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Executive Summary Section 

This document (D4.1) serves as the interim report for T4.1 “A resilience-based stress-testing 
framework for AWR supply systems and technologies”. It links RECREATE and its Case Studies (CSs, 
which are North Holland, Kalundborg, Syros-South Aegean, and Costa Brava) to the concept of 
resilience as evolved from the engineering and socio-ecological system domains, with a 
methodological background for its application on modern water systems, that face significant stresses 
in the form of climatic and socioeconomic change, pertaining to water scarcity implications.  

To this end, the methodological framework elaborates on the development of suitable Key 
Performance Indicators (KPIs) for multiple aspects and objectives of the systems, the formulation of 
standardized compound scenarios of multiple stressors, the modelling requirements and concepts for 
the water systems, the formulation of alternative configurations to compare with the baseline set-up, 
a stress testing approach for evaluation and presentation and communication of resilience results.  

Pivotal in RECREATE is the exploration of adoption of Alternative Water Resources (AWR) to tackle 
water scarcity, and the methodological framework will be used to evaluate adaptation pathways that 
include such solutions (among other technical and non-technical interventions) in future alternative 
configurations of the systems. Therefore, this report conceptualizes the necessary links between tools 
that will be used to optimize the resilience of the future pathways and the assessment methodology 
as the practical implementation. Finally, the preliminary CS considerations in the contexts of KPIs and 
modelling configurations are presented.  

Related Deliverables: This report will be updated in the final report, D4.2 (to be submitted in M36), 
where the finalized methodology development for resilient adaptation pathways and the 
implementation of the resilience assessment in the CSs will have been carried out. 

EU added value/Contribution to EU policies: Outlines a comprehensive framework for assessing 
resilience of water systems in EU regions against uncertainty by implementing AWR technologies and 
pathways, related to Critical Entities Resilience. 
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1. Introduction  

1.1 Aim and scope of this document 

The RECREATE project aims to improve the resilience of water supplies and protect the status of 
natural water resources by facilitating the assessment and inclusion of Alternative Water Resources 
(AWR) in water management planning for water scarce regions, and to increase awareness and 
acceptance and trust in the fundamental role of AWR in climate change adaptation. This deliverable is 
part of WP4 “Strategic Planning: options and pathways” activities. Within the objectives of WP4 are to 
support strategic, long-term planning, aiming to transform water systems and services, by embedding 
supply systems and technologies for AWR at the appropriate phase of the water system ‘lifecycle’. To 
achieve this, WP4 has set the below objectives: 

i. To stress test systems within a resilience assessment framework accounting for multiple 
uncertainties;  

ii. To investigate and operationalise the emerging concept of dynamic intervention design to develop 
pathways for such transformations building on knowledge from WP1 and adding to the 
functionalities of RECREATE_WT (WP3);  

iii. To provide a serious game to further support stakeholders’ engagement with the pathways; and  
iv. To coordinate ‘beta testing’ and improvement activities for (i)-(iii) through the CS. 

This report, D4.1 “Interim Report on the Resilience-based stress-testing framework for AWR supply 
systems and technologies”, is mostly related to the first above-mentioned objective, yet it sets the 
baseline for the rest of the objectives and WP4 activities and establishes synergies with other tasks 
and WPs of the project. Specifically, D4.1 defines the resilience stress testing framework and paves the 
way towards the development of adaptive pathways for AWR supply systems and technologies (Task 
4.2) by ensuring the delivery of measurable outputs and the definition of CS relevant KPIs that can be 
used for assessing the resilience and communication/visualisation purposes. It also takes into account 
the climate change scenarios and outputs of T1.1 “Evaluating climate change impacts on water supplies 
and demands” and the AWR and upgrades of existing infrastructure examined in T1.5 “Identifying 
synergies between existing infrastructure and upgrades required for water reuse”. Further, it defines 
how any modelling chain can be adopted within the resilience framework and validates the process 
with the CS modelling approaches established under T1.5. Stress-testing scenarios of interest and KPIs 
are co-developed with relevant stakeholders as part of T4.4 “Beta testing with ‘ground truth’” and as 
part of CoP activities of WP2, while the results of stress-testing can be eventually accessible via the 
RECREATE_WT of WP3. Alignment with WP5 activities e.g. to incorporate the CS perspective and be 
aligned with the CS progress is ensured at all stages. D4.1 is the first report of the resilience-based 
stress-testing framework for AWR supply systems and technologies which will be updated and finalized 
in M36 in Deliverable D4.2 “Final Report on the Resilience-based stress-testing framework for AWR 
supply systems and technologies”. 

1.2 Structure  

D4.1 is structured as follows: 

• Chapter 1 is an introductory chapter describing the aim, scope, and structure of the report. 

• Chapter 2 defines the concept of resilience as adopted within RECREATE project and the 
system properties of relevance for WP4 work. 

• Chapter 3 refers to the process of stress-testing for resilience assessment and elaborates 
on the operationalisation of the resilience definition to the CSs by making refences to the 
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system performance, KPIs categories and metrics that can be used for the quantification 
of resilience, disturbance, stressors, design horizons and scenarios and describes how the 
results of the resilience framework can be visualised and communicated. 

• Chapter 4 focuses on the AWR adaptive pathways that would help increase the resilience 
of the system by defining how those are conceptualised and assessed via a modelling 
chain.   

• Chapter 5 sets the base on the implementation of the resilience framework within the 
context of case studies by providing a brief description about each case study, elaborating 
on the modelling configuration, scenarios and modelling approaches and reporting on the 
early selection of KPIs. 

• Chapter 6 sets out the early considerations and plan for future work (including how WP4 
work will feed the project’s RECREATE_WT) and makes reference to the next steps.  
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2. The concept of resilience 

2.1 Literature review 

The term ’resilience’ has been in heavy use across a diverse set of domains for very long, in academia, 
practise and policy alike (Brown 2015; Bueno et al. 2021; Lawson et al. 2020; Meerow et al. 2016; Xu 
and Marinova 2013). An indicator of the prevalence of the term can be demonstrated in Figure 1; the 
sheer number of publications in various fields depict how the term evolved as a multi-disciplinary term 
(Juan-García et al. 2017), and can be regarded as a both a boundary object and a bringing concept 
between domains, fostering interdisciplinarity and transdisciplinarity (Baggio et al. 2015; Davoudi et 
al. 2012; Deppisch and Hasibovic 2013). Despite the profound popularity of the term, there is no 
consensus on a singular definition, with various frameworks, methodologies and propositions for 
resilience estimations and assessment arising. Scholars have shown that this interpretive flexibility 
contributed to the adoption of the term in policy discourse, and even in policy mandates such as the 
Critical Entities Resilience Directive (Directive (EU) 2022/2557 2022). The latter becomes very 
important for EU Critical Infrastructure (CI) sectors that includes the water, energy, 
telecommunications, transportation, and others, thus, in extension for the RECREATE project as well. 
As such, before delving into various interpretations of resilience, including the one which will be used 
in the project hereafter, it is paramount to clearly recognize why resilience is a sought-after trait in 
water CIs. 

 

 

Figure 1: The Indexed scientific publications per year (315,138 up to 04/12/2024 ) in the Scopus database, relevant 
with resilience in various domains. 

The traditional notion of designing water systems (common in virtually all engineering works) is to 
provision them for specific eventualities related to their purpose, e.g. design a levee for the flood with 
a return period of 50 years, sizing a water distribution network accounting for the population of the 
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system after 50 years, plan the capacity of a water supply reservoir for meeting a specific future 
demand with 99% annual reliability etc. Then, some (typically large) safety factors would be 
incorporated in the design (Stakhiv 2011), to account for uncertainty and this over-engineered system 
would be considered “fail-safe” for the planning horizon – typically 25 to 50 years for most water 
infrastructure. However, practice has demonstrated that failures occur at engineering works, and the 
“fail-safe” notion is as futile as it is expensive, while also being misleading to decision-makers and 
public alike.  

Often, these failures can be attributed to one of the major challenges of water systems in most of the 
developed world, ageing infrastructure; Most of the water systems serving current communities are 
typically already reaching their planned lifetime or even surpassing it at large in the case of early 
industrialized countries, as most urban infrastructure was built between the 1930’s to 1980’s (Fletcher 
et al. 2017; Stakhiv 2011). Replacement rates of components in water systems is globally heavily 
lagging behind their ageing (Cashman and Ashley 2008; Selvakumar and Tafuri 2012) due to budget 
constraints and high associated costs (Hukka and Katko 2015; Savic 2005), and as such gradually global 
water infrastructure gets older and less reliable (for example, capacity is reduced, leaks are introduced 
etc.). Also, workforce is ageing, and the original engineers and specialists with immense knowledge of 
the design and operations of systems are exiting the industry with not guaranteed replacement (Clark 
et al. 2011). The prolonged lifetime of systems means that these will face conditions that drastically 
deviate from the original planning phase.  

But, most importantly, disruptions and failures of water systems (and to other CIs as well) are often 
attributed to extreme phenomena or unprecedented before events, or even compound hazards – 
some caused by the interconnectivity of CI at many levels and the cascading effects that stem from 
failure elsewhere. There are a lot of uncertain global stressors that adversely affect water systems 
either directly (e.g., the hydroclimatic changes) or indirectly (e.g. the effects on wastewater systems 
efficiency due to increased pharmaceutical/drug use during the COVID-19 pandemic, the energy crisis 
caused by the ongoing Russo-Ukrainian war) and some transpire chronically (e.g. a long drought) or 
abruptly (e.g.,  a cyber-physical attack on the SCADA of a water system) (Butler et al. 2017; Dawson et 
al. 2010; Juan-García et al. 2017). The indication from the recent policy discourse in the water sector, 
is that these stressors are fast becoming the “New Normal” (Ramphal 2018) and in the foreseeable 
future the sector should be prepared to make decisions within a context of deep uncertainty 
(Hallegatte et al. 2012), i.e., with uncertainties that cannot be estimated with collecting information 
about previous instances and uncertainties not statistical in nature (Lempert et al. 2004; Walker et al. 
2013).  

The stationarity concept, i.e., the assumption of variables (e.g., precipitation, temperature etc.) 
fluctuating within an envelope of macroscopically steady statistical parameters, which has been 
fundamental for the development of traditional water systems, is undermined by the volatile ever-
changing global environment, with significant climatic and socioeconomic change. For example, the 
historically observed data for climatic variables, used and updated for decades, may no longer be 
adequate to meaningfully plan for climate variability and extremes (Cosgrove and Loucks 2015). Under 
climate change, water availability will be challenged, as will be the provision for flood protection. But 
water availability is also diminishing due to increased pollution and contamination issues, strongly 
correlated with the increasing population and economic growth (Boretti and Rosa 2019). 

