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Featured Application

The proposed KPI-based assessment framework supports designers, planners and poli-
cymakers in comparing heterogeneous stormwater management solutions and selecting
context-appropriate strategies for climate-sensitive urban areas. Its transparent and har-
monised scoring system enables rapid benchmarking of green-blue and grey technologies,
guiding early-stage design choices and facilitating the integration of multiscale SWM
solutions in both new developments and retrofit projects.

Abstract

Urban areas are increasingly exposed to water-related challenges, including flood risk and
water scarcity, amplified by climate change, population growth, and extensive soil sealing.
Addressing these pressures requires integrated stormwater management (SWM) strategies
that balance hydraulic, environmental, and social objectives. This study introduces a novel,
replicable Key Performance Indicator (KPI)-based assessment framework for 36 green—
blue and grey sustainable stormwater management systems (SWMSs), designed to enable
cross-typology, multiscale comparison. Six KPIs, encompassing flood regulation, water
consumption, water quality, air quality, environmental amenity, and biodiversity potential,
are derived through a critical synthesis and harmonisation of the literature and comple-
mented with new parameters and sub-parameters to address existing methodological gaps.
The framework structures evaluations into six analytical tables and one summary table,
ensuring transparent, systematic, and comparative assessment of heterogeneous solutions.
Application to a pilot project in Rome demonstrates how integrating KPI evaluation with
parametric hydraulic modelling provides actionable insights for solution selection. It also
facilitates identification of potential synergies between performance dimensions, enhancing
its value as a decision-support tool in preliminary design. Overall, the study demonstrates
the research value of multi-scalar, performance-based approaches for urban water planning,
highlights the transferability of resilient stormwater strategies in climate-sensitive contexts,
and identifies promising avenues for future research, including multi-sectoral integration,
trade-off analysis, and cross-platform application.
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1. Introduction

Historical evidence highlights an enduring interdependence between water availabil-
ity and socioeconomic development. Over the past century, global freshwater consumption
has increased more than sixfold and continues to grow at around 1% annually, driven
by population expansion, urbanisation, and evolving consumption patterns [1]. Urban
areas are at the core of this escalation: climate change intensifies hydrological variability,
while demographic pressure and soil sealing amplify both water scarcity and flood risk.
Water insecurity undermines environmental stability, economic development, and human
well-being. Despite this, over 25% of supplied water in buildings, construction sites and in-
dustrial facilities is wasted [2], exacerbating stress on freshwater ecosystems and increasing
energy and greenhouse gas emissions associated with water supply and treatment.

Climate change is already altering and will further intensify and accelerate the global
hydrological cycle. More frequent and intense extreme-rainfall events contribute to pluvial
flooding, while prolonged dry periods and rising temperatures reduce water availability,
groundwater recharge, soil moisture, and surface water quality [1]. In Europe, especially
in Mediterranean regions identified as climate change hotspots [3,4], four major water-
related risks emerge: stronger and more prolonged heat waves threatening human lives
and terrestrial and marine ecosystems; agricultural losses from heat stress and drought;
widespread water scarcity in southern Europe, affecting central and western Europe under
warming scenarios above +3 °C; and increased frequency and intensity of coastal, riverine,
and pluvial floods [4].

Within this complex scenario, cities must rethink stormwater management (SWM)
paradigms. Traditional drainage systems discharge stormwater rapidly into the sewerage
and are often obsolete or undersized, proving increasingly inadequate to withstand extreme
precipitation and support long-term water security. In contrast, ecological and climate-
aware approaches emphasise the multifunctional role of water within urban environments,
integrating storage, infiltration, reuse, and treatment [5,6]. Ecological systems aim to reduce
water consumption and promote circularity through rainwater harvesting, greywater
reuse, and smart regulation technologies. Climate-aware systems mitigate flooding and
drought impacts by combining green-blue with grey infrastructure and employing flood-
proof design strategies and adaptive planning [7]. A truly resilient approach requires the
integration of ecological and climate-aware dimensions through adaptive, low-impact, and
resource-efficient solutions applied at multiple design scales.

The performance evaluation of stormwater management systems (SWMSs) in architec-
ture remains an open scientific field. Existing studies, ranging from conventional systems
to Sustainable Urban Drainage Systems (SUDSs), hybrid conventional-SUDS schemes,
and wastewater systems [8], tend to fragment performance assessment into sector-specific
metrics, often losing a holistic perspective on water management. Among sustainable
solutions, studies tend to focus on SUDS practices, evaluating some typical solutions based
on hydrological-hydraulic criteria, treatment capacity, environmental and social benefits,
and economic effects [5,9-11]. Performance analysis of ecological systems, essentially
applied to sewer systems and wastewater treatment plants, follows distinct metrics centred
on physical-chemical, environmental, operational, service-quality, and economic indica-
tors [12,13]. Furthermore, only a few recent studies have explored the performance of
adaptive construction practices and solutions addressing flood risk [6]. The main gaps
in the literature concern the difficulty of integrating indicators addressing water scarcity
and reuse potential with flood-related issues, as well as the absence of a truly multi-scalar
perspective in the selection and assessment of SWMSs. As a result, designers and decision-
makers lack operational instruments to compare alternative solutions across different
spatial conditions, especially in Mediterranean contexts characterised by alternating pe-
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riods of severe drought and intense rainfall. This highlights the need for comprehensive,
performance-based evaluation criteria capable of supporting preliminary design.

This study develops an integrated evaluation tool composed of six multidisciplinary
Key Performance Indicators (KPIs) suitable for assessing 36 technological solutions for
ecological and climate-aware urban SWM identified through the analysis of the technical-
scientific literature [5,6,14,15] and innovative case studies [16] and classified according to
their multiscale applicability and design strategies [17]. Each KPI includes sub-parameters
derived from a systematic literature review and complemented by newly introduced indi-
cators. Heterogeneous data are homogenised through an explicit and replicable method-
ological process.

This article presents the evaluative component of a broader knowledge-oriented
framework previously developed by the authors, which structures objectives, strategies,
and design solutions for sustainable SWM through a project-oriented matrix [17]. This
matrix was complemented by the development of a parametric tool for sizing storage
volumes of SWMSs under extreme stormwater events [7], although it did not address
performance evaluation in a comprehensive and systematic manner.

The present study advances this line of research by introducing an original KPI-
based assessment framework that enables the comparative evaluation of heterogeneous
SWMSs across multiple scales and under varying hydrological conditions. The resulting
analytical and summary tables, together with their application to a pilot project in the city
of Rome, provide an operational tool to support preliminary design decisions. The research
represents an advancement over existing assessment tools, offering a more comprehensive
reference framework capable of guiding informed decision-making and design choices,
while demonstrating alignment with both mitigation and adaptation objectives.

2. Materials and Methods
2.1. Research Methodology

The research adopts a replicable methodology to assess 36 green-blue and grey SWMSs
identified and classified by the authors [17], evaluated under both water-excess and water-
scarcity conditions, while accounting for their environmental and social co-benefits. The
methodological workflow (Figure 1) comprises three macro-phases (preparation, imple-
mentation and validation) articulated into five main consequential processes:

1. State of the art and literature review: Systematic collection and critical analysis of
performance metrics and indicators from manuals and scientific studies; identification
of methodological references and selection of reliable sources.

2. Enumeration, synthesis and aggregation of indicators: Extraction of candidate pa-
rameters and sub-parameters across sources; grouping into conceptual clusters
(hydraulic, ecological, water quality, air/microclimate, amenity, biodiversity) to
verify completeness.

3.  Indicator design and harmonisation: Selection of consistent parameters and indicators
from sources; critical combination or integration of parameters and sub-parameters;
definition of a six-KPI assessment framework.

4. Scoring and evaluation: Establishment of scoring criteria and homogenisation of data
across sources; assignment of scores to each solution/sub-parameter; derivation of
KPI values as the arithmetic mean of their sub-parameters.

5. Validation and comparison: Cross-checking of resulting rankings with scien-
tific datasets, technical specifications, and project evidence to ensure consistency
and coherence.
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Figure 1. Flowchart illustrating the methodological process adopted to develop the six Key Perfor-
mance Indicators (KPIs) and to assess the 36 sustainable stormwater management systems (SWMSs).

Among the broad set of consulted sources, two internationally recognised references
from Research Institutes emerge as the methodological foundations for the assessment
framework, providing evaluation criteria and scoring rules [9,10], and technical data [5],
thus ensuring transparency and robustness. The CEREMA Institute evaluates eight ecosys-
tem services provided by 18 vegetated SWMSs [9,10] grouped into “regulatory services”,
“cultural services” and “biodiversity”, providing scoring rules through a matrix of pa-
rameters and sub-parameters [9]. CIRIA, instead, reorganises similar thematic areas into
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four broader design principles (water quantity, water quality, amenity and biodiversity),
outlining 13 categories of SUDSs together with their performance characteristics [5].

