊŜǎǇƻƴǎŜ ŀƴŘ ŦƻƻǘǇǊƛƴǘΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ƛƴ ǊǳƴƻŦŦ ƻǊ ǿŀǘŜǊ ǎǳǇǇƭȅ ǊŜƭƛŀōƛƭƛǘȅΦ 
 
The tool is dynamic in nature and can simulate the dynamically changing environment, hydro-
climatically/environmentally, but also socio-technically in terms of behaviour patterns. Consequently, 
different scenarios could be tested to stress the urban system and analyse its response. Since UWOT 
is a demand-based model, i.e. it is centred around users sending demand signals, it can facilitate a 
socio-technical approach bringing together physical-engineering and socio-economic dimensions 
(Baki et al., 2018). Hence, some social aspects could possibly be considered if required, which could 
be useful especially after considering the euPOLIS human/citizen-centric approach and planning. A 
general technical description of UWOT and NBS related aspects are described in more detail in the 
following section (Section 3.2) 
 
The developments carried out within UWOT within Task 5.6 are according to the main objectives set 
for this work. The first main objective is the simulation, assessment, and design of different NBS 
interventions within urban areas using an urban metabolism approach (A1) through 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 that are important 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 customisation 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 well as the 
ŜȄǇŀƴǎƛƻƴ ƻŦ ¦²h¢Ωǎ ǘŜŎƘƴƻƭƻƎȅ ƭƛōǊŀǊȅ ǿƛǘƘ ŀŘŘƛǘƛƻƴŀƭ ōǊŀƴŘǎ ǘƘŀǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǎƻƳŜ ƻŦ ǘƘŜǎŜ 
types of NBS interventions (e.g. different types of green roofs). The urban metabolism modelling of 
NBS through UWOT and the related advancements are described in detail in Section 3.2.2. These 
methodologies and expanded tool were extensively pilot tested for one NBS intervention (two types 
of green roofs) in one of euPOLIS pilots (Section 4). 
 
The second main objective is to provide the ability to investigate and simulate the use of alternative 
water sources and decentralised water 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 the euPOLIS approach to account for the environmental sustainability 
of the NBS interventions to be implemented and this design consideration is especially critical for 
water stressed areas. The manner in which UWOT takes into account and simulates in general such 
distributed technologies are described in detail in Section 3.2.3. For the purposes of euPOLIS Task 5.6 
ǘƘŜ ǳǘƛƭƛǎŀǘƛƻƴ ŀƴŘ ǎƛƳǳƭŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ǘŜŎƘƴƻƭƻƎƛŜǎ ǎǇŜŎƛŦƛŎŀƭƭȅ ŦƻǊ ǘƘŜ ǎǳǇǇƻǊǘ ƻŦ b.{ ƛƴǘŜǊǾŜƴǘƛƻƴǎΩ 



              Metabolism-based NBS Planning and Simulation Toolkit 
 

25 
 

irrigation needs was pilot tested in one of euPOLIS pilots using two different types of decentralised 
technologies (greywater recycling, rainwater harvesting) (Section 4). 
 
The second element of the Toolbox is the connection to related developed euPOLIS Performance 
Indicators (B) as their quantification facilitates the impact assessment of NBS implementation on 
different aspects of ecosystem services and the resilience of the urban water system in general, but 
also the 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 valuable insights and decision support for the NBS 
selection and design. For this purpose, within Task 5.6 a systematic linking/mapping between euPOLIS 
indicators (EIs and CIs) developed in other euPOLIS WPs (WP4, WP3 and WP8) and UWOT outputs and 
inputs, has been carried out so that so that the metrics of interest are calculated through the Toolbox. 
This process and the related outcomes are described in detail in Section 3.3. 
 
The third and last element of the Toolbox is the euPOLIS NBS Urban Water Metabolism Dashboard 
(C). The main objective of the Dashboard is the visualisation and effective communication of key 
model outputs to related stakeholders. Main emphasis is given to euPOLIS indicators estimations and 
NBS scenario comparison. This implementation is expected to support the appropriate NBS design 
selection through communication between modelers/researchers and stakeholders, promoting 
further the euPOLIS co-design process. Furthermore, these model results are also going to be linked 
to the euPOLIS DMS (Section 3.5). To implement the connection with the NBS Urban Water Dashboard 
and euPOLIS DMS within Task 5.6 the key main model outputs and inputs required to deliver to 
stakeholders a summarised and to-the-point simulation analysis and scenario comparison were 
identified. Further details and a technical description on the Results Dashboard development are 
included in Section 3.4. 
 
To test and customise all the elements of the NBS Urban Water Metabolism Toolbox, the methodology 
and tools were applied in one of the euPOLIS pilots, Ralleion School in Piraeus, to facilitate a 
metabolism-based site assessment. Different NBS implementation scenarios, including different 
alternative decentralised water sources, were examined. The linked euPOLIS performance indicators 
were estimated for each scenario to enable their comparison and support the decision-making 
process. The specific application and results were also presented through the developed Dashboard. 
The selected case study, though which the Toolbox is tested, is described in detail in Section 4. 
 
Figure 4 summarises graphically the overall urban water metabolism approach adopted for the 
analysis of NBS interventions within euPOLIS. The different incoming fluxes related to urban water 
flow, including water, wastewater, water-related energy, and CO2 emissions, flow through the 
site/urban area and transform in a dynamic manner. Different scenarios with NBS and various 
supporting urban water interventions (including decentralised technologies), designs and 
configurations, are simulated in UWOT and then analysed. Since UWOT is a dynamic tool, it can also 
simulate the dynamically changing environment (hydro-climatically/environmentally and socio-
technically in terms of behaviour patterns), so we can stress test our urban systems and see how these 
respond and analyse different scenarios. CƛƴŀƭƭȅΣ ŦǊƻƳ ¦²h¢Ωǎ ǎƛƳǳƭŀǘŜŘ ƻǳǘŎƻƳƛƴƎ ŦƭǳȄŜǎ ǘƘŜ 
identified corresponding euPOLIS indicators are estimated, synergistic opportunities and trade-offs 
are identified, and for each scenario/configuration the costs and benefits are estimated in order to 
arrive to optimal NBS interventions and designs that are environmentally sustainable. This 
methodology and approach is further enhanced through the NBS Urban Water Metabolism Dashboard 
for the effective communication of modelling results and insights. 
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Figure 4 The euPOLIS urban water metabolism approach in analysing & designing NBS for urban areas 

 

3.2 The Urban Water Optioneering Tool (UWOT) 

3.2.1 Overview (General Description) 

The Urban Water Optioneering Tool (UWOT) is a simulation-based Decision Support System (DSS), of 
the metabolism modelling type, able to simulate the entire urban water cycle. The modelling 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 (Makropoulos, 2017). UWOT uses a bottom-up, signal-based 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 towards the 
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 
demand ς oriented approach (see also Figure 5) 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 and stormwater 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 of flows that can be modelled through 
appropriate components are green roofs, blue-green urban areas (Rozos et al., 2013), peri-urban 
areas, irrigated zones, generic pervious or impervious areas etc. The main UWOT local components 
include (Nikolopoulos et al., 2022): 

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

¶ Local water treatment or harvesting options, e.g., rainwater harvesting and greywater 
recycling  

¶ Regional components such as treatment plants (for water or wastewater), reservoirs, etc.  
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Figure 5 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, required energy, Biochemical Oxygen Demand (BOD) 
ǾŀƭǳŜǎΣ ŎŀǇƛǘŀƭ ŀƴŘ ƻǇŜǊŀǘƛƻƴŀƭ Ŏƻǎǘ ŜǘŎΦ ŀƴŘ ƛǎ ǎǘƻǊŜŘ ƛƴ ŀ ŘŀǘŀōŀǎŜ ǿƘƛŎƘ ƛǎ ŎŀƭƭŜŘ άǘŜŎƘƴƻƭƻƎȅ 
ƭƛōǊŀǊȅέΦ ¢ƘŜǎŜ Řŀǘŀ ŀǊŜ Ƴŀƛƴƭȅ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǎǳǊǾŜȅǎΣ ǇǊŀŎǘƛǘƛƻƴŜǊ ƳŀƴǳŀƭǎΣ ǎŎƛŜƴǘƛŦƛŎ ǇǳōƭƛŎŀǘƛƻƴǎΣ 
laboratory and pilot tests, etc. Technology library database (see also Figure 6Figure 5) 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 specifications of the components. The 
ǘŀōƭŜ {ǇŜŎƛŦƛŎŀǘƛƻƴ/ŀǘŜƎƻǊȅ Ŏƻƴǘŀƛƴǎ ǘƘŜ ŎŀǘŜƎƻǊƛŜǎ ƻŦ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ όŜΦƎΦ ά9ƴŜǊƎȅέΣ άhǇŜǊŀǘƛƻƴŀƭ 
/ƻǎǘέΣ ά²ŀǘŜǊ ǳǎŀƎŜέύΦ ¢ƘŜ ǘŀōƭŜ .ǊŀƴŘ Ŏƻƴǘŀƛƴǎ ǘƘŜ ŀǾŀƛƭŀōƭŜ ōǊŀƴŘǎ ƻŦ ŀƭƭ ǘŜŎƘƴƻƭƻƎƛŜǎ όŜΦƎΦ ά5ǳŀƭ 
ǾŀƭǾŜ ŦƭǳǎƘ ǘƻƛƭŜǘέΣ ά¢ŀǇ ǿƛǘƘ ŀŜǊŀǘƻǊέΣ ά{ƘƻǿŜǊ ŎŀōƛƴŜǘέΣ ŜǘŎΦύΦ ¢ƘŜ ǘŀōƭŜ ¦ƴƛǘ Ŏƻƴǘŀƛƴǎ ǘƘŜ ǳƴƛǘǎ ƻŦ ǘƘŜ 
ǎǇŜŎƛŦƛŎŀǘƛƻƴ ǾŀƭǳŜǎ όŜΦƎΦ ά[έΣ ά[κǳǎŜέΣ άƪ²Ƙκ[έΣ άǇƻǳƴŘǎέΣ ŜǘŎΦύΦ !ƴŘ ŦƛƴŀƭƭȅΣ ǘƘŜ ǘŀōƭŜ ¢ŜŎƘƴƻƭƻƎȅ 
Ŏƻƴǘŀƛƴǎ ǘƘŜ ŀǾŀƛƭŀōƭŜ ǘŜŎƘƴƻƭƻƎƛŜǎ όŜΦƎΦ ά.ŀǘƘέΣ ά²ŀǎƘƛƴƎ ƳŀŎƘƛƴŜέΣ ά!ǉǳŜŘǳŎǘέΣ ά[ƻŎŀƭ ǘŀƴƪέΣ 
άwŜǎŜǊǾƻƛǊέΣ ŜǘŎΦύ ŀƴŘΣ ŦƻǊ ƘƻǳǎŜƘƻƭŘ ŀǇǇƭƛŀƴŎŜǎΣ ǘƘŜƛǊ ŀǾŜǊŀƎŜ ŦǊŜǉǳŜƴŎȅ-of-use (in uses per person 
per day). The user can therefore decide to include a specific technology in the household (e.g. a toilet 
flush) and select a specific type of toilet 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 approach offers itself to both 
evaluation of predefined technological configurations and optimisation for best options identification 
(Makropoulos et al., 2008). 
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Figure 6 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 Interface (GUI). UWOT saves the topology files as xml files, and outputs time series 
as csv files, as well as by Windows clipboard copy-pasting (e.g. in MS Excel spreadsheets).  
 
