
Academic Editor: Fernando António

Leal Pacheco

Received: 18 March 2026

Revised: 18 April 2026

Accepted: 28 April 2026

Published: 2 May 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

A Continuous-Simulation Approach for the Design and
Long-Term Performance Assessment of Infiltration Basins for
Sustainable Urban Water Management
Antonio Zarlenga * and Aldo Fiori

Department of Civil, Computer Science and Aeronautical Technologies, Roma Tre University, Via Vito Volterra 62,
00146 Rome, Italy; aldo.fiori@uniroma3.it
* Correspondence: antonio.zarlenga@uniroma3.it

Abstract

This study proposes a comprehensive methodology for the design and performance assess-
ment of infiltration ponds integrated within hybrid grey–green urban drainage systems.
The scope of the ponds is twofold: (i) increase infiltration of rainwater, and hence ground-
water recharge, and (ii) decrease pluvial discharge downstream. The framework is applied
to the Rome Technopole district, which serves as a pilot case for testing and demonstrating
the procedure. Through 30-year continuous simulations performed with the EPA Storm
Water Management Model and forced with a 5 min historical rainfall, the approach enables
a performance-based evaluation that captures the full hydrological variability and the
hydraulic performances of urban drainage systems. The methodology relies on physically
based models for both the grey stormwater drainage network and the infiltration ponds,
combined with a long-term simulation and functional analysis under transient conditions.
The approach explicitly represents the main hydrological processes, including runoff gener-
ation, flow routing, storage dynamics, infiltration, and soil moisture variability, enabling
a quantitative evaluation of peak-flow attenuation, infiltration efficiency, groundwater
recharge volumes, seasonal variability, and wet–dry cycle behaviour. The latter is used to
assess the long-term evolution of pond performance and its implications for maintenance
activities, including clogging development and removal. Scenario analyses explore the
influence of pond geometry and storage volumes, highlighting the trade-offs between
hydrological efficiency, evaporation losses, and drawdown times. Beyond the specific
application to the Rome Technopole developed in this study, we propose a generalizable,
practitioner-oriented design procedure suited to contexts where infiltration-based solutions
are desirable but regulatory guidance is fragmented. The proposed design workflow iden-
tifies critical parameters for both the hydraulic design and the operational management
of infiltration ponds, enabling a statistical evaluation of their performance. The analysis
of peak-flow reduction, infiltrated volumes, and the timing and frequency of wet–dry
cycles provides a robust technical basis for the proper sizing, integration, and long-term
assessment of infiltration ponds within urban drainage planning.

Keywords: infiltration pond; LID infrastructures; urban groundwater recharge; urban
flooding; grey–green drainage systems

1. Introduction
In 2026, the metropolitan area of Rome hosts about 4.36 million inhabitants,

with decades of demographic growth driving fragmented expansion toward peripheral
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areas. This urbanization has progressively transformed drainage systems from natural con-
figurations into engineered infrastructures, initially conceived for hydraulic protection and
later adapted to manage increasing runoff due to soil sealing and discontinuous receiving
water bodies [1]. As the city expanded, the drainage network evolved into an extensive
grey infrastructure designed to collect and convey stormwater to surface waters through
end-of-pipe solutions [2,3]. However, the stratification of networks built in different peri-
ods, and the limited ability of receiving water bodies—never intended to sustain current
hydraulic loads—now require the adoption of innovative technologies for more effective
and sustainable water-resource management [4,5].

Current stormwater control in urban environments, such as the one considered in
this study, relies on a collection and conveyance system, complemented, when required,
by in situ treatment units and storage structures. These storage facilities typically consist
of impervious tanks sized according to district or regional regulations and designed to
gradually release the stored volumes to the receiving water body. Although this approach
preserves the hydraulic capacity of the receiving system, it presents several critical limita-
tions, especially in densely urbanized contexts. Detention tanks may require large storage
volumes (in Rome, they can reach hundreds of m3/ha), resulting in a significant loss of
space and land available for other urban functions. From a hydrological perspective, more-
over, stored water, even when meeting quality standards suitable for potential reuse, is
often discharged to ensure timely tank emptying, and therefore, the resource is seldom
effectively valorized.