Besides the challenges in availability, water demand is another perplexing issue, as the trends of 
population growth, urbanization and socioeconomic development have forced global water demand 
in the last century to increase more than 600% (Wada et al. 2016) with signs to continue increasing, 
and water consumption patterns have experienced major shifts due to changing demographics, 
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immigration waves,  and involuntary displacement due to armed conflicts, famines, natural disasters 
and economic reasons, a trend that may increase in the volatile future (WWAP 2019). 

Under these premises, the aspirations to develop “fail-safe” water systems under the deep uncertainty 
of the future world across so many dimensions are rendered unrealistic, and a new way of system 
thinking is required (Pahl-Wostl et al. 2011). The consensus among contemporary academics is that 
water system design philosophy should be geared towards systems that anticipate uncertainties, are 
prepared against them, adapt to adversity by learning, and are generally “safe-to-fail” (Butler et al. 
2017; Holling 1996; Makropoulos et al. 2018), without catastrophic impacts and complete loss of 
services during disruptions. Pivotal to this philosophy is the concept of system resilience. The resilience 
theory and concepts are all about coping with the unexpected and continuing to perform under 
uncertainty. 

Resilience has its engineering roots in the material science domain (e.g., Mallet 1856, 1862; Merriman 
1885; Thurston 1874; Tredgold 1818), with definitions like “the quality of being able to store strain 
energy and deflect elastically under a load without breaking or being deformed” (Gordon 1978), which 
taken in a metaphorical sense still resembles interpretations in other fields. However, resilience 
permeated through systems thinking with the seminal work of Holling (1973), in the context of 
ecological systems in phase space returning to an equilibrium state, after a perturbation, which is 
identified as the starting point for system resilience (Francis and Bekera 2014). Holling defined 
resilience as “a measure of the persistence of systems and of their ability to absorb change and 
disturbance and still maintain the same relationships between populations or state variables”, 
suggesting also that as a property is more important than population count at any moment for the 
ecological viability of a population. It is also contrasted with the stability trait, suggesting that very 
stable ecological systems, i.e., exhibiting very low variability in population densities over time may not 
persist severe shocks. Also, the same work illustrated the existence of multiple stability domains (or 
basins of attraction) after a perturbation, contrary to the more static understanding of the domain at 
the time, which called for inherent stable ecological systems that return to the original single stability 
domain after removing human perturbation.  

Shortly, these ideas for ecological systems were applied in the context of water resources systems 
(Fiering and Holling 1974) and in water systems planning (Fiering 1976). There it was suggested that in 
engineering resource systems, imposing stability by specific strict standards that need to be met, such 
as design objectives met with close to perfect probabilities could end up restraining the system with 
high mis-allocated costs due to the possibility of system exposure to unknown threats, for which no 
probability of occurrence can be assigned. Nonetheless, ecological resilience for a while continued to 
focus on single stable state assumptions for systems, due to the difficulty in demonstrating multiple 
stable states in the real world (Folke 2006). For this reason, resilience was interpreted and readily 
measured in various works as the “return speed” to the single equilibrium point following a 
perturbation event (O’Neil et al. 1994; Pimm 1984, 1991; Tilman and Downing 1994). Early resilience 
conceptualization in the water sector followed this principle, and in the important work of Hashimoto 
et al. (1982), where resilience describes the speed of transition from a failure state back to a 
satisfactory state – calculated probabilistically, as the inverse of the average time periods a failure 
state is expected to last.  

Holling (Holling 1996; Holling and Meffe 1996) proposed that the metric of return speed to equilibrium 
should be termed “engineering resilience” to differentiate from “ecological resilience” due to the 
difference in the scope and objectives of implementation with regards to the “stability” concept. 
Therefore, engineering resilience focuses on “maintaining efficiency of function” and stability near the 
assumed or designed global equilibrium and used primarily by engineers in designing single-objective 
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‘fail-safe’ systems. On the contrary, ecological resilience focuses on “maintaining existence of 
function”, acknowledging the fact that disturbances can force systems to flip between different 
equilibrium states, commonly used by biologists and ecologists who search for ‘safe-to-fail’ systems. 
During the same time, ecological resilience evolved from the 1973 definition to account for the 
emergence of different stability domains after perturbation as the “ability to adapt to change by 
exploiting instabilities” (Walker et al. 1981) and not just absorb disturbances. A subsequent evolution 
of resilience refers to “the capacity of a system to absorb disturbance and reorganize while undergoing 
change so as to still retain essentially the same function, structure, identity, and feedbacks” (Walker 
et al. 2004). In the same work it is also recognized that the interpretation of ‘engineering resilience’ 
cannot account for all failure modes (permanent or temporary) for systems and the retaining of 
functions at these modes, because of the possibility of multiple stable states after disturbances and 
perturbations (i.e., the system cannot fully recover). This definition is used commonly in the literature, 
in many domains besides ecology, albeit sometimes with small variations in wording, e.g.: (Falkenmark 
and Rockström 2010; Folke et al. 2004; Liao 2012; Schlüter and Pahl-Wostl 2007; Westley et al. 2011). 

The ecological definition permeated a variety of fields where there is interaction between 
human/societal and natural/ecological systems in what is called socio-ecological systems (SES) 
(Gallopín 1991). In SESs, the ‘adaptive cycle’ is another very important aspect of resilience and reflects 
the learning aspect of the system behaviour (Carpenter et al. 2001; Folke et al. 2004; Gunderson 2000; 
Gunderson et al. 1995; Gunderson and Holling 2002; Nelson et al. 2007; Walker et al. 2004). In that 
sense, in many works that refer to resilience essentially within the context of the aforementioned 
definition, add explicitly the ability to learn and build adaptive capacity in the interpretation of SES 
resilience, e.g. Adger (2006); Carpenter et al. (2001); Wong and Brown (2009). 

Water systems are not different than SESs, and resilience thinking has been identified as necessary in 
order to move forward in water governance and policy in the light of the deep uncertainties that unfold  
(Bakker and Morinville 2013; Dunn et al. 2017; Johannessen and Wamsler 2017; Lawson et al. 2020; 
Salinas Rodriguez et al. 2014), and as the conventional urban water management and design approach 
(focusing on system’s reliability, compartmentalization of supply, sewage and drainage services, large 
scale centralized works) is increasingly deemed unsustainable and unsuited to it (Wong and Brown 
2009).  However, resilience interpretations in the water sector vary significantly, with different authors 
proposing different definitions, accustomed to their diverse set of perspectives (Butler et al. 2014, 
2017; Lawson et al. 2020; Mugume et al. 2015; Rodina 2019; Shin et al. 2018). Generally, definitions 
can be classified into three main categories (Rodina 2019), following the evolution of resilience in the 
other fields as aforementioned, i.e. engineering resilience, ecological resilience, and socio-ecological 
resilience. Shin et al. (2018) explain the reasons why there is not yet a single resilience definition and 
measurements in the water sector: generally, approaches have been inconsistent and theoretically 
deficient, not transferable for different types of water infrastructures, dependent on parameter 
estimation assumptions, computationally expensive for complex real-world cases or provided 
insufficient information for enhancing the decision-making process. However, common ground exists 
between recent attempts to develop formal definitions of resilience: It is generally agreed, that 
resilience is a property of the system as a whole, and not a property of an individual element or unit 
and resilience is a key property for the sustainability of a system. There is also agreement on several 
characteristics that endow resilience in water systems, such as interconnectivity, flexibility, 
adaptability, decentralized design and robustness (Rodina 2019) – traits that are the same in other 
engineering systems in general and discussed in the following section.  
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2.2  System properties that enhance resilience 

There are various referenced traits in the large body of resilience literature that contribute towards a 
resilient water system. Some traits refer strictly to the ‘technical’ side, while others refer to the 
‘organizational’ or the ‘socio-ecological’ sides. The (non-exhaustive) list includes: 

• Robustness: describes an entity’s ability to withstand a given level of stress without any 
degradation or loss of function (Bruneau et al. 2003; Carlson and Doyle 2002; Homayounfar et 
al. 2018; Krueger et al. 2019) 

• Buffering capacity: having capacity in excess of what is necessary, which can be used in 
emergency conditions (Butler et al. 2014; Wildavsky 1988), e.g., provisioning larger tank 
capacities in the network. 

• Safe failure (or soft failure): The ability to absorb sudden shocks or the cumulative effects of 
slow-onset stress in ways that avoid catastrophic failure, even when outside of design 
specifications (Tyler and Moench 2012) or managing failure in interdependent systems to 
avoid cascading effects (Little 2002). 

• Agility/rapidity: the capacity of a system for rapid mobilization of resources necessary for 
recovery to return to an acceptable level of functioning, contain losses and/or avoid cascading 
effects and avoid future disruption (Bruneau et al. 2003; Harrald 2006; Liao 2012; Sharifi and 
Yamagata 2016). Note that recovery, in some resilience frameworks, can be communicated 
with a graph where the system bounces back at a stable operating condition (e.g., in Poulin 
and Kane 2021). 

• Redundancy: The availability of multiple substitutable components with similar or overlapping 
functions give a reserve capacity to the system, providing an “insurance” (Liao 2012) that the 
whole system will not fail when a single component fails (Godschalk 2003; Sharifi and 
Yamagata 2016; Wardekker et al. 2010), e.g., the presence of redundant water quality sensors 
in a WDN’s contamination warning system or redundant pumps in pumping stations as a 
reserve. A similar concept in the literature is modularity which besides substitutable 
components may also refer to the existence of multiple options in a system to deliver its 
service (Tyler and Moench 2012). 

• Flexibility: Capacity of a system to be reconfigured in the face of uncertainties and having 
different options to adapt to short term changes (Liao 2012; Sharifi and Yamagata 2016). 

• Diversity: Describes the degree of multiple distinct functions that can be simultaneously used 
in the system (Liao 2012; Wardekker et al. 2010), which enhances resilience and aids with 
perturbations, as there is greater functionality in the system. For example, a water system 
having total reliance on a single specific type of water source, e.g., surface water from a 
reservoir, may make the system susceptible to failure as climate changes. On the contrary, 
having the capability to also use alternative sources such as seawater desalination in an 
emergency, makes the system less vulnerable to prolonged drought conditions. Diversity is 
also related to multifunctionality, i.e., components of the system that provide a diverse set of 
functions, such as floodplain parks (Ahern 2011). Another related trait is ‘omnivory’ (Butler et 
al. 2014; Wardekker et al. 2010; Wildavsky 1988), referring to multiple ways of meeting needs 
resource-wise. 