The simulation results in the estimation of (i) potable water demand, (ii) water level fluctuation inside 
tanks and reservoirs, (iii) leakages, (iv) evaporation, (v) runoff, (vi) urban water cycle energy 
consumption (including energy required for water circulation, e.g., pumps, and energy consumed by 
water appliances, e.g., water heaters), and (vii) capital and operational 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 scales for a range of different cases and demonstrated water management technologies (see 
Figure 7 as an example). The range of applications includes neighbourhood-scale blue-green area 
design (Rozos et al., 2013), whole city cycle modelling (Rozos & Makropoulos, 2013), resilience studies 
(Makropoulos et al., 2018a) and consultancy for circular water neighbourhood (re-)designs (Bouziotas 
et al., 2019).  
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Figure 7 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 64-bit systems. An example of the tool GUI is provided below (Figure 8). 

 
Figure 8 ¦²h¢Ωǎ DǊŀǇƘƛŎŀƭ ¦ǎŜǊ LƴǘŜǊŦŀŎŜ όD¦Lύ 
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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 

 

 
Figure 9 Steps 1 & 2 - Build 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 
 

 
Figure 10 Step 3 ς Input appropriate data (for example, timeseries to csv format) 
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4. !ŘƧǳǎǘ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴΩǎ ƻǇǘƛƻƴǎ ŀƴŘ Ǌǳƴ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ 
 

 
Figure 11 Step 4 - !ŘƧǳǎǘ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴΩǎ ƻǇǘƛƻƴǎ ŀƴŘ Ǌǳƴ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ 

 
5. Access the output data from the user interface, visualize or export the output data to other 

program or copy the data to clipboard for further analysis  
 

 
Figure 12 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 suitable for applications including NBS 
elements at local scale. It is not the ideal tool for detailed modelling of natural processes, but 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 NBS in UWOT 

General description 

UWOT, as described above, is a bottom-up urban water cycle model; demand is simulated beginning 
at the water appliance level and working upwards. Traditional urban water models often employ a 
hydraulic approach in conceptualising the urban water network by simulating actual water flows, 
including runoff, potable water, and wastewater. UWOT adopts an alternative path centred on 
generating, accumulating, and finally transmitting a demand signal, starting from household-level 
water appliances, and moving upwards the chain towards the water source. The various simulation 
outputs are outlined in the previous section and a detailed description of UWOT can be found in Rozos 
& Makropoulos (2013). 

Description of the UWOT blue-green component (BG) 

The purpose of the BG component is to simulate the hydrology of the urban green infrastructure 
elements (e.g. parks, green roofs, etc.) and their links with the urban water cycle. Specifically, a 
standard soil moisture accounting procedure (Thornthwaite-Mather model; Rozos et al., 2013) is 
employed to simulate the main BG function. The solution is given via a forward numerical scheme 
providing estimates of soil moisture, runoff, infiltration, root abstractions and actual 
evapotransǇƛǊŀǘƛƻƴΦ ¢ƘŜ ǘƛƳŜ ǎǘŜǇ ɲt of the numerical scheme is the same as the one used in the 
UWOT simulation. Soil moisture content (V) in mm at time step t is given by: 
 

ὠ ÍÉÎ ὠ  ῳ Ὑ  ὠ Ὢ Ὁρ ὰᾀὴȟὑ  (1) 

 
Where:  
f infiltration ŎƻŜŦŦƛŎƛŜƴǘ όǎŀƳŜ ǳƴƛǘǎ ǿƛǘƘ ɲt-1), 
R ǊŀƛƴŦŀƭƭ ƛƴǘŜƴǎƛǘȅ ƻǾŜǊ ǘƘŜ ƎǊŜŜƴ ŀǊŜŀ ƛƴ ƳƳκɲt, 
K maximum amount of water in mm that can be retained in the substrate soil, 
E actual ŜǾŀǇƻǘǊŀƴǎǇƛǊŀǘƛƻƴ ƻŦ ǘƘŜ ƎǊŜŜƴ ŀǊŜŀ ƛƴ ƳƳκɲt, and 
lzp percentage of plant water needs covered from the saturated zone 
 
From Eq. (1) it is readily understood that 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 
assumed that the datum, taken equal to zero, corresponds to the soil moisture conditions of the 
readily available water threshold (or RAW, see Allen et al. (1998)). Under this assumption, the sum of 
RAW + K corresponds to the field capacity of the substrate. Actual evapotranspiration is assumed 
equal to the reference crop, which practically means it equals the potential evapotranspiration (crop 
coefficient constant and equal to 1 according to Allen et al. (1998)). Potential evapotranspiration is 
estimated using the Thornthwaite formula (Thornthwaite 1948). 
 
The parameter lzp was introduced to simulate areas where vegetation includes big trees (Rozos et al., 
2013). In this case part of the evapotranspiration is assumed to be covered by water abstracted via 
the tree roots from the lower saturated zone (as formulated in the Sacramento rainfall-runoff model; 
see Fiedler 2000). For very shallow root depth applications (e.g., green roofs, urban grassed areas, 
etc.) this parameter is assumed equal to zero. 
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Runoff is generated from excess rainfall Q (mm/ ɲt), which occurs when the soil moisture level exceeds 
K. This is estimated at each time step by: 
 

ὗῳ ÍÁØ ὠ ῳ Ὑ  ὠ Ὢ Ὁρ ὰᾀὴ ὑȟπ (2) 

 
According to Allen et al. (1998), plant water requirement is defined as the amount of water required 
to compensate the evapotranspiration loss. The model formulation for the BG component, presented 
above, essentially equates the irrigation water requirement with the difference between vegetation 
needs and effective precipitation. This deficit is denoted 5Σ Ƙŀǎ ǳƴƛǘǎ ƳƳκɲt and is estimated at each 
time step by: 
 

Ὀῳ ÍÉÎ ὠ ῳ Ὑ  ὠ Ὢ Ὁρ ὰᾀὴȟπ (3) 

 
From Eq. (3), and the definition of K given earlier, it is clear that irrigation is triggered to ensure that 
the soil moisture content does not fall below RAW.  
 
Evaporating water consumes large amounts of energy (En ƛƴ ƪ²Ƙκɲt), which can be calculated using 
the following formula: 
 

Ὁ ὃ Ὁ ” ‗ (4) 

 
Where:  
A green area (m2), 
 ́ density of water (kg/L), and 
 ˂ ƭŀǘŜƴǘ ƘŜŀǘ ƻŦ ǾŀǇƻǊƛǎŀǘƛƻƴ όƻǊ ƭŀǘŜƴǘ ƘŜŀǘ ŦƭǳȄύΣ ǿƘƛŎƘ ŀǘ нл / ƛǎ нΦпр aW/kg of evaporated 

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. Thus, the evaporation process from 
urban green spaces can be used in reducing the UHI effect. 
 
A schematic representation of the BG component function is given in the following figure: 
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Figure 13 Schematic representation of the UWOT BG component function. (Notation as explained in the text) 

 
In terms of the spatial 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 to address the detention 
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., hourly) time 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 appreciable at the model 
resolution employed and are absorbed into the temporal aggregation of the available data. 
 
Lǘ ǎƘƻǳƭŘ ŀƭǎƻ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜ ǇƻǊǘƛƻƴ ƻŦ ǿŀǘŜǊ ǘƘŀǘ ƛǎ ƛƴŦƛƭǘǊŀǘŜŘ ƛƴǘƻ ǘƘŜ ǎƻƛƭ όɲǘ ό±ǘ-1 x f)) is 
considered to represent deep infiltration, that is, water that percolates to depths not accessible by 
the urban green space vegetation (large trees are handled via the lzp parameter ς see next section 
ŀƴŘ ŘŜǎŎǊƛǇǘƛƻƴ ŀōƻǾŜύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘƛǎ ǉǳŀƴǘƛǘȅ ƛǎ άƭƻǎǘέ ǘƻ ǘƘŜ ǎȅǎǘŜƳΣ ƛΦŜΦΣ ƛǘ ƛǎ ƴƻǘ ŀŎŎƻǳƴǘŜŘ ƛƴ ǘƘŜ 
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 well-being by providing air for breathing, reducing 
noise, enhancing socio-economic and environmental functions, and regulating the local climate (Dong 
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& Hauschild, 2017). The protection of the existing open green 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 flood risk 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 relaxation and recreation 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 plants, animal, and fungi species and some of them serve 
as critical shelter for biodiversity. Urban green spaces vary significantly in size (pocket parks, 
residential gardens, natural playgrounds, etc.) and properties and this variation results in providing 
different social and environmental services (Figure 14). 
 

 
Figure 14 The four types of urban green infrastructure (UGI) elements selected: atrium (a), garden (b), green 
verge (c), and park (d) (Tudorie et al.,2020) 

 
In summary, some of the main functions and benefits provided by open green spaces are the following 
(Figure 15): 

¶ Help manage stormwater and mitigate floods (World Bank, 2021) 

¶ Reduce heat by providing shade and evaporative cooling (Gehrels et al., 2016) 
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¶ Build resistance against drought, remove pollutants from air, water, and soil, and support 
biodiversity by providing nourishment and habitat for flora and fauna (Eisenberg and Polcher, 
2020) 

¶ Store carbon in soil and vegetation, mitigating climate change (World Bank, 2021) 

¶ Create suitable habitats for many plants, animal, and fungi species; some of them serve as 
critical shelter for biodiversity (World Bank, 2021) 

¶ Attract social and physical activity (Wan and Shen, 2015) 

¶ Have a positive effect on mental wellbeing and physical health (World Bank, 2021) 

 

 
Figure 15 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: 

¶ Most of the park vegetation is comprised by a mixture 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 such as 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. 

¶ Urban parks do not include the usual tree undergrowth often encountered in natural woods. 
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. 
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¶ Impervious areas are not extensive in terms of total area and can be ignored as sources of 
direct runoff. 

¶ Park size may vary from several hectares down to a few hundreds of square meters in so-
ŎŀƭƭŜŘ άǇƻŎƪŜǘ ǇŀǊƪǎέΦ !ƭƭ ƻŦ ǘƘŜǎŜ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ŜǉǳƛǾŀƭŜƴǘ ŦǊƻƳ ǘƘŜ ǿŀǘŜǊ ōǳŘƎŜǘ Ǉƻƛƴǘ ƻŦ 
view if the above conditions apply. 