Low-Impact Development (LID) infrastructures, and more broadly Nature-Based Solu-
tions (NBS), have progressively emerged as an alternative paradigm designed to overcome
the limitations of conventional grey drainage systems [4,6–8]. These strategies promote
water storage or controlled infiltration as an alternative to direct discharge into surface
water bodies, aiming to partially restore the natural hydrological processes disrupted by
extensive urban soil sealing [4,9]. A key factor contributing to the increasing adoption
of LID systems is their high flexibility with a variety of possible configurations [6,10].
Importantly, LID practices are not intended to replace traditional drainage networks; rather,
they are most effective when integrated into grey infrastructure systems to enhance overall
hydraulic performance [4,9]. LID systems actively contribute to mitigating increased runoff
volumes, attenuating peak flows and flooding risk [11,12]; beyond that, they generate a set
of additional benefits such as improving urban liveability, contributing to mitigating the
urban heat island effect, enhancing biodiversity, and supporting the ecological functioning
of urban environments (e.g., [11,13,14]).

Some of the LID infrastructures that have been proposed over the years partially over-
lap with similar techniques adopted for Managed Aquifer Recharge (MAR), e.g., infiltration
basins (see, e.g., [15]), but their function, due to LID systems, is as infiltration-enhancing
structures that facilitate groundwater recharge [16] and support the health of soils and
groundwater resources. By increasing residence times and enabling percolation through
the vadose zone, they improve water quality, strengthen biogeochemical filtering processes,
and foster more resilient urban hydrological regimes (e.g., [17]).

In Italy, the regulatory framework governing LID and infiltration structures is still
emerging. Although some regulations address specific hydraulic or water quality aspects,
a comprehensive technical guideline for designing infiltration systems is currently lacking,
and this gap is also recognized at the European level within broader water-policy imple-
mentation reports, where design standards for infiltration basins remain fragmented. Al-
though several agencies provide operational manuals [18–22], these documents vary widely
in methodology, assumptions, and applicability, and no globally harmonized standard
exists. Recent reviews also highlight the limited availability of uniform infiltration-basin
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design protocols, despite growing international interest in green infrastructure and Nature-
Based Solutions [23]. Widely adopted technical manuals typically provide practitioners
with simplified design procedures intended to support routine feasibility assessments
and implementation decisions, while the existing literature on LID systems is extensive,
encompassing studies that examine these infrastructures from multiple perspectives with
varying degrees of depth, generality, and transferability across diverse environmental and
urban contexts.

Focusing on physically based methodologies, traditional design approaches for infil-
tration ponds are grounded in water-balance formulations and steady-state or event-based
infiltration estimates (e.g., [24–27]). These deterministic schemes have been complemented
by probabilistic frameworks that capture storm variability and pre-filling effects Raimondi
and Becciu [28]. In parallel, numerical investigations for infiltration facilities have been
developed, giving significant insight into the design of infiltration structures [29–31].
Water-quality aspects are central to the security and proper functioning of infiltration
facilities and have been examined from the stormwater–groundwater interaction [32,33].
Recent advances in infiltration structures include a risk-oriented analytical framework for
MAR basin design that explicitly accounts for rainfall stochasticity, subsurface heterogeneity,
and groundwater-quality considerations [34]. Accordingly, residence time and vadose-zone
transport processes emerge as key determinants of contamination risk, clogging propen-
sity, and long-term operational performance—since the unsaturated zone governs storage,
attenuation, and migration of infiltrating water and co-transported contaminants [35,36].
Overall, the hydrologic design of infiltration basins—and LID structures more broadly—
remains an active area of debate and innovation [37]. However, the effective design of
LID systems requires integrating these guidelines with a careful evaluation of multiple
interconnected factors—most notably long-term maintenance needs, local rainfall regimes,
and site-specific conditions—that ultimately govern their hydraulic and environmental
performance [5,38,39].