The combined analysis of these sources highlights both areas of overlap (e.g., the joint
treatment of water excess and scarcity within single metrics) and areas where explicit criteria
are missing, such as the assessment of water consumption as an independent indicator in
SWM, the systematic evaluation of flood-risk adaptability in flooding regulation, or the
formalisation of pollution prevention as a core contribution in water quality regulation.
Moreover, these assessment methods focus on a specific subset of solutions (predominantly
vegetated SUDSs) without providing a comparative structure capable of evaluating a wider
and more heterogeneous range of SWMSs, thus limiting cross-typology benchmarking.

To address these gaps, the parameters from the main references are reorganised, fil-
tered, and complemented with additional sources: the LiFE Project Toolbox [6] by Baca
Architects provides structured criteria for evaluating green—blue and grey solutions’ suit-
ability against low-, medium- and high-flood-risk conditions, thus allowing integration
of this core parameter in the KPIs’ formation; the Susdrain platform [14] is employed
to refine and cross-check performance scores for specific SUDS components, providing
qualitative judgement on 5-point-scale criteria (from poor to high) based on technical
documentation [5,15].

Through the synthesis and grouping of parameters and indicators across sources and
their subsequent critical comparison aimed at verifying their coherence and completeness
against the research objectives, eventually combining or integrating parameters and sub-
parameters, a new framework of six KPIs is developed. The selection of the six KPIs is
based on both the frequency of parameters reported in the literature and their relevance to
evaluating heterogeneous SWMSs, ensuring coverage of hydraulic, environmental, and
socio-ecological functions. Each KPI consists of specific sub-parameters (Table 1) derived
from the literature review and critically reorganised and supplemented by the authors.

Table 1. The six KPIs and the evaluation sub-parameters adopted to analyse the 36 green-blue and
grey sustainable urban SWMSs.

KPI1
Flood Regulation

KPI 2 * KPI 3
Water Consumption Regulation Water Quality Regulation

Stormwater runoff volume reduction ~ Storage capacity for rainwater reuse

Macro-pollutant mitigation
(total suspended solids)
Micro-pollutant mitigation

Stormwater runoff peak flow Potential association with other
. o . (hydrocarbons, heavy metals,
reduction recovery/ filtration devices . .
organic pollution)
Flood-risk management suitability * Water demand Pollution prevention *
KPI 4 KPI 5 KPI 6

Air Quality Regulation Environmental Amenity Biodiversity Potential

Urban Heat Island (UHI) reduction Visual and sensorial

Degree of functional similarity to a

Zr.ld mﬁ: rochm;ﬂc 1mProvements Lei plela'sfure Qegrel.e q natural area that enables biodiversity
ir pollutant a so'rptlon / capture eisure, mu t.l ppctlona 1ty and/or to be hosted and develope d
capacity accessibility potential

* Parameters and sub-parameters critically complemented by the authors to address methodological and concep-
tual gaps in the literature.

In the evaluation phase, the 36 solutions are assessed first by sub-parameter and then
by KPI. Sub-parameters are evaluated by assigning a score on a 0—4 scale representing the
relative effectiveness of each SWMS (0 = absent; 1 = low; 2 = medium; 3 = good; 4 = high).
The overall evaluation is obtained by calculating the arithmetic mean of the scores assigned
to the sub-parameters composing each KPI (Figure 2).
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Figure 2. Evaluation process of the 36 SWMSs, classified by architectural strategy and by green-blue
or grey nature: (a) Structure of the six analytical tables developed through the assessment of each
solution by sub-parameter and KPI; (b) adopted evaluation system based on a 0—4 scale.

Sub-parameters deemed non-assessable for a specific solution are excluded from
the KPI calculation, with the mean computed only over the assessable sub-parameters,
so that each KPI score reflects the functions effectively provided by that solution. Ac-
cordingly, “assessability” refers to the extent to which a KPI can be evaluated for a
given SWMS based on the compatibility between its sub-parameters and the system’s
technological characteristics.

An equal-weighting approach is adopted to ensure comparability and avoid the
introduction of arbitrary weighting factors. The KPIs represent complementary dimensions
of stormwater management performance and are treated as equally relevant within the
framework. This approach is consistent with early-stage decision-support tools, where the
objective is to enable a balanced comparison among heterogeneous solutions. The full list
of the 36 SWMSs evaluated is provided in Table 2.

Scores are assigned starting from the CIRIA and CEREMA studies [5,10] and subse-
quently integrated through comparison with the additional sources [6,14]. While in [10]
scores adopt the same 0—4 rating logic, a harmonisation procedure ensures comparabil-
ity among the other heterogeneous data. The process is based on logical-mathematical
criteria tailored to the different types of data available: for macro- and micro-pollutant
mitigation, the pollution mitigation index (0-1) provided in [5] is divided into quartiles
and aligned with the 0—4 scale; the five-level qualitative ratings provided by [14] (poor,
low, medium, good, high), are condensed to four levels by verifying the overlap between
“poor” and “low” categories; flood-risk suitability classes in [6] are cross-referenced with
their corresponding hazard levels to derive a 0—4 score.

When a source lacks data, scores are supplemented using technical specifications [5],
analogous technological solutions, or evidence from case studies [16]. Analogous solutions
are identified based on functional equivalence, design characteristics, and comparable
operational mechanisms, while case studies are included according to data availability,
relevance to the SWMS category, and contextual comparability. Data supplementation is
systematically supported by cross-source verification and conservative attribution criteria
in cases of uncertainty.

Although some sub-parameters (e.g., amenity-related indicators) involve qualitative
assessment, scoring is grounded in criteria consistently derived from the selected sources.
The integration of harmonisation procedures and cross-referencing ensures coherent score
attribution, limits subjective bias, and guarantees full coverage of all 36 solutions, thereby
supporting transparency, reproducibility, and consistency across the evaluation framework.
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Table 2. Summary of the SWMSs employed in the pilot project, cross-referenced with the results

obtained from the application of the KPI-based assessment framework.

Presence

SWMSs KPI1 KPI 2 KPI3 KPI 4 KPI 5 KPI 6
Score
1. Extensive/semi-intensive .oe 23 20 20 18 35 20
green roofs
2. Intensive green roofs O 3.0 1.7 2.3 2.8 3.5 3.0
@ 3. Brown roofs oo 1.5 2.7 1.0 1.3 1.5 4.0
= 4. Green walls . 1.7 1.5 1.7 2.8 4.0 4.0
£ L 5. Rain gardens @) 2.3 3.5 2.2 2.0 2.5 3.0
g & 6. Phytodepuration systems ) 1.3 4.0 2.8 2.0 15 3.0
; Q 7. Lawns, permeable surfaces XY 2.7 2.0 2.0 1.5 3.0 2.0
§ 8. Urban tree planting ooe 1.7 2.0 23 3.0 4.0 4.0
3 9. Xeriscaping oo 1.2 4.0 1.5 1.8 3.0 4.0
= 10. Retention roof
b (blue/green-blue) oo 3.3/3.6 3.0/3.0 3.0/3.0 1.5/3.3 2.0/3.5 1.0/3.5
11. Rainwater harvesting eoe 3.3 4.0 3.0 n/a n/a n/a
o 12. Pervious pavement XY 2.7 2.0 2.5 2.0 2.0 1.0
=4 13. Fountains/water features @) n/a 2.3 3.0 4.0 4.0 1.0
© 14. Performative buildings eoe 3.7 3.7 33 3.0 4.0 NA
15. Water-saving devices eoe n/a 4.0 n/a n/a n/a n/a
| 16. Vegetated
o
5 5 5 E swales/bioswales (dry/wet) eoe 2.0/2.0 3.5/35 25/2.5 1.3/2.0 3.0/3.0 25/2.5
22 Tl 17. Channels and rills O 15 n/a 18 13 2.0 2.0
L >
& B 18. Open canals O 2.0 n/a 17 1.0 2.0 1.0
G 19. Gutters 1) 1.3 n/a 1.0 n/a 1.8 n/a
20. Bioretention systems (X 3.0 3.5 2.8 2.0 2.5 3.0
E 21. Detention basins oo 3.0 n/a 2.3 1.5 3.0 3.0
- 2 22. Retention ponds O 2.3 n/a 2.7 2.0 3.0 4.0
~§ § 23. Water squares Xy 3.7 3.0 3.5 1.0 4.0 1.0
é" 6‘ 24. Terraced waterfronts n/a 2.7 n/a 1.7 1.3 3.5 2.0
I 25. Constructed wetlands YY) 2.7 4.0 3.0 2.8 3.5 4.0
i
< 26. Urban flood storage O 3.7 n/a 3.0 n/a 2.5 n/a
3 27. Dry-proof building n/a 1.0 n/a n/a n/a n/a n/a
R E_,‘ 28. Wet-proof building n/a 2.0 n/a n/a n/a n/a n/a
6} 29. Elevated-floor building O 4.0 n/a n/a n/a 2.5 n/a
30. Amphibious building n/a 3.0 n/a n/a n/a n/a n/a
31. Floating building n/a 3.0 n/a n/a n/a n/a n/a
I
2 % g 32. Infiltration trenches O 3.0 n/a 2.3 1.3 15 1.0
"li E i 33. Filter strips . 1.0 2.0 1.8 1.3 2.5 2.0
@] éﬂ 34. Geocellular systems ° 3.3 3.0 1.3 n/a n/a n/a
()
bt =
g T
'_'.é £ 35. Soakways (dry wells) O 3.0 - 2.3 n/a n/a n/a
9]
S G
o >
L D 36. Underground
b 3 lamination tank O 3.7 2.5 35 n/a n/a n/a

Scores for solution presence are assigned as follows: (O) = absent; () = low; (ee) = medium; (see) = high. KPI
values are given on a 04 scale (0 = absent; 1 = low; 2 = medium; 3 = good; 4 = high). When a solution has two
variants, both values are reported as (x/y). Indicators not applicable to a solution are indicated as n/a.