• Independence/autonomy: The self-reliance capability of various components to 
operate/function without external input, assistance or oversight enhances resilience and 
levels of a availability in a system, when other components are hampered (Godschalk 2003; 
Sharifi and Yamagata 2016). The autonomy trait can refer to systems as a whole that do not 
rely on other infrastructure for functioning. This is contrasting with other characteristics in the 
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literature, like interdependence and interconnectedness, which, depending on the context, can 
affect resilience positively or negatively (Sharifi and Yamagata 2016). For example, having the 
ability to receive support from other systems in case of failures is beneficial; but in 
interconnected critical infrastructures interconnectivity may be detrimental due to cascading 
effects from one disrupted sector to the other (Chang et al. 2007; McDaniels et al. 2007; 
Perrow 1999), e.g., a blackout in an energy production system affecting the pumps of a water 
supply system and the telecommunications sector. 

• Cohesion: the existence of unifying relationships and linkages between system variables and 
elements (Fiksel 2003). Cohesion also applies to social systems denoting the strength of social 
connections and the sense of community. 

• Resourcefulness: Refers to the abundance of resources (material aspect) available to the 
system for preparation against, response to and recovery from perturbations, also including 
the capacity of operators, decision-makers planners and other system stakeholders to plan, 
anticipate and act (human aspect) (Bruneau et al. 2003; Cutter et al. 2008; Sharifi and 
Yamagata 2016). 

• Coordination capacity: A system that possesses good coordination between all relevant 
managerial stakeholders can recover faster from perturbations, as actions can be better 
planned and organized (Tyler and Moench 2012). 

• Foresight capacity: Resilience is all about tackling future uncertainty; therefore, systems where 
future conditions can be evaluated before they manifest, and different scenarios are analysed 
in preparation, are more resilient (Sharifi and Yamagata 2016). Related terms in the literature 
are preparedness (Cutter et al. 2008) and anticipation (Fiksel et al. 2015). 

• Collaboration: the existence of multiple opportunities and incentives for broad stakeholder 
participation to solve problems (Godschalk 2003; Sharifi and Yamagata 2016) 

• Adaptability: the flexibility of a system to change in response to new pressures (Fiksel 2003), 
also entailing the capacity to learn from disruptions and perturbations (Carpenter et al. 2001; 
Folke et al. 2004; Gunderson 2000; Gunderson et al. 1995; Gunderson and Holling 2002; 
Nelson et al. 2007; Walker et al. 2004) and applying the knowledge to undergo change and 
reduce vulnerabilities in the future (Sharifi and Yamagata 2016)  

• Self-organization: In self-organized systems macro-scale patterns, relations and relations 
emerge from independent interactions between smaller scale processes (Krasny and Tidball 
2009). Self-organization capability is often associated with resilient systems (e.g., Adger et al. 
(2005); Carpenter et al. (2001); Liao (2012); Tompkins and Adger (2004)), due to the fact that 
actions and functions are distributed among different actors (as for example citizen 
participation in social systems) and not centralized (in true self-organized systems, typically 
there is absence of centralized control (Heylighen 2001)), thus response and adaptation to 
events can be faster (Liao 2012). Also, self-organized systems exhibit increased social and 
institutional memory, i.e., collective experience to deal with change (Folke et al. 2005). In 
social self-organization capable systems there is the capability of independent response to 
disruptions by local communities, cross-scale partnerships for management (Folke et al. 2005), 
and both horizontal and vertical institutional connections that foster better informed and 
more efficient decision making (Berkes 2007; Cutter et al. 2008). A relevant term is flatness 
(Wildavsky 1988), which refers to bottom-up systems, with less hierarchical and rigid 
command chains, which are more flexible and resilient. In technical systems, the mechanically 
analogous scheme for self-organization and flatness are distributed/decentralized/localized 
designs and management philosophy (versus traditional large-scale centralized systems) with 
a multitude of studies that show that this increases resilience e.g., (Ahern 2011; Bouziotas et 
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al. 2019, 2023; Chen et al. 2016; Farrelly and Brown 2011; Nikolopoulos et al. 2019; Panteli 
and Mancarella 2015; Sharifi and Yamagata 2016; Sovacool and Mukherjee 2011; Zahediasl et 
al. 2021). 

• Creativity/innovation capacity: The property of a system to use disruptions as opportunities 
for positive gain. This requires the system to possess and innovation capacity and exert it 
(Sharifi and Yamagata 2016). Innovation strengthens resilience, because it reinforces the 
transformational capability of the system (Folke et al. 2010). The notion of positive gain (or 
even flourish) when a system is subjected to adversity can also be found in the literature as 
the concept of ‘antifragility’ (Babovic et al. 2018; Munoz et al. 2022; Taleb 2012). 

• Efficiency: Depending on the context (e.g., for energy systems, economical systems, 
organizational resilience or in the industrial ecology field), there are scholars (e.g., Fiksel 2003; 
Godschalk 2003; Mafabi et al. 2012; Rose 2007) who find efficiency to be an important trait of 
resilient systems. However, there are other important yet counteracting traits that enhance 
resilience, like redundancy and flexibility; generally building redundancy and flexibility in a 
system hampers efficiency (at least in economic or resource-usage terms), thus resilient 
systems are not always the most efficient (Meerow and Newell 2015), while hyper-efficient 
systems (e.g., employing hyper-coherence (Redman 2014) between functions and 
components) with the most optimal (but not robust) decisions could actually possess less 
resilience (Walker and Salt 2006). 

• Equity/fairness: applicable in communities and social systems, equity and fairness are 
important aspects and principles of resilience, coming up regularly in socio-ecological systems, 
community resilience and in the climate resilience discourse (e.g., (Cote and Nightingale 2012; 
Gunderson and Holling 2002; Nelson et al. 2007; Tompkins and Adger 2004; Vale 2014; 
Wilkinson 2012). As Nelson et al. (2007) note, in decision making there should be equity in 
both the process and the outcome, referring to the fairness of institutions, their 
representativeness, views on collective and individual good and in the distribution of 
vulnerabilities across a population. As such, social cohesiveness increases, which leads to a 
community’s larger capacity for absorbing and recovering from shocks (Sharifi and Yamagata 
2016). Affordability, accessibility and acceptability of technologies, solutions and interventions 
to transition to a more resilient system, are also related themes to be taken into account 
assessing equity. 

The aforementioned traits can be incorporated into the design and management of water systems 
either as developed qualities of the system itself, like for example robustness, redundancy or diversity, 
or qualities of the surrounding socio-technical environment like resourcefulness, and foresight 
capacity. Technical (including AWR solutions) and non-technical interventions in the adaptation 
pathways generated within RECREATE contribute towards one or more of the aforementioned 
qualities in the CS they are implemented. These qualities can be evaluated by metrics or key 
performance indicators (KPIs), which can vary a lot from system to system (see for example a recent 
discussion in Bruckler et al. (2024). In RECREATE, for each CS we will introduce a suitable range of such 
metrics in order to undertake the resilience assessment procedure. 
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3. Stress-testing for resilience assessment 

3.1 Operationalizing a resilience definition for RECREATE CSs 

Although all water systems have similar objectives, albeit weighted differently in each case, including 
customer satisfaction, costs minimization, drinking water and effluent quality, environmental 
protection as well as asset management and cyber-physical security, system design philosophy and 
technology greatly affects performance and behaviour under different, uncertain conditions over a 
longer horizon (Nikolopoulos 2024).  

In their works, Makropoulos et al. (2018) and Nikolopoulos et al. (2022) argued performance of 
individual technologies and specialized components of systems is typically well understood, but it is 
less clear how the overall water system performance is affected by a deployment of a portfolio of such 
different technologies, within a given design strategy for a set of alternative futures that incorporate 
uncertainties. Behaviour under both chronically transpiring stressors, e.g., climate change, and acute 
abrupt conditions that occur during a short timeframe should be studied in order to assess real world 
performance of a water system design. But the wider the system boundaries are, and the longer the 
design horizon is, the more important and challenging it is to formally conceptualize the difference 
between design alternatives (Makropoulos 2017). Therefore, a systematic methodology that is 
internally consistent is required for assessing different aspects (which can be measured with a 
multitude of measures) of the overall urban water system’s performance under deep uncertainty, so 
that the nuances of various design options can be better understood and evaluated by water utilities 
during the strategic planning phase. The objective of course of this exercise, is to assess resilience i.e., 
following the evolution of interpretations presented in the previous section, assess behaviour when 
faced with perturbations and change, and adapting to them. 

This assessment in the literature followed two main themes as explored by different scholars in the 
water sector, namely a) the return time or speed of a water system to normal operation after a 
disturbance, e.g., definitions found in the work of Hashimoto et al. (1982) and Kjeldsen and Rosbjerg 
(2004), pertaining to the ‘engineering’ resilience theme, and b) the ability or capacity of a water system 
to maintain a level of function coping or adapting to disturbance, or the amount of disturbance the 
system can absorb before significantly changing its form, structure, or (self-organized) procedures, 
e.g., definitions found in the work of Mugume et al. (2015), Amarasinghe et al. (2016), Butler et al. 
(2017) and Todini (2000), which are related to ‘ecological’ or ‘SES’ resilience. 

As water systems are socio-ecological systems where people, technical systems and the environment 
come together and interact, an interpretation following the second theme becomes more useful. 
Butler et al. (2014)  and Mugume et al. (2015) suggest that continuity and efficiency of the system 
during and under failure are the key properties for engineering systems, as these have been designed 
for a specific critical objective that should be met at least partially. In some instances, an otherwise 
‘resilient’ water system that can recover very rapidly from a disruption, but has complete downtime 
and total service failure is not preferable to a system where a lesser part continues to serve (e.g., an 
emergency reserve) and takes longer to recover, due to its critical function (Nikolopoulos 2024). As 
such it is more beneficial to utilize a SES theme of resilience to water systems, in order to explore their 
integrity to a regime of uncertainty. 

Following this rationale, in RECREATE we will follow the definition of resilience as elaborated in 
Makropoulos et al. (2018), where the term is interpreted as “the degree to which an urban water 
system continues to perform under progressively increasing disturbance”. To be able to operationalize 
this definition in different contexts in RECREATE the component-terms need to be defined and then 
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computed through modelling and simulation. The most import is performance as a function of 
disturbance. 

3.1.1 Performance 

For performance, we could use different suitable metrics or Key Performance Indicators (KPIs) 
describing specific objectives of interest each system has to meet (although across similar dimensions, 
as described in section 3.4).  Each KPI can be used as a ‘reliability metric’ in the general sense, which 
describes “the ability of the system to consistently deliver the objective considered over a specified 
timespan”. With the quantification of the reliability metric, it is possible to map the impact any 
stressor/disturbance/perturbation has on the resilience of a system. It is important to include CS 
leaders along with the relevant stakeholders in the identification process of KPIs, to co-create them in 
an equitable and fair manner, and not underrepresent an aspect of the system’s performance. 