¦Ǌōŀƴ ǇŀǊƪǎ ǎƛƳǳƭŀǘƛƻƴ ǿƛǘƘ ¦²h¢Ωǎ .D ŎƻƳǇƻƴŜƴǘ 

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 low vegetation areas 
(shrubs and grassy fields, lawns) 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 as described 
earlier, is to use several BG components in parallel to simulate 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 necessary to simulate non-vegetated (but still unpaved) open spaces. The BG 
component parameter configuration for these is the following: 

¶ The area, A, represented for each component should correspond to mapped areas of tree and 
low vegetation coverage respectively and/or open non-vegetated 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 1-2 times the 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. 

¶ A uniform 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 substratum). If there is evidence to the contrary, different values can 
also be specified. 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. The Thornthwaite-Mather 
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. 

¶ lȊǇ ґ л ŦƻǊ .DǘǊŜŜǎ ŀƴŘ ƭȊǇ Ґ л ŦƻǊ .DƭƻǿΦ ¢Ƙƛǎ ƛǎ ŀ ŎŀƭƛōǊŀǘƛƻƴ ǇŀǊŀƳŜǘŜǊ όŦƻǊ .DǘǊŜŜǎύΦ Lǘ ŀƭƭƻǿǎ 
for part of the evapotranspiration demand of the large tree area to come from deep aquifer 
storage, due to larger and deeper roots, effectively cancelling part of the external supply that 
would be required to cover for it. 

¶ 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 shown in Figure 16. 



              Metabolism-based NBS Planning and Simulation Toolkit 
 

38 
 

 
Figure 16 Modelling 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 urban parks. It is necessary to input 
the area of the park in sq. m and the initial water storage in mm, as it is shown in Figure 17. In the 
Table 2 below, the variety of brands developed are presented with their correspondent specifications. 
Low and high infiltration levels refer to 0.002 and 0.012 l/d respectively and there are three different 
scenarios of evaporation percentages which are 0, 40 and 80%.   
 
Table 2 Brands for urban parks simulation in UWOT 

Brands 
Water 

Usage/capacity 
Evaporates (0-1) Infiltrates (l/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 ET 150 0.4 0.012 

Park, high infiltration, 80% deep ET 150 0.8 0.012 
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Figure 17 Example of UWOT brand developed for urban park simulation 

 

Green roofs 

General Description 

Nature-based interventions in buildings show an increasing trend in the recent years. Such 
interventions (Figure 18) include adding green surfaces to building roofs which provide significant 
benefits for the building itself and 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, educational, recreational, and 
biodiversity benefits (World Bank, 2021). 
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Figure 18 Green roofs on residential buildings (1,2); institutional buildings (3,4); commercial buildings (5,6) 
(Shafique et al., 2018) 

Green roofs can be classified as intensive, semi-intensive or extensive according to their substrate 
depth and plants used (Figure 19). Intensive green roofs have a thicker substrate layer supporting 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 thickness from 20 to 100 cm. An intensive roof weighs 180-500 
kg/m2. Extensive green roofs, which are normally not accessible to the public, can typically 
accommodate drought-tolerant plants with shallow root systems such as mosses, sedums, succulents, 
perennial herbs and low-growing grasses. They have a relatively thin layer of growing medium of 
around 6 to 20 cm thickness and weigh about 60-150 kg/m2. Semi-intensive green roofs are a 
combination of intensive and extensive types. They have a thinner planting media than 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 about 120-200 kg/m2 (Raji et al., 
2015; Langemeyer et al., 2020). 
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Figure 19 Classification of green roofs according to type of usage, construction factors and maintenance 
requirements (Raji et al., 2015) 

 

Some of the main functions and benefits provided by green roofs are the following (Figure 15): 

¶ Retain, store, and recycle rainwater, reducing the amount of runoff (World Bank, 2021) 

¶ Improve the microclimate both in winter, functioning as a complementary insulation layer, 
and in summer, providing shade and an evaporative cooling effect on the building and 
surrounding area (Manso and Castro-Gomes, 2015) 

¶ Improve air quality (World Bank, 2021) 

¶ Have a positive environmental and psychological impact (World Bank, 2021) 

¶ Are important sources for environmental education (World Bank, 2021) 

¶ Enhance urban 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. 



              Metabolism-based NBS Planning and Simulation Toolkit 
 

42 
 

 
Figure 20 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 are numerous, 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 ameliorating stormwater. 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 depth of less 
than 15 cm and low-lying, drought-resistant 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 less structural support and can often be added as a retrofit 
ǘƻ ŜȄƛǎǘƛƴƎ ǊƻƻŦǎ ǘƻ ŘŜŎǊŜŀǎŜ ŀ ōǳƛƭŘƛƴƎΩǎ ƛƳǇŜǊǾƛƻǳǎ ŦƻƻǘǇǊƛƴǘΦ DǊŜŜƴ ǊƻƻŦǎ ǊŜǉǳƛǊŜ ŀ ǳƴƛǉǳŜ ǎǳōǎǘǊŀǘŜΣ 
one that holds water well but does not allow ponding, which would drown the succulent plants 
frequently found on extensive green roofs. 

DǊŜŜƴ ǊƻƻŦ ǎƛƳǳƭŀǘƛƻƴ ǿƛǘƘ ¦²h¢Ωǎ .D ŎƻƳǇƻƴŜƴǘ 

Green roof simulation with the BG component is proposed to be carried out by calibrating the 
component parameters (K and f, with lzp=0) so that the BG component demand (Eq. 3) matches an 
externally and previously calculated irrigation water demand, based on local climate data, potential 
evapotranspiration estimated using the FAO-PM56 equation and suitable crop coefficients for the mix 
of plants used in the green roof. This applies 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 equations (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 therein) ς as the reader will 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 account for soil 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 crop coefficient 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 reported very 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 type drought-tolerant plants such as various aromatics often used in 
green roofs in the region (oregano, thyme, rosemary, lavender etc.), is even more limited (e.g., 
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 the measurable 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 BG component 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., specific 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 simulation of the green 
roof, the theoretical approach documented above was supplemented by information and data 
provided by landscaping companies which specialise in green roof installation in the Mediterranean 
climatic and horticultural conditions.  
 
The most important design values concerning extensive green roofs that we obtained are the 
following: 

¶ The substrate thickness for a standard green roof of the extensive type is 10-12 cm and of the 
semi-intensive type, 20-40 cm (in some special cases the latter may reach up to 1 m if trees 
are to be planted). 

¶ Below the substrate, a drainage/storage layer consisting of hard plastic egg-shaped containers 
is laid, with a total height of 2.5 cm. 

¶ More importantly, the typical maximum soil water retention of an extensive green roof is 
approx. 35-40 L/m2 while the remaining capacity (moisture remaining after all excess water 
has drained away) ranges between 3-17 L/m2, with the former applying to the shallow 
extensive type and the latter to the semi-intensive, deep green roof types. 

¶ Irrigation requirement for the extensive green roof was reported as 2-3 L/m2/application. The 
frequency of application is determined empirically and by observing available soil moisture 



              Metabolism-based NBS Planning and Simulation Toolkit 
 

44 
 

during periodical visits. There is no previous estimate of the water requirements in terms of 
volume/time since the developers consider unlimited availability of irrigation water (from the 
urban water supply network). 

¶ In terms of runoff, the 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.  

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

 
Further to the above, design 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 evapotranspiration was estimated on a monthly basis using the Penman-Monteith method 
(specifically the FAO-56 formulation, Allen et al., 1998). The method requires the following data: 

i. Max and min monthly temperatures 

ii. Relative Humidity 

iii. Wind speed 

iv. Sunshine duration 

 
Data were obtained from nearby meteorological stations (Piraeus Athens Marina and Hellinikon) and 
the freely available Hydrognomon software (www.hydrognomon.org) was used to estimate PET. Then, 
using the monthly PET and rainfall as inputs the FAO procedure was applied to estimate the irrigation 
requirements for the green roof. As already explained in the previous section on simulation, the most 
common way to model actual evapotranspiration and therefore irrigation needs, is by multiplying PET 
with coefficients that account for soil moisture deficit and crop type.  
 
For a Mediterranean type of extensive green roof which is planted with drought-tolerant plants, 
adjusted to the local climate, research on suitable coefficients is limited. Considering that most plant 
species used in green roofs in this climate are various aromatic herbs (oregano (Origanum vulgare), 
thyme, lavender, rosemary, etc.) the coefficient derived from the research by Hancioglu et al. (2020) 
was adopted on oregano cultivation and irrigation stress (see Figure 21). 
 
In Table 3 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. The annual requirement for this example 
of a 120 m2 green roof amounts to 59 m3 of net irrigation with peak demand in July (11.3 m3) This is 
equivalent with the higher rate provided by the green roof manufacturers (3 L/m2/application) if one 
assumes a daily irrigation schedule in July. There is no need for irrigation for the months of November, 
December, and 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 of respective brands of the UWOT BG component. 
 

http://www.hydrognomon.org/


              Metabolism-based NBS Planning and Simulation Toolkit 
 

45 
 

 
Figure 21. Actual evapotranspiration of oregano cultivation, under four different levels of water stress (Hancioglu 
et al., 2020) 
 
Table 3 Estimation of monthly net irrigation requirements for a Mediterranean type of green roof 

 
 
Further to the analysis above, two brands are developed in UWOT to simulate two different types of 
green roofs, extensive and semi ς intensive. The parameter K refers to water usage/capacity and the 
parameter f to the amount of water that infiltrates and their values are shown in Table 4, Figure 22 
and Figure 23. 
 
Table 4 Values for K and f in simulation of extensive and semi-intensive green roofs 

Types of green roofs K (mm) f (l/d) 

Extensive  30 0 

Semi-intensive 60 0 
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Figure 22 Brand for extensive green roof 

 

 
Figure 23 Brand for semi-intensive green roof 

Green walls 

General Description 

In addition to green roofs, nature-based interventions in buildings also include green walls, i.e. 
vegetated wall surfaces. More specifically, the green wall is a wall partially or completely covered with 
ǾŜƎŜǘŀǘƛƻƴ ǿƘƛŎƘ ƛǎ ƎŜƴŜǊŀƭƭȅ ŘŜǾŜƭƻǇŜŘ ŀƭƻƴƎ ǘƘŜ ŦŀœŀŘŜ ƻŦ ǘƘŜ ōǳƛƭŘƛƴƎ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŘƛŦŦŜǊŜƴǘ 
components and it can be directly attached on the wall or supported by a structure (Palermo and 
Turco, 2020). Green walls are divided into two categories: 

¶ 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 attached to the wall, and indirect in case they are not (Figure 24).  
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Figure 24 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 

¶ 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 in Figure 25. 

 

 
Figure 25 Different types of Living Walls: (a) Continuous Living Wall; (b) Modular Living Wall (Palermo and Turco, 
2020) 

Green walls generally offer similar benefits as green roofs but due to their vertical layout and small 
exposed surface area, their contribution to water retention and reduction of the runoff volume is 
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minimal compared to green roofs. However, they may be able to retain some rainwater, depending 
on their design. 