2.2. The Six KPIs in Relation to the Scientific Literature

The definition of the six KPIs stems from a comparative analysis of how the method-
ological references conceptualise the performance of sustainable SWMSs. Each KPI consoli-
dates the hydraulic, environmental and socio-ecological functions consistently identified
across the sources, while incorporating parameters and sub-parameters that address the
gaps highlighted in Section 2.1. In the following sub-sections (Sections 2.2.1-2.2.6), each
KP1 is presented in relation to the literature from which it is derived, together with the
specific assessment dimensions integrated within its sub-parameters.
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2.2.1. KPI 1—Flood Regulation

The first KPI evaluates the capacity of SWMSs to manage flooding events, explicitly
separating the two key issues of water scarcity and excess. While the literature often
combines these aspects, such as CEREMA'’s “flood regulation and groundwater recharge”
parameter [9,10] and CIRIA’s “design for water quantity approach” [5], this KPI selects
parameters specifically aimed at flood mitigation. Additionally, this study introduces
a novel sub-parameter to account for the suitability of solutions under different flood
hazard scenarios [6]. Compared to existing frameworks, which primarily evaluate flood
regulation in terms of hydrological performance, this sub-parameter explicitly incorporates
the relationship between system performance and varying hazard conditions, thereby
extending the assessment to a risk-informed perspective. The KPI is structured into three

sub-parameters:
e  Stormwater runoff peak flow reduction

Peak flow (m3/s) is the maximum discharge at the outlet during a storm [18]. The out-
let flow starts from a base flow, reaches a peak, and recedes, forming a hydrograph. SUDSs
reduce peak flows by attenuation, slowing and storing runoff for controlled release [5].
This sub-parameter is evaluated by comparing maximum outlet flow with and without the
control system [5,10,14].

e  Stormwater runoff volume reduction

Runoff volume (m?) is the total runoff leaving the site. Attenuation extends the
hydrograph, controlling peak flows but potentially increasing duration and sediment
transport [5,19]. SUDSs can reduce runoff volume via infiltration, evapotranspiration,
and on-site rainwater reuse. Evaluation is based on the volume dispersed through these
processes or stored on-site [5,10,14].

e  Flood-risk management suitability

This sub-parameter measures a solution’s adaptability to low, medium, and high
flood risks, defined by hazard (flood probability and magnitude, including depth, velocity,
duration, debris), exposure of people and assets, and vulnerability (susceptibility and
adaptive capacity) [20]. Suitability depends on the solution’s ability to accommodate large
volumes and withstand impacts. Practical evaluation follows the LiFE Project Toolkit,
combining flood regulations, building codes, safety and planning to assess solutions
across risk levels [6]. Solutions performing well under multiple flood hazard scenarios are
rated higher.

2.2.2. KPI 2—Water Consumption Regulation

The second KPI is originally defined for this study, based on the analysis of the
characteristics of individual technological solutions in the literature [5,15]. While existing
indicators typically assess water consumption at the building or household scale [21],
integrated urban SWMSs have never been explicitly evaluated for this parameter in the
literature, despite their recognised benefits for overall water use. This KPI therefore
introduces a new assessment dimension by directly linking stormwater management
solutions to water demand reduction and reuse potential, extending the evaluation beyond
conventional building-level approaches.

The KPI is structured into three sub-parameters:

e  Storage capacity for rainwater reuse

https:/ /doi.org/10.3390/app16083762
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This sub-parameter quantifies the volume of rainwater (m?) that can be stored on-
site for non-potable reuse. It reflects the ecological contribution of SWMSs by promoting
water reuse and reducing potable water demand. Scoring reflects the presence, typol-
ogy and effective size of surface or sub-surface storage elements, as described in [5,15]
technical guidance.

e  DPotential association with other recovery/filtration devices

This parameter assesses the flexibility of a given solution to be combined with addi-
tional recovery or filtration systems, enhancing the overall water recovery potential [21].
Unlike the storage capacity, this sub-parameter applies even to solutions without inher-
ent storage, by evaluating their compatibility with supplementary devices for rainwater
collection and treatment [CIRIA].

e  Water demand

This sub-parameter measures the capacity of a solution to minimise water consump-
tion. It considers both the intrinsic water use of the system (e.g., irrigation needs for green
infrastructure) and the integration of technologies that limit or optimise water use [21].
Lower water demand corresponds to higher performance in this KPL

2.2.3. KPI 3—Water Quality Regulation

The third KPI evaluates the capacity of SWMSs to manage urban water pollution and
protect surface and groundwater quality. It is structured into three sub-parameters: two
address pollution mitigation, as widely recognised in the literature [5,9,10], while the third,
pollution prevention, is introduced here as an innovative criterion explicitly addressing
preventive strategies. Unlike conventional indicators focused on pollutant removal, this
sub-parameter captures upstream design and management measures that reduce pollutant
generation and runoff at the source, complementing mitigation-based approaches with a
preventive perspective. The KPI is structured into three sub-parameters:

e  Macro-pollutant mitigation

This sub-parameter measures the removal efficiency (%) of total suspended solids
and organic matter. Macro-debris in urban runoff includes organic material, large partic-
ulates, and animal waste [5,22]. Assessment is based on the solution’s ability to remove
these pollutants through physical, chemical, and biological processes, such as filtration,
sedimentation, and biodegradation [5,10].

e  Micro-pollutant mitigation

This sub-parameter evaluates the reduction (%) in micro-pollutants, including heavy
metals, hydrocarbons, and emerging contaminants. Sources include building materials or
biocides from exterior paints [23,24], vehicle emissions and engine leaks [5], combustion
processes [25], atmospheric deposition, and litter wash-off [26,27]. The evaluation considers
the efficiency of SWMSs in removing these pollutants via physical, chemical, or biological
processes [5,10].

e  Pollution prevention

This sub-parameter assesses the capacity to prevent pollutants from entering runoff,
through site design, management, and operational measures. Strategies include runoff
minimisation via storage and retention devices, reduction in impervious surfaces, good
housekeeping, and educational campaigns [5,14]. Performance can be quantified by the
reduction in runoff and discharge volumes (m?®) associated with the implemented solu-
tion [5,10,14].
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2.2.4. KPI 4—Air Quality Regulation

The fourth KPI evaluates the capacity of SWMSs to improve urban air quality and
microclimate conditions. It integrates two concepts separated in CEREMA’s framework
into two indicators (microclimate regulation and air quality regulation) [9,10] and selects,
from CIRIA’s broader “design for amenity approach”, only the elements directly related to
air quality [5]. Since microclimate regulation is, together with pollutant reduction, a key
aspect in defining air quality, it was made a direct sub-parameter of that KPI, which is thus
structured into two sub-parameters:

e  Urban Heat Island (UHI) reduction and microclimatic improvements

This sub-parameter measures the capacity of SWMSs to mitigate UHI effects and
improve microclimatic comfort. Mechanisms include evapotranspiration, solar radiation
reflection, and shading through vegetation and water features, which also regulate relative
humidity [5,10]. The benefits of this sub-parameter can be quantified by measuring changes
in urban temperature, mean radiant temperature, relative humidity, and thermal comfort
indices (e.g., Predicted Mean Vote and Percentage of People Dissatisfied) following the
implementation of the SWMS [10,28].

e  Air pollutant absorption/capture capacity

This sub-parameter assesses the ability of vegetation to absorb gaseous pollutants,
including nitrogen dioxide (NO,), sulphur dioxide (SO;), and ozone (O3), and capture
particulate matter (PM10), improving local air quality and human health [14]. Evaluation
is based on the type and density of vegetation implemented within the SWMS [5,10].