3.1.2 KPI categories 

The resilience indicators that will be used in the frame of this work are separated into three categories: 

• Society 

These indicators aim at expressing the effect of climatic scenarios, socioeconomic scenarios and 
interventions studied in the frame of this work (e.g. rainwater harvesting) to the availability and 
provision of sufficient water of good quality (with the required quality level depending, of course, on 
the intended use of water) for covering the water demands of societies. The water demands can refer 
to a variety of uses, including, for example, the domestic water demands, municipal water demands, 
demands by services/infrastructures (e.g. hospitals), agricultural irrigation demands, and industrial 
water demands. Indicators can be formulated per water demand and/or by aggregating them. 

• Economy 

The indicators falling under this category aim at expressing the effect of the different scenarios and 
interventions related to the availability of sufficient, good quality water on relevant economic 
variables. For example, such variables are the (unit) cost of the supplied water and the cost of 
interventions. 

• Environment 

The environmental indicators aim at providing information on the ecosystems’ status with respect to 
the available water and/or water quality. The status of an ecosystem can be expressed by comparing 
the quantity and/or quality of water under a certain scenario/intervention with their corresponding 
values for ensuring the proper functioning of the ecosystem. 

In the frame of a case study, a large number of indicators can be used. However, a smaller selection of 
indicators per case study (e.g. 1 or 2 indicators per category) can be eventually used in the frame of 
resilience assessment. The KPIs that will be used for resilience assessment are denoted as Primary KPIs, 
while the rest as Secondary KPIs. 

3.1.3 Disturbance 

Disturbance is modelled through the formulation of scenarios of stressors over a specified timespan, 
which can be of two types: 



 

D4.1: Interim Report on the Resilience-based stress-testing framework for AWR supply systems and 

technologies       

 
Page 23 of 60 

a) Univariate (i.e., including a single stressor or ‘hazard’ that affects the system) 

b) Compound (i.e., including multiple stressors or ‘hazards’ that affect the system combined in a 
narrative) 

We argue that in RECREATE CSs, the most interesting ‘disturbance’ is attributable to compound 
scenarios, that transcribe over a long horizon; In that context, various stressors from the climatic and 
socioeconomic realms will have the necessary space to unfold, intertwine and combine, leading also 
to acute disruption events, while changes in the systems e.g. due to ageing or the effects of (systematic 
or lacking) maintenance can also be evaluated, creating a scenario-scape that encompasses high 
uncertainty. Nonetheless, the methodology we utilize can readily accommodate cases with univariate 
stressor narratives, e.g. for testing limits of system to a particular stressor. 

3.1.4 Stressors, design horizon and scenario modelling 

 The compound scenarios essentially are driven by narratives and consist of a set of changing 
parameters through the specified timespan. The aim is to provide a complete future world view for 
each scenario. As with KPI selection for performance evaluation, scenarios are better formulated 
considering the choice of stakeholders and expert opinion from CSs, regarding their magnitude of 
change and potential impacts, according to the examined CS. Scenarios can vary between mild to 
extreme cases, but nonetheless should stress the system under study outside of the normal expected 
conditions – for which the system was originally planned and designed for. In the case of RECREATE 
CSs, scenarios should include climatic variables and other socio-economic drivers; a large body of work 
already exists that formulates such scenarios for important variables, like the Shared Socioeconomic 
Pathways (SSPs) (O’Neill et al. 2017; Riahi et al. 2017), which eases the burden and complexity of 
formulating scenarios, as well as reducing subjectivity and bias, allowing a level of standardization 
between assessments for different regions, of scenario formulation. The SSP narratives describe a set 
of alternative plausible trajectories of societal development, which are based on hypotheses about 
which societal elements are the most important determinants of challenges to climate change 
mitigation and adaptation. According to each of the five SSP narratives, a plethora of climate change 
‘Representative Concentration Pathways’ (RCPs) scenarios can be combined, describing different 
levels of greenhouse gases and other radiative forcings that produce different conditions for global 
circulation models that generate future climate projections (based on the application of models, to be 
further discussed in subsequent sections). From SSP narratives global circulation models produce 
climate projections (typically up to 2100) for several variables of interest, including temperature, 
precipitation and evapotranspiration which can be used in the modelling of scenarios in the RECREATE 
CSs. Other parameters of the socioeconomic context can be deduced from the narratives, such as 
population, urbanization, GDP, and others. 

For RECREATE CSs, we propose the timespan of the design horizon to be 2100, and utilize the CMIP6 
(Eyring et al. 2016) projections for the climatic variables up to 2100. Another possible route is to use 
the older EURO-CORDEX (Jacob et al. 2014) set of projections (stemming from CMIP5) for applications 
where improved downscaling is necessary (as the CMIP6 projections have coarser spatial resolution) 
and update them when new EURO-CORDEX datasets become available. The SSP1-2.6, SSP2-4.5 and 
SSP5-8.5 scenarios from CMIP6 are roughly comparable in the evolution of the variables with RCP-2.6, 
RCP-4.5 and RCP-8.5 from the EURO-CORDEX, so the procedure will be standardized across the CSs. 
This procedure will be homogenised with the outputs of T1.1, “Evaluating climate change impacts on 
water supplies and demands”. Socioeconomic projections should be structured according to the 
generic narratives of socioeconomic development of the SSPs but tailored to the specific circumstances 
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and characteristics of the region. Data sources which have performed modelling for variables can be 
considered, including the IIASA datasets1. 

All different variables of each scenario to be evaluated for a water system should be in the form of 
timeseries, even if not changing, creating an ensemble bundle. Timeseries is used here with an 
expanded sense, as for some variables there could be the modelling need of changes both in the spatial 
and temporal dimensions, instead of an aggregate measure of the region changing temporarily. 

3.1.5 Different system configurations/topologies incorporating AWR technologies 

The first system configuration to be explored under the scenarios that are created, is the current ‘as-
is’ infrastructure, in order to establish the baseline for comparison across the CSs. Current state, 
elements, form, structure, socio-economic metabolism features, and objectives are clearly identified. 
Then, a number of alternative configurations are formed which follow the adaptation pathways for 
each CS (see following section as this can involve a feedback loop), that include different design 
philosophies and interventions, technical and non-technical measures (see for example Makropoulos 
and Butler (2010) and Nikolopoulos et al. (2019)). In RECREATE, pivotal in the design of the alternative 
configurations are AWR solutions that aid in water scarcity problems. These solutions and the upgrades 
on existing infrastructure that will inform the configurations are examined under collaboration with 
T1.5 “Identifying synergies between existing infrastructure and upgrades required for water reuse”. 
Each different system configuration also presents a different system topology that should be modelled 
and simulated to generate results.  

3.1.6 System modelling 

Each developed configuration is used to develop one or several models using suitable simulation 
software, that are able in tandem to replicate in a holistic manner the behaviour of the system and 
evaluate performance as reliability to deliver on objectives measured through the selected KPIs, when 
exposed to the formulated scenarios of disturbance. A number of different models can be used for this 
purpose, as the resilience assessment methodology is model-agnostic. The Urban Water Optioneering 
Tool (UWOT) is a bottom up, micro-component based urban water metabolism model, which 
simulates the demand, supply, wastewater and drainage at temporal and network scale (from simple 
household to a complete hydrosystem) as flows, including a plethora of water technologies to evaluate 
as options for designing a system, and is suitable for many of the modelling requirements for the CSs 
(more information about UWOT in the publications of Makropoulos et al. (2008), Rozos and 
Makropoulos (2012, 2013), and Rozos et al. (2013)).  

Other general purpose tools to couple in the modelling process to capture system behaviour are 
System Dynamics Models (SDM) (which can be created, for instance, using the Vensim software by 
Ventana Systems, Inc. (Ventana Systems, 2025) and Agent-Based Models (ABM) (e.g., using the Mesa 
modelling framework in Python). In Section 5, the modelling configuration of the CSs will be described 
along with the specific software considerations at the current state in each – which will be updated in 
the final report D4.2. 

 

 

1 https://iiasa.ac.at/models-tools-data 
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In many cases a combination of the aforementioned models can be applied, e.g. SDM being used as 
input to UWOT or SDM in combination with ABM (as for example in Chen et al. (2025). 

 

Figure 2: A schematic with a SDM coupled with UWOT for the Syros CS in a modelling chain to capture complex 
interactions between the sociotechnical environment and urban water system processes. 

3.2 Assessing resilience & communication/visualization 

The identification of KPIs, the formulation of scenarios and the development of models for the baseline 
and the alternative configurations of the systems under study constitute the basic ingredients for the 
stress-testing procedure to assess resilience in RECREATE. Every model will be subjected to the 
ensemble of scenarios in simulation and the results of the KPIs will be gathered. For each KPI, we can 
plot a resilience profile graph, as a graphical expression of performance in the form of a ‘stress-strain 
diagram’, such as the schematic example on Figure 3 with two hypothetical system configurations, 
where configuration 1 is more resilient than configuration 2, as expressed by the area under their KPI 
curves for the scenarios explored. 



 

D4.1: Interim Report on the Resilience-based stress-testing framework for AWR supply systems and 

technologies       

 
Page 26 of 60 

 

Figure 3: Schematic example of Resilience profile graphs for two different hypothetical system configurations 
compared to the ideal perfectly robust and resilience system across all scenarios 

Each point of the graph is a calculation of a KPI of a given objective being met (y-axis), under the 
conditions specified by a particular stress scenario (x-axis) calculated by simulation.  Area under each 
curve, is the resilience of the system. The x-axis of the graph is presented as a series of progressively 
more extreme disturbances in the form of compound scenarios in the general case and is therefore by 
definition an ordinal scale instead of a nominal. The same principal applies with univariate scenarios, 
and then the x-axis can be nominal. The disturbances in the graph cover conditions that can be both 
within design standards and well beyond design standards. The robustness trait can also be evaluated 
with this diagram, as it is the graphical extent for which there is invariance in performance against 
disturbance. To scale resilience and robustness to maximum of 1 for a standardized metric, the area 
under the curve is divided by the area of the ideal system, whereas robustness is divided with the 
number of points in the resilience profile diagram (i.e., the number of scenarios analysed). Essentially, 
using this scaling method, the area of the curve transforms into the average of the curve points in the 
y-axis, therefore the actual mean value of the or reliability metric against the scenarios. This fact allows 
for easy numerical and conceptual comparison between the three fundamental properties of the 
system’s behaviour under the scenarios, namely reliability in the form of a KPI, robustness, resilience. 
Similar graphs have been used in evaluating resilience in a comparative fashion in other studies as well, 
e.g. Butler et al. (2017), Diao et al. (2016), Mugume et al. (2015), Wang et al. (2019). Note also that 
this graph is not the same as a resilience framework that uses an ‘engineering’ definition of resilience, 
where behaviour during a disturbance is assessed and recovery to a stable and accepted operation 
level is depicted.  