This work presents the methodology adopted for the design of the drainage system
of the new Rome Technopole area, with particular emphasis on the integration of NBS.
The analysis specifically focuses on the infiltration ponds that have been incorporated into the
conventional grey drainage network. The scope of the ponds here are twofold: to attenuate
the flooding events, and hence decrease the discharge downstream, and to increase the
infiltration of the rainwater and hence groundwater recharge, the latter minimizing the risk
of contaminating the vadose zone or the underlying aquifer [34]; while the first objective
can be achieved through conventional grey infrastructure (e.g., detention storage and flow
regulation), the second inherently requires an infiltration-based facility.

The design workflow relies on the continuous simulation of a long rainfall record
measured in Rome, enabling a performance-based evaluation that captures the full tem-
poral variability of rainfall, runoff generation, infiltration dynamics, and system response
under realistic climatic forcing; this approach overcomes some of the limitations of the
approaches based on hydrological design event (see, e.g., the discussion in [40–42]). While
the application presented in this study is limited to the analysis of the measured rainfall
record, the method can be readily extended to synthetic rainfall fields to investigate larger
return periods, as exemplified by Fiori et al. [42] for river-flood analysis. It is worth noting,
however, that generating synthetic rainfall series at a high temporal resolution—such as the
one used here—while fully preserving intensity–duration–frequency (IDF) relationships
remains a challenging task [43]. Since our focus is on return periods on the order of a
decade, the available 30-year time series is adequate for the purposes of this study.

Within this general framework, the study identifies three main aspects for evaluating
the feasibility of infiltration ponds: infiltration efficiency, peak-flow reduction, and the dura-
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tion of dry periods. The first is assessed as the ratio between the absolute volume infiltrated
and the percentage of total runoff managed on-site; the second corresponds to the reduction
in peak discharges conveyed downstream; and the third is expressed as the probability
that the pond remains dry for a given period; hence, both the hydrological (preservation of
runoff volumes ante and post operam) and hydraulic invariance (preservation of peak dis-
charge) are implicitly considered here. We also assess the functional behavior of the pond
by simulating wet–dry cycles and the temporal distribution of storage levels—an aspect
of particular relevance for ensuring proper infrastructure maintenance, e.g., the removal
of clogged layers. These metrics are essential for understanding operational reliability,
resilience to sequential storm events, and susceptibility to long residence times that may
influence performance and clogging. Scenario analyses are conducted to explore the hy-
drological implications of different pond dimensions designed in accordance with existing
regulations. The analyses were carried out using the SWMM modeling framework [44],
which enables the simulation of LID through simplified hydrological models and benefits
from extensive technical documentation as well as strong support from a large and active
user community. This choice is consistent with the objective of providing a framework that
can be easily reproduced by practitioners. Potential water quality issues associated with
water infiltrating through the ponds are not examined in this study, although such aspects
may be relevant [34], especially in urban contexts.

While the Rome Technopole constitutes a site-specific application, the proposed work-
flow can be readily adopted in other design settings. Our purpose is not only to optimize
the Technopole system, but also to provide a replicable, practitioner-oriented approach that
can be adapted to other urban contexts, provided that local climatic forcing and site-specific
hydrological and geological conditions are explicitly accounted for.

2. Study Area and System Description
The new Rome Technopole is part of an urban regeneration program in the Pietralata

district, located within the Rome IV Municipality. The project area is currently characterized
by open green surfaces and residual minor activities, and is enclosed within a densely
urbanized context. The main development area, shown in Figure 1, includes three main
buildings, their facilities, a public green space located in the western sector, and the access
road system at the south-eastern boundary.

