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Abstract

Climate change is widening the mismatch between water supply and water demand in
urban areas, affecting both. Additionally, water demand is increasing due to population
growth and economic development. Water allocation is a key component of sustainable
urban water management and, unlike traditional approaches, must rely on a fit-for-purpose
principle, where water is valued by its quality adequacy based on the use rather than by
its source, with water reuse playing a central role in urban water resilience. This paper
presents a novel framework, together with the step-by-step process for its application—the
smart water allocation process (SWAP) for urban non-potable uses—and the developed
software toolset to facilitate the decision-making process by urban managers, water utilities,
and other stakeholders. It was developed within the context of a living lab to accelerate
the innovation uptake. The demand-supply matchmaking and the plan module are com-
prehensively described and the SWAP results and their contribution to water resilience
in Lisbon are discussed. Three water allocation alternatives were defined to implement
different strategies, conservation, redundancy and reuse, in two green area clusters. Syn-
ergy with climate action funding was identified. The application of the SWAP enabled
decision-making based on factual evidence and fostered intuitive understanding of the
urban water resilience challenges.

Keywords: climate change adaptation; decision making; non-potable water uses; strategic
planning; water reuse

1. Introduction

Access to water has always influenced the location and development of cities and
other settlements around the world [1]. Climate change, and particularly the trend towards
more frequent drought periods, rapid urbanisation, and the search for unlimited economic
growth have been responsible for widening the mismatch between water supply and water
demand [2,3]. Traditionally, water demand-supply gaps have been addressed through
the application of supply-oriented measures, such as the construction of new surface
storage and inter/intra basin transfer facilities or the increase in groundwater abstraction.
However, freshwater availability to meet water demand is decreasing in many regions [4].
The situation is even more serious if the quality of water is also considered when assessing
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available freshwater resources. In a comparison of quantity and quality-induced scarcity
with quantity-induced scarcity, Wang et al. [5] estimated a threefold increase in the number
of global river basins facing water scarcity by 2050.

Many urban water systems are unfit to handle the combined effects of climate change,
increased urbanization pressures, and governance challenges [6]. Expanding the water
supply portfolio, integrating local freshwater sources and water reuse, allows for increased
resilience in urban water systems by providing them with greater adaptability and flexi-
bility [6,7]. The European Water Resilience Strategy, adopted in June 2025, includes water
reuse as a key element to increase resilience to water-related challenges [8]. The 2024 Urban
Wastewater Treatment Directive (UWWTD) recast mandates European countries to encour-
age the use of treated wastewater for all appropriate purposes, especially in water-stressed
areas [9]. Conrad et al. [10] offers policy recommendations to address the implementation
of water reuse at the European level.

The movement towards more sustainable water management is already underway.
A good example of this is California (USA), where several cities have been developing
their own water supply portfolio options appropriate for their geography, values, and
urban characteristics [11]. These communities are adopting five key practices for ensuring
future sustainability, namely, conservation and efficiency, water reuse, stormwater capture
for water supply, desalination, and groundwater banking. To illustrate large-scale water
reuse in an urban environment, it is worth mentioning the Madrid region (Spain), where
reclaimed water (circa 126 Mm? in 2020) is used for industrial uses, irrigating green areas
and sports fields, street washing, aquifer recharge, and other environmental uses [12].

The transition towards sustainability is facilitated when viewed as a part of a continu-
ous and interconnected series of strategies for the implementation of a long-term solution
to challenges [13]. It is important to increase transparency in strategic planning and involve
relevant stakeholders in the decision-making process and in the solutions” implementation.
In this context, living labs (LLs) create opportunities to accelerate environmental, social,
and economic sustainability transitions by fostering co-innovation and testing solutions in
real-world settings through the creation of synergies between different stakeholders as well
as a diversity of potential benefits in terms of creativity, knowledge production, knowledge
transfer, and user engagement, among other aspects [14]. Urban LLs tend to place more
emphasis on co-creation based on a governance model [15], i.e., they can be very useful
in guiding the cities to make significant and durable changes in the existing urban water
systems. LLs are usually organised following the quadruple-helix model: (a) government,
provides the challenge(s) to be tackled and case studies; (b) research, provides scientific
guidance and methodological development; (c) industry, provides software and technologi-
cal solutions, and data; and (d) civil society, provides feedback on the developed solutions
(e.g., [16]).

Water allocation represents an important aspect in sustainable urban water manage-
ment and, in contrast with the traditional approach, must rely on a fit-for-purpose principle,
where water is valued by its quality adequacy based on the use rather than by its source
and water reuse plays a key role for water resilience. Thus, a comprehensive framework
is needed to support urban managers, water utilities, and other stakeholders in the deci-
sion process, integrating a coherent set of user-friendly tools designed to work together:
(i) for formulating and assessing combinations of water supplies and demands towards
water—energy—phosphorus balance (matchmaking); (ii) for assessing risks related to water
reuse [17]; (iii) for managing chlorine residual within the reclaimed water distribution
systems, a key risk management measure in urban water reuse [18,19]; and (iv) for ranking
the candidate supply—demand combinations through quantitative metrics, covering the
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environmental, social, technoeconomic, and risk dimensions, and ultimately supporting
the decision on the course of action in strategic planning.

A novel framework with such features was therefore developed and is herein pre-
sented, together with the step-by-step process for its application—the smart water allocation
process (SWAP) for urban non-potable uses. It was developed within the B-WaterSmart
Lisbon Living Lab, bringing together the urban manager, the developers (science and
industry), and the society to accelerate innovation uptake. The demand-supply matchmak-
ing and the plan module are comprehensively described and the SWAP results and their
contribution to water resilience in Lisbon are discussed.

2. Materials and Methods
2.1. The Lisbon Living Lab of the B-WaterSmart Project

The goal of B-WaterSmart, a European research project, was to accelerate the transition
to water-smart economies and societies in coastal Europe by reducing freshwater use,
improving water reuse, and increasing efficiency. From 2020 to 2024, systemic innovation
was enabled through six living labs and their Communities of Practice (CoPs): Alicante
(Spain), Bodo (Norway), East Frisia (Germany), Flanders (Belgium), Lisbon (Portugal), and
Venice (Italy). These European cities and regions have in common the impact of climate
change—water scarcity, for some, and flooding, for others—and the high water demand of
their economies.

Through the B-WaterSmart project, innovative technologies, management practices,
and smart data solutions were developed and demonstrated. One of the main outputs
of this project is the Water-smartness Assessment Framework (WAF), designed to assist
decision-makers and other stakeholders in strategic planning toward their vision of a
water-smart society [20].

Following the Quadruple Helix Model, the B-WaterSmart Lisbon Living Lab (Lisbon
LL) presented the following collaborative framework:

e  Government—Lisbon Municipality (LM), with the role of LL owner, i.e., it was the
stakeholder who “owned” the challenge to be addressed.

e  Research—National Laboratory for Civil Engineering (LNEC), with the role of LL
mentor, and the Institute of Social Sciences of the University of Lisbon.

e Industry—Aguas do Tejo Atlantico (AdTA), the Lisbon’s wastewater utility; ADENE
and Lisboa E-Nova, national and local agencies for energy efficiency, respectively; and
Baseform, the registered trademark of BF Software, Ltd. (Lisbon, Portugal).

e  Civil society was represented in the CoP through key stakeholders and replicators.