For the cases where scenarios can have multiple realizations (such as utilizing a variety of climate 
models that generate projections for a specific SSP-RCP combination) and or stochastic variables, there 
does not exist a single performance curve describing the systems performance under the scenario. In 
that case the compound scenarios that form a different world views are considered “scenario types”, 
and through multiple simulations for each one, a cloud of performance points (y-axis values) is 
generated at each x-axis point. For each scenario type, statistical properties, such as quantiles, can be 
calculated. Using the points from each scenario that correspond to a particular quantile, we can 
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generate a curve that corresponds to a confidence interval (CI), encapsulating uncertainty in the 
resilience metric estimation per se. 

The resilience aspect in different KPIs can be presented as scores in tabular form, or a multi-graph 
approach as presented for example in Nikolopoulos et al. (2022) and Nikolopoulos (2024). For 
illustration purposes of this paradigm, we include an example in resilience assessment undertaken in 
a different field. In Figure 4, the case of resilience of water quality sensors under cyber-physical attacks 
is analysed for a design problem with four alternative configurations, various scenarios with stochastic 
realizations and four alternative KPIs to evaluate resilience aspects. Even though not related with 
RECREATE, this serves as an example for understanding the visualization of the multi-graph approach, 
and also highlights the transferability of the methodology. 
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Figure 4: Example of resilience assessment of four altenative designs of water quality sensor placement under 
stochatic univariate scenarios of cyber-physical attacks, and four KPIs evaluated to demonstate how a multi-
graph approach can be presented. Source: (Nikolopoulos et al. 2022). 
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4. Developing resilient AWR adaptation pathways 

4.1 Conceptualization of the adaptation pathways delineation framework 
with regards to system resilience 

An adaptation pathway is a set of AWR solutions, along with other technical and non-technical 
interventions, arranged as discrete decision points in time, which when implemented in a CS water 
system will increase the system’s resilience as expressed with the selected KPIs (Figure 5). The 
generation of an adaptation pathway (the focus of work to be carried out in T4.2) is entangled with 
the resilience assessment methodology as the pathway delineation procedure is an optimization 
problem formulation, with one of the objectives being the maximization of the water system’s 
resilience against climatic and socioeconomic change. The conceptualization is described below. 

 

Figure 5: A schematic representation of adaptation pathways. 

For each CS, a number of suitable interventions should be identified, forming the pool of available 
decisions. Discrete decisions can also correspond to the same intervention type, but differ in the 
application extent: that means differences in numerosity e.g., 2 or 3 new desalination plants or 
extent/scale of application, e.g., a campaign policy that runs for 1 or 2 years,  tertiary treatment of 20% 
or 40% of wastewater produced. Each intervention/decision provides some benefits to the overall 
water system, generally enhancing some of the traits discussed in Section 2.2., and the effects on 
system performance should be well captured from the simulation models involved. At the same time, 
selecting interventions becomes a real non-trivial problem, because there are other factors that limit 
the feasibility of implementing all suitable interventions at the same time, including costs (CAPEX, 
OPEX), societal acceptance of solutions, technological readiness levels, implementation time needed, 
and possible negative effects of interventions as externalities (e.g. CO2 emissions) among others. These 
factors should be clearly defined as characteristics of each intervention and/or be estimated if 
applicable in a CS from the simulation procedure. Besides resilience maximization across multiple KPIs, 
a number of more criteria emerges, that make the problem multi-objective (e.g., maximization of cost-
effectiveness, maximization of feasibility, minimization of negative external impacts) that should 
produce a number of pareto-optimal non-dominated adaptation pathways (i.e., each pathway is better 
than all the others in at least one criterion). 

The framework developed within T4.2 that will generate the dynamic adaptation pathways should 
operate in the following manner (subject to adjustment in work carried out in T4.2): 

• Evaluate the forcing to adapt: the inputs of scenarios (climatic and socioeconomic time-varying 
variables/projections) produce a negative impact to performance of the water systems, which 
can be expressed by KPIs, and problematic behaviour from a point in time onwards can be 
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identified by specific thresholds. The baseline performance at the various scenarios of the 
water system as is without interventions provides the benchmark. Evaluation is performed 
through the models developed for each CS, for each different scenario. 

• Selection of interventions as a pathway solution:  A routine will select a number of discrete 
interventions as decision points in time that correspond to the changes through time of the 
system. This part can happen progressively (one intervention after the other) or a complete 
selection from the pool as a solution, depending on the type of optimization procedure that 
will be developed in T4.2. 

• Model modification: the model parameters of the CS water system should be altered based on 
the interventions selected at the specified point in time, for the timeframe of the simulation 
needed (specific intervals if progressively selecting interventions or the whole period if 
selecting all at once, depending on the type of optimization procedure to be developed). 

• Model evaluation through simulation: utilize the simulation models to generate the KPIs for 
the modified model for the scenarios involved. The final intervention set for a model 
constitutes a candidate adaptation pathway, and as such, to link with the resilience 
assessment methodology, a new system ‘configuration’. 

• Performance evaluation: system's performance and resilience are evaluated and assessed 
against the baseline, calculating KPIs and the other criteria 

• Repetition of the process to produce the pareto-optimal adaptation pathways: the multi-
objective optimization procedure that will be formulated will be responsible for producing the 
final set of non-dominated adaptation pathways across the multiple KPIs and criteria selected. 

4.2 Designing a modelling chain 

Within T4.2 a complete modelling chain will be formulated, based on the concept presented in Section 
4.1 (Figure 6). This modelling chain will include a scenario manager that handles input from scenarios, 
a stress-testing procedure for the CS water systems that leverages on the models developed for each 
one and uses the input from the scenario manager, a KPI and other criteria report manager, and an 
adaptation pathway delineation tool that utilizes optimization techniques to generate the set of 
adaptation pathways for different criteria. 

 

Figure 6: Conceptual modelling chain of the adaptation pathways generation modelling chain.  
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5. Resilience Framework within the context of case studies  

In this section the preliminary considerations for the application of the RECREATE resilience framework 
are presented per CS. To this end, hereafter we analyse the brief descriptions of the scope and 
objectives, the current KPI selection (that might be updated in D4.2 based on the modelling work and 
the alignment with stakeholders as part of CoP and T4.4 activities), some early modelling 
configurations and scenarios of interest, as well as the planned interventions. 

5.1 CS1 North Holland  

5.1.1 Brief CS description – Challenges and planned interventions  

PWN supplies water to more than 800,000 households, companies and institutions in the province of 
North Holland, that together use about 112 million cubic meters of drinking water annually. The 
current (drinking) water system was developed from the 1950s onwards, with surface water as the 
main water source. Part of this water is directly treated and distributed to the client, but the backbone 
of the drinking water supply are the dune infiltration (managed aquifer recharge, MAR) systems that 
are fed with pretreated surface water. After infiltration and recovery this water is distributed. The long 
transport pipelines from the raw water intake points to the dunes make the system vulnerable: the 
failure of a pipeline has major consequences. The water quality at the intake points is also under 
pressure, because of salinization at the intake point of the surface water during low flows of the river 
Rhine.  

The demand for water is expected to increase in the coming decades due to population growth and 
increasing economic activity. At the same time, climate change is putting pressure on the supply of 
freshwater, especially during long dry periods and low flows of the Rhine. The prolonged droughts in 
2018, 2019, 2020 and 2022 were clear warnings of what awaits us more often in the near future. In 
response, PWN wants to transform its current linear water system to a more robust and resilient 
circular system.  

Key components in the foreseen water transition in North Holland are the use of alternative water 
resources, e.g. by incorporating brackish groundwater desalination, treated wastewater effluent 
reuse, and the creation of additional storage capacity, especially through nature-based solutions such 
as Aquifer Storage and Recovery (ASR). The question is how and where to add these different new 
components to the current (drinking) water system and how to integrate them with the natural 
existing water systems. 

5.1.2 Modelling configurations and scenarios  

The ambition until the end of the project is to have a framework in place to support PWN in making 
long-term investment planning to make the water system future-climate resilient (2050 and beyond), 
taking into account rising salinity levels in Lake IJssel and an increasing water demand due to 
population increase and a growing economy. Part of this framework is a SDM that will be developed 
for the PWN drinking water system, and that will subsequently be extended to include other elements 
of the North Holland regional water system, such as sewage water treatments plants and main surface 
waters.   

SDM is a powerful tool to gain high-level insights in the functioning of complex systems, such as water 
systems. SDMs are flexible in their setup, and thus capable of integrated modelling of various systems 
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that are generally modelled “stand alone” (e.g. surface water model, groundwater model, drinking 
water distribution model). While providing less detailed information than such stand-alone models, 
SDMs generally have a much shorter computing time, making them explicitly suited to quickly evaluate 
multiple scenarios for AWR management and to provide insights on how adaptations and interventions 
may propagate through the regional water system and its different subsystems.  

The scenarios that will be evaluated will include compound risks / combinations of stresses, to provide 
a realistic insight in risks and challenges for (future) water supply in North Holland. Scenarios for 
chloride levels in Lake IJssel will be derived by coupling the national climate scenarios and national 
Delta Scenarios (SSP1, SSP2 and SSP5) to a local model from Lake IJssel. Water demand scenarios will 
be developed jointly with regional stakeholders, following the socio-economic approach of the 
national Delta Scenarios. 

5.1.3 Preliminary design of modelling chain and inputs/outputs  

The SDM will be setup using the Vensim simulation software by Ventana Systems, Inc. SDM North 
Holland v1.0 will describe the PWN drinking water system (Figure 7), and this version will subsequently 
be extended to include other elements of the North Holland regional water system. Physical data are 
needed to develop / setup the SDM and to develop climate and socio-scenario for evaluation (desktop 
scenario evaluations), but also serious gaming.   