Defining critical characteristics 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 soil, stone, or water. Green 
walls usually feature built-in 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 ground. Moreover, the 
greenery of facades can take a long time to grow enough to cover an entire wall, while green walls ay 
be pre-grown.  
 
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 combination of growth 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 structure. 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 soil). Sheet media are similar to mat systems but consist of patterned inorganic polyurethane 
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 pots and laden onto a wall structure with built-in 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 hydroponics is 
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 for each plant which are placed 
in a special-made structure mounted on the wall. The structure incorporates the built-in irrigation 
system as well as the water recycling storage tank and pump system and, (ii) the loose growth media 
type using soil placed in shelves (essentially low height planting beds) also arranged in a structure 
mounted on the wall, with built-in irrigation. The water storage tank and pump system in this case is 
external to the mounting structure.  

DǊŜŜƴ ǿŀƭƭ ǎƛƳǳƭŀǘƛƻƴ ǿƛǘƘ ¦²h¢Ωǎ .D ŎƻƳǇƻƴŜƴǘ 

The loose growth media type of green wall essentially consists of mounted shallow planting beds 
which behave, transpiration-wise, more or less like regular plant pots except for the shallow depth of 
the soil which retains little moisture, requiring constant irrigation 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 more complicated 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 which every plant 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 difficult to simulate with a single 
configuration. Therefore, the best approach is again to calibrate the model parameters against 
observed, real-world data of irrigation requirements for same-system green wall applications.  
 
The difference with the green roof case is 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. Depending on the green 
wall system used, there are large differences in exposure to the surrounding air and sunlight as there 
Ŏŀƴ ōŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜƎǊŜŜ ƻŦ ǎƘŀŘƛƴƎ ƛƴǾƻƭǾŜŘΣ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ǘƘŜ ƭƻǿŜǊ άŘŜŎƪǎέ ƻŦ ǘƘŜ ƎǊŜŜƴ ǿŀƭƭΦ  
 
Therefore, in the effort for to match the BG component output to the consumption reported from 
real-world applications of the green wall system used, area should be treated as a parameter for 
ŎŀƭƛōǊŀǘƛƻƴ ŀƭƻƴƎ ǘƘŜ ƻǘƘŜǊǎΦ hƴŜ ƳƛƎƘǘ ǘƘƛƴƪ ƻŦ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ǾŀƭǳŜ ŀǎ ŀƴ άŜŦŦŜŎǘƛǾŜ ŀǊŜŀέ ƛΦŜΦΣ as the 
area of conventional flat surface planting which would produce the same water requirement ς all 
other things being equal ς as the specific green wall system studied.  
 
Since green walls have not been tested in any of the euPOLIS pilots yet, no specific green wall brands 
have been developed yet. This component and brands will be further developed during UWOT 
implementation in other pilots as part of the work in Task 6.2 according to the methodology developed 
and described above. 
 

Natural wastewater/greywater treatment systems 

There is a growing interest in employing NBS for treating wastewater and facilitating water reuse in 
ŎƛǘƛŜǎΣ ŜǾŜƴ ƳƻǊŜ ǎƻ ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ ǘǊŀŘƛǘƛƻƴŀƭ άƎǊŜȅέ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ŀǎ ǘƘƛǎ ŎƻǳƭŘ ǇǊŜǎŜƴǘ ŀ ƳƻǊŜ 
sustainable, low-cost, low-energy and low-impact (Cross et al., 2021; Castellar et al., 2022) approach, 
providing also several additional environmental, social, and health and well-being co-benefits. In this 
section the Biopolus NBS solutions are analysed since a relevant pilot application is planned within the 
euPOLIS project. 
 
BiopolusΩ water-based urban circularity revolves around using nature-based solutions to bioengineer 
a sustainable water cycle. The solutions are housed in an aesthetically pleasing greenhouse 
environment (the BioMakery) where water can be άrebornέ to be used over and over again. BiopolusΩ 
modular, expandable water treatment system (Biopolus MNR technology) uses complex circular urban 
water treatment and management to maintain valuable natural resources in a sustainable manner. 
 
Wastewaters of various quality characteristics, e.g. blackwater or greywater, from different sources 
including industrial processes, commercial and residential developments, and even urban 
waterbodies can be treated to the most stringent regulations, so that the effluent is perfectly safe to 
be released back into the environment. However, by adding post-treatment 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 the BioMakery is possible and presents an effective solution. 
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Figure 26 Left: Architecturally designed to match the surrounding landscape (pictured above is the La Trappe 
Abbey Brewery BioMakery- Wastewater treatment facility) ς Right: Lush vegetation inside (interior view of the 
La Trappe Abbey Brewery BioMakery- Wastewater treatment facility) 
 

¢ƘŜ aŜǘŀōƻƭƛŎ bŜǘǿƻǊƪ wŜŀŎǘƻǊ όabwύ ǘŜŎƘƴƻƭƻƎȅ ƛǎ .ƛƻǇƻƭǳǎΩ ǇŀǘŜƴǘŜŘ оǊŘ ƎŜƴŜǊŀǘƛƻƴ LƴǘŜƎǊŀǘŜŘ 
Fixed-film Activated Sludge (IFAS) water treatment technology (Figure 27). The underlying principle 
behind the MNR technology is a well-known natural phenomenon, where microbial biofilm develops 
on the roots of aquatic plants. The technology is characterized by a large quantity of biomass that is 
ŀǘǘŀŎƘŜŘ ǘƻ ǎǳōƳŜǊƎŜŘ αŎŀǊǊƛŜǊǎέ ς either to the natural root system of specially selected plants, or 
to artificial roots, developed by Biopolus, for this specific purpose. 
 
The full treatment process takes place in an array of MNR reactors. This separation makes it possible 
to fine-tune the environmental conditions in each section, allowing for the development of separate, 
specialised 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 optimizing the process. 

 
Figure 27 Metabolic Network 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, the BioMakery, 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 free, compact, and modular, the BioMakery with its garden-like atmosphere, can 
placed into any urban environment through creative architecture (Figure 29). 
 

 
Figure 28 Modular solutions for urban environments 

 
Various module sizes with capacities ranging from 150 m3/day to 60,000 m3/day can be combined and 
arranged in various formats to create BioMakeries that work for most instances. Figure 28 shows a 
conceptual design for a mixed industrial and municipal water treatment facility that is set to expand 
in three phases, with a final capacity of 1,300 m3/day. A phased approach was adopted, with three 
separate, stand-alone buildings. 
 

 
Figure 29 Advantages of the Biopolus system 

 
In addition to creating a modular, high-tech living system for complex circular urban water treatment 
and management, via MNR technology, Biopolus also created a platform for circular economy. The 
BioMakery itself was created based upon the principle of water-based urban circularity, where energy, 
food, and waste systems are built around a regenerative and sustainable water cycle (Figure 30).  
 
By means of advanced metabolic engineering, energy, organic materials, and minerals can be derived 
from organic waste through 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 nature-based urban circularity. 
 
With supplementary modules, 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, food and feed, 
biopolymers, etc. (Figure 30). 
 

 
Figure 30 The BioMakery, a production platform for water-based urban circularity. 

Defining critical characteristics of treatment systems 

Sewer Mining UWOT component (Figure 31) 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 water qualities 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. 
 

 
Figure 31 The UWOT Sewer Mining component 

 
The amount of incoming water at time-step t is Iqnt (L/time-step) with quality Iqlt (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 poǊǘ όƴŀƳŜŘ άDǊŜŜƴέύΦ ¢ƘŜ ŀƳƻǳƴǘ ƻŦ ǘƘŜ ǾƻƭǳƳŜ ǘƘŀǘ ƛǎ ƴƻǘ ǘǊŜŀǘŜŘ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ 
ǘǊŜŀǘƳŜƴǘ ǎƭǳŘƎŜ ŀǊŜ ŜȄƛǘƛƴƎ ŦǊƻƳ ǘƘŜ ǎŜŎƻƴŘ ƻǳǘǇǳǘ ǇƻǊǘ όƴŀƳŜŘ ά²²έύΦ ¢ƘŜ ǉǳŀƴǘƛǘȅ ŀƴŘ ǉǳŀƭƛǘȅ ƻŦ 
the emitted signals at the two output ports are: 
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ὕήὲͅρ ÍÉÎ Ὧ Ὠὸȟὰήὲ  (5) 

ὗήᾲρ πȢπρὰήὰ  (6) 

ὕήὲͅς ὰήὲὗήᾲρ (7) 

ὗήᾲς ὰήὰ 
ὰήὲπȢπρὕήὲ

ὕήὲͅς
 (8) 

 
where Iqn and Iql stand for quantity in L/(time-step) and quality in mg/L of the incoming signal, Oqn_1, 
Oqn_2 and Qql_1, Qql_2 stand for the quantity in L/(time-step) and quality in mg/L of the ports 1 and 
н ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿƘŜǊŜ ǇƻǊǘ м ƛǎ ǘƘŜ ƻƴŜ ƴŀƳŜŘ άDǊŜŜƴέΦ tƻǘǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘƘƛǎ ŎƻƳǇƻƴŜƴǘΦ ¢Ƙƛǎ 
component influences the energy, the capital and operational cost pots of the group to which this 
component belongs to. The required energy per time-step is calculated by the formula: 
 

Ὁ ‐ Ὧ (9) 

 
ǿƘŜǊŜ ʶ ƛǎ ŎƻƴǎǳƳŜŘ ŜƴŜǊƎȅ ƛƴ ƪ²Ƙ ǇŜǊ [ ƻŦ ǇǊƻŘǳŎŜŘ ƎǊŜŜƴ ǿŀǘŜǊ όŦǊƻƳ ǘƘŜ ǘŜŎƘƴƻƭƻƎȅ ƭƛōǊŀǊȅύΦ ¢ƘŜ 
capital cost is taken directly from the technology library. The operational costs are calculated by the 
formula: 
 

ὅὕ ὧέὨὸȾσφυ (10) 

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

Developed UWOT brands for wastewater/greywater treatment 

Following the previous analysis, two ŘƛŦŦŜǊŜƴǘ ŜȄŀƳǇƭŜǎ ƻŦ ɾɿ ōǊŀƴŘǎ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ǳǎŜǎΣ 
are presented in the figures below. 
 