The geological and hydrogeological characteristics of the site is based on the detailed
mapping provided by Vigna et al. [45], which offers one of the most comprehensive
reconstructions of the subsurface setting across the Roman area. According to this study,
the project site is predominantly underlain by volcanic deposits from the Alban Hills,
consisting of heterogeneous pyroclastic units, ranging from unconsolidated to lithified,
resting upon the deep Pliocene clay complex of the Monte Vaticano Unit. The main phreatic
aquifer lies at depths greater than 15 m below ground level, ensuring no direct interaction
with the planned surface infrastructures. The overlying lithoid volcanic formation exhibits
good hydraulic conductivity, making it potentially favorable for infiltration-based solutions.
Climatically, the area belongs to the Mediterranean regime, characterized by mild, rainy
winters and hot, dry summers, with rainfall primarily concentrated in autumn and winter.

The stormwater management system designed for the Rome Technopole is organized
into two main subsystems:

• W—the western subsystem (≃15,050 m2), which drains runoff from green areas,
building roof surfaces, and non-trafficable areas; water collected by this system is
characterized by a low risk of contamination;
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• E—the eastern subsystem (≃6850 m2), which collects runoff from access roads and
adjacent areas; since this system also handles road runoff, a pre-treatment unit is
required as required by the local regulations.

The overall scheme is configured as a hybrid grey–green drainage system, where the
conventional collection and conveyance network is integrated with two infiltration ponds
located upstream of the receiving structures.

Figure 1. The main panel shows the study area, highlighting the two drainage systems serving the
Eastern (yellow) and Western (blue) sectors. Top-right panel presents the grey drainage systems
modeled in the first step, while bottom-right panel illustrates the operational scheme of the ponds as
represented in the second modeling step.

Rainfall characterisation of the area was carried out using data from the Macao rain
gauge; the dataset (53 years) allowed the derivation of the intensity–duration–Ffequency
(IDF) curves through standard hydrological analyses. The design of the grey drainage
network was performed using the rational method, assuming a 25-year return period for
the design storm. In compliance with national regulations, particularly regarding hydraulic
invariance and protection of receiving waters, the eastern subsystem includes a first-flush
retention tank for runoff from traffic areas and two detention basins with volumes of 460 m3

and 410 m3. The retention volumes were sized using a design-storm based rainfall method
consistent with the Italian hydraulic invariance approach.

The integration of infiltration ponds with the grey system was evaluated through two
design scenarios:

• Scenario 1: Two compact ponds (base area 100 m2, maximum water level 1 m) op-
erating in parallel with the downstream detention basins, managing minor events
and enhancing infiltration. The main hydraulic attenuation remains delegated to the
detention structures that receive the overflow from the ponds.

• Scenario 2: Two larger ponds (base areas 460 m2 and 420 m2, effective depth 1 m)
fully replacing the detention basins. Although this solution is hydrologically and
economically more efficient, it requires a precise evaluation of drawdown times to
ensure compliance with regulatory constraints.

3. Methodology
The analysis of the infiltration ponds was carried out through a 30-year continuous

simulation. The rainfall time series driving the model consists of a long historical record
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collected at the Roma Macao rain gauge, located close to the study area. The series has a
5 min sampling interval, a resolution fully consistent with the short response times typical
of urban drainage systems and adequate for representing transient hydrological dynamics.
Data were provided, upon request, by the Regional Hydrological Service. The total length
of the series adequately catches the seasonal and inter-annual variability of the hydrologic
response of the system and is in line with the return periods analyzed here.

Simulations have been performed using the Storm Water Management Model (SWMM)
developed by the U.S. Environmental Protection Agency (US-EPA), which is a widely
adopted tool for simulating drainage network hydraulics under both single-event and
long-term conditions (e.g., [11,39,46–48]). The software incorporates the main hydrological
models and modules for the simulations of Low-Impact Development (LID) practices. Its
open-source availability and extensive scientific validation have established SWMM as a
reference model for both practitioners and researchers [18,44].