The solutions developed and demonstrated by the Lisbon LL were six smart digital
applications (namely, a toolset composed of four interconnected tools for enabling smart
water allocation and safe water reuse, a tool for certifying the climate readiness of buildings,
and a tool for raising awareness on water management), and a water reclamation protocol
for potable water reuse [21]. Within the B-WaterSmart Innovation Alliance, a strategic plan
on smart water management in municipal irrigation was developed [22].

Regarding the smart water allocation framework, process, and tools, their develop-
ment and testing followed the three phases of the systemic innovation process within an LL,
i.e., exploration, experimentation, and evaluation of solutions [23], as presented in Table 1.
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Table 1. Development phases of the smart water allocation framework and toolset.

Systemic Innovation Process [23]

Actions for Co-Creation and Collaboration Within the Lisbon LL (Participants)

Phase 1—Exploration

- Goal: To understand the current state so that the
idea becomes the solution

- Methodological approach: Brainstorming, ideation,
and co-creation

- Solution co-creation: Software tools design (LNEC—methodology development;
Baseform—methodology discussion and software development; and
LM—methodology discussion)

- Strategic Plan [22] sections: Scope, vision and mission; strategic objectives and
assessment metrics; and diagnosis (LM, with support from LNEC)

CoP meeting topics: Climate-driven water challenges and respective approaches
(stakeholders from government; service and technology providers;
nongovernmental organizations; and project partners)

Phase 2—Experimentation

- Goal: To test the designed future state in a
real-life setting
- Methodological approach: Prototype development

- Pilot testing: 10 public green areas and 3 reclaimed water distribution networks
(LNEC—results analysis and methodologies/framework refinement;
Baseform—software tools’ fine-tuning; LM—data provision and results analysis;
AdTA—data provision)

- Strategic Plan [22] sections: Scenarios and prospective analysis, and strategies
(the same)

- CoP meeting topics: WAF and its metrics (the same)

Phase 3—Evaluation

- Evaluation: Presentation of the software tools to other municipalities near

- Goal: To leverage exploitation with Lisbon (i.e., replicators) in the final public event (LM, LNEC, and Baseform)

post-measurement

- Strategic Plan [22] sections: Resources and monitoring (the same)

- Methodological approach: Value - CoP meeting topics: Potential of smart water allocation approach and toolset in

proposition analysis

tackling water challenges (the same)

2.2. Framework for Smart Water Allocation in Non-Potable Uses
2.2.1. Rationale

Smart water allocation was defined as a risk-based, fit-for-purpose approach for
strategically selecting and assigning available water supplies to different water demands.
Key aspects for smart water allocation are as follows:

e Alignment with strategic water management planning and with climate action and
urban sustainability policies.

e  Definition of water allocation alternatives based on strategies for water resilience.

e  Establishment of non-potable water demand clusters, e.g., groups of green areas, to
facilitate investment scheduling over time. Clusters should be defined with water
reuse in mind and, therefore, be organized around existing or planned water resource
recovery facilities (WRRFs).

e  Safeguarding human health and the environment in the case of water reuse.

e  Matching a fit-for-purpose water supply having in mind the demand requirements for
water quality and quantity—the core of smart allocation.

e Rank different water allocation alternatives at a cluster level, and then, based on these
rankings, prioritize which clusters in a city or region need the most attention for
water management.

2.2.2. Smart Water Allocation Process

The Smart Water Allocation Process (SWAP) guides the decision-makers and other
stakeholders in the stepwise application of the smart water allocation framework, and
integrates a two-scale analysis—city level and cluster level. The step-by-step approach
supports a clear definition of objectives and the exploration of multiple alternatives before
selecting a solution. The two-level analysis allows for understanding first the large-scale
water management challenges (city level) and then defining tailored interventions within
sub-areas in the city (cluster level), for guiding a structured definition for the course of
action to improve local water resilience (city level).

The SWAP is structured in nine steps, each one associated with a simple question
(Figure 1), as follows:
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City’s ambition supported by strategic planning

)% How? Where? When?

L Water 2 Water Water < Priorization CITY
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resilience
Water

allocation
alternatives

How? Whether? Which?

6 7 . .
Water Water reuse - Demand-driven Ranking
demand-supply risk assessment water allocation of
characterization and management (matchmaking) alternatives

CLUSTER
LEVEL

Figure 1. Smart water allocation process—SWAP.

City level:

1.  Objectives, the “why”—should be supported by strategic planning for smart water
management (including climate scenario forecasts for the short, medium and long
term) and should be aligned with relevant policies for urban sustainability.

2. Strategies, the “how”—should outline the approaches to achieve the stated objectives.

3. Clusters, the “where”—should reflect the spatial organization of the (existing and
planned) water demands (e.g., irrigated green areas needed to fight the heat island
effect and to improve the citizens’ quality of life) and water supplies.

Cluster level:

4. Alternatives, the “how”—should outline the specific course of action to implement
the strategies.

5. Information, the “what”—should compile data from a variety of sources about the
different water demand sites (including values on water consumption and fertiliza-
tion) and water supplies (including values on volume, cost, phosphorus content, and
water losses), as well as on the investments to be made.

6.  Water reuse, the “whether”—should assess and manage risk to human health and the
environment whenever water reuse is considered.

7. Demand-supply matchmaking, the “which”—should be demand-driven and use the
following order from the water portfolio:

(1) Select the water supply most directly associated with the alternative being
analysed (e.g., select reclaimed water if the alternative is about water circularity).

(i)  If water demand is not yet satisfied throughout the planning period, select other
non-potable water supply to meet the remaining demand (e.g., groundwater).

(iii)  Drinking water should be the last supply to be considered for non-potable uses.

8. Ranking of alternatives, the “how”—should evaluate alternatives based on the smart
water allocation metrics to rank them.

City level:

9.  Prioritisation of clusters, the “when”—should compare the results of alternatives,
ranking for each cluster, and then decide on investment scheduling for improving
water resilience.

Figure 1 highlights the SWAP role for the development of a strategic plan for water
resilience. Integrating SWAP into comprehensive and long-term strategic plans helps in
ensuring the sustainable use of water resources and achieving cross-sectoral goals, e.g.,
climate adaptation results presentation:

e  Understanding current and future performance and risks: diagnosis (including SWOT
analysis) and prospective planning (SWAP steps 1 to 3);
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Defining and evaluating alternatives: definition of alternatives and evaluation of
alternatives (current and prospective planning) (SWAP steps 4 to 8);

Defining course of action: strategies to be implemented and monitoring progress
(SWAP steps 8 to 9).

Section 4 demonstrates the SWAP application in the strategic planning of water man-

agement for non-potable uses in Lisbon; this section is organized according to the elements

of the plan.