Since natural wastewater/greywater treatment systems have not been tested in any of the euPOLIS 
pilots yet, these general brands will need to be further customised according to pilot needs and actual 
technologies for implementation (Biopolus customised water treatment systems) as part of the work 
in Task 6.2.  
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Figure 32 Brand for local greywater treatment 

 

 
Figure 33 Brand for sewer mining 

 

3.2.3 Covering NBS water demand through alternative/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 alternative ways 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.  
Decentralised technologies (greywater recycling, 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 a by-product of the urban water system that may be 
reused but also 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 through kitchen sinks, WCs and washing 
machines (Memon and Butler, 2005). Greywater accounts for the 50-80% of total domestic 
wastewater and due to the low levels of contaminating pathogens and nitrogen, it can be reused after 
a simple treatment (Al-Jayyoussi, 2001; Filali et al., 2022). Treated greywater can be used both for 
indoor demands such as flushing toilets (Figure 34), and outdoor such as for irrigation purposes. This 
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 greywater treatment technologies that include physical 
(sand filters, membrane filters, etc.), chemical (chlorination, coagulation etc.) and biological systems 
(filtering marshes, RBC, SBR, and sludge blanket) (Filali et al., 2022).  
 

 
Figure 34 Configuration of the residential greywater reuse process (Craig, 2015). 

 
Another water ς ǎŀǾƛƴƎ ǎŎƘŜƳŜ ƛǎ ǊŀƛƴǿŀǘŜǊ ƘŀǊǾŜǎǘƛƴƎΦ wŀƛƴǿŀǘŜǊ ƘŀǊǾŜǎǘƛƴƎ ƛǎ ƴƻǘ ŀ άƴŜǿέ 
technology as the concept of collecting and storing rainwater from rooftops or land surfaces using 
simple techniques (natural or artificial ponds, reservoirs etc.) has been used for years (Crouch et al., 
1996). Rainwater might be polluted by bacteria and hazardous chemicals (May and Prado, 2006) and 
thus techniques like slow sand filtration, solar technology and membrane technology are needed to 
provide treated rainwater at high quality level (Wegelin et al., 1994).  
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There are three major forms of rainwater harvesting (Helmreich and Horn, 2009; Rozos and 
Makropoulos, 2012): 

¶ Domestic. The water is collected from roofs and stored in local tanks (Figure 35). Domestic 
rainwater harvesting, apart from reducing the potable water demand, has as side benefit the 
reduction of the runoff volume. 

¶ In situ. Rainfall is collected directly on the surface where it falls and stored in the soil. The 
most promising version of this form are the Sustainable Urban Drainage Systems (SUDS) (EA 
2003). SUDS have combined benefits like managing runoff flowrates, increasing groundwater 
recharge, and even providing a habitat for wildlife in urban watercourses. 

¶ External. The runoff originating from rainfall over a surface elsewhere is collected and stored 
offsite. 

 
Figure 35 Rainwater harvesting and gardening facility with roof catchment and storage tank (Woltersdorf et al., 
2015) 

 
Sewer-mining is another decentralised wastewater reuse technology at a local sale. It extracts 
wastewater from local sewers and then a treatment process takes place at the point of demand. The 
produced treated water supplies local non-potable uses such as urban irrigation whereas the 
treatment residuals return back to the sewer system. Typical uses of the treated water are industrial 
cleaning and cooling as well as irrigation of urban green spaces (Tsoukalas et al., 2017). 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). 

 
Figure 36 The Athens pilot configuration in Nextgen project (Plevri et al., 2020) 
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Technology combinations & UWOT schematisations 

Further to examining each decentralised 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 (Figure 38), the reduction of the potable water demand can be significantly increased. UWOT 
is able to simulate such configurations including decentralised technologies using a three-level 
hierarchical structure (Figure 37): 

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

2. Middle levŜƭΦ ¢Ƙƛǎ ƭŜǾŜƭ ƛƴŎƭǳŘŜǎ ǘƘŜ ƘƻǳǎŜƘƻƭŘǎ ŀǎ ǿŜƭƭ ŀǎ άŎŜƴǘǊŀƭέ ǘŜŎƘƴƻƭƻƎƛŜǎ όƛΦŜΦ 
technologies such as centralized greywater treatment, centralized wastewater treatment or a 
development scale drainage system). Each household includes (a) water using appliances, (b) 
in-house water infrastructure (greenwater tanks for harvested rainwater and/or treated 
greywater, pipeworks) and (c) a set of characteristics that affect the water budget (occupancy, 
pervious/impervious area). 

3. Higher level. The higher level is the urban 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 type of the recycling/treatment scheme. 

 

 
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 household that implements greywater recycling and rainwater 
harvesting 

 
 

 
Figure 39 The set-up consisting of a single SM Unit in Urban Water Optioneering Tool (UWOT) (Liakopoulou et 
al., 2020) 
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3.3 Connection to euPOLIS Indicators 

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 pilot sites. 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 combinations in order to 
maximise potential synergies, as well as identify potential trade-offs and minimise them to the extent 
technically and economically possible. 
 
euPOLIS performance 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 of euPOLIS are related to health and well-being, the environmental 
sustainability of the interventions to be implemented is a critical issue that needs to be addressed 
from the design phase of NBS. These euPOLIS performance indicators, identified as Evaluation 
Indicators (EIs) since they are used for the evaluation of NBS, have been selected and developed as 
part of the work carried out within WP4. Detailed descriptions of EIs are included in Deliverables D4.1 
and D4.2, in which various related aspects are covered including indicator definitions and units, 
corresponding Challenges and Themes, significance and connection to physical health and wellbeing 
or other important aspects (e.g. sustainability, resilience, social cohesion, etc.), various possible 
methods of estimation (monitoring, modelling, etc.), data required, etc. 
 
Within this context, and to accomplish the aims of this task, a detailed linking/mapping mainly 
between UWOT model outputs with euPOLIS Indicators has been carried out (Figure 40). Some model 
inputs, mostly in terms of scenario design parameters, have also been linked to indicators. In this 
process the euPOLIS indicators, mainly EIs, but also some CIs, that are mostly relevant to urban water 
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 output-related indicators are linked to the main urban water flows, i.e., a) Potable 
water, b) Stormwater/Runoff, c) Wastewater and d) Water-related Energy and also take into account 
the utilisation of alternative sources of water. Additionally, more economic in nature indicators can 
also be estimated following the estimation of the physical quantities, through monetisation of the 
associated benefits and costs. This mapping of relevant euPOLIS indicators and creation of links to 
¦²h¢Ωǎ ƛƴǇǳǘǎ ŀƴŘ ƻǳǘǇǳǘǎ ƛǎ ƎǊŀǇƘƛŎŀƭƭȅ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ Figure 40. All the identified indicators are 
included in Table 5 along with the related urban water fluxes and topics of interest. 
 
In the following sections the identified euPOLIS indicators are described in detail under each 
corresponding category, as weƭƭ ŀǎ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴ ǇǊƻŎŜǎǎ ǘƘǊƻǳƎƘ ¦²h¢Ωǎ ǊŜƭŜǾŀƴǘ ƻǳǘǇǳǘ ƻǊ ƛƴǇǳǘ 
model data. 
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Figure 40: Mapping/Linking UWOT model outputs/inputs with euPOLIS Indicators through UW fluxes and design 
parameters 

 
Table 5: Mapping of relevant euPOLIS indicators and UWOT related fluxes and purpose 

Indicator 
Code 

Indicator Name UWOT related urban water fluxes & topic/purpose 

CI-55 (ENV) Impervious Surfaces (%) Areas/Design Scenarios (Input) 

EI-67 (URB) / 
CI-66 (ENV) 

Green Surfaces/Spaces (%) Areas/Design Scenarios (Input) 

EI-45 (ENV) 
Site Water Autonomy for NBS 

(%) 
Water Demand (Alternative Water Sources)/Water 

Scarcity ς Environmental Sustainability (Output) 

EI-46b (ENV) Water Reuse (%) 
Water Demand (Alternative Water Sources)/ Water 

Scarcity ς Circularity (Output) 

EI-46a (ENV) Potable Water Savings (%) 
Water Demand (Potable water)/ Water Scarcity ς 
Environmental Sustainability, (Economy) (Output) 

EI-50 (ENV) Runoff coefficient (%) 
Stormwater/Flooding, Urban Drainage - Resilience 

(Output) 

EI-48b (ENV) 
Stormwater treated/managed 

locally (%) 
Stormwater/Flooding, Urban Drainage - Circularity 

(Output) 

EI-48a (ENV) 
Wastewater treated/managed 

locally (%) 
Wastewater/Circularity (Output) 

EI-47 (ENV) 
(Additional) Wastewater 

Treatment Coverage 
Wastewater/Sanitation, PH&WB, Environmental 

protection (Output) 

EI-44a (ENV) 
Energy Consumption for on-site 
water management (kWh/year) 

Energy Demand (local water management)/ Climatic 
resilience, environmental sustainability, (Economy) 

(Output) 

EI-41 (BUS) 
Annual maintenance savings - 
RWH and/or GWT and reusage 

Local water management/Economy, (Water Scarcity, 
Environmental Sustainability) (Output) 
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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 related euPOLIS 
indicators identified, Impervious Surfaces (CI-55) and Green Areas (EI-67/CI-66), 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 are directly 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) (Figure 41), ii) Pervious Area component (PV) (Figure 42) and iii) Blue Green component (BG) 
(Figure 43). In all three components, the property of interest to the corresponding euPOLIS indicators 
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 the sum of the individual areas needs to correspond to the relevant 
indicator. 
 

 

 
Figure 41 Impervious Area UWOT component (IM) and area input parameter in the component properties dialog 
box 

 

 

 
Figure 42 Pervious Area UWOT component (PV) and area input parameter in the component properties dialog 
box 
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Figure 43 Blue 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 with water 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 used. The three euPOLIS indicators in 
this category and how these are estimated from UWOT are analysed below.  
 

Site Water Autonomy for NBS (EI-45) 

Site Water Autonomy for NBS (EI-45) 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/self-sustained a site is in terms of 
adequately covering the irrigation water needs of all the greenery of the 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 minimise the 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 scarce areas, 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 directly related to 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 water required 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 UWC modelling 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 annual value) or on 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 daily variability 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 autonomy independently. 
 
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 to the total irrigation water requirements for the site NBS and the 
following equation. 
 

ὉὍͅτυ
ὒὡ

В ὡὈ
Ͻρππ (11) 

ὒὡ  Ὑὡ Ὃὡ ὡὡ  (12) 

 
Where: 

WDi total volume of irrigation water demand of NBS i within the reference period (m3) 

N number of NBS on site 

LWNBS total volume of locally sourced water supplied to the NBS within the reference period (m3), 
calculated from: 

RWNBS total volume of harvested rainwater supplied to the NBS (m3) 

GWNBS total volume of (treated) greywater supplied to the NBS (m3) 

WWNBS total volume of treated wastewater supplied to the NBS (m3) 
 
WD is estimated directly from the BG components simulating the various NBS on site and the 
corresponding output timeseries related to the Water Demand flows (Figure 43). 
 
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 supplying it to 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 water does not suffice (Figure 44). This process is repeated for each tank used to supply an 
NBS on site. 
 
The minimum value for this indicator is 0%, when no alternative water 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. 
 