2.2.5. KPI 5—Environmental Amenity

The fifth KPI evaluates the contribution of SWMSs in enhancing place quality and
supporting social use. It integrates two concepts that CEREMA treats as separate indicators
(landscape amenity and recreational/leisure activities) [9,10] and selects, from CIRIA’s
broader “design for amenity approach,” only the components directly related to environ-
mental quality and social interaction [5]. The KPI is structured into two sub-parameters:

e  Visual and sensorial pleasure

This sub-parameter assesses the aesthetic and experiential quality of the site, reflecting
concepts of beauty and urban liveability. Objective criteria include the presence, type, and
arrangement of vegetation, as well as the integration of water as an urban element [5,10].
To ensure consistency in scoring, these aspects are evaluated against recurring criteria
identified in the literature, such as diversity of vegetation, spatial configuration, and
integration with the built environment, each corresponding to increasing levels of perceived
environmental quality.

e  Leisure, multifunctionality, and accessibility potential

This sub-parameter measures the capacity of a solution to support social interaction,
multiple uses, and safe human accessibility. The evaluation is based on explicit criteria
including accessibility conditions, range of supported uses, and compliance with safety
requirements, allowing the attribution of scores according to clearly distinguishable levels
of functionality and user interaction.
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2.2.6. KPI 6—Biodiversity Potential

The sixth KPI evaluates the capacity of SWMSs to support ecological functions and
enhance urban biodiversity. It originates from CEREMA’s indicator “degree of functional
similarity with a natural area enabling biodiversity to be hosted and developed” [9,10],
which is considered sufficiently comprehensive to encompass all relevant ecological aspects,
consolidating into a single evaluative dimension the “design for biodiversity approach”
outlined by CIRIA [5]. The KP1 is structured around one sub-parameter:

e  Degree of functional similarity to a natural area

This sub-parameter evaluates the extent to which the solution can reproduce natural
habitat functions capable of hosting and supporting biodiversity. Key criteria include the
presence of vegetated and water-based components enabling ecological processes, as well
as the potential to contribute to habitat connectivity when integrated into broader green
networks [14]. The assessment considers structural features and specific technological
layers designed to enhance ecological potential and favour the establishment of flora and
fauna [5,10,14].

2.3. Application of the Evaluation Method

The proposed method has enabled the evaluation of a framework of 36 technological
solutions for resilient and climate-neutral urban SWM classified into three architectural
strategies: water diversion, (keeping runoff away from buildings and open spaces through
conveyance systems); water reception (allowing water to reach or temporarily enter ded-
icated floodable areas or structures); and source control (managing water near its point
of generation to collect, reuse, infiltrate, or return it to nature) [17]. Solutions traceable to
multiple design strategies are classified as combined.

The 36 solutions analysed operate across multiple spatial scales (building, site, neigh-
bourhood/district and city) and are selected based on their relevance to water resource
management rather than on data availability or uniformity. This approach is intended not
only to map existing knowledge, but also to identify scientific and operational gaps that
could be addressed with an adequate degree of confidence. Through a multi-scalar and
multidisciplinary procedure, a replicable framework is developed in which each solution
can be assessed using the six KPIs defined in this study.

Following the evaluation method, two complementary outputs are produced. The
analytical output consists of six dedicated tables (Figures 3-8), in which each KPI is scored
on a 04 scale for all technological solutions, divided according to the design strategy
and their green-blue or grey nature. The synthetic output is a summary table reporting
(Figure 9), for each solution, the overall score of the six KPIs, calculated as the average of the
corresponding sub-parameter scores. This table also includes representative images, concise
descriptions, key design characteristics (functions, construction features, maintenance
requirements and associative potential), as well as the spatial scale of applicability and the
primary water-related issue addressed (scarcity and/or excess).

The purpose of this dual structure is to provide a comprehensive yet accessible
decision-support tool, enabling informed comparison among design options and support-
ing decision-making across different stages of architectural and urban design—particularly
during conceptualisation and preliminary design. The validity and operational usefulness
of the evaluation framework are subsequently tested through its application within the de-
sign development of a pilot project located in Rome (Italy) where the proposed performance
indicators are used to inform solution selection.
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KPI 1 Flood regulation Score
Flood-risk mana-
Stormwater management Stormwater runoff Stormwater runoff gemtent suitability SWMSs
systems (SWMSs) volume reduction peak flow reduction (related to flood-risk evaluation
levels predicted)
S.1. SOURCE CONTROL
;};Xﬁgz'f\f and semi-intensive 20 20 30 23
2. Intensive green roofs 25 25 4.0 3.0
3. Brown roofs 0.5 20 2.0 1.5
4. Green walls 0.5 15 3.0 .7/
5. Rain gardens 2.0 3.0 2.0 23
6. Phytodepuration systems 1.0 20 1.0 1.2
7. Lawns, permeable surfaces 3.0 30 2.0 2
8. Urban tree planting 1.0 2.0 2.0 1.7
9. Xeriscaping 1.0 15 1.0 1.2
10. Retention roof (blue/green-blue) 30/35 30/35 40/4.0 3336
11. Rainwater harvesting 4.0 40 20 3.3
12. Pervious pavement 3.0 3.0 2.0 2.
13. Fountains/ water features n/a n/a n/a n/a
14. Performative buildings 4.0 4.0 3.0 3.7
15. Water-saving devices n/a n/a n/a n/a
S.2. WATER DIVERSION
16. Vegetated swales (dry/wet) 20/20 20/2.0 20/20 20/2.0
17. Channels and rills 1.5 15 1.5 15
18. Open canals 2.0 2.0 2.0 2.0
19. Gutters n/a 1.0 7.5 7.5
S.3. WATER RECEPTION
20. Bioretention systems 4.0 20 3.0 3.0
21. Detention basins 2.0 3.0 4.0 3.0
22. Retention ponds 1.0 3.0 3.0 23
23. Water squares 3.0 40 4.0 3.7
24. Terraced waterfronts 2.0 2.0 4.0 2.0/
25. Constructed wetlands 1.0 3.0 4.0 2.7
26. Urban flood storage 3.0 40 4.0 ELlf
27. Dry-proof building n/a n/a 1.0 110
28. Wet-proof building n/a n/a 2.0 20
29. Elevated-floor building n/a n/a 4.0 4.0
30. Amphibious building n/a n/a 3.0 3.0
31. Floating building n/a n/a 3.0 3.0
S.2-3. COMBINED RECEPTION-DIVERSION
32. Infiltration trenches 4.0 2.0 3.0 3.0
33. Filter strips 1.0 1.0 1.0 1.0
34. Geocellular systems 3.0 3.0 4.0 3.3
S.1-3. COMBINED RECEPTION-SOURCE CONTROL
35. Soakways (Dry wells) 3.0 3.0 30 3.0
36. Underground lam. tank 3.0 40 4.0 3.7

Figure 3. Analytical evaluation of the 36 SWMSs in relation to the flood regulation KPI. Sub-
parameters not applicable to specific solutions (n/a) are excluded from the assessment. Where two

variants of a solution are possible, values are reported in the form (x/y). Cell colors identify SWMS

nature (blue: green-blue systems; grey: grey systems), while intermediate sub-parameter scores are

highlighted in light yellow.
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KPI 2 Water consumption regulation Score
Potential of asso-
Stormwater management Storage capacity for ciation with other SWMSs
systems (SWMSs) rainwater reuse recovery/ filtration pisieesand evaluation
decivices
S.1. SOURCE CONTROL
;.reli):ir;zlf\;e and semi-intensive 10 3.0 2.0 2.0
2. Intensive green roofs 1.0 3.0 1.0 140
3. Brown roofs 1.0 3.0 4.0 27
4. Green walls 0.5 3.0 1.0 1.5
5. Rain gardens n/a 3.0 4.0 35
6. Phytodepuration systems n/a 4.0 4.0 4.0
7. Lawns, permeable surfaces n/a 3.0 1.0 2.0
8. Urban tree planting n/a 3.0 1.0 2.0
9. Xeriscaping n/a n/a 4.0 4.0
10. Retention roof (blue/green-blue) 3.0/3.0 3.0/3.0 n/a 3.0/3.0
11. Rainwater harvesting 4.0 4.0 n/a 4.0
12. Pervious pavement 1.0 3.0 n/a 2.0
13. Fountains/ water features 1.0 3.0 3.0 2.3
14. Performative buildings 4.0 4.0 3.0 3.7
15. Water-saving devices n/a 4.0 n/a 4.0
S.2. WATER DIVERSION
16. Vegetated swales (dry/wet) n/a 3.0/3.0 40/4.0 35/35
17. Channels and rills n/a n/a n/a n/a
18. Open canals n/a n/a n/a n/a
19. Gutters n/a n/a n/a n/a
S.3. WATER RECEPTION
20. Bioretention systems n/a 3.0 4.0 3.5
21. Detention basins n/a n/a n/a n/a
22. Retention ponds n/a n/a n/a n/a
23. Water squares n/a 3.0 n/a 3.0
24. Terraced waterfronts n/a n/a n/a n/a
25. Constructed wetlands n/a 4.0 4.0 4.0
26. Urban flood storage n/a n/a n/a n/a
27. Dry-proof building n/a n/a n/a n/a
28. Wet-proof building n/a n/a n/a n/a
29. Elevated-floor building n/a n/a n/a n/a
30. Amphibious building n/a n/a n/a n/a
31. Floating building n/a n/a n/a n/a
S.2-3. COMBINED RECEPTION-DIVERSION
32. Infiltration trenches n/a n/a n/a n/a
33. Filter strips n/a n/a 2.0 2.0
34. Geocellular systems 3.0 3.0 n/a 30
S.1-3. COMBINED RECEPTION-SOURCE CONTROL
35. Soakways (Dry wells) n/a n/a n/a n/a
36. Underground lam. tank 3.0 2.0 n/a 285

Figure 4. Analytical evaluation of the 36 SWMSs in relation to the water consumption regulation KPI.