In the SWMM version adopted in this study, an external inflow hydrograph cannot
be directly assigned to an infiltration pond represented through the LID module. There-
fore, we implemented a two-step modeling procedure. In the first phase, only the grey
drainage system was simulated, with the objective of determining the total runoff discharge
Q(t) entering in the pond. In the second phase, this hydrograph was converted into an
equivalent rainfall intensity time series, Req(t), and used as input to a dedicated SWMM
model developed specifically for the infiltration pond simulation. The conversion is based
on a simple area scaling, and the Req(t) is calculated as Req(t) = Q(t)/Apond with Apond

as the pond surface area. This transformation preserves the inflow volume exactly and
the temporal pattern of the original hydrograph (i.e., peaks and timing are maintained,
subject to the model time step). No additional time interpolation was introduced beyond
the discretization already adopted in the simulations; Q(t) and Req(t) are evaluated on the
same time grid. By construction, representing a concentrated inflow (e.g., a pipe outlet) as
an equivalent areal input implies a spatially uniform distribution of inflow over the pond
surface. This simplification is consistent with the lumped nature of the LID representation
and is expected to have a negligible impact for the small pond sizes and temporal resolution
considered here. Potential limitations may arise for very large ponds or specific configu-
rations (multiple reservoirs) not considered here. Since the analysis focuses on long-term
performance metrics (volumes, seasonal patterns, wet–dry cycles), the local near-inlet
hydraulics are outside the scope of the adopted lumped modeling approach. The Rome
Technopole grey systems (system W and system E) representation required the definition
of approximately 40 subcatchments and 35 conduits. Each subcatchment was characterized
based on its geometric and hydrologic properties; infiltration was modeled using the Hor-
ton equation, with parameters previously validated in earlier studies. The conduits were
described by their geometric characteristics and standard hydraulic parameters, and flow
routing was simulated using the Dynamic Wave scheme. All the system setup parameters
were selected using standard configurations documented in the EPA guidelines [44]. The
infiltration ponds have been represented by using the LID module Bio-Retention Cell,
and the ponds occupy the full subcatchments; only the surface layer and the soil layer
were activated. Model parameters were defined, where possible, in accordance with the
geometry of the ponds and the site’s geologic characterization.

The surface layer is represented as a simple storage element whose total capacity is
defined by the horizontal area of the pond (which varies across scenarios) and the vertical
height of the berm (set to 1 m). This layer receives the inflow imposed as equivalent
rainfall, while infiltration and evaporation are outflow fluxes activated whenever water
is present in the layer. Actual evaporation is computed internally based on the potential
evaporation provided as input. Runoff occurs only when the water level exceeds the
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maximum storage depth of the surface layer. The infiltration rate depends on the hydraulic
properties of the underlying soil layer, whereas runoff depends solely on the exceedance of
the storage threshold.

The soil layer, positioned immediately below the surface layer, represents the func-
tional core of the infiltration pond, as it governs the infiltration dynamics.

It is modeled, in this case, as a single, vertically homogeneous, effective soil layer with
a depth of 4 m and hydraulic properties corresponding to a sandy loam texture. Following
a commonly adopted approach in hydrological modeling within the SWMM LID module,
the system does not explicitly simulate the advance of the wetting front nor the vertical
post-event moisture redistribution within the soil profile; i.e., the soil hydraulic state is
characterized by an average moisture content throughout the profile, and all internal fluxes
are dynamically controlled by it according to the constitutive equations implemented in
the SWMM LID module [18]. Although simplified, this multi-reservoir conceptualization
preserves the fundamental physical behavior; nonetheless, this lumped conceptualization
may lead to a less precise estimation of the infiltration rate during the earliest stages
of a storm by neglecting the high initial suction of a dry surface and could potentially
overestimate evaporation during prolonged dry periods by allowing moisture extraction
from the entire depth. Despite these limitations, the simple model ensures very low
computational demand, which is particularly advantageous for long-term (multi-decadal)
simulations. Further details, together with the comprehensive mathematical formulation,
can be found in [18,44].