 



              Metabolism-based NBS Planning and Simulation Toolkit 
 

64 
 

 
Figure 44 Example of UWOT topology for calculation of supply of locally sourced water (RWH example) 

 
The EI indicator Potable water savings/Water reuse (EI-46) has been split into two sub-indicators 
described below. 
 

Water Reuse (EI-46b) 

Water Reuse (EI-46b) is defined as the percentage of the total locally sourced 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 water flows, 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 reliable information 
due interannual climatic variability. The data required to estimate this indicator include the total 
ǾƻƭǳƳŜ ƻŦ ƭƻŎŀƭƭȅ ǎƻǳǊŎŜŘ ǿŀǘŜǊ ŀƴŘ ǾƻƭǳƳŜ ƻŦ ǇƻǘŀōƭŜ ǿŀǘŜǊ ǳǎŜŘ ŦƻǊ ŎƻǾŜǊƛƴƎ ŀƭƭ ǘƘŜ ǎƛǘŜΩǎ ǿŀǘŜǊ 
needs. The indicator is calculated as the ratio of the locally sourced water over the total water 
consumption of the site, as given by the following equation. 
 
 

ὉὍͅτφὦ
ὒὡ

Ὕὡ
Ͻρππ (13) 

ὒὡ  Ὑὡ Ὃὡ ὡὡ (14) 

Ὕὡ  ὖὡ ὒὡ (15) 

 
 
Where: 
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TW total water consumption for the site within the reference period (m3) 

LW total volume of locally sourced water supplied to the site within the reference period (m3), 
calculated from: 

RW total volume of harvested rainwater supplied to the site (m3) 

GW total volume of (treated) greywater supplied to the site (m3) 

WW total volume of treated wastewater supplied to the site (m3) 

PW total volume of potable water (central system) supplied to the site (m3) 
 
The output timeseries used for the calculation of the volumes of locally sourced water are described 
in the Site Water Autonomy for NBS (EI-45) indicator, with the only difference that all the locally 
sourced water used on site is considered for covering all types of needs and not only the water flows 
used for NBS irrigation. For the estimation of PW, 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 (Figure 45). 
 
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 value is 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. 
 
 

 
Figure 45 Example of UWOT topology for calculation of the potable water used on site 

 

Potable Water Savings (EI-46a) 

Potable Water Savings (EI-46a) 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 comparison to 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 economic benefit (or 
cost).  
 
A reduction in potable water consumption can be achieved through the implementation of 
decentralised water technologies, including water recycling technologies, the use of water-efficient 
appliances and technologies, as well as a change ƛƴ ǿŀǘŜǊ ǳǎŜǊǎΩ ōŜƘŀǾƛƻǳǊŀƭ ǇŀǘǘŜǊƴǎ (Baki et al., 
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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 increase 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 supporting the b.{Σ ǘƘŜȅ ŎƻǳƭŘ ŀƭǎƻ ŎƻǾŜǊ ǇŀǊǘ ƻŦ ǘƘŜ ǎƛǘŜΩǎ ŜȄƛǎǘƛƴƎ ǿŀǘŜǊ ŘŜƳŀƴŘΣ ǎǳŎƘ ŀǎ ǘƻƛƭŜǘ 
flushing or irrigation of existing green areas. Such an environmentally conscious intervention could 
ǘƘŜǊŜŦƻǊŜ ǇǊƻƳƻǘŜ ŎƛǊŎǳƭŀǊƛǘȅ ōȅ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǎƛǘŜΩǎ ǿŀǘŜǊ ǊŜǳǎŜ ǇŜǊŎentage (EI-46b), as discussed 
previously, but also reduce existing environmental pressures and create economic benefits though 
the reduction of the initial potable water consumption (EI-46a). 
 
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 potable 
water consumption in the original state (baseline consumption) and the potable water consumption 
ŦƻƭƭƻǿƛƴƎ ǘƘŜ ŜȄŀƳƛƴŜŘ ƛƴǘŜǊǾŜƴǘƛƻƴ ŦƻǊ ŎƻǾŜǊƛƴƎ ŀƭƭ ǘƘŜ ǎƛǘŜΩǎ ǿŀǘŜǊ ƴŜŜŘǎΦ ¢ƘŜ ƛƴŘƛŎŀǘƻǊ ƛǎ ŎŀƭŎǳƭŀǘŜŘ 
ŀǎ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎƛǘŜΩǎ ǇƻǘŀōƭŜ ǿŀǘŜǊ ŎƻƴǎǳƳǇǘƛƻƴ ǿƛǘƘ ǘƘŜ following equation. 
 

ὉὍ
ὖὡ ὖὡ

ὖὡ
Ͻρππ (16) 

 
Where: 

PWb total volume of potable water (central system) supplied to the site in the baseline scenario 
(m3) 

PWSi total volume of potable water (central system) supplied to the site in scenario i (m3) 
 
The output timeseries used for the calculation of the volumes of potable water are the same as 
described in Water Reuse (EI-46b) and Figure 45. In the case that the potable water consumption in a 
scenario is larger than the baseline consumption, then the indicator receives a negative value which 
ƛƴŘƛŎŀǘŜǎ ǇƻǘŀōƭŜ ǿŀǘŜǊ άǎǇŜƴŘƛƴƎǎέ ƛƴǎǘŜŀŘ ƻŦ ǎŀǾƛƴƎǎΣ ŘǳŜ ǘƻ ǘƘŜ ŀŘŘŜŘ ǿŀǘŜǊ ǳǎŜǎΦ ¢ƘŜ ƳŀȄƛƳǳƳ 
value for this indicator is 100%, when no potable water is used on site (ideal condition). 
 

3.3.4 Stormwater management 

Stormwater treated/managed locally (EI-48b) 

The indicator EI-48 has been split into two sub-indicators to account for the different types of urban 
water flows, i.e. stormwater and wastewater. In this section the indicator related to stormwater is 
analysed, stormwater treated/managed locally (EI-48b). This indicator is defined as the percentage 
of stormwater managed locally within the site instead of entering 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 stormwater runoff entering the central stormwater network is reduced. Furthermore, when 
ŀǎǎƻŎƛŀǘŜŘ b.{ ǎǳǇǇƻǊǘƛƴƎ ƛƴǘŜǊǾŜƴǘƛƻƴǎ ŀǊŜ ŀƭǎƻ ǳǎŜŘ ƭƛƪŜ ǘƘŜ ƘŀǊǾŜǎǘƛƴƎ ƻŦ ǊŀƛƴǿŀǘŜǊ ŦǊƻƳ ǘƘŜ ǎƛǘŜΩǎ 
impermeable surfaces for the irrigation of the new greenery, additional stormwater 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 instead 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 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 runoff 
generated from the site before any interventions (baseline) 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. 
 

ὉὍ
Ὓὡ Ὓὡ

Ὓὡ
Ͻρππ (17) 

 
Where: 

SWb total volume of stormwater generated from the site in the baseline scenario (m3) 

SWSi total volume of stormwater generated from the site in scenario i (m3) 
 
For the calculation of SW the aggregated runoff signal for the entire site, originating from all the 
different model elements (impervious, pervious and NBS areas), and the related output timeseries are 
used (Figure 46). 

 
Figure 46 Example of UWOT topology for calculation of the total runoff from the site 

 

Runoff coefficient (EI-50) 

Runoff coefficient (EI-50) 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 rainfall through infiltration (reduction of runoff 
coefficient), reducing therefore the volume of water going to the stormwater network and reducing 
the risk for urban flooding. The Runoff coefficient can be estimated either through monitoring or 
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modelling. There are different types of models with varying level of complexity. UWOT can provide a 
simplified calculation of the Runoff coefficient, mostly in terms of annual estimates, in the case that 
more elaborate, specialised rainfall runoff models are not used for a specific site. 
 
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 climatic variability. The data required to estimate this indicator 
includes runoff volume generated from the site and the precipitation volume corresponding to the 
site and it is calculated from the following equation. 
 

ὉὍ
Ὓὡ

ὖὠ
 (18) 

 
Where: 

SW total volume of stormwater generated from the site (within the reference period) (m3) 

PV total volume of precipitation on the site (within the reference period) (m3) 
 
SW is calculated as in the case of EI-48b (Figure 46) and PV by multiplying the model input time series 
of precipitation with the area of the site. 
 

3.3.5 Wastewater management 

Wastewater treated/managed locally (EI-48a) 

Wastewater treated/managed locally (EI-48a) 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 interventions 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 network and directed 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 interventions (baseline) 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. 
 

ὉὍ
ὡὡ ὡὡ

ὡὡ
Ͻρππ (19) 

 
Where: 

WWb total volume of wastewater generated from the site in the baseline scenario (m3) 
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WWSi total volume of wastewater generated from the site in scenario i (m3) 
 
For the calculation of 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 
(Figure 47). 
 

 
Figure 47 Example of UWOT topology for calculation of the total wastewater from the site 

 

(Additional) Wastewater Treatment Coverage (EI-47) 

This indicator measures the additional wastewater treatment accomplished through the 
implementation of a relevant NBS employed for water/wastewater treatment. It is related to 
wastewater flows and is important for both PH&WB through the provision of adequate sanitation, as 
well as environmental protection.  
 
This indicator 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 site, as given by the following equation. 
 

ὉὍͅτχ
ὡὡ

ὡὡ
Ͻρππ (20) 

 
Where: 

WWTR volume of treated wastewater by the NBS (m3) 

WW total volume of wastewater at the site (m3) 
 
The output series used depend on the model topology and specific application, but generally inflow 
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 emissions) (EI-44) 

Indicator EI-44 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 implementation of NBS could result in energy savings (e.g. heating and cooling, energy for the 
UWC - upstream or downstream, etc.), but also in additional energy consumption (e.g., on-site water 
treatment, water supply, illumination, etc.). All the different elements 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 intervention, as 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 on-site water management (EI-44a), which can be estimated 
through UWOT simulations using a daily time step and simulations for at least one year (Baki and 
Makropoulos, 2014). The data required to estimate this indicator includes the energy consumed by 
the different water-related technologies/appliances used at the site and it is calculated as the sum of 
these energy consumption elements with the following equation.  
 

ὉὍ ὝὉὅ ὝὉὅ (21) 

 
Where: 

TECP total energy consumption for water pumping on site (kWh) 

TECWT total energy consumption for local water treatment on site (kWh) 
 
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 groups that these belong to (Figure 48). 
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Figure 48 Example of UWOT topology for calculation of energy consumption for on-site water management 

 
To estimate the entire water-related energy consumption component of the EI-44 indicator, 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, as well as 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, water 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). 
 