2.2.3. Smart Water Allocation Metrics

The Water-smartness Assessment Framework translates the “water-smart society”

definition [24] into five strategic objectives (SOs) [20]; three of them are considered for

assessing smart water allocation, as follows:

e 50 A—Ensuring water for all relevant uses, using the A.1.3—Compliant reclaimed
water metric (A.1—Safe and secure fit-for-purpose water provision criterion).

e SO B—Safeguarding ecosystems and their services to society, using the B.3.2—Carbon
footprint metric (B.3—Resource efficiency criterion).

e 50O C—Boosting value creation around water, using the C.3.2—Fertilizer produc-

tion avoided and C.3.3—Reclaimed water used metrics (C.3—Resource recovery and
use criterion).

Tables 2 and 3 present the architecture (supplies, demands, and matchmaking alterna-

tives) of the matchmaking framework, namely the variables and indicators for defining the

matchmaking alternatives and for ranking them, respectivel

y.

Table 2. Variables and indicators used in defining the matchmaking alternatives.

Elements

Variables and Indicators (Units)

Type

Candidate water
supplies

Water available at the source per supply (m?/month)
Water loss in the distribution system (from source to demand site) per supply (%)

Water price per supply (purchase price to third party or own production cost) (EUR/m?3)

Energy consumption per supply (kWh/m?)
Energy mix per supply (kg COzeq/kWh)
Energy price (EUR/kWh)

P concentration in water per supply (g P/m?)

Unit operation cost with chlorination, monitoring, and others (CMO) (EUR/ m®)

Series, input
Series, input
Series, input
Series, input
Series, input
Series, input
Series, input

Series, input

Water demand Water demand per site (m3/month) ! Series, input
sites Total P used as fertilizer per site (kg P/month) Series, input
Per water demand site 2: Series, calculated
Water used per supply, 1st selection (m?/month) Series, calculated
Water used per supply, 2nd selection (m3/ month) Series, calculated
Water used per supply, etc. (m®/month) Seriesl calculated
Total water used (m?/month) ’
Matchmaking Per alternative: g:i;:: lcr;liculrlated
alternatives Investment cost (EUR/year) ’

Operation cost with water purchase or production (EUR/month)

Series, calculated

Operation cost with energy in water distribution (source to demand site) (EUR/month)

Operation cost with CMO (EUR/month)

Series, calculated

OPEX (EUR/m?) 3
CAPEX (EUR/m?3)

Value, calculated

Value, calculated

Note: ! Includes the water losses in the demand site, e.g., irrigation system.

2 Water used = water demand at the

site + water loss from source to demand site. > Operational expenditures, the ratio of annual operation costs with
water purchase/production, energy, and CMO per total annual water used. * Capital expenditures, the ratio of

investment cost per total water used.
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Table 3. Metrics and respective reference values used in the ranking of matchmaking alternatives.

Ranking Metrics Reference Values St . .
rategic Alignment
Name (Units) Formulation Poor Fair Good (Reference)
o o Total water used (m?/ year)/
Satisfied demand (%) Water demand (m?/year) x 100 [0, 90[ [90, 99[ [99, 100] SO A
Compliant reclaimed Compliant reclaimed water samples . SO A
water (%) (No.)/Reclaimed water samples (No.) x 100 [0, 90T 90, 95[ [95; 100] (metric A.1.3 [20])
Risk Qualification of risk level high moderate low SO A
Carbon footprint Energy consumption (kWh/m3) x SOB
(kg COzeq/m3) Energy mix (kg CO,eq/kWh) 10.7, o] 10.3,07] [0:3, 0] (metric B.3.2 [20])
. o1 Reclaimed water used (m?/year)/ SOC
Reclaimed water used (%) Water consumption (m?/year) x 100 [0, 101 (10,201 [20,100] (metric C.3.3 [20])
s P conc. in reclaimed water used (g P/ m3) X
Prieéfiﬁg; avoided (%) reclaimed water used (m3/month)/ [0, 5[ [5, 30 [30, 100] (Srgefﬂc C.32120])
P P used as fertilizer (g P/month) "
Total cost (EUR/m?) 2 OPEX (EUR/m?) + CAPEX (EUR/m?) [2.0, +oo[ [1.0,2.0 11.0, 0] SOs A and C
Note: ! For a WEI+ value within the following range: [30, 70[. % The tariff applied to non-domestic consumption
(e.g., commercial, state) of drinking water in Lisbon is approximately 2 EUR/ m3 (2025).
2.3. Software Tools for Smart Water Allocation in Non-Potable Uses
As mentioned, a set of four interconnected tools—the Water—Energy—Phosphorus

Balance Planning module (matchmaking tool), the Risk Assessment for Urban Water
Reuse module, the Reclaimed Water Quality Model in the Distribution Network, and the
Environment for Decision Support and Selection of Alternative Courses of Action (plan
tool)—was designed to jointly provide a complete ability to quantitively and qualitatively
match water supply to demand, while managing water volume, cost, energy, nutrients, and
risk. These applications are in beta version and run in the Baseform online environment.
Table 4 presents information on these tools and indicates the SWAP steps where they should

be used.
Table 4. Software toolset for smart water allocation and safe water reuse.
Designation Description
Design supply solutions to a set of non-potable water uses, using a quantitative evaluation
Goal - ! . . o
system to assess performance, risk, and cost of the alternatives for improving water resilience.
Geographic representation of water sources and demands; simple-to-use analysis; calculation of
Water—Energy—Phosphorus metrics related to sustainability, circular economy, and climate change, based on input monthly
Balance variables of water volume, energy, phosphorus and other nutrients, and cost.
Planning Main This tool provides a new ability to match water supply to demand (water, energy, the critical
module features nutrient phosphorus, and cost), with full GIS-compatible georeferenced capabilities.
(matchmaking tool) This solution was developed within the B-WaterSmart project, based on the concept created by
LNEC. The software was developed by Baseform. Screenshots presented in Section 4.3.
Additional information: [21,25]
SWAP Steps 5 and 7—the “where” and “which” in Figure 1.
Goal User-friendly risk assessment framework for water reuse in non-potable purposes.
The human health and environmental (groundwater and surface water) risk assessment
methodology is based on relevant standardization and regulation. The framework for health risk
assessment and its application in a case study is presented in [17].
Risk Assessment for Urban Main This tool provides a new and sound ability to develop urban water risk assessment in a
Water Reuse module features user-friendly way, fully aligned with ISO standards and the European regulation on water reuse.
This solution was developed within the B-WaterSmart project, based on the concept created by
LNEC. The software was developed by Baseform.
Additional information: [21,26]
SWAP Step 6—the “whether” in Figure 1.
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Table 4. Cont.

Designation Description

Complete water quality extended-period simulation model for pressure flow networks,

Goal i . .

specifically designed for reclaimed water.

Implementation of a new, innovative algorithm for modelling (bulk and wall) chlorine decay, as a

function of key water quality parameters, as the reclaimed water travels in distribution networks,
Reclaimed Main on top of a standard hydraulic model. The reclaimed water quality model is described in [18,19].
Water Quality Model in the features This solution was developed within the B-WaterSmart project, based on the concept created by

Distribution Network

LNEC. The software adds reclaimed water quality modelling capabilities to the Baseform
software universe.
Additional information: [21,27]

SWAP Step 6—the “whether” in Figure 1.