Sub-parameters not applicable to specific solutions (n/a) are excluded from the assessment. Where

two variants of a solution are possible, values are reported in the form (x/y). Cell colors identify

SWMS nature (blue: green-blue systems; grey: grey systems), while intermediate sub-parameter

scores are highlighted in light yellow.
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KPI 3 Water quality regulation Score
Stormwater management N;:ﬁ;:gg: li:'i?;s mi'zlécart?o'gczt:;ﬁgzr_ P?rﬂlr:gfcf) Co%:w\;ezggn SWMS_s
systems (SWMSs) Suspended Solids, SIS (TR ) discharge volumes evaluation
organic pollution) reduction)
S.1. SOURCE CONTROL
;‘relix;ergz;vse and semi-intensive 20 20 20 20
2. Intensive green roofs 25 20 25 23
3. Brown roofs 1.0 1.0 1.0 1.0
4. Green walls 20 20 1.0 1.7
5. Rain gardens 2.0 2.0 25 22
6. Phytodepuration systems 4.0 3.0 15 28
7. Lawns, permeable surfaces 25 2.0 1.5 2.0
8. Urban tree planting n/a 3.0 §1E5) 23
9. Xeriscaping n/a 2.0 1.0 1.5
10. Retention roof (blue/green-blue) n/a n/a 3.0/3.0 30/30
11. Rainwater harvesting n/a n/a 3.0 3.0
12. Pervious pavement 3.0 15 3.0 25
13. Fountains/ water features 3.0 n/a n/a 3.0
14. Performative buildings 3.0 3.0 4.0 &3
15. Water-saving devices n/a n/a n/a n/a
S.2. WATER DIVERSION
16. Vegetated swales (dry/wet) 3.0/3.0 23125 20/20 25/25
17. Channels and rills 25 1.5 1.5 1163}
18. Open canals 2.0 1.0 20 1.7
19. Gutters n/a n/a 1.0 1.0
S.3. WATER RECEPTION
20. Bioretention systems 3.0 245 3.0 2.8
21. Detention basins 2.5 2.0 2.5 2.3
22. Retention ponds 3.0 3.0 2.0 27
23. Water squares n/a n/a 315) 215
24. Terraced waterfronts 2.0 1.0 2.0 17
25. Constructed wetlands 4.0 3.0 2.0 3.0
26. Urban flood storage n/a n/a 3.0 3.0
27. Dry-proof building n/a n/a n/a n/a
28. Wet-proof building n/a n/a n/a n/a
29. Elevated-floor building n/a n/a n/a n/a
30. Amphibious building n/a n/a n/a n/a
31. Floating building n/a n/a n/a n/a
S.2-3. COMBINED RECEPTION-DIVERSION
32. Infiltration trenches 2.5 1.5 3.0 2.3
33. Filter strips 25 20 1.0 18
34. Geocellular systems 0.5 0.5 3.0 1.3
S.1-3. COMBINED RECEPTION-SOURCE CONTROL
35. Soakways (Dry wells) 25 15 5.0 23
36. Underground lam. tank n/a n/a 3.5 35

Figure 5. Analytical evaluation of the 36 SWMSs in relation to the water quality regulation KPI.

Sub-parameters not applicable to specific solutions (n/a) are excluded from the assessment. Where

two variants of a solution are possible, values are reported in the form (x/y). Cell colors identify

SWMS nature (blue: green-blue systems; grey: grey systems), while intermediate sub-parameter

scores are highlighted in light yellow.
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KPI 4 Air quality regulation Score
Stomater management R o capure | SYMSS
systems (SWMSs) improvements capacity evaluation
S.1. SOURCE CONTROL
1. Extensive and semi-intensive oA - .
green roofs 2.0 1.5 1.8
2. Intensive green roofs 2.5 3.0 2.8
3. Brown roofs 13 1.0 1.3
4. Green walls 25 3.0 2.8
5. Rain gardens 2.0 2.0 2.0
6. Phytodepuration systems 285 5 2.0
7. Lawns, permeable surfaces 2.0 1.0 15
8. Urban tree planting 3.0 3.0 3.0
9. Xeriscaping 2.0 186 1.8
10. Retention roof (blue/green-blue) 15/3.5 n/a/ 3.0 15/3.3
11. Rainwater harvesting n/a n/a n/a
12. Pervious pavement 2.0 n/a 2.0
13. Fountains/ water features 4.0 n/a 4.0
14. Performative buildings 3.0 n/a 3.0
15. Water-saving devices n/a n/a n/a
S.2. WATER DIVERSION
16. Vegetated swales (dry/wet) 15/1.5 1.0/1.0 13/13
17. Channels and rills 18 1.0 iFs
18. Open canals 1.0 n/a 1.0
19. Gutters n/a n/a n/a
S.3. WATER RECEPTION
20. Bioretention systems 2.0 2.0 2.0
21. Detention basins 2.0 1.0 1.5
22. Retention ponds 3.0 1.0 2.0
23. Water squares 1 n/a 1.0
24. Terraced waterfronts 15 1.0 1.3
25. Constructed wetlands 3.0 2:5 2.8
26. Urban flood storage n/a n/a n/a
27. Dry-proof building n/a n/a n/a
28. Wet-proof building n/a n/a n/a
29. Elevated-floor building n/a n/a n/a
30. Amphibious building n/a n/a n/a
31. Floating building n/a n/a n/a
S.2-3. COMBINED RECEPTION-DIVERSION
32. Infiltration trenches 1.5 1.0 1.3
33. Filter strips 18 1.0 18
34. Geocellular systems n/a n/a n/a
S.1-3. COMBINED RECEPTION-SOURCE CONTROL
35. Soakways (Dry wells) n/a n/a n/a
36. Underground lam. tank n/a n/a n/a

Figure 6. Analytical evaluation of the 36 SWMSs in relation to the air quality regulation KPI. Sub-
parameters not applicable to specific solutions (n/a) are excluded from the assessment. Where two
variants of a solution are possible, values are reported in the form (x/y). Cell colors identify SWMS
nature (blue: green-blue systems; grey: grey systems), while intermediate sub-parameter scores are
highlighted in light yellow.
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KPI 5 Environmental amenity Score
Stormwater management Visual and sensorial ci_ig:wsa:ll;t(; ’ ;lélltg:jgé SWMS_s
systems (SWMSs) pleasure degree cessibility potential evaluation
S.1. SOURCE CONTROL
;}:e):?-gzlf\;e and semi-intensive 40 30 35
2. Intensive green roofs 4.0 310 315
3. Brown roofs 2.0 1.0 1.5
4. Green walls 4.0 n/a 4.0
5. Rain gardens 3.0 2.0 25
6. Phytodepuration systems 2.0 1.0 15
7. Lawns, permeable surfaces 3.0 3.0 810
8. Urban tree planting 4.0 n/a 4.0
9. Xeriscaping 3.0 n/a 3.0
10. Retention roof (blue/green-blue) 1.0/4.0 3.0/3.0 20/ 8
11. Rainwater harvesting n/a n/a n/a
12. Pervious pavement 1.0 3.0 2.0
13. Fountains/ water features 4.0 4.0 4.0
14. Performative buildings 4.0 4.0 4.0
15. Water-saving devices n/a n/a n/a
S.2. WATER DIVERSION
16. Vegetated swales (dry/wet) 3.0/3.0 n/a 3.0/3.0
17. Channels and rills 2.0 n/a 2.0
18. Open canals 2.0 n/a 2.0
19. Gutters 15 2.0 1.8
S.3. WATER RECEPTION
20. Bioretention systems 3.0 2.0 25
21. Detention basins 3.0 3.0 3.0
22. Retention ponds 4.0 2.0 3.0
23. Water squares 4.0 4.0 4.0
24. Terraced waterfronts 4.0 3.0 3.5
25. Constructed wetlands 4.0 3.0 3.5
26. Urban flood storage 1.0 4.0 25
27. Dry-proof building n/a n/a n/a
28. Wet-proof building n/a n/a n/a
29. Elevated-floor building 3.0 2.0 25
30. Amphibious building n/a n/a n/a
31. Floating building n/a n/a n/a
S.2-3. COMBINED RECEPTION-DIVERSION
32. Infiltration trenches 1.0 210 1.5
33. Filter strips 3.0 2.0 285
34. Geocellular systems n/a n/a n/a
S.1-3. COMBINED RECEPTION-SOURCE CONTROL
35. Soakways (Dry wells) n/a n/a n/a
36. Underground lam. tank n/a n/a n/a