The following data is foreseen to be needed:  

System components 

• Drinking water system (network, production locations, buffers, dune system)  

• Primary waterways (surface water) 

• Wastewater treatment plants (WWTPs) (location, capacity) 

• Industrial abstractions and discharges from/to surface water and discharges to the sewage 
system 

• Demand areas 

Inputs 

• National climate scenarios (provided by KNMI) and national Delta Scenarios (provided by 
Deltares), including discharges of the river Rhine 

• Current and predicted salinity levels of Lake IJssel at Andijk intake point, derived from national 
climate and Delta Scenarios  

• Current and expected drinking water demand (daily patterns, distinguished between 
households and industry) 

• Meteorological data (precipitation) (provided by KNMI) 

Outputs 

• PWN water supply to public and industries (daily basis) 

• Flows of water between all different components of the anthropogenic water cycle (drinking 
water production, effluent treatment and discharge), surface water, and AWR (daily basis)



 

D4.1: Interim Report on the Resilience-based stress-testing framework for AWR supply systems and technologies 

  
Page 33 of 60 

 

Figure 7:  SDM North Holland version 0.1, PWN drinking water system.
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5.1.4 KPIs  

The key performance indicators for North Holland for the outcome of the modelling approaches and 
assessments are: 

Society 

• Operational buffer: percentage of operational drinking water buffer with respect to total 
supply. How long can water supply be maintained without usage of the main source Lake IJssel? 
(t) 

• Relative use of surface water from Lake IJssel (%) 
o Intake surface water for drinking water 
o Intake surface water for regional water management (water authority) 

• Relative usage of surface water from Lake IJssel (conventional source) for drinking water 
production (%) 

o Production of drinking water from Lake IJssel surface water (Mm3/yr) 
o Production of drinking water from AWR (Mm3/yr) 

i.e., wastewater reuse, brackish groundwater, water stored in times of surplus (ASR, 
climate buffer), and rainwater 

Environment 

• Environmental costs (Euro/m3) 
o Energy usage 
o Materials and resources 
o Waste streams 

Economy 

• Water production costs (Euro/m3) 

o Total Costs of Ownership (TCO) 

 

5.2 CS2 Kalundborg  

5.2.1 Brief CS description – Challenges and planned interventions  

Kalundborg is a coastal, urban-industrial municipality located in north-west Zealand, Denmark, and is 
famous for the "Kalundborg Industrial Symbiosis". The Kalundborg Industrial Symbiosis Association 
was established in 1972 and links 19 private and public companies. The local industrial sector includes 
petrochemicals, light construction materials, food, pharmaceuticals, biotechnology, energy and 
bioenergy, as well as waste management and water companies and industries. Various water, energy 
and materials circular economy approaches are already being implemented, such as reuse of cooling 
water for steam production, reuse of gypsum from flue gas cleaning for plasterboard production, 
integrated heat management and transfer between industries and the district heating network, and 
heat recovery from process water for district heating.  

A new industrial area is now being developed in the north-eastern part of Kalundborg. New companies 
will become part of the Kalundborg Industrial Symbiosis, which not only creates opportunities for the 
local economy, but also challenges to ensure fit-for-purpose infrastructure and sustainable use and 
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reuse of resources, especially water. The use of water in this case will vary from company to company, 
but the overall aim is to optimise the use and reuse of water, provide fit-for-purpose qualities in line 
with the local water strategy and create a sustainable water management plan for the region.  

Currently, the biotech sector uses groundwater and treated surface water sources (4-5 million m³/a) 
and operates a large industrial wastewater treatment plant (2.3 million PE). Used water is treated in 
the industrial WWTP and the effluent is then sent to the municipal WWTP operated by KCR for further 
treatment. The industrial water accounts for up to 70% of the influent to the municipal WWTP. The 
WWTPs are interconnected and controlled by an innovative joint control system for an energy efficient 
operation (Schütz et al. 2024).   

Challenges 

• Rapid expansion of Kalundborg Industrial Symbiosis with increasing water demand. 

• Surface water from lake Tissø may no longer be used for water supply in the near future, 
or only to a limited extent. 

• Longer drought periods are expected in summer and more precipitation in winter. 

• Groundwater abstraction is limited. 

• EU Water Reuse Regulation 2020/741 is not yet applied in Denmark (use of treated 
wastewater for agricultural irrigation). 

• Uncertainty about the price of fit-for-purpose quality and how to finance new distribution 
systems for fit-for-purpose water. 

Planned interventions: 

To meet the projected demand in the future (up to 20 million m³/a, a 300-400% increase from today) 
and to make the industrial water supply more climate resilient, the use of several different water 
sources is envisaged, including reclaimed water and desalinated seawater, rainwater, and existing 
sources such as lake water and groundwater. Therefore, the use of alternative water resources will be 
modelled for different scenarios (see 5.2.2) and evaluated in order to propose an appropriate water 
management strategy for the future. 

5.2.2 Modelling configurations and scenarios  

For CS2, UWOT will be used to model the system. Therefore, the results of climate change impact 
modelling and groundwater modelling will be used to predict future water demand and availability. A 
distinction will be made between two cases, one in which the lake water is used as a water resource 
and one in which it is not, due to the challenge of possible prohibition. In both cases different scenarios 
will be investigated and compared.  

In case 1, the currently used lake water can be included as a potential source in the future. 
Corresponding scenarios could look like the following examples: 

• Scenario 0 (baseline): Groundwater and lake water are the only water sources for both the 
municipality and industry. 

• Scenario 1: Groundwater + lake water + desalinated seawater 

• Scenario 2: Groundwater + lake water + desalinated seawater + reclaimed water 

• Scenario 3: Groundwater + lake water + desalinated seawater + reclaimed water + harvested 
rainwater 

• Scenario 4: Groundwater + lake water + desalinated seawater + harvested rainwater  
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In case 2, the scenarios do not include the lake water, as it may no longer be possible to use the lake 
water in the near future. Examples of such scenarios would be: 

• Scenario 1-0 (baseline): Groundwater is the only source of water for the municipality and 
industry. 

• Scenario 1-1: Groundwater + desalinated seawater 

• Scenario 1-2: Groundwater + desalinated seawater + reclaimed water 

• Scenario 1-3: Groundwater + desalinated seawater + reclaimed water + harvested rainwater 

• Scenario 1-4: Groundwater + desalinated seawater + harvested rainwater 

5.2.3 Preliminary design of modelling chain and inputs/outputs  

The aims of the modelling approaches, as explained in 5.2.2, are: 

• Identify synergies between existing infrastructures and alternative water resources 
implementation (T1.5) 

• Identify risks and perform evaluation of AWR supply systems and technologies deployment 
(T1.3) 

• Stress-testing baseline and future configurations of the water systems under different climate 
and socio-economic scenarios (T1.1, T4.4, ST5.2.2) 

The scenarios (see 5.2.2) will be evaluated using life-cycle and risk assessments (QMRA; QCRA) in order 
to determine the optimal technology configuration in terms of environmental impacts and economic 
viability and to derive important hints for the future water management strategy of Kalundborg. 

5.2.4 KPIs  

The key performance indicators for Kalundborg for the outcome of the modelling approaches and 
assessments are: 

Environment 

• Direct water availability footprint (freshwater use vs. use of AWR)  
• Environmental impact (CO2 footprint) 

 

Economy 

• Cost efficiency of different AWR scenarios (determined by assessing operational costs for 

energy consumption, personnel and chemicals)  

Society 

• Number of jobs in the industry counted as “full-time person equivalents"  
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5.3 C3 Syros-South-Aegean 

5.3.1 Brief CS description – Challenges and planned interventions 

Syros is a Greek island in the Cyclades (Aegean Sea) with an area of 83.6 km2 and a population of 21124 
people (2021 census). The island's drinking water supply network, sewer system and wastewater 
treatment plants (WWTPs) are managed by the Municipal Water Supply and Sewerage Company of 
Syros (DEYAS). The drinking water supply network largely relies on reverse osmosis seawater 
desalination plants, with a total supply of 1.7-2.2 hm3/year (including the network losses), while 
groundwater can also contribute to a much lesser extent. For 2023, the desalination plants and the 
groundwater abstractions accounted for 96% and 4%, respectively, of the water supplied by DEYAS 
(data by DEYAS). The irrigation demands, on the other hand, are largely covered via groundwater 
abstractions. Currently, a relatively small quantity of wastewater that undergoes tertiary treatment is 
used for Managed Aquifer Recharge (MAR) and irrigation. 

Increased heatwaves and droughts related to climate change scenarios would increase both the 
domestic and the irrigation water demand, putting pressure on the water supply system and the 
(ground)water resources. The water demand during the warm touristic period (summer) could 
increase substantially. An intensification of groundwater abstractions could result in salinization in the 
coastal aquifers. Apart from the climate scenarios, a further increase in the touristic fluxes (and, thus, 
the associated consumptions) driven by socioeconomic factors could further stress the water supply 
system. 

The interventions related to AWR to be examined within the modelling work are: 

• Extension of wastewater reuse for MAR and irrigation. 

• Extension of Rainwater Harvesting (RWH) installations on the island to alleviate the pressure 
on the other water sources. Similar to other Greek islands, harvesting rainwater is not a new 
practice for Syros. Rainwater cisterns have been traditionally used in the island and some are 
still in use today. 

Detailed information about Syros case study is available in Deliverable 5.1. 

5.3.2 Modelling configurations and scenarios 

The modelling investigations consider the current conditions as the baseline configuration. 
Subsequently, alternative ‘future world views’ will be applied to the baseline conditions along 3 axes: 

• System configuration/topology 

The system configurations will involve a different mixture of AWR interventions, as well as policy 
measures, and the extent to which interventions are applied. For instance, different configurations can 
vary between the fraction of available roofs/terraces to the total available that are used for RWH. This 
way, the RWH potential to provide spare capacity to the system under the current climatic and 
socioeconomic conditions will be investigated and assessed.  

• Climatic scenarios 

Those involve climatic model input variables (at regional or local scale when available), related to the 
trends captured under selected RCPs. This, at minimum, includes climatic variables such as 
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precipitation and temperature, which are drivers of the model(s) and can influence the resilience of 
Syros under both the current and potential future system configurations (with the addition of AWR 
interventions). An example involves the examination of the effects of future RCP precipitation trends 
on the system resilience under different RWH application scales and the evaluation of the intervention. 

• Socioeconomic scenarios 

Those involve model input variables of socioeconomic nature (at regional or local scale when 
available), such as the size and educational level of the island population, the magnitude and 
seasonality of the touristic patterns, as well as relevant economic indicators (e.g. prosperity and 
purchase power). Those are directly related to the future paths selected and the underlying 
assumption of selected SSPs. An example involves the evolution of the system dynamics, and 
specifically the dimensions of water and energy demands on the island during tourist and off-tourist 
seasons, under the effect of permanent residents and tourist population changes. 

More details about climate change scenarios and narratives will be documented in D1.1 “Future water 
supply availability and demand based on different RCP scenarios”. It is noted that the final 
configurations and scenarios that will be investigated will account (if applicable) for the feedback and 
inputs collected from stakeholders of the Syros CS (via CoP activities and dedicated meetings). 

5.3.3 Preliminary design of modelling chain and inputs/outputs 

A sophisticated modelling approach is under development for the case study of Syros involving three 
different models in order to: 

• Identify synergies between existing infrastructures and alternative water resources 
implementation (T1.5) 

• Identify vulnerabilities, risks and perform evaluation of AWR supply systems and technologies 
deployment (T4.1) 

• Stress-testing baseline and future configurations of the water systems under different climate 
and socio-economic scenarios (T1.1, T4.1, ST5.2.3) 

• Design and deliver pathways of deployment for AWR interventions at different phases and 
quantitatively assess the gains in water systems resilience (T4.2). 