Environment for Decision
Support and

Selection of

Alternative Courses of
Action

(plan tool)

Intuitive numerical and visual decision environment for enabling the assessment and ranking of

Goal planning alternatives through objective-guided metrics.

Quantification over time of the impact of each matchmaking alternative; assessment based on a
range of standardized, user-selected metrics of performance, risk, and cost, complementing those
employed to qualify the initial selection in the matchmaking tool.
This tool implements a curated set of specifically designed metrics for the strategic and tactical
Main prioritization of regional or urban supply-demand solutions involving potable and
features non-potable water.
This solution was developed within the B-WaterSmart project, adding to the Baseform software
universe a strategic and tactical prioritization environment specific to the planning of urban
non-potable water uses with a focus on water reuse. Screenshot presented in Section 4.3.
Additional information: [21,28]

SWAP Steps 8 and 9—the “how” and “when” in Figure 1.

3. Case Study

Lisbon is the capital and most populous city of Portugal, with more than 570,000 in-
habitants. Between 2021 and 2024, its population increased by 5.6% [29]. Every day, the
daily number of people who commute to work or to school doubles [30]. Additionally,
millions of tourists visit Lisbon every year: 8.52 million in 2024 [31].

Lisbon is the second-oldest European capital city, and it is located on the estuary of
the Tagus River. Because the estuary water is too brackish to be potable, Lisbon suffered
from a lack of drinking water over the centuries. When local groundwater sources were no
longer sufficient to supply the population, the solution was to obtain water from distant
locations: in the 18th century, by abstracting spring water from about 10 km away (Aguas
Livres spring in Belas, Sintra Municipality) and building the Aguas Livres aqueduct; in the
20th century, by abstracting freshwater from about 100 km away (Castelo do Bode reservoir
on the Zézere River—a tributary of the Tagus River, Tomar Municipality) and building an
extensive water distribution system.

Lisbon is also the largest city of Portugal, with 100 km? in total area. Its green areas
include parks, gardens, remnants of farming lots, and roadway separators. Several of
these green areas are connected through green corridors. These green corridors promote
biodiversity, ecological connectivity and human well-being in the city, in addition to limiting
the urban heat island effect [32]. Figure 2 illustrates the beneficial effect of green areas on
air temperature during sunset; in general, heat islands tend to occur in the areas of Lisbon
with lower vegetation density. This observation is in line with the conclusions of a study in
the city of Porto (Portugal) [33].

Lisbon faces water scarcity resulting from increased water demand (growing popula-
tion and economy) and impacts of climate change (namely, drought, heat islands, and heat
waves). The water exploitation index plus (WEI+) provides an overview on water scarcity,
quantifying the renewable water resources and the water used for consumptive uses at a
monthly time step [34]. Lisbon is in the sub-basin Tagus (Portuguese river basin district
number 5), for which the WEI+ value calculated for 1930-2015 from July to September
(0.77) indicates high water stress during the summer period [35].
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Figure 2. Green infrastructure and its influence on urban heat island in Lisbon (adaptation of [32]).

Lisbon also faces long-term shifts in temperature and rain patterns associated with
climate change. Through an analysis of rainfall and temperature records from 1864 /65 to
2020/21, Espinosa et al. [2] observed an increase in severe and extreme drought conditions
in the last 60 years.

Lisbon shares with other cities a long-term vision to tackle climate change. After
joining the European Union (EU) Covenant of Mayors for Climate & Energy in 2009, the
Lisbon City Council has signed other initiatives for climate action. Of note, is the participa-
tion in the C40 Cities Network. Several policies and strategies on climate adaptation and
mitigation have been developed and implemented, namely the Municipal Climate Change
Adaptation Strategy [36], Lisbon’s Drainage Master Plan [37], and the Lisbon Climate City
Contract 2030 [38].

The development of blue-green infrastructures is a key aspect in the ongoing transition
towards sustainability. To reduce the consumption of drinking water in non-potable uses,
the Lisbon Municipality has implemented several measures, such as the renovation of
irrigation networks, smart irrigation systems, the use of drought-tolerant landscaping (e.g.,
biodiverse meadows), and, more recently, water reuse for irrigation.

Two clusters were defined to exemplify smart water allocation within the Lisbon
LL, representing different moments in the transition towards water resiliency. The Forest
cluster integrates into the Monsanto Green Corridor which connects the city centre to the
Monsanto Forest Park; irrigation is still conducted with drinking water. The River cluster
is in the eastern part of the city and runs alongside the riverfront; water reuse is already
implemented. These examples can be considered by decision-makers when analysing
investments and operational measures for improving water management in non-potable
uses. Table 5 describes the water demand sites and the water portfolio in each cluster.

Figure 3 presents the spatial layout of the two clusters used: the matchmaking tool
screenshots present the location of the WRRF (white pins) and the green areas that compose
each cluster (yellow dash lines); the Forest cluster (left) is located circa 5 km away from the
Alcantara WRRF; and in the River cluster (right), the two parks encircle the Beirolas WRRF.

Table 5. Lisbon LL clusters—water demand sites and water portfolio.

Designation

Description

Forest cluster

Eduardo VII Park

- 25-hectare public historical garden (inaugurated in 1945), unrestricted access (i.e., open 24 h/day)

- A central section (large lawn with topiary), two lateral areas (lawns with trees, bushes, and
flowerbeds), a children’s playground, a large historical greenhouse, and several lakes

- Non-potable water use: irrigation and lakes

Amdlia Rodrigues Garden

- 5-hectare public garden (inaugurated in 1996), unrestricted access

- A large central lawn built as an amphitheatre surrounded by other lawns, several shrub areas, a
fitness area, and a large shallow lake

- Non-potable water use: irrigation and lakes
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Table 5. Cont.

Designation

Description

Forest cluster

Amnistia Internacional Garden

3-hectare public garden (inaugurated in 2012, renovated in 2021), unrestricted access
Several lawns with trees, a children’s playground, a fitness area, and an urban kitchen garden park
Non-potable water use: irrigation

Drinking water

Reference situation (2025): used in all three parks

Location of the abstraction sites (mostly freshwater, some groundwater): up to about 100 km away
from Lisbon

Water utility: Empresa Portuguesa das Aguas Livres (EPAL)

Groundwater

Reference situation (2025): used in the Eduardo VII Park’s greenhouse
Location of the water well: inside the greenhouse/ cluster
Water utility: Lisbon Municipality (LM)

Spring water

Reference situation (2025): supply option under study
Location of the water springs: up to about 10 km away from Lisbon
Water utility: EPAL

Reclaimed water

Reference situation (2025): supply option in project
Nearest WRRF (Class-A reclaimed water production): Alcantara WRRF

Wastewater utility: Aguas do Tejo Atlantico (AdTA)

River cluster

Nagoes Norte Park

29-hectare public park (inaugurated in 1998), unrestricted access (i.e., open 24 h/day)
Lawns with trees and shrubs, two children’s playgrounds, a fitness area
Non-potable water use: irrigation