Figure 7. Analytical evaluation of the 36 SWMSs in relation to the environmental amenity KPI.
Sub-parameters not applicable to specific solutions (n/a) are excluded from the assessment. Where
two variants of a solution are possible, values are reported in the form (x/y). Cell colors identify
SWMS nature (blue: green-blue systems; grey: grey systems), while intermediate sub-parameter
scores are highlighted in light yellow.
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KPI 6 Biodiversity potential Score

Degree of function similarity with a natural

Sto;r;wg:::g r(nsavr\}:/lgseg;ent area enabling bizii\\l/;rosgg dto be hosted and esz:/u'\gﬁc?n
S.1. SOURCE CONTROL
;;eixr:err;zif\;e and semi-intensive 20 20
2. Intensive green roofs 3.0 3.0
3. Brown roofs 4.0 4.0
4. Green walls 4.0 4.0
5. Rain gardens 3.0 3.0
6. Phytodepuration systems 3.0 3.0
7. Lawns, permeable surfaces 2.0 2.0
8. Urban tree planting 4.0 4.0
9. Xeriscaping 4.0 4.0
10. Retention roof (blue/green-blue) 1.0/35 1.0/3.5
11. Rainwater harvesting n/a n/a
12. Pervious pavement 1.0 1.0
13. Fountains/ water features 1.0 1.0
14. Performative buildings n/a n/a
15. Water-saving devices n/a n/a
S.2. WATER DIVERSION
16. Vegetated swales (dry/wet) 28 | 25 25/2.5
17. Channels and rills 2.0 2.0
18. Open canals 1.0 1.0
19. Gutters n/a n/a
S.3. WATER RECEPTION
20. Bioretention systems 3.0 3.0
21. Detention basins 3.0 3.0
22. Retention ponds 4.0 4.0
23. Water squares 1.0 1.0
24. Terraced waterfronts 2.0 2.0
25. Constructed wetlands 4.0 4.0
26. Urban flood storage n/a n/a
27. Dry-proof building n/a n/a
28. Wet-proof building n/a n/a
29. Elevated-floor building n/a n/a
30. Amphibious building n/a n/a
31. Floating building n/a n/a
S.2-3. COMBINED RECEPTION-DIVERSION
32. Infiltration trenches 1.0 1.0
33. Filter strips 2.0 2.0
34. Geocellular systems n/a n/a
S.1-3. COMBINED RECEPTION-SOURCE CONTROL
35. Soakways (Dry wells) n/a n/a
36. Underground lam. tank n/a n/a

Figure 8. Analytical evaluation of the 36 SWMSs in relation to the biodiversity potential KPI. Sub-
parameters not applicable to specific solutions (n/a) are excluded from the assessment. Where two
variants of a solution are possible, values are reported in the form (x/y). Cell colors identify SWMS
nature (blue: green-blue systems; grey: grey systems), while intermediate sub-parameter scores are
highlighted in light yellow.
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SWMSs

Issue

Main design features

scarcity | excess

S.1. SOURCE CONTROL
10. Retention roofs (blue / green-blue)

Knowns as blue roof, are designed
to provide temporary water stora-
ge and gradual release of stored
rainwater. They are constructed on
flat/ low sloped roofs in flood-prone
areas with with little possibility of in-
filtration. They can be distinguished
by their finishing coat: green roofs
store water in the plant substrate;
gravel roofs store water in the gra-
vel layer; biue roofs without any fini-
shing material store water over the
waterproofing layer.

11. Rainwater harvesting

Is the process of collecting rainwa-
ter close to where it falls rather than
allowing it to drain away. Rainwater
recovery may also reduce the de-
mand for treated mains water by
re-using the harvested water for
activities such as garden watering,
toilet flushing and laundry. If de-
signed appropriately, the systems
can also be used to reduce the ra-
tes and volumes of runoff.

y

S.2. WATER DIVERSION
16. Vegetated swales and bioswales (dry / wet)

They are broad and vegetated
channels designed to store and/
. or convey runoff and remove pol-
lutants. As conveyance structures,
they may can be used to pass the
runoff to the next stage of the tre-
atment train and can be designed
to promote infilration if appropriate.
Check dams and berms also can be
\ installed across the flow path of a
S swale in order to promote settling
C < and infiltration.

Open canals are open surface wa-
ter channels with hard edges. They
can have a variety of cross sections
to suit the urban landscape. They
are simple channels that convey
water and can include stepping sto-
nes and other features to slow down
and oxygenate water flows. They
can be designed to provide water
treatement and sometimes include
vegetation.

S.2. WATER RECEPTION
20. Bioretention areas

Bioretention areas are shallow
landscaped depressions which are
typically under drained and rely on
engineered soils, enhanced vege-
* tation and fitration to remove pollu-
tion and reduce runoff downstream.
They are aimed at managing and
treating runolff from frequent rainfall
events and they can offer stormwa-
ter attenuation in case of extreme
weather events.

26. Urban flood storage

_¢f Programmatic usage of under-

ground parkings o olher adaplable
infrastructures in the city designed
to store excess rainwater or over-
flow from water bodies. Adequate
maintenance is required to assure
safety and durabolity over time. For
the new infrastructures long-term
funding for their correct performan-
ceis needed.

$.2-3. COMBINED RECEPTION-DIVERSION
32. Infiltration trenches

Are linear, surface structures filed
with washed porous materials with
a sufficient void index. They can be
either drainage trenches, serving as
a retention and conveyance system
with a regulated flow to an outlet, or
infiltration trenches, with drainage
by infiltration into the ground. The-
se two methods can be combined.
They can be coupled with other te-
chniques, to act as a drainage sy-
stem at the bottom of a swale or a
bioretention basin, for example.

Geocellular storage systems are
modular plastic units with hugh po-
rosity (generally around 95%) that
can be used to efficiently create a
below-ground structure for the tem-

orary storage of surface water be-
fore controlled release or use. If the
flow characteristics of the geocel-
lular units are sufficiently well cha-
racterized by hydraulic testing, they
can also be used as a conveyance
mechanism.

S. 1-3 COMBINED RECEPTION-SOURCE CONTROL

35. Soakaways (Dry wells)

Are square or circular excavations
either filled with rubble or lined with
brickwork, pre-cast concrete or
polyethylene rings/perforated stora-
ge structures surrounded by granular
backiil, allowing the temporary stora-
ge of water before it soaks into the
ground. They can be grouped and
finked together to drain large areas
including highways. The supporting
structure and backfil can be substi-
tuted by modular o geocellular units.

Subsurface storage relies on con-
struction of water storage structures
made of concrete (vaults) or large
diameter, rigid pipes or arches with
capped ends and made of plastic,
steel or aluminium. Several pre-built,
modular systems are commercially

4

v

v

v

v

v

Construction features: designed in accordance
with standards such as NFRC Technical Guidan-
e Note and the UNI 11235 (if vegetated).
Functions: rainwater regulation and controlled
attenuation, reduction of energy consumption
and microclimate mitigation.

Maintenance: periodic removal of sediment and
debris from outlet and storage areas (6 monthly
inspections recommended); If vegetated apply
the same mantainance as green roofs
Association: rainwater harvesting, geocellular
systems, rain gardens

Construction features: series of elements de-
signed basing on collection area, water demand
and treatment needs.

Functions: treatment and collection of rainwater.
Maintenance: clean every 6 month av.
Association: rain gardens, geocellular units,
phytodepuration systems, swales, green- biue-
brown roofs, green walls, lawns and other
permeable surfaces.

Construction features: shallow channels with
water-resistant, drought and salt tolerant vegeta-
tion; can be under-drained

Functions: stormwater filtration, infiltration and
conveyance

inspect regularly and repairirepl
ce components as needed

Association: soakaways, greocellular units,
basins and ponds.

Construction features: channels with hard
edges and can include features to slow and
oxigenate rainwater.

Functions: stormwater fitration treatment and
conveyance.