Even though 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 more simplified 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 literature (Plapally and Lienhard V, 2013). The analysis within the entire UWC 
would result in the estimation of the avoided or additional net water-related energy consumption in 
an annual basis (kWh/y). To convert this to Greenhouse Gases (GHG) emissions the energy needs to 
be multiplied by using the appropriate emission factors for each phase according to the energy source 
utilised (kg CO2/y). 
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3.3.7 Economic benefits & costs 

As mentioned previously, some of the indicators relating to physical quantities could also be translated 
into and expressed in monetary terms in order to also estimate the economic benefits and costs of a 
particular intervention. Specifically, the indicators Potable Water Savings (EI-46a) and Energy 
Consumption (EI-44a) can be converted into monetary values 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 cost-benefit analysis, such as the whole range of operational, maintenance and capital costs 
associated with the NBS implementation. This is also related to indicator E-41 (Annual maintenance 
savings from rainwater harvesting and / or greywater treatment and re-usage).  
 
UWOT has the ability to include capital and operational costs in its components and brands, therefore 
it could be used as a tool for facilitating NBS cost-benefit analysis. 
 

3.4 The euPOLIS NBS Urban Water Metabolism Results Dashboard 

3.4.1 Overview 

The euPOLIS NBS results dashboard is an interactive visualisation tool with the main goal of presenting 
key information and simulation outputs related to the urban water metabolism aspect of different 
NBS scenarios to various groups of stakeholders in a concise manner. The dashboard allows end users 
to evaluate the performance of different NBS interventions supported by various decentralised urban 
water systems, modelled with the aid of UWOT and it can be used to support quantitative comparative 
analyses and relevant decisions on the choice of the appropriate technical solution. The users can view 
the dashboard results in a web-based (browser) environment on their systems (i.e., computers, tablets 
and/or smartphones) and need not have experience with UWOT modelling in 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 detail in modelling specifics and the 
high-resolution data generated from the model. The pool of potential end users includes i) specialised 
groups of stakeholders, such as city urban planners and engineers, architects, urban designers, 
landscape specialists and urban water management consultants; ii) decision and policy makers, 
including city authorities, city operators, approval bodies and relevant political structures; but could 
also include more generally iii) local community organisations, citizens groups, local residents and 
property owners. 

3.4.2 Description 

The main functionality of the dashboard is to be used as a presentation interface, as well as an 
information abstraction layer, between the UWOT NBS modelling results and the users interested in 
obtaining quantitative insight without going into detail in modelling specifics and the raw data 
generated from the model. The overall dashboard architecture follows the backend/frontend 
software template, and two distinct communicating modules (information layers) are distinguished: 

Á the data access, modelling, 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 simulate different NBS interventions and is not directly viewed by the end user, as it is 

handled by the backend module.  

Á the presentation layer, i.e. the layer encompassing the actions to display information to the 

end user in a web-based environment. This is the 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 seen in Figure 49. 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 key attributes) and outputting data to a tabular model output database 
that includes general scenario parameters, hydrological timeseries of the system response, etc. Once 
the model output information is obtained, a distinct subprocess within the backend layer (dotted 
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 
visualisation (including pivot tables and the relevant NBS metrics/euPOLIS indicators described in 
Section 3.3). 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 key-value pairs and arrays. Moreover, JSON 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 per NBS scenario and then communicated to the 
frontend module.  
 

 
Figure 49 Overview of the dashboard architecture 

 
Following the generation of the JSON file(s), the frontend module (left side of Figure 49) 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 browser (webpage) 
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 communication libraries (numpy, pandas, json). Calls to the 
simulation model (UWOT) are done through the UWOT Python API, as well as libraries that handle I/O 
file reading, such as pandas and xlread, while UWOT itself is built using Python and C. For the frontend 
development, 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 information is done by using the 
Javascript programming language. All charts of the application have been created via the Javascript 
visualisation framework called chart.js. 

3.5 Connection to the euPOLIS Data Management System (DMS) 

The Data Management System (DMS) of euPOLIS, documented in euPOLIS Deliverable D5.4, is the 
middleware component that stores all results and information from other euPOLIS applications, 
mobile apps and IoT devices. Data is captured in this centralised repository to be further processed 
and analysed with the goal to visualize and support the euPOLISΩ modelling, planning, and design of 
NBS. Communication with the various components, one of which is the NBS UW Metabolism Toolbox 
is achieved via REST API which is exposed 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 NBS UW Metabolism Toolbox uses this 
type of communication to make its data available to the Visualisation Tool of Task 5.7 and through it 
to the end-user of the euPOLIS system via the DMS. Upon availability, data are posted in csv format 
for each pilot city and include simulation scenarios, timeseries, and 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 endpoints that 
follow the JSON standard. Further details on the endpoints are available in D5.4. The resources of the 
DMS are accessible only by authorised components, while the communication is over encrypted 
channels. This means that both the NBS UW Metabolism Toolbox that 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 Study ς NBS Urban Water Metabolism Toolbox Application 

4.1 Ralleion School Piraeus pilot description 

Ralleion school is one of the pilot locations in the euPOLIS Front Runner City of Piraeus. It is a school 
with a long history dating back to the mid-19th century in 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 participation in various educational research programmes and other research initiatives, make 
it ideal as an euPOLIS pilot site and was therefore selected as one of the three euPOLIS pilot locations 
in Piraeus (Figure 50). It was also chosen for the work carried out within T5.6 as a case study for the 
implementation of the NBS Urban Water Metabolism Toolbox and for this purpose a range of different 
potential NBS interventions were investigated for implementation in the school. This initial toolbox 
implementation analysis and its results are presented in this chapter. 
 
Ralleion School is located on no. 3 of Alexandrou Street (corner of Tzavella street, see Figure 51) and 
lies a short 5-min walk from Akti Dilaveri and 10-min walk from Mikrolimano area (Figure 50). It is 
comprised of 2 classroom buildings, a multi-function hall, the courtyard, a basketball court, a small 
garden, a tree grove, separate toilet rooms for students and staff, the school cantina, a kitchenette, 
an office space for teaching staff, auxiliary rooms and the semi-open areas connecting buildings. There 
are two existing green areas, the tree grove on the south side and a small garden near the entrance 
(Figure 52 and Figure 53). 
 
The total school area is 3,177.26 m2 of which 2,542.26 m2 are impervious areas and the remaining 635 
m2 pervious areas. The detailed area breakdown (m2) of the various school spaces is shown in Table 
6. 
 

 
Figure 50 euPOLIS pilots in Piraeus and the Ralleion School complex 

Ralleion School 

Mikrolimano 

Akti Dilaveri 
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Table 6 Floor areas of Ralleion School premises 

School Floor Surfaces (m2) 

North Classroom Building 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 

 

 
Figure 51 The Ralleion School complex in Piraeus 

As an Experimental school, Ralleion hosts three different modes of primary school (twelve-seat, three-
seat, and single-seat) 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 cleaning staff. The number of students in the all-
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day school program (students staying past the end of the standard school 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 area is 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 
ŘŜŘƛŎŀǘŜŘ ǿŀǘŜǊ ƳŜǘŜǊΦ {ǘƻǊƳǿŀǘŜǊ ŦǊƻƳ ǘƘŜ ǎŎƘƻƻƭΩǎ ŎƻǳǊǘȅŀǊŘǎ ƛǎ ŎƻƭƭŜŎǘŜŘ ǘƘǊƻǳƎƘ ƎǊŀǘŜǎ ŀƴŘ then 
collected in a main drain which heads to the southeast corner of the lot and discharges into the main 
stormwater drain underneath Tzavella street. The school water supply is also connected to the 
neighbouring primary school covering part of its water demand.  

 
Figure 52  Pictures 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 existing situation at the school was simulated first to serve as the Baseline Scenario and for model 
calibration purposes. The Baseline scenario, which was set-up according to the methodology 
described in summary in Section 3.2.1, refers to the schoolΩǎ ǳǊōŀƴ water cycle as it is described by 
data on the schoolΩǎ recent water consumption and other information relating to the existing situation 
(see Section 4.2.1). The school population (water users) for the Baseline scenario is considered 
constant for the NBS scenarios as well, since the goal is to simulate the potential difference on the 
schoolΩǎ ǳǊōŀƴ water cycle due to the NBS implementation, while all other factors remain the same. 
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Figure 53 is 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 in this deliverable. 

 
Figure 53 Existing situation at the Ralleion School - Baseline Scenario (Google Earth) 

4.2.1 Input data & model schematisation 

The required input data for the baseline scenario consist of the following data types: 

¶ Hydroclimatic data 

¶ Water consumption data 

¶ Other supplementary data 

¶ Data on the number of Users (permanent and seasonal, e.g., during summer camps) 

¶ In-situ flow and external taps usage measurements 

Hydroclimatic data 

The hydroclimatic data used for the baseline and all the examined NBS scenarios are obtained from 
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 Figure 54. 
 
Data on daily precipitation, maximum, minimum and mean daily temperatures and 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 values of the above climatic parameters for the period 2014-2021 are shown in 
Table 7. 

 
Figure 54 Location of Piraeus Athens Marina meteorological station in relation to the Ralleion School building 

 
Table 7 Mean monthly meteorological data from Piraeus Athens Marina and Hellinikon meteorological stations 

 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 

Max 
Temp (C) 

23.8 19.5 15.4 13.6 15.0 16.8 19.7 24.1 28.4 32.6 33.1 28.7 

Min 
Temp (C) 

17.9 13.8 9.8 7.8 9.4 11.2 14.0 18.5 22.5 26.0 26.4 22.6 

Mean 
Temp (C) 

20.7 16.6 12.5 10.8 12.2 13.9 16.7 20.9 25.2 28.9 29.3 25.3 

Wind 
Speed 
(m/s) 

2.32 2.52 2.76 3.06 2.84 2.88 2.60 2.53 2.64 2.94 2.92 2.65 

Sunshine 
(hrs) 

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 2017 - 2021. As mentioned, the school has a dedicated 
water meter. Water consumption is measured in slightly variable time intervals, usually every three 
months. The data are presented in Table 8. The water consumption data were the main data used in 
the model calibration. However, the measurement marked in red colour was excluded from the 

Ralleion School 

Meteorological 
station 

Ralleion School Pilot 
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calibration process as it was not considered reliable and was probably an error since it was significantly 
lower than all other measurements. 
 
Table 8 Ralleion School water consumption data 

Consumption Period Water Quantity (m3) 

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 usage measurements 

With the aim of gaining some insight on the frequency and amount of water use by the students in 
the school, a series of in-situ measurements were conducted in the period May ς June 2021 during 
normal school operating hours. A series of observations and measurements were carried out to 
determine the consumption of the two 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 operation; in addition, the presence of external observers in the schoolΩǎ internal toilets 
was not permitted. 
 
Measurements were conducted for one whole school week for each external tap group. Initially, the 
flow rate of the taps was established using a known 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 l/s for the first group and 0.058 l/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 determined via direct observation 
and measurement. Observations were made according to a predetermined schedule which was 
designed to account for observations carried out in every class break and in rotating order by weekday 
so that all instances of student presence in the courtyard were covered. 
 
The frequency of use was determined equal to 162 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 tap 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 data is shown in Table 9. 
 
The measured data on external tap water use were used to provide estimates of water consumption 
for the relevant brands of UWOT for the modelling of the existing situation (baseline). 
 