Papa Francisco Park

30-hectare public park (inaugurated in 2023), restricted access (used for, e.g., music festivals)
Large meadow area with few trees
Non-potable water use: irrigation

Reclaimed water

Reference situation (2025): used in both parks
Nearest WRRF (Class-A reclaimed water production): Beirolas WRRF
Water utility: AATA

Groundwater

Reference situation (2025): limited use, retained as backup source
Location of the boreholes: one in each park
Water utility: LM

Figure 3. Location of WRRFs, white pin, and green areas, yellow dashed lines in the Forest cluster

(left) and the River cluster (right)—matchmaking tool screenshots on different scales.
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4. Results and Discussion

4.1. Understanding Current and Future Performance and Risks

Since funding water management is often challenging, fostering cross-sectoral col-

laboration can be a way forward to enhance urban water resilience. Thus, in the first two

steps of SWAP, it is important to seek synergies between water management objectives

(SWAP_stepl) and strategies (SWAP_step2) with ongoing environmental policies. In Lisbon,

significant potential has been identified in the association with climate action, as presented

in Table 6. Table 7 refers to elements to be defined at the very beginning of strategic

planning, namely the context (internal and external) analysis, timeline, and scenario.

Table 6. Strategic alignment between climate action and urban water management in Lisbon.

C40 Cities Network Lisbon LL
Scope City (i.e., territory governance) Urban water system (i.e., service provision)
Ambition Tackling water scarcity resulting from climate change ffackhng water scarcity resulting from climate change and
increased demand
Strategic objectives [22]:
I 1.5 °C Climate Action Plan [39], - SO A—Ensuring water for all relevant uses
Objectives key component: 8

(SWAP step 1)

- Resilience to climate hazards

- SO B—Safeguarding ecosystems and their services to
society
- SO C—Boosting value creation around water

Targets

Water Safe Cities Accelerator [40], pathways for achieving

“equitable universal access to clean water efficiently by 2030”:

- Reducing at least 20% water demand Increasing at
least 15% water supply

Smart water allocation metrics (targets) [22]:
- A.l1.3—Compliant reclaimed water (>95% by 2035 and
2050)
- B.3.2—Carbon footprint of energy consumption (<0.30
kg COeq/m? by 2035 and 2050)
- C.3.2—P-fertilizer production avoided (>5% and >30%

by 2035 and 2050, respectively)
- C.3.3—Reclaimed water used (>10% and >20% by 2035
and 2050, respectively)

Strategies
(SWAP step 2)

- Commitment to the Water Safe Cities Accelerator [40]

- Water Conservation (SOs A and B): prioritizes reducing
water consumption for non-potable water uses; key
idea—"efficiency”

- Water Redundancy (SOs A, B, and C): prioritizes
expanding the water portfolio; key idea—"redundancy
and flexibility”

- Water Reuse (SOs A, B, and C): prioritizes exploring the
reclaimed water value, as well as independence from
rainfall; key idea—"sustainability”

Table 7. Strategic planning of smart management of water in non-potable uses: Lisbon municipality.

Plan Element Designation Description
Strengths: green-blue infrastructure expansion, vision alignment among stakeholders
}sz(l;?:l Weaknesses: limited funding opportunities for the reclaimed water distribution system,
SWOT governance model under development
analysis Opportunities: increased quality requirements for treated wastewater discharge (European
Extternal Urban Wastewater Directive recast [9]), growing market for reclaimed water
actors
Threats: drought, temperature rise, geopolitical instability
- 2025: reference situation
- 2030: C40 Water Safe Cities Accelerator target deadline [40] and 2030 Agenda deadline
Timeline Time steps [41] . .
- 2035: Strategic Plan target deadline [22]
- 2050: Strategic Plan target deadline [22] and critical deadline for climate-neutrality [42]
ie;if;ce Event Severe 4-year drought from 2047 to 2050; WEI+ (annual value) > 0.7 from 2048 onwards
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The division of a territory in areas of analysis, i.e., clusters, facilitates the decision-
making process regarding water management (SWAP_step 3). In this case study, two cluster
were defined—the Forest and the River clusters, already presented in Section 3.

4.2. Defining and Evaluating Alternatives

The smart water allocation process proceeds at cluster level by studying and com-
paring possible intervention alternatives, which correspond to different combinations of
actions designed to implement a given strategy (SWAP_step 4). The alternatives established
to achieve the smart water management objectives presented in Table 6 are as follows:

o A( Water Efficiency (to implement the Water Conservation strategy)—This baseline
alternative aims to reduce water consumption by applying the “water efficiency”
principle which, according to the European Water Resilience Strategy [8], is key and
must come first. Emphasis is placed on actions that promote water conservation and
efficient water use, such as renovating the irrigation network, using more efficient
water devices and intelligent irrigation scheduling, and sealing ornamental lakes.

e A; Water Variety (to implement the Water Redundancy strategy)—This alternative
aims to reduce the use of drinking water for non-potable purposes by applying the
“fit-for-purpose” principle (e.g., [43]). Emphasis is placed on actions that promote the
use of local freshwater supplies (e.g., rehabilitation of boreholes and renewal of the
aqueduct water distribution network).

o A, Water Circularity (to implement the Water Reuse strategy)—This alternative aims to
explore the value associated with reclaimed water by applying the “circulate products
and materials” principle [44]. Emphasis is placed on actions that boost value creation
around water and keep water in use as a product, such as water reuse for the irrigation
and fertilization of urban green areas.

Next, in SWAP_step 5, information is compiled regarding water demand (e.g., green
area irrigation), water supply (i.e., water portfolio), and the investments needed in each
cluster. Often, it is necessary to work with information that is scattered, incomplete, siloed,
or sensitive—either because the decision-making process is still ongoing or due to data
management policy constraints. The information gathered during this step lays the ground
for the strategic plan’s monitoring and review, to be carried out on a cyclical basis. For
this reason, the matchmaking tool was designed to function as an information repository,
in addition to its main purpose, which is to evaluate the application of alternatives in the
different clusters.

The main assumptions considered in the matchmaking between water supply and
demand in the two clusters in Lisbon are outlined below:

e  Water demand—the result of water efficiency measures: it is assumed to be an annual
reduction of 1% in water consumption, even though a higher volume of losses due to
evapotranspiration and evaporation is expected (climate change impact).

o  Water supply—severe 4-year drought scenario (2047/2050): (a) the application of a
measure to restrict the supply of drinking water in 2049 and 2050, limiting supply to
50% of the amount made available in 2048, and (b) decreased productivity of boreholes
and water springs, respectively, from 2048 to 2050 (75% of the amount made available
in 2048).

o  Water supply—risk management (Forest cluster): irrigation in the greenhouse is always
done with groundwater (i.e., water reuse is excluded).

e  Water supply—entry into operation of additional sources (Forest cluster): reclaimed
water in January 2030, and spring water in January 2035.
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Water supply—water losses in distribution systems (to estimate abstracted or treated

water volumes): 7% for drinking water, 0% for groundwater, 6% for spring water, and

5% and 0% for reclaimed water in Forest and River clusters, respectively.