More specifically, as presented in Figure 8 and foreseen under T1.5:  

o UWOT is applied in Syros to consolidate current water and wastewater infrastructures 
at the CS level for simulating water fluxes. Different AWR interventions will also be 
simulated via this model. 

o SDM will be used for the estimation of water demand components (see e.g., the 
domestic and the seasonal rise of touristic water demands) at higher scales by 
considering the effects of external drivers such as macroeconomics indices, climatic 
conditions, electricity market fluctuations as well as internal drivers, such as the water 
supply system state and resources capacity.  

o ABM will be investigated as a sub-component of the modelling scheme to explore 
consumers’ behaviours and how those can change due to external factors, such as 
raising awareness campaigns, different pricing policies, education and outreach 
programs which encourage water-efficient behaviours.  
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Primary input and output data of the three models, as well as primary data they exchange are depicted 
in Figure 9. 

 

 

 

Figure 8: Modelling approach of Syros case study. 

 

 

Figure 9: Primary input and output model data. 
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5.3.4 KPIs 

Some relevant indicators for the case study of Syros are listed below. Please note that the list is not 
exhaustive. The system resilience can be assessed based on (some of) those KPIs and/or aggregated 
forms of those. 

 

Society 

• The following indicator expresses the demand for desalinated water in relation to the 
production capacity of the desalination plants: 

 

𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑚𝑎𝑛𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =
𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑

𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑙𝑎𝑛𝑡𝑠′ 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

 

The indicator will be calculated for different time scales (e.g. daily, monthly, seasonal, yearly). Values 
larger than 1 would denote that the water demand exceeds the desalination plants’ capacity. For 
values smaller than 1, the smaller the value, the larger the spare capacity of the desalination plants. 

• When the water demand for desalinated water exceeds the desalination plants’ capacity, the 
deficiency can be quantified as: 

 

𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 𝑑𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

=
𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 −  𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑙𝑎𝑛𝑡𝑠′𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑
 

 

When the demand is smaller than the desalination plants’ capacity, the above indicator is set to zero 
(0). 

• When the water demand exceeds the supply, the water supply system deficiency can also be 
expressed as in terms of its duration. This duration can be converted to a dimensionless 
quantity by dividing it with the total duration of a reference period (e.g. August, when the 
tourist fluxes currently reach their peak). 

• Indicators that quantify the contribution of AWR interventions to the water consumption can 
be expressed via RWH usage and MAR contribution, presented below:  

 

𝑅𝑊𝐻 𝑢𝑠𝑎𝑔𝑒 =  
𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑟𝑎𝑖𝑛𝑤𝑎𝑡𝑒𝑟 𝑢𝑠𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 

 

𝑀𝐴𝑅 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =
𝑀𝑎𝑛𝑎𝑔𝑒𝑑 𝑎𝑞𝑢𝑖𝑓𝑒𝑟 𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒

𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠
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Environment 

• The trends in the quantitative status of the groundwater bodies can be expressed, for example, 
via the Groundwater Exploitation Index. 

• The change in groundwater depths from is another useful indicator with respect to the 
quantitative status of groundwater: 

 

𝐺𝑊 𝑑𝑒𝑝𝑡ℎ 𝑐ℎ𝑎𝑛𝑔𝑒 = 𝐺𝑊 𝑑𝑒𝑝𝑡ℎ −  𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐺𝑊 𝑑𝑒𝑝𝑡ℎ 

 

• In terms of water quality, the main interest in the frame of this case study is groundwater. In 
that sense, the chemical/ecological status of groundwater could be examined. This is 
important with respect to MAR as it can gradually alter the quality of groundwater (at least, 
locally). 

 

Economy 

• Since the potable water demand in Syros is essentially covered via seawater desalination, the 
financial aspect of the supply is important. Based on the demand evolution over time (affected 
by both the socioeconomic and climatic conditions), as well as on the mix of water used to cover 
this demand (e.g. desalinated water, collected rainwater, reclaimed wastewater), the 
operational cost (OPEX) related to the water consumption can change. This can be expressed 
as: 

 

𝑂𝑃𝐸𝑋 𝑐ℎ𝑎𝑛𝑔𝑒 =
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑂𝑃𝐸𝑋 − 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑓𝑢𝑡𝑢𝑟𝑒 𝑂𝑃𝐸𝑋

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑂𝑃𝐸𝑋
 

 

Positive indicator values suggest a decrease in operational costs in relation to the baseline costs. 

• To decouple the operational cost from the population size, the unit cost of water (€/m3) could 
be used instead of the total OPEX: 

 

𝑈𝑛𝑖𝑡 𝑂𝑃𝐸𝑋 𝑐ℎ𝑎𝑛𝑔𝑒 =
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑚3 𝑐𝑜𝑠𝑡 − 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑓𝑢𝑡𝑢𝑟𝑒 𝑚3𝑐𝑜𝑠𝑡

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑚3 𝑐𝑜𝑠𝑡
 

 

 

5.4 CS4 Cost Brava 

5.4.1 Brief CS description – Challenges and planned interventions 

The Costa Brava Region lies in northern-east Catalonia with an area of approximately 3072 km2. The 
Case Study concentrates on the Muga catchment which has an area of approximately 853km2. The land 
use in this catchment is divided into 58% mixed forest area, 37% agricultural land and 5% urban use. 
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The Muga river has a length of 64km and 1 large reservoir (Boadella Reservoir) and 17 smaller dams 
and interruptions. The Area’s Drinking water treatment plants (DWTPs) and supply, wastewater 
management (WWTPs) and sewer system is managed by Concorci d’Aigües Costa Brava Girona 
(CACBGi) and urban water management entities like Fisersa (Figueres de Serveis SA, Empresa 
plurimunicipal de Figueres). The drinking water supply of the area is provided by the Boadella 
Reservoir, direct water abstraction from the river and wells, with a total supply of 12 hm3/a for 
domestic use and 5 hm3/a for industrial and other uses in the Alt Empordà Region (data provided by 
the Catalan Water Agency, ACA (from Catalan, Agència Catalana de l’Aigua) only covers the Alt 
Empordà region and not the Muga catchment). Additionally, a desalination plant in the Alt Empordà 
region and the construction of water reclamation plants in Figueres and Llançà will increase the 
available water in the region by 15 hm3/a. The recent droughts have left the reservoirs at perilous low 
levels and future heatwaves and very possible droughts related to climate change will put on more 
pressure on surface and groundwater resources. The coastal region of the Muga catchment has a high 
touristic influx during the summer months, which increases the water demand drastically. St. Pere de 
Pescador for example has a population of approximately 2000 people during winter, and a touristic 
influx of ca. 12000 people during summer. Further increases in tourism will pose additional challenges 
for the water supply in the future. 

The alternative water resources (AWR) interventions to be examined within the modelling work are: 

• Extension of wastewater reuse (indirect potable reuse) for MAR and irrigation. 

• Extension and construction of Desalination plants on the Costa Brava to alleviate the pressure 
on the water supply network. 

Detailed information about Costa Brava case study is available in Deliverable 5.1. 

5.4.2 Modelling configurations and scenarios 

The modelling investigations consider the current conditions as the baseline configuration under 
normal and drought conditions. Seasonal changes (population changes, water demand and tourism) 
will be applied to the baseline conditions. Additionally alternative climate scenarios and socioeconomic 
scenarios and changes will be applied to the baseline conditions to extrapolate for future scenarios. 

• System baseline configuration: 

As AWR are not the norm and part of the future water resources, baseline conditions will involve the 
state-of-the-art water abstraction, treatment and distribution as well as water policies in the case 
study area. The baseline for modelling will include the available water provided by the river Muga, the 
Boadella reservoir, groundwater abstraction and wells. Water demand will include the normal water 
demand by population as well as seasonal changes, especially during summer, when tourism will 
heavily influence the water demand. Differences will be observed in the different population hubs 
(Figueres with a stable population of ca. 50000 and very low tourism, Roses with a 100% change of 
population during summer and St. Pere de Pescador with an increase of 600% in population).  

• Climate scenarios:  

Three RCP climate scenarios with their input variables on a regional and downgraded local scale will 
be selected. The climate variables will include precipitation, temperature and evaporation, which are 
the drivers for the models. These drivers will influence the stress and resilience of the models under 
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present and future system configurations. Future precipitation and evaporation trends will have a 
direct impact on available water resources and thus will show how AWR can soften water stress.  

• Socioeconomic scenarios: 

Those scenarios involve model input variables of socioeconomic nature like census data, tourism data, 
changes in agriculture (different crops need different amount of irrigation), educational level and 
knowledge about climate change and its consequences. Changes in directives on indirect potable 
reuse, the acceptance of the population in indirect water reuse, adaptation of treatment plants and 
installation of new desalination plants too will impact the models. Future water demands in this region 
will be highly affected by population changes, adaptation to drought restrictions, changes in policies 
and tourism during the year.  

More details about the climate change scenarios and narratives will be documented in D1.1 “Future 
water supply availability and demand based on different RCP scenarios”. It is noted that the final 
configurations and scenarios that will be investigated will account (if applicable) for the feedback and 
inputs collected from stakeholders of the Costa Brava CS (via CoP activities and dedicated meetings). 

5.4.3 Preliminary design of modelling chain and inputs/outputs 

A modelling approach is under development for the case study of Costa Brava/ Muga catchment 
involving different approaches: 

• Modelling the baseline by identifying water supply and demand through a steady state model 
where the main supply comes from the reservoir, river and wells and the main demand is 
attributed to the current socio-economic state (stable population, tourism, industry and 
agriculture). 

• Identify water supply throughout the system and evaluate where risks and vulnerabilities lie 
to impose possible future AWR. Identify possible wastewater streams as future AWR sources 
for indirect potable reuse. 

• Stress-testing baseline and future configurations of the water systems under different climate 
and socio-economic scenarios. 

• Design and deliver pathways of deployment for AWR (desalination, WWTPs) interventions at 
different phases and quantitatively assess the gains in water systems resilience. 

More specifically, as presented in Figure 10 and foreseen under T1.5:  

o UWOT applied to the Costa Brava (Muga catchment) consolidates the current water 
demand/supply using statistical data and current water and wastewater 
infrastructures for simulating water fluxes. 

 

Modelling approach in the Costa Brava Case Study using UWOT  

Urban Water Optioneering Tool (UWOT) 

To simulate water fluxes of the water system supply and relevant AWR interventions Figure 10 shows 
the baseline model with a total water demand covered from the Boadella reservoir and groundwater 
wells, while produced wastewater is treated in a WWTP and the effluent is returned into the Muga 
river.
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Figure 10: Baseline UWOT model for Costa Brava.
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Figure 11 shows a relevant AWR intervention in the same location as Figure 10. Part of the AWR is the 

use of treated wastewater for groundwater recharge, another AWR intervention is the use of 

desalination plants, which directly feed into the drinking water supply.
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Figure 11: UWOT model with AWR intervention for Costa Brava.
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5.4.4 KPIs 

Some useful indicators for the case study of the Costa Brava (Muga catchment) are listed below. This 
list is not exhaustive, and those indicators aim at assessing different parts of the studied system.  
Indicators include water quantity and availability, water quality and status, water supply chain, water 
treatment and treatment cost, water reuse and cost, precipitation and drought events. The system 
resilience can then be assessed based on those KPIs and/or an aggregated form of those by assigning 
them with appropriate weights. 