Table 9 External tap water use observations 

East tap group Observation 
schedule 

       

          

 1st Week     

 Monday Tuesday Wednesday Thursday Friday     

School 
break 

      Legend   

1st 5 23.26 18 10.6 21   
Frequency 
(times taps 

opened) 

2nd 28.5 9 14.4 43 16.6   
Average 
time tap 
open (s) 

3rd 7 15.23 23 13.5 5     

4th - 16 10.7 15 -     

 

Other supplementary data 

Other data collected for the baseline simulation include the following: 

¶ Floor areas and elevations of the various parts of the school building were estimated from 
building drawings obtained from the school management. 

¶ School operation details, such as daily schedule, number of existing students and staff and 
data on summer camp attendance, were provided by the school management. 

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

¶ Other uses include the provision of water to parts of the neighbouring primary school. This 
has been the case from before the present management that currently runs the school, and 
the exact reasons are unclear (possibly for technical convenience). However, the exact uses 
supported are known, the kitchen and outside taps, and therefore this demand could be 
estimated approximately equal to 400 l/d. 
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Model schematisation 

The simulation of the school's baseline urban water cycle was based on the following UWOT 
elements/components: 

¶ Two (2) external tap groups (Hand Basin (HB) component) 

¶ One (1) school staff toilet (WC component) 

¶ One (1) student toilet (WC component) 

¶ One (1) internal hand basin for students (Hand basin (HB) component) 

¶ One (1) internal hand basin for school staff (Hand basin (HB) component) 

¶ One (1) kitchen (kitchen sink (KS) component) 

¶ One (1) outside use (OU) component representing the washing of the courtyards 

¶ One (1) outside use (OU) component representing the garden irrigation 

¶ The supply to the neighbouring school represented by an input signal (IN) 

¶ The impervious area of the school roofs and yard (Impervious area (IM) component) 
 
Details on the specific component brands used for Ralleion baseline model are provided in Table 10 
and the overall UWOT schematisation of the baseline model is shown in Figure 55. Schematisation 
detailed views of UWOT components used are shown in Figure 56.  
 
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 model, have been set according 
to the information in Section 4.1 and are shown in Table 11. 
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Table 10 Baseline Scenario brand configuration 

 Frequency 
of Use 

Demand 
Fluctuation 

Occupancy (No. of users) 
BrandsΩ 

Water Use 

External Taps (South 
group) 

2/day 1 
190 - normal operation 

0 - when closed 
63 - during summer camps 

0.94 L/use 

External Taps (East 
group) 

2/day 1 
190 - normal operation 

0 - when closed 
63 - during summer camps 

0.963 L/use 

Hand basins Students 
WC 

2/day 1 
380 - normal operation 

0 - when closed 
125 - during summer camps 

0.963 L/use 

Hand basins Staff WC 2/day 1 
40 - normal operation 

0 - when closed 
15 - during summer camps 

0.8 L/use 

WC Students 1/day 1 
380 - normal operation 

0 - when closed 
125 - during summer camps 

9 L/use 

WC Staff 2/day 1 
40 - normal operation 

0 - when closed 
15 - during summer camps 

9 L/use 

Kitchen sink 1/day 1 
20 - normal operation 

0 - when closed 
20 - during summer camps 

2.1 L/use 

Garden 

1/5 days in 
winter 

1/3 days in 
summer 

1 1 81 L/use 

Outside use 

1/15 days 
0 when 
school 
closed 

1 1 500 L/use 

External Taps 
(Neighbour school) 

1/day 1 1 0.963 L/use 

Kitchen (Neighbour 
school) 

0.5/day 1 
190 - normal operation 

0 - when closed 
2.1 L/use 

 
Table 11 Ralleion school general and baseline model parameters 

General parameters 

Total site surface (m2) 3177 

Pre-existing green surfaces (m2) 635 

Impervious surfaces baseline scenario (m2) 2542 
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Figure 55 Baseline schematisation in UWOT 

 

 
Figure 56 Components used for Baseline scenario (detail view) 

1. School appliances 2. Outside use and Garden 

3. Impervious roofs 
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4.2.2 Model calibration 

The baseline model was calibrated against the observed water supply consumption as provided by the 
water supply utility. The measurements concerned the period from 19-7-2017 up to 12-7-2021. 
 
The model performance is evaluated using the following goodness-of-fit metrics: (a) the Nash-Sutcliffe 
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): 
 

(a) ὔὛὉρȢπ
В

В
 (22) 

(b) ὛὟὓὛὗάὭὲВ ὕ ὖ  (23) 

 
where:  

Pi the simulated values  
Oi the observed data  

ὕ the average of the observed data, and  
n the number of simulation timesteps. 
 
ɿ{9 ǘŀƪŜǎ ǾŀƭǳŜǎ ōŜǘǿŜŜƴ -қ ǘƻ м ǿƛǘƘ ǾŀƭǳŜǎ ŎƭƻǎŜǊ ǘƻ м indicating a better model fit. Conversely, 
SumSQ indicates a better fit when its value is closer to zero. 
 
The water supply utility bills refer to the accumulated consumption over three-month periods. The 
model results were aggregated to the same time periods corresponding to the observed data for 
comparison. An initial run was made to check the model performance. The observed consumption 
data together with the initially simulated baseline and their difference are shown in Table 12. Figure 
57 shows the results in graphical form. 
 
Table 12 Initial baseline model simulation results 

Consumption Period Water Consumption (m3)  

From To Water Utility Data 
Model result  

(Baseline Scenario) 
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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Figure 57 Initial model fit to observed data 

 
It was immediately observed that there were two distinct time periods of model performance within 
the entire simulation period: for the first period ending on 9-7-2019 the observed consumption is 
consistently higher than the simulated one, whilst in the second period ending on 12-7-2021 there is 
relatively good agreement between the observed and simulated values. More specifically, from 19-7-
2017 to 9-7-2019 there is an almost constant difference between observed and simulated values of 
the order of 100 m3 per three-month 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 
documented change in the school population/users. 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. 
 
Several attempts 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 period 10-7-2019 to 12-7-2021. It was presumed that this 
ŘƛŦŦŜǊŜƴŎŜ ǎƘƻǳƭŘ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǎƻƳŜ ǳƴŘƻŎǳƳŜƴǘŜŘ ƭŜŀƪ ƛƴ ǘƘŜ ǎŎƘƻƻƭΩǎ ǎǳǇǇƭȅ ǎȅǎǘŜƳ ǿƘƛŎƘ ǿŀǎ 
at some point identified and fixed. However, to investigate further we performed two different model 
calibrations, each considering as valid the observed data only in one of the two periods. We named 
the two investigative calibrations as: 

¶ Version 1, calibrated on data for the period 19-7-2017 to 9-7-2019 and 

¶ Version 2, calibrated on data for the period 10-7-2019 to 12-7-2021 

using different assumptions in each case, as shown in Table 13. 
 
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 in water consumption could be attributed to a change in 
consumptive behaviour of the school population/users. 
 
Table 13 Differences between the two calibration versions of the baseline scenario 

 

Baseline scenario versions 

Frequency of Use 

Version 1 Version 2 

WC Students 1/day 0.5/day 

Outside use 
1/15 days 

0 when closed 

1/15 days  
0 when closed  

1/15 days (even after 10/2020 -quarantine) 

Version 1 calibration  

Version 1 was calibrated using observed data in the period 19/7/2017 to 9/7/2019. The results are 
shown in Table 14. Table 15 shows the objective function metrics for the specific calibration period. It 
is observed that changing the model assumptions reduced the difference between observed and 
simulated values significantly.  
 
Table 14 Simulated vs. observed values for Version 1 calibration. 

Consumption Period Water Consumption (m3)  

From To Water Utility Data 
Model result  
(Baseline Scenario) 

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 

 
Table 15 Goodness-of-fit metrics for Version 1 calibration. 

Period 19/07/2017 to 09/07/2019  Period 10/ 07/2019 to 12/07/2021 

NSE  NSE 

0.821  0.350 

SUM (Observed-Modelled)2  SUM (Observed-Modelled)2 

32144.81  60909.98 
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The result is graphically shown in Figure 58 and Figure 59. It is seen that forcing the model to adapt to 
the earlier period of data produces an overall result which poorly fits the latter period (from 10-7-
2019 onwards), while model performance evaluated over the whole period of data is average at best. 
This indicates that perhaps the increased consumption in the first period should not be attributed to 
consumptive behaviour. 
 

 
Figure 58 Comparison of observed data and simulated results from Version 1 model 
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Figure 59 Observed vs simulated consumption according to Version 1 model calibration 

Version 2 calibration 

Version 2 was calibrated using observed data in the period 10/7/2019 to 12/7/2021. The results are 
shown in Table 16. Table 17 shows the objective function metrics for this calibration period. Again, as 
in the case of Version 1, it is observed that changing the model assumptions reduced the difference 
between observed and simulated values significantly. 
 
Table 16 Simulated vs. observed values for Version 2 calibration 

Consumption Period Water Consumption (m3)  

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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Table 17 Goodness-of-fit metrics for Version 2 calibration. 

Period 19/07/2017 to 09/07/2019  Period 10/ 07/2019 to 12/07/2021 

NSE  NSE 

0.095  0.753 

SUM (Observed-Modelled)2  SUM (Observed-Modelled)2 

162264.74  23159.81 

 
The result is graphically shown in Figure 60 and Figure 61. It is observed that Version 2 model fits 
better to its calibration period while the difference with the first period remains very high. This leads 
to the conclusion that the increased consumption recorded in the earlier time period (before 10-7-
2019) is probably not due to a different consumptive behaviour, but since it is systematic and almost 
constant, it indicates an undocumented loss (e.g. possibly a leak that was later identified and fixed). 
 

 
Figure 60 Comparison of observed data and simulated results from Version 2 model 
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Figure 61 Observed vs simulated consumption according to Version 2 model calibration 

Based on the above investigation a final calibration was pursued, using the latter period as calibration 
data, and adjusting the model to represent the undocumented 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 (after 10-7-2019) was adopted as being 
representative of the actual school consumption and the model was adjusted to reflect the 
undocumented loss that occurred prior to July 2019. For this purpose, an input component which 
produces a single constant daily demand was introduced in the model. The value of this daily demand 
was adjusted until the best match across the whole dataset was found. The best fit was reached for a 
constant loss demand of 3000 l/d or 3.0 m3/day. 
 
The results of the final calibration are shown in Table 18 and Table 19. In Figure 62 and Figure 63 the 
good fit achieved throughout the available data period can be observed, after the adjustment for the 
final calibration. The overall model fit per the NSE metric is 0.88. 
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Table 18 Simulated vs. observed values for the Final calibration. 

Consumption Period Water Consumption (m3)  

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 

 
Table 19 Goodness-of-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 (Observed-Modelled)2  SUM (Observed-Modelled)2  SUM (Observed-Modelled)2 

33542.32  23159.81  10382.52 

 


























































































