Costs: valuated with constant prices (2025, reference year).

The input data for demand-supply matchmaking refer to water (water supply vol-

umes and green areas’ consumption-demand), phosphorus (concentration in water and

fertilization needs), energy (consumption and carbon footprint), and costs (operational and

investment). The matchmaking solutions are translated as time series of required monthly

water volumes over a targeted period. Table 8 describes the data sets that were used for

characterizing the Forest cluster (FC) and the River cluster (RC) in the matchmaking tool.

Table 8. Water demand—supply matchmaking in Forest and River clusters: information description.

Element Data Input (Information Type and Source)
Water - Series of monthly volume values, i.e., varying throughout the year, based on flow
demand metering in each green area from 2020 to 2024 (data files, LM)
- Drinking water: series with a constant volume value, slightly higher than the highest total
monthly consumption metered in the green areas of the cluster from 2020 to 2024 (data
Water files, LM)
balance Water - Groundwater: series of monthly volume Value§ based on flow metering in the FC well
suppl and the RC boreholes from 2020 to 2024 (data files, LM)
Y - Spring water: series of monthly values, potential supply volume (personal
communication, LM)
- Reclaimed water: series of constant values, Alcdntara and Beirolas WRRFs’ potential and
existing supply volume, respectively (personal communication, LM)
P used as - P fertilization: 1 g P/(m?.year) (assumptions: vegetated area is around 70% of the total
Phosphorus fertilizer green area; soils without phosphorus deficiency, based on [45])
balance P - Reclaimed water: 3 g P/m? (personal communication, AdTA)
concentration - Other water supplies: negligible value (own elaboration)
- Drinking water: 0.57 kWh/ m3 ([46])
E - Groundwater (pumping): 1.00 kWh/m3—well; 0.10 kWh/m3—boreholes (own
E nergy elaboration)
b;rilleal;;gcs}le consumption - Reclaimed water: 0.70 kWh/m? ([47])
- Spring water: 0.09 kWh/m?3 (personal communication, LM)
Local energy mix 0.8 kg COzeq/kWh (average emissions of Portugal in 2024, [48])
- Drinking water price: 2 EUR/ m?3 ([49))
Water prices ! - Groundwater (pumping) cost: 0.11 EUR/m3—well; 0.04 EUR/m3®—boreholes (own
(delivered to elaboratlon) . 3 /mro L . .
green areas) - Reclaimed water price: 0.50 EUR/m>” (25% of the drinking water price, own elaboration)
- Spring water price: 0.25 EUR/m3 (12.5% % of the drinking water price, own elaboration)
- Energy price: 0.18 EUR/kWh (it depends, e.g., on the type of contract, own elaboration)
Costs Other costs - Water reuse (reclaimed water chlorination and monitoring): 0.10 EUR/ m?3 (based on [50])
- Irrigation networks rehabilitation: 2.5 EUR/m? of vegetated area (personal
communication, LM)
- Groundwater rehabilitation: EUR 5000—well; EUR 10,000 per borehole (personal
Investment communication, LM)

Water reuse monitoring (online sensors, etc.): EUR 100,000 for FC (personal
communication, LM)

Note: ! At the water delivery point for green areas.

Whenever water reuse is considered as a potential water supply, it is necessary to

assess the risk to human health and the environment for each green area (SWAP_step 6).
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To guide risk managers and stakeholders responsible for non-potable water uses through
the often-complex process of licensing urban non-potable water reuse projects, a risk
assessment framework was developed, based on relevant standardization and regulation.

In this case study, the use of reclaimed water with a Class-A quality (on a scale from A
to D, A being the best quality water) was considered. This classification is established in
the Portuguese Decree-Law 119/2019 [51] and is aligned with the classes proposed in the
ISO standard 16075-2:2020 [52] and defined in the Regulation (EU) 2020/741 [53]. Ribeiro
and Rosa [17] exemplify the application of the water reuse risk assessment framework in
the irrigation of the Nag¢oes Norte park. The main risk control measure defined to ensure
that the risk level remains low is the additional (low-level) disinfection [19].

SWAP_step 7 forms the core of the smart water allocation process, as it establishes for
each green area the combination of available water supplies that better meet the demand
in terms of performance (water volume, energy, and phosphorus), and cost. The water
demand-supply matchmaking framework does not address mixture of waters of different
qualities to better fit the purpose. Candidate water supplies should have the minimum
quality compatible for the purpose. The basic idea of the water supply-demand matchmak-
ing is simple—use a fit-for-purpose water source whenever justifiable. The matchmaking
tool (framework and software application) provides a simple-to-use analysis of candidate
combinations of one, two, or more supplies for satisfying non-potable water demands. It
allows the calculation of metrics related to sustainability (environmental and economic),
circular economy (water reuse and phosphorus valorisation), and climate change (carbon
neutrality), based on input monthly (or other time interval) variables of water volume,
energy, phosphorus and other nutrients, and cost.

The alternatives that embody the different strategies are defined through the selection
order of the water supplies from the existing and planned water portfolio. For instance, if
rainfall independence is to be increased, reclaimed water should be considered as the first
option to meet the demand. Table 9 presents the application of the alternatives in terms of
the water portfolio considered for each cluster. As water reuse is already in place in the
River cluster, alternatives Ay and A are considered in combination.

Table 9. Application of alternatives in clusters.

Water Portfolio !

Clusters Alternatives Reclaimed Groundwater Spring Water Drinking

Water Water
Ay v a4
Forest Aq v VY v
A, VY v
. Ag/Ay Va4
River
Aq VY vV

Note: ! Each cell’s colour intensity and number of “v'” indicate the importance of the respective water supply:
from “not used” (white, no v') to “used exclusively or predominantly” (dark grey, 3 v').

Matching available water sources with water demand in each cluster is done in a
simple way. First, the green area to be analysed first is selected (e.g., it may be because it is
intended to ensure that it is supplied by a particular water supply). In the Forest cluster,
for example, Eduardo VII Park was selected first because the historic greenhouse is to
be irrigated with groundwater (risk management). Next, one or more water supplies are
selected until the volume demand is met throughout the planning period. Then, the same
procedure for choosing water supplies is applied to the other green areas that make up the
cluster. The water supply—demand alternative combinations are assessed using quantitative
metrics of performance, along a pre-defined time scale (present to planning horizon).
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To guide water demand planners and decision makers in urban management, mu-
nicipal, and water utility contexts, a user-friendly software tool was developed. Figure 4
presents the four tabs of the Water—Energy—Phosphorus Balance Planning module tool (ver-
sion 1.0): (a) map showing the location of green areas and water supply points; (b) supplies
tab for providing information on, among others, water availability, price and P content; (c)
demands tab for providing information on, among others, water and P-fertilisation needs;
(d) matchmaking tab for selecting available water supplies to meet demand in a given
green area, for each alternative.
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sk assesamant resut iow
Water production Alcantara WRRF, Lisbon Risk - Surface
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Figure 4. Screenshots of the four tabs of the matchmaking tool: (a) Map—geo-reference of the green
areas and water supplies that constitute the cluster; (b) Supply—information on volume (availability),
cost and P content for each water supply; (¢) Demand—information on volume (demand) and P
fertilisation for each green area; (d) Matchmaking—demand satisfaction based on the portfolio
established for each alternative—the software permanently updates and displays the still available
water supply, as well as the satisfied /mapped demands and the unmapped demands.
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e < Lisbon LL Forest Cluster

Water-smart allocation for urban non-potable uses implies the assessment and ranking
of planning alternatives through objective-guided metrics. The impact of each alternative
should be quantified over time. In SWAP_step 8, the water supply-demand matchmaking
is evaluated through the metrics, and respective reference values, presented in Table 3. The
risk evaluation results from the water reuse risk assessment tool and, if applicable, from
the water quality modelling in the reclaimed water distribution system.