Maintenance: inspect regularly to remove ltter/
debris and intensive maintenance required once
every 5 years (i. to remove i)

Association: basins and ponds.

Construction features: engineered soil mixes,
designed to be under-drained or allow full or
partiall infiltration.
Functions: runof filtration/treatment and
infiltration (if suitable), microclimate mitigation,
:'nrmwa'?r attenuation if under-drained.
inspect regularly and repairirepl
ce components as needed.
Association: geocellular units, lawns and
other permeable surfaces, swales, rainwater
harvesting

Construction features: underground parking or
other facilies designed to retain stormwater and/
or overflow water.

Functions: stormwater and/or overflow water
attenuation and storage.

Maintenance: the necessary to ensure safety
and durability over time; at the end of a clou-
dbrust, remove poliutants from the facilty to
ensure that it becomes usable again
Association: performative buildings, geocellular
units, filtration devices.

Construction features: trench filled with gravel
o stones, separated from the ground by
afitering geotextile and equipped at the bottom
with drainage pipes.

Functions: stormwater attenuation and infiltration
(if envisaged).

Maintenance: regular inspection for signs of
clogging, removal of sediment from pre-treat-
ment system, removal and cleaning or replace-
ment of stone.

Association: ier srs, swale, bioretention
areas, geocellular systems, dry w

Construction features: modular/oneycomb
platic units with high void ratio connected to a
network of drains for fi rnmg and emptying, as well
as inspection and cleanin

Functions: stormwater al(enualmn and infiltration
(if envisaged), rainwater reuse (if envisaged).
Maintenance: regular inspection of silt raps,
manholes, pipework and pre-treatment devices,
with removal of sediment and debris as required
Association: porous pavements, trenches,
swales and bioretention areas.

Construction features: the walls consist of pre-
cast concrete, brickwork or polyethylene rings/
perforated storage structures surrounded by
granular backfil, separated from the ground by a
filtering geotextile

Functions: stormwater attenuation and infiltra-
l\un

Performance

Flood regulation: good to high (if vege-
tated)

Water consumption regulation: good
Water quality regulation: good

Air quality regulation: medium to good
(if vegetated)

Environmental amenity: medium to high
(i vegetated)

Biodiversity potential: low to high (if
vegetated)

Flood regulation: good
Water consumption regulation: high
Water quality regulalmn gccd

Biodiversity potential: n/a

Flood regulation: medium
Water consumption regulation: high
Water quality regulation: good

Air quality regulation: low (medium if

Environmental amenity: good
Biodiversity potenti

Flood regulation: medium
Water consumption regulation: n/a
Water quality regulation: medium
Air quality regulation: low
Environmental amenity: me
Biodiversity potential: low (medlum if
include vegetation)

Flood regulation: good

Water consumption regulamm high
Water quality regulation.

Al qualiy reguiation: medum
Environmental amenity: good
Biodiversity potential: good

Flood regulation: high
Water consumption regulation: n/a
Water quality regulation: good

V

goo
Biodiversity potential: n/a

Flood regulation: good
Water consumption regulation: n/a
Water quality regulation: medium

Biodiversity potenual \uw

Flood regulation: good
Water consumption regulation: good
Water quaity regulation: low

Air quality regulation: n/a
Environmental amemty: na
Biodiversity potential: n/a

Flood regulation: good
Water consumption regulation: n/a
Water quality regulation: medium
Air quality regulation: n/a
Environmental amenit

removal of from
pre-treatment device, monitoring performance
(using observation well).

Association: geocellular systems

Construction features: valuts, arches or over-
sized pipes made of concrete, plastic, steel or
allulimium, usually in pre-built modular systems
Can be replaced by geocellular storage systems
Functions: stormwater attenuation and infiltra-
tion, rainwater reuse (if envisaged).

talised structure, they can be used as
harvesting systems recovering water
for watering and fire-fighting

regular inspection of sil traps,
manholes, pipework and pre-treatment devices,
with removal of sediment and debris as required.
Association: geocellular systems

potential: n/a

Flood regulation: high
Water consumption regulation: good
Watar qualhy regulation: goou

Air quality regulati
Environmental amenl n/a
Biodiversity potential: n/a

Spatial scale

buiding | site | neighbldistrict |

4
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v
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4
4 v
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Figure 9. Extract of the summary table. The 36 green-blue and grey SWMSs are organised by

architectural strategy and evaluated against the six KPIs. Additional information relevant to project

development is also provided. Sub-heading cell colors identify SWMS nature (blue: green-blue

systems; grey: grey systems), while architectural strategies are highlighted in yellow.
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3. Results
3.1. Synthesis of KPI Evaluation Outcomes

The development of the six analytical evaluation tables and the overall summary
table represents a key outcome of the assessment process, enabling a critical analysis of
the results obtained for the thirty-six technological solutions in relation to the six-KPI
framework. Differences in the number of assessed solutions across KPIs reflect the varying
degree of functional applicability of each indicator to different SWMS types.

Flood regulation (Figure 3) emerges as the most assessable KPI, with only two so-
lutions excluded. The reduction in runoff volumes proves generally more challenging
than peak-flow attenuation, and performance increases proportionally with storage ca-
pacity and detention potential. The highest scores (often above 3) correspond to grey or
more engineered blue—-green solutions, such as retention roofs and water squares, whereas
predominantly green systems may face spatial or ecological constraints that limit their
hydraulic effectiveness.

Water consumption regulation (Figure 4) is instead the least assessable KPI, with
fourteen solutions not evaluated. Difficulties arise from the limited ability of many devices
to incorporate storage for reuse directly within their technological configuration. This
constraint may be mitigated by coupling solutions with complementary grey recovery
systems. Vegetation-related factors (species selection, spatial arrangement and maintenance
regimes) also play a decisive role, as they can significantly reduce water demands and
consequently improve performance.

Water quality regulation (Figure 5) shows a good degree of evaluability, with six solu-
tions excluded. The highest pollutant-reduction scores are associated with green systems,
due to the filtration, absorption and biodegradation processes occurring in vegetated soil
layers. Grey devices, conversely, primarily support pollution prevention by limiting runoff
generation and discharge volumes rather than providing treatment functions.

Air quality regulation (Figure 6) represents one of the least assessable indicators, with
twelve solutions excluded. Performance depends strongly on vegetation structure, density
and evapotranspiration potential. When relevant, grey infrastructure contributes only
indirectly through microclimatic mitigation mechanisms.

Environmental amenity (Figure 7) shows an intermediate level of evaluability, with
nine solutions excluded from scoring. Since it is based on qualitative parameters, ensuring
an objective and reproducible evaluation required particular attention. Visual and sensory
benefits increase with the presence of vegetation and visible water, while multifunctionality
and accessibility depend on usability, safety and compatibility with human activities.

Finally, biodiversity potential (Figure 8) is the second-least assessable KPI, with thir-
teen solutions excluded. Green and blue SWMSs prevail, with performance depending on
each solution’s capacity to recreate engineered ecological conditions capable of sustaining
habitat functions comparable to small-scale natural environments.

Overall, the KPI system proves capable of revealing functional complementarities
among solutions and supports informed comparison (Figure 9), highlighting how re-
silient SWM requires a balanced combination of green-blue and grey technologies. The
assessment also underscores how performance remains partly dependent on contextual
interactions, thereby encouraging the integration of KPI-based evaluation with empirical
verification derived from built interventions or modelling environments, as shown in the
pilot-project application.
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LATITUDE:
LONGITUDE:
CLIMATIC ZONE:
HEIGHT asl:

YEAR OF REALIZATION:
DESIGNER:

CONTRACTOR:
SIZE:

ca. 11.15 ha realised

DESIGN SCALE:

-high degree of sealing
of the area

-degraded and frag-
mented green areas
-inadequate sewer
network (only one com-
bined sewer main in
the area)
-unauthorised urban
wastewater spills into
ditches with potential
groundwater pollution

District/ neighbourhood

3.2. Application to a Pilot Project

The evaluation framework is applied to a pilot project in the public-housing district of
San Basilio (Rome, Italy), an area characterised by severe soil sealing, degraded open spaces,
recurrent drainage issues and socio-spatial vulnerabilities. The selection of appropriate
SWMS is based on the needs and spatial characteristics of the district and is guided by
the objectives—strategies—solutions matrix, ensuring that chosen solutions address both
functional priorities and site constraints. The design process integrates an SWMS into a
renewed system of courtyards, streets and collective green areas, prioritising water recep-
tion as the main macro-strategy and complementing it with source-control and diversion
measures (Figure 10).

41° 89'N
12°51'E

Csa
20 m asl

1983-unfinished

Anonio Salvi
(urban planning)

City of Rome
25.5 ha of which

residential area
(social housing)

Site Building

Integrate . sustainable stormwater management devices _and
technological solutions into common pracfices of green building
and green retrofitting.