 

Environment 
 

• The following indicator expresses the quantitative status of groundwater bodies:  
 

𝐺𝑊 (𝐶ℎ𝑎𝑛𝑔𝑒 𝐼𝑛𝑑𝑒𝑥) =
𝐹𝑢𝑡𝑢𝑟𝑒 𝐺𝑊 𝐿𝑒𝑣𝑒𝑙 − 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐺𝑊 𝐿𝑒𝑣𝑒𝑙

𝑂𝑝𝑡𝑖𝑚𝑢𝑚 𝐺𝑊 𝐿𝑒𝑣𝑒𝑙 − 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐺𝑊 𝑙𝑒𝑣𝑒𝑙
 

 

The Future GW Level represents the projected or observed groundwater level under specific 
conditions (drought, increased pumping, recharge, recovery). The Baseline GW Level is the 
reference level, representing the groundwater level under normal or historic conditions. The 
Optimum GW Level is the target threshold value, representing the sustainable or ideal 
groundwater level for the aquifer. 

• The Overall Water Availability Indicator (OWAI) expresses the overall available water as a sum 
of reservoir reserves and groundwater reserves relative to a benchmark for water demand or 
an optimum storage level: 
 

𝑂𝑊𝐴𝐼 =
𝛼𝑅 + 𝛽𝐺

𝐷𝑟𝑒𝑓
 

 

𝑂𝑊𝐴𝐼 =
𝑅 + 𝐺

𝑅𝑜𝑝𝑡 + 𝐺𝑜𝑝𝑡
 

 
R is the current reservoir storage, 

G is the current groundwater storage, 

α and ß are weighting factors that account for the relative reliability, quality, renewability of 
reservoir vs groundwater levels, 

Dref represents a reference demand or an optimum storage benchmark (sum of ideal reservoir 
and groundwater levels), 

Ropt and Gopt represent the optimal reservoir and groundwater levels needed to meet 
sustainable water supply targets. 
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Society  
 

• The Potable Water Supply-Demand Indicator (PWSDI) expresses the demand for potable 
water in relation to the production capacity of wells, provision by reservoirs and production of 
desalination plants: 

𝑃𝑊𝑆𝐷𝐼 =
𝐷𝑝𝑜𝑡

𝐶𝑤𝑒𝑙𝑙𝑠 + 𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 + 𝐶𝑑𝑒𝑠𝑎𝑙
 

Dpot is the demand for potable water, 
Cwells, Creservoir and Cdesal are the production capacity for wells, reservoir and desalination, 
respectively. 

 

• The Drought adjusted Water Use Efficiency Factor (DWUEF) expresses the amount of water 
that is available for essential use. The Drought Severity Factor reflects the intensity of drought 
conditions, which increases when reservoir levels are significantly below normal and/or 
normal precipitation is severely reduced. This makes the indicator sensitive to how severe a 
drought is.  

 

𝐷𝑊𝑈𝐸𝐹 =
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑆𝑒𝑟𝑣𝑒𝑑  ⋅  𝐷𝑟𝑜𝑢𝑔ℎ𝑡 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟
 

 

• The Water Use Efficiency Factor (WUEF) captures the extent to which the three key sectors, 
population, industry and agriculture adopt to water saving policies. This factor compares water 
use under new policies to a baseline water use scenario. 

o The baseline water use determines the current water consumption for each sector 

(𝑊𝑃
𝑏𝑎𝑠𝑒 ,  𝑊𝐼

𝑏𝑎𝑠𝑒 ,  𝑊𝐴
𝑏𝑎𝑠𝑒). 

o The Effective Water Use under Policies estimate water use after adoption of low 
volume household appliances, circular water economy practices in industry and 

change of crop types and irrigation in agriculture (𝑊𝑃
𝑒𝑓𝑓

, 𝑊𝐼
𝑒𝑓𝑓

, 𝑊𝐴
𝑒𝑓𝑓

). 
o The Effective Water Use can be calculated by applying the degree of adoption within 

each sector, where AP is the Adoption Rate and SP the Saving Factor (% of reduction in 
water use when fully adopted): 

𝑊𝑃
𝑒𝑓𝑓

= 𝑊𝑃
𝑏𝑎𝑠𝑒 ⋅ [1 − 𝐴𝑃 ⋅ 𝑆𝑃] 

o Weighting factors (𝑤𝑃 ,  𝑤𝐼 ,  𝑤𝐴) reflect the relative importance or contribution of each 
sector to overall water use. These weights can be based on economic, environmental, 
or regional societal factors. 

o The overall baseline water use: 𝑊𝑏𝑎𝑠𝑒 = 𝑤𝑃𝑊𝑃
𝑏𝑎𝑠𝑒 + 𝑤𝐼𝑊𝐼

𝑏𝑎𝑠𝑒 + 𝑤𝐴𝑊𝐴
𝑏𝑎𝑠𝑒 

o The overall effective water use:𝑊𝑒𝑓𝑓 = 𝑤𝑃𝑊𝑃
𝑒𝑓𝑓

+ 𝑤𝐼𝑊𝐼
𝑒𝑓𝑓

+ 𝑤𝐴𝑊𝐴
𝑒𝑓𝑓

 

 
o Water Use Efficiency Factor (WUEF): 

𝑊𝑈𝐸𝐹 =
𝑊𝑒𝑓𝑓

𝑊𝑏𝑎𝑠𝑒
 

with WUEF < 1 indicating improved efficiency 
o The Overall WUEF with the degree of adoption:  
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𝑊𝑈𝐸𝐹 

=  
𝑤𝑃𝑊𝑃

𝑏𝑎𝑠𝑒(1 − 𝐴𝑃 ⋅ 𝑆𝑃) + 𝑤𝐼𝑊𝐼
𝑏𝑎𝑠𝑒(1 − 𝐴𝐼 ⋅ 𝑆𝐼) + 𝑤𝐴𝑊𝐴

𝑏𝑎𝑠𝑒(1 − 𝐴𝐴 ⋅ 𝑆𝐴)

𝑤𝑃𝑊𝑃
𝑏𝑎𝑠𝑒 + 𝑤𝐼𝑊𝐼

𝑏𝑎𝑠𝑒 + 𝑤𝐴𝑊𝐴
𝑏𝑎𝑠𝑒  

 

• The AWR Supply Ratio (AWR Ratio) expresses the share of water from AWR interventions 
relative to the total water consumption. A high AWR ratio indicates a greater reliance on 
alternative water resources. 
 

𝐴𝑊𝑅(𝑅𝑎𝑡𝑖𝑜) =
𝑄𝑊𝑊𝑇𝑃 + 𝑄𝑀𝐴𝑅

𝑄𝑡𝑜𝑡𝑎𝑙
 

 
        QWWTP: Effective volume of WWTP effluent reused for potable and non-potable purposes 
        QMAR: Effective volume of water recharged into the aquifer via MAR 
        Qtotal: Total water consumption/supply in the system 

 

• The Managed Aquifer Recharge (MAR) Efficiency Index is a key performance metric that 
quantifies how effectively recharged water is retained within the aquifer. It provides insights 
into the sustainability and effectiveness of MAR systems in replenishing groundwater supplies.  

 

𝑀𝐴𝑅𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝐼𝑛𝑑𝑒𝑥 =
𝑁𝑒𝑡 𝑠𝑡𝑜𝑟𝑒𝑑 𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝐴𝑞𝑢𝑖𝑓𝑒𝑟

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑐ℎ arg 𝑒  𝑉𝑜𝑙𝑢𝑚𝑒 𝐴𝑝𝑝𝑙𝑖𝑒𝑒𝑑
 

 

𝑀𝐴𝑅𝑒𝑓𝑓 =
𝑄𝑟𝑒𝑐ℎ arg 𝑒, 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

𝑄𝑟𝑒𝑐ℎ arg 𝑒, 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
 

 
 

• WWTP Effluent Reuse Factor: 

𝑊𝑊𝑇𝑃 𝑅𝑒𝑢𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟  =  
𝑄𝑊𝑊𝑇𝑃, 𝑟𝑒𝑢𝑠𝑒𝑑

𝑄𝑊𝑊𝑇𝑃, 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 

 

Economy 
 

• The cost per Unit of Water Reuse indicator quantifies the economic efficiency of a water 
reuse project.  

𝐶𝑜𝑠𝑡 [𝑝𝑒𝑟 𝑈𝑛𝑖𝑡 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑢𝑠𝑒𝑑] =
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑅𝑒𝑢𝑠𝑒

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 𝑅𝑒𝑢𝑠𝑒𝑑
 

• The Composite Economic Factor uses the Levelized Cost of Water (LCOW) for the water reuse 
portfolio: 

𝐿𝐶𝑂𝑊 =
𝐶𝐷 ⋅ 𝑄𝐷 + 𝐶𝐴𝑊𝑅 ⋅ 𝑄𝐴𝑊𝑅

𝑄𝐷 + 𝑄𝐴𝑊𝑅
 

QD: Total volume of water produced by desalination 
CD: Unit cost (capital, operational, maintenance) for desalinated water 
QAWR: total volume of water produced via AWR 
CAWR: Unit cost for water produced through AWR 
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6. Early considerations and plan of future work 

6.1 Early considerations 

This report (D4.1) serves as an interim report for the formulation of the resilience assessment 
methodology and sets the definitions and concepts to be used hereafter in the RECREATE project. It is 
also used to guide the collaborative work on CSs in order to implement the necessary actions, i.e. 
identify a preliminary set of KPIs per water system under examination, as well as conceptualize and 
then develop the necessary modelling chains required for stress testing the systems. Furthermore, this 
report conceptualizes the basic framework and the requirements for the delineation of adaptation 
pathways in the CSs with regards to resilience maximization and other criteria, although some details 
are subject to change as work progresses in T4.2. 

6.2 Next steps  

Work carried out in the next phase of task T4.1 will focus on: 

• Contributing to T4.2 for the coupling of the methodology in the formulation of the adaptation 
pathways framework and tools. 

• Synergy with T1.1 in order to formulate the future scenarios of climatic and other variables. 

• Fostering the formulation of adaptation pathways, the modelling work, and the resilience 
assessment in the CSs’ water systems 

• Providing outputs to the RECREATE_WT (developed and implemented in WP3) as final 
resilience KPI estimations, resilience profile graphs before and after interventions, alongside 
the schemas of AWR adaptation pathways for each CS. 

• Contributing to T4.4, as the results will form the basis for recommendations for scaling up the 
embedding of AWR solutions and technologies in water systems lifecycle. 
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