The ranking of the alternatives is done automatically using the Environment for
Decision Support and Selection of Alternative Courses of Action software tool (version 1.0).
This tool, an intuitive numerical and visual decisional environment, enables water demand
planners and other decision makers to easily comprehend the decisional problem involved
in prioritizing the alternatives. Figure 5 presents a screenshot of the three-dimensional view
of the alternatives’ evaluation in the planning tool. A colour code is applied to provide
information about the evaluation results (i.e., “good” is green, “fair” is orange, and “poor”
is red). This software tool also presents the evaluation results in tables.

OBJECTIVES ~

TIMESTEPS -~
Timesteps 6

Planning 2025-2030

Analysis 2035-2050

METRICS ~
00

06

MO0

M1

M2

M3

M4

ALTERNATIVES ~
A
A

FILE INFO v

IMPORT/EXPORT

<

MATCHMAKING ANALYSIS LINK ~

Alternatives
A0, A1 and A2, from bottom to top

Satisfied demand‘
Compliant reclaimed water
Reclaimed water used
Carbon footprint energy
P-fertilizer production avoided
Total cost

Risk
Figure 5. Plan tool: 3D comparison of Forest cluster alternatives (software screenshot).

The impact of climate change in Lisbon, particularly on its green areas, is analysed
in the strategic plan through the prolonged drought scenario. Figure 6 presents the
supply—demand balance for 2025 and 2050—the 2025 values are based on the water supply
potential from different sources and on water consumption in the green areas, and the
2050 values correspond to planning projections. In the Forest cluster, it is anticipated that in
July and August 2050 the use local freshwater supplies (alternative A1), even with drinking
water, will not be sufficient to meet water demand. Only the water reuse alternative (Ay)
provides water security in this scenario. Figure 7 presents the distribution of the water
supplies in each alternative through the planning timeline. In the River cluster, the use
of groundwater is considered for redundancy and cost (alternative A;), explaining the
increase in its contribution from 2025 to 2035; in 2050, the drought limits its availability.
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Figure 6. Water supply—demand balance at the beginning and end of the planning period: Forest
cluster in (a) 2025 and (b) 2050; River cluster in (c) 2025 and (d) 2050.
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Figure 7. Distribution of the water supplies sources for each alternative over the planning timeline:
(a) Forest cluster; (b) River cluster.

As mentioned, the Environment for Decision Support and Selection of Alternative
Courses of Action software tool (i.e., the plan tool) can present the evaluation results of the
ranking metrics in two types of formats: in the form of a cube (Figure 5) or through tables.
Tables 10 and 11 present the evaluation results of matchmaking alternatives in the Forest
and River clusters, respectively. The values correspond to the annual average calculated
for the ranking metrics; again, a colour code is applied to provide information about the
result (i.e., “good” is green, “fair” is orange in a light grey cell, and “poor” is red in a dark
grey cell). The planning timeline was hypothesised in Table 7; the year 2050 corresponds to
the end of a severe drought period (resilience scenario). As water reuse already occurs in
the River cluster, alternatives A (baseline) and A; (circularity) are jointly assessed.
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Table 10. Lisbon LL Forest cluster: alternatives evaluation.

Alternatives Ranking Metrics Units 2025 2030 2035 2050
o Satisfied demand Y% 100 100 100 84
% Compliant reclaimed water % N/A N/A N/A N/A
&% g Risk - low low low low
g % Carbon footprint energy kg COreq/m3 0.46 0.47 0.47 0.47
§ 2 Reclaimed water used Y% 0 0 0 0
& P-fertilizer production avoided Y% 0 0 0 0

Total cost €/m3 2.32 2.32 2.32 2.38
Satisfied demand Y% 100 100 100
%‘ Compliant reclaimed water % N/A N/A N/A N/A
§ Risk - low low low low
o) Carbon footprint energy kg COzeq/m3 0.46 0.47 0.24 0.25
§ Reclaimed water used Y% 0 0 0 0
< P-fertilizer production avoided % 0 0 0 0
Total cost €/m3 2.32 2.32 1.19 1.25
. Satisfied demand Y% 100 100 100 100
g Compliant reclaimed water % N/A 100 100 100
§ Risk - low low low low
g Carbon footprint energy kg COpeq/m3 0.46 0.57 0.57 0.57
§ Reclaimed water used Y% 0 98 98 98
8 P-fertilizer production avoided Y% 0 260 247 213
Total cost €/m3 2.32 0.89 0.89 0.92
Table 11. Lisbon LL River cluster: alternatives evaluation.
Alternatives  Ranking Metrics Units 2025 2030 2035 2050
Satisfied demand Yo 100 100 100 100
é‘_c -'E‘ Compliant reclaimed water % 100 100 100 100
:qé g % Risk -- low low low low
= . = =
‘E g § Carbon footprint energy kg COzeq/m? 0.56 0.56 0.56 0.56
% Tg“ % Reclaimed water used Y%o 100 100 100 100
? = z z;fji‘gﬂazer production % 250 238 226 195
Total cost €/m3 0.79 0.79 0.79 0.80
Satisfied demand Yo 100 100 100 100
= Compliant reclaimed water % 100 100 100 100
'fz; Risk -- low low low low
; Carbon footprint energy kg COpeq/m? 0.34 0.33 0.31 0.35
é Reclaimed water used % 54 52 50 55
< E\—Ifsilg;lazer production % 135 124 114 108
Total cost €/m3 0.52 0.51 0.50 0.54
Below are some comments on the evaluation of the smart water allocation alternatives
applied in Lisbon LL:
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Satisfied demand—This metric reflects a critical aspect for demand-driven water
allocation: maintaining healthy vegetation is crucial because it limits the urban heat
island effect through shading and evapotranspiration. According to the conditions
considered in the strategic plan, in the Forest cluster, the use of additional freshwater
sources (alternative A1) is not sufficient to meet the demand for non-potable water in
a situation where drinking water restrictions may be applied to the irrigation of green
areas—resilience scenario (prolonged drought). As expected, water reuse (alternative
Aj) is the only water supply that ensures water resilience in a severe drought scenario.
Reclaimed water used—Because water reuse is a key element in increasing resilience
against climate change, the smart water allocation evaluation system includes four
metrics to analyse it. This first metric indicates the relative importance of water reuse
in meeting demand. In the case study, it is possible to fully meet the water demand
through reuse. However, the use of groundwater for greenhouse irrigation is always
maintained for risk management reasons. This is why water reuse in the Forest cluster
represents 98% of total consumption in 2050 (Alternative Ajp).