Prioritise surface and open-air water management giving preference
to green-blue solutions where space is sufficient and design drainage
structures as management trains.

Limit the flow and volume of rainwater from the area into the public sewer
system and towards water bodies in compliance with the principles of
hydraulic and hydrological invariance.

Integrate water management for climate change mitigation at source.

water reception L § (_]

water diversion (—J&L
source control lE§J!

Retain and collect rainwater in the city preventing flooding through
proper design of public spaces and private open spaces.

Limit potable water consumption by maximising the collection and reuse
of rainwater of suitable quality for non-potable uses.

Limit water consumption related to maintenance of green areas and
open spaces with proper landscape design.

Limit water consumption in buildings and open spaces by adopting
water-saving devices.

Figure 10. Pilot project area in San Basilio, Rome: A Summary of project data, inputs, and results
from applying the objectives—strategies—solutions matrix for sustainable stormwater management
(SWM). Design strategies are represented using icons defined by the Authors; the direction of the
arrows indicates the adopted water management approach. The original urban plan included areas
designated for residential buildings (E), public services (S), commercial functions (C), and park areas
(tree symbol), as shown in the figure, which were never implemented.
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Out of the 36 technological solutions identified in the framework, 20 are selected and
spatially distributed at multiple scales. The KPI-based assessment provides a comparative
overview of alternative devices, highlighting their functional features and supporting the
selection of configurations that best respond to the project objectives and to the spatial,
morphological and operational constraints of the site.

Solutions intended to manage extreme rainfall events are subsequently dimensioned
and verified through a parametric modelling tool developed in the integrated Rhino—
Grasshopper-Excel environment [29]. The design of stormwater storage volumes is based
on the Rainfalls Design Method with a 20-year return period, except for the water squares
system, which is evaluated for a 50-year return period. In the absence of site-specific
infiltration data, a conservative assumption of zero infiltration is adopted, and a cautious
discharge limit of 7 L/s/ha is applied to reflect critical sewer conditions.

In its final configuration, the model integrates all the design parameters associated
with the system of water squares, bioswales, vegetated bioretention areas, detention basins
and retention roofs.

The comparison between the existing and the proposed condition (Figure 11) shows
substantial improvements: impermeable surfaces decrease from 80% to 14%, the total
runoff coefficient decreases by 31%, and the minimum required stormwater storage volume
for a 20-year return-period rainfall event is reduced by 24%, even in the absence of soil
infiltration (Figure 12). These outcomes stem from the combined action of solutions with
different degrees of intensiveness and spatial extent, whose hydraulic capacity is verified
and cross-referenced with their KPI profiles (Table 2).

Detention basins are adopted in an intensive configuration, with six units collectively
providing 23% of the total storage volume; they receive runoff from the urban park and
adjacent pedestrian areas, offering substantial flood-regulation capacity through large,
vegetated depressions with notable amenity and biodiversity potential, although their
contribution to water and air quality regulation remains moderate. Water squares operate
as a semi-intensive system, draining water from neighbouring green areas, pedestrian court-
yards and elevated walkways: ten courtyard devices combined with the larger northern
basin contribute around 30% of total storage, and the model confirms their ability to buffer
up to 50-year return-period events. Their KPI profiles show excellent flood-regulation and
amenity performance, while biodiversity and air quality regulation remain limited due to
the prevalence of hard surfaces. Retention roofs capture rainfall directly at source on the
five new buildings, contributing 7% of total storage; their vegetated substrate supports high
scores in runoff regulation, environmental amenity and biodiversity potential, together
with notable resource efficiency, and water quality and air quality benefits. Bioswales,
which collect runoff from driveways, pavements and bicycle lanes, represent the most
extensive linear system, with 47 units providing 19% of total storage; although their limited
depth results in average flood-regulation performance, their soil-vegetation processes
ensure good water quality regulation and high water consumption efficiency, confirming
their suitability along streets. Finally, the 17 bioretention areas intercept roof runoff and
water from adjacent paved surfaces, accounting for 21% of total storage; their greater
retention and filtration capacity yields higher flood-regulation performance than bioswales,
together with consistently good results in water quality, water consumption, amenity
and biodiversity.
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Figure 11. Soil permeability analysis: Comparison between ex ante (a) and ex post (b) scenarios of
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Figure 12. Comparative evaluation between ex ante and ex post scenarios of the pilot project resulting
from the application of the design-support tool in Rhino—Grasshopper.

Summary and Implications

The application of the KPI-based evaluation framework to the San Basilio pilot project
demonstrates its effectiveness in guiding the selection and spatial distribution of SWMS.
The combined analysis of parametric modelling results and KPI profiles confirms that the
proposed solutions substantially reduce runoff volumes, enhance flood regulation, and
improve environmental and social co-benefits. Intensive and semi-intensive devices, such
as detention basins and water squares, provide significant flood mitigation, while linear
and rooftop systems contribute to water quality regulation, biodiversity, and amenity.

Overall, the KPI assessment allows for a quantitative comparison of alternative con-
figurations, enabling designers to prioritise interventions according to both functional
performance and site-specific constraints. This structured approach ensures that the se-
lected SWMSs achieve hydraulic invariance, optimise environmental outcomes, and offer
social benefits, highlighting the potential of the framework to support evidence-based
decision-making in urban stormwater management. It also facilitates the preliminary iden-
tification of potential synergies among solutions, supporting configuration adjustments
according to project-specific priorities. The results further highlight opportunities for future
integration with advanced environmental-modelling tools to refine design solutions and
enhance resilience in urban contexts.
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4. Discussion and Conclusions

The assessment framework developed in this study provides a structured and repli-
cable methodology for comparing heterogeneous SWMSs through six coherent KPIs and
associated evaluation tables, derived from a critical synthesis and harmonisation of the
literature and enriched with novel parameters and sub-parameters to address existing
methodological gaps. Beyond serving as a design-support tool, it establishes an operational
link between urban water planning principles and measurable performance outcomes,
enabling informed decisions across multiple scales and facilitating the integration of sus-
tainable SWMSs in both new developments and retrofit projects.

By encompassing hydraulic, environmental, and resource-efficiency dimensions
within a single evaluative structure, the framework supports interdisciplinary dialogue,
provides a common language for designers, planners, and policymakers, and highlights
the multifunctional role of nature-based and hybrid infrastructure, whose value extends
beyond hydraulic compliance to broader ecosystem and socio-spatial benefits. Compared
to established frameworks such as CEREMA and CIRIA, the proposed approach extends
evaluation to a wider and more heterogeneous set of solutions, explicitly integrating
context-specific aspects such as flood risk and water scarcity while consolidating hydraulic,
environmental, and socio-ecological dimensions into a coherent assessment.

Application to the San Basilio public housing district in Rome demonstrates the frame-
work’s practical relevance: combining KPI evaluation with parametric modelling enables
the quantitative assessment of both hydraulic performance and environmental co-benefits,
offering evidence-based guidance for appropriate solution selection. The framework ad-
dresses extreme-rainfall events and water scarcity in an integrated, synergistic manner,
providing support for adaptation to multiple climate-related pressures and reinforcing its
role as an innovative, decision-support tool. The implementation of high-quality SWMSs
contributes not only to effective runoff control but also to mitigating flood risks and pre-
venting potential impacts on infrastructure and the environment, highlighting the broader
protective and preventive benefits of well-designed SWMSs.

While demonstrating robustness and applicability, the framework has limitations that
define the boundaries of the current study. Qualitative indicators may involve inherent
subjectivity despite harmonised scoring procedures and cross-referencing among sources.
The framework has been applied and validated in a Mediterranean urban context; its trans-
ferability to non-Mediterranean climates may require contextual adjustments. The impact
of long-term operation and maintenance on KPI performance has not been explicitly as-
sessed. In addition, while a full quantitative analysis of trade-offs among KPIs has not been
conducted, the framework inherently facilitates the identification of potential synergies and
compromises between different performance dimensions. Recognising these limitations
helps define the boundaries of the current study while guiding future refinements.

Promising directions for future research include systematic exploration of KPI trade-
offs, empirical monitoring of existing SWMSs, and advanced environmental simulations.
Scenario-based sensitivity analyses could evaluate the influence of indicator weighting
under different hydrological conditions, including flood-prone and water-scarce areas,
while differentiated weighting schemes could reflect stakeholder preferences or site-specific
priorities. Integration of the objectives—strategies—solutions matrix, KPI-based assessment
framework, and parametric modelling tool into a unified workflow could support design
and policy processes more effectively, potentially interacting with multilevel platforms such
as digital twins, microclimatic and environmental simulation tools, Geographic Information
Systems (GIS), and open urban data. Such developments would enhance predictive capacity,
transferability, and applicability across European urban contexts increasingly exposed to
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climate-related pressures, reinforcing the framework’s contribution to evidence-based,
resilient urban water planning.
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