Risk—Safeguarding health and environmental protection is the basic condition for
water reuse; thus, risk assessment is a prerequisite for the design and establishment
of a water reuse project. Whenever water reuse is considered, risk control measures
are integrated in the irrigation system and in the green areas to ensure that risks are
kept at a low level—namely, Class-A quality [51-53] is ensured at the sprinkler outlets
and other devices. The other supplies of water pose a low risk to human health and
the environment.

Compliant reclaimed water—Post-disinfection (a measure to control the risk associated
with water reuse) by adding chlorine to the irrigation network, whenever justified by
its length, is included in the risk management system defined through risk assessment.
Therefore, the quality of reclaimed water is expected to be ensured at the points of
application (e.g., at the sprinklers” outlet).

Phosphorus fertilizer production avoided—This metric refers to exploiting the fer-
tilizing potential of reclaimed water. In the assumption made in Table 9, the green
area soils are rich in phosphorus, and half the dose of fertilizer recommended in
general lawn fertilisation requirements was considered. For that reason, it appears
that P is supplied in quantities greater than necessary. This possibility should be
clarified through a thorough analysis of soil conditions. In any case, the new European
legislation [9] will require the phosphorus concentration at the wastewater treatment
plants’ effluent not to exceed 0.5 g/ m3, i.e., 1/6 of the value currently considered.
Carbon footprint consumed energy—Good energy performance can only be achieved
when using spring water, as this is sent to Lisbon through a network built in the
18th century (Sistema das Aguas Livres), which operates through gravitational flow.
The carbon footprint of reclaimed water production is evident in the application of
alternative Al in the River cluster: as groundwater supply is selected first (constant
value until the scarcity scenario) and demand decreases over the years due to water
efficiency measures, the overall carbon footprint decreases because the contribution of
reclaimed water is lower; in 2050, as a result of a 25% reduction in borehole productiv-
ity, water reuse becomes more prevalent and, thus, the energy consumption associated
with water supply to this cluster also increases. Again, this is likely to improve soon
due to the mandatory energy neutrality in wastewater treatment [9].

Total cost—The drinking water tariff paid in Lisbon by commercial customers in 2025
(2 EUR/m?, Table 9) was used as a reference value for the total cost analysis; based
on this value, the results associated with this criterion are classified as “poor.” As
negotiations on reclaimed water prices are ongoing and the supply of spring water is
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still under consideration, it was decided to assign them a price related to the drink-
ing water tariff (25% and 12.5% of this tariff for reclaimed water and spring water,
respectively). The value below which results are considered “good” is also related
to the drinking water tariff: 1 EUR/m? or 50% of the tariff. Regardless of operating
costs, the rehabilitation of the irrigation network in some green areas (baseline alter-
native and measure integrated into the other alternatives) contributes significantly
to the total cost of water used in the non-potable urban areas considered. It is in-
teresting to note that, since the available volume of spring water does not allow for
the complete replacement of drinking water (Forest cluster), the total cost recorded
in Alternative A; is higher than that recorded with water reuse, despite the latter
having additional costs (post-chlorination and quality monitoring). Once again, the
expected decrease in the productivity of freshwater sources requires greater use of the
remaining source—drinking water. In the case of the River cluster, the higher value
observed in alternative A, results from the fact that the reclaimed water price is higher
than for groundwater.

4.3. Defining Course of Action

At the final step of the Smart Water Allocation Process—SWAP_step 9, the water
demand planners and decision makers in urban management, municipal, and water utility
contexts are supposed to make decisions about investment values and the scheduling
required to achieve the desired level of water resilience. The assessment and ranking of
alternatives through the objective-guided metrics (SWAP_step 8) within the clusters is the
basis to plan investments to be made in the city over time.

In this case study, the obvious option is to improve the water allocation in non-potable
uses in the Forest cluster, since water reuse is already in place in the River cluster. The
SWAP results can be used by the Lisbon Municipality technicians to build business cases for
improving the resilience to climate. In both clusters, the strategic plan should be reviewed
every five years to verify demand and supply scenarios.

The effort invested in compiling information for smart water allocation and defining
the analytical assumptions sets the foundation for an effective transition towards water
resilience. In fact, it enables a bridge to be created between different municipal departments
and sustainability policies, as well as relevant stakeholders in the context of the urban water
cycle. Clear and updated information is also necessary for supporting communication with
citizens and municipal staff regarding water scarcity.

5. Conclusions

This study presents an innovative framework for smart water allocation in non-potable
urban uses, to tackle urban water resilience through the application of three good water
management practices, namely, (a) fit-for-purpose use; (b) water reuse; and (c) redundancy.
This framework aims to support water management strategic planning through the study
and comparison of possible intervention alternatives, combining the performance, cost, and
risk dimensions in the analysis. The framework is applied through a nine-step, two-level
process—the SWAP. To foster the use of this framework, a toolset of four user-friendly
applications was designed to facilitate the smart water allocation in non-potable uses
by urban managers, water utilities, and other stakeholders. This article describes the
application of the supply-demand matchmaking and the planning tools to meet water
demand in a set of green areas in Lisbon.

The main advantages of applying the presented smart water allocation framework are
as follows:
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e  Greater ease in understanding and assessing the dimensions involved (performance,
cost, and risk) in using different water sources for non-potable uses and how the
application of different water resilience strategies impacts adaptation to climate
change—e.g., the use of water sources more independent of rainfall to support the
implementation of green structures to combat the heat island effect, as well as their
mitigation—i.e., it is important to consider the energy consumption involved in water
treatment and distribution, depending on its source.

e Promoting stakeholder engagement by making the decision-making process more
transparent, particularly in terms of urban water management strategic planning.

e Evidence-based decision-making, which requires a serious effort to compile and
manage information from various sectors and entities. The fact that the matchmaking
tool can also function as an information repository can help combat data silos and a
lack of communication between different sectors of the same entity (e.g., between the
green areas management sector and the sector involved in climate action).

Further research is needed to better characterize the water circularity alternative,
valuing the recovery of resources present in water (e.g., phosphorus recovery in WRRF) so
that the comparison of alternatives is based on a more accurate cost-benefit analysis.

The use of the living lab approach was a key aspect for the framework development.
The two main lessons learned are:

e  The LL quadruple-helix model leverages the systematic integration of scientific knowl-
edge in an iterative, challenge-driven way to produce practical outcomes. Lisbon
LL accelerated co-creation by engaging from the outset: academia (conceptual and
methodological development), government (defining challenges and validating so-
lutions), industry (software development and data provision), and society (feedback
and discussion).

e Living labs provide the contextual insights essential to handle urban challenges. To
foster water resilience in a city and across diverse regions, it is essential to establish
adaptive planning methods that respond to shifting conditions through regular supply-
and-demand verification, by recalibrating actions across different timeframes. From
its inception, the Lisbon LL prioritized the replicability and scalability of the smart
water allocation framework, leading to more systematic analysis and the development
of user-friendly tools.
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