Clogging and the associated reduction in the bottom hydraulic conductivity is not
considered within our framework, while a constant conductivity was assumed for the pond
bottom. This assumption reflects an operational scenario in which the infiltration pond is
regularly maintained to preserve its infiltration capacity. One of the proposed analyses is
specifically aimed at defining a maintenance schedule, identifying the time windows in
which scraping can be operated to restore or preserve the pond-infiltration capacity.

The potential evapotranspiration (ET0) required to quantify the system outgoing fluxes
was estimated using the Hargreaves–Samani method, a widely consolidated approach in
hydrology and especially suited for contexts with limited meteorological data availability,
as it only requires air temperature as input [49,50]. Its applicability in data-scarce environ-
ments is further supported by several studies, including Moeletsi et al. [51]. The required
air temperature and radiation time series used to implement the method were obtained
from the NASA POWER database [52], which provides satellite-derived, analysis-ready
meteorological and radiative datasets at hourly to monthly temporal resolutions, updated
in near real time and broadly validated for agroclimatic and environmental applications.
We emphasize that the specific method adopted for estimating ET0 is not a constraint of the
proposed design workflow; practitioners may implement the most appropriate formulation
based on local data availability and climatic conditions.

Before presenting the analysis of the results in the next Section, it is useful to illustrate
the system behavior through a simulation example covering several rainfall events. Figure 2
presents, across different panels, a portion of the time series of the main hydrological
variables, which are used to illustrate the dynamics of the system during the second phase
of the simulations (infiltration pond analysis). The selected window includes alternating
rainfall and drying periods, and the activation and cessation of the various processes can
be clearly observed. Panel A shows the fluxes occurring in the surface layer: the blue
line represents the inflow entering the pond (volume per 5 min time step), while the red
line depicts the runoff (volume per 5 min time step) generated when the pond exceeds
its storage capacity and discharge occurs toward the outflow. Panel B displays the stored
water volumes: the light-blue line represents the ratio between the water depth and its
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total pond height, whereas the orange line indicates the soil saturation. Panel C illustrates
the subsurface fluxes: the orange line denotes the infiltration rate (expressed per 5 min
interval), while the green line represents groundwater recharge. When a rainfall event
occurs (e.g., at t ≃ 273 h), the incoming discharge (blue line in Panel A) is conveyed into
the pond, resulting in an increase in water depth (light-blue line in Panel B). The presence
of water in the pond activates infiltration (orange line in Panel C). The infiltration rate is
not constant: it progressively decreases as soil moisture increases, which reduces capillary
forces and therefore the soil infiltration capacity. Infiltration ceases once the pond is
fully emptied. If the total rainfall volume is sufficient to fill the pond completely (e.g.,
at t ≃ 274.4 h), surface runoff is activated (red line in Panel A) and continues until the pond
water level falls below the elevation of the spillway. The increase in soil moisture also
triggers groundwater recharge (green line in Panel C), whose magnitude is proportional
to soil saturation. The decrease in water stored in the pond (e.g., between t = 273.3 h and
t = 274.2 h) is governed primarily by infiltration, which in turn depends on the hydraulic
conductivity of the soil material and on the soil saturation. During the pond’s dry periods,
the depletion of water stored in the soil (for t > 276.4 h) occurs; the latter is a lower process
driven by both deep percolation and evapotranspiration.
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Figure 2. Panel (a) shows the surface-layer fluxes: the blue line represents the inflow volume to
the pond, while the red line indicates the runoff discharged from the system; both are shown at
a 5 min resolution. Panel (b) displays the water stored within the system, with the light-blue line
corresponding to the relative pond water level and the orange line corresponding to the relative
soil saturation. Panel (c) illustrates the subsurface fluxes: the orange line represents the infiltration
volume, whereas the green line denotes groundwater recharge, both at a 5 min resolution.

4. Results
The discussion of the results presented below is a functional analysis of the ponds,

with the aim of highlighting the key aspects that should be considered for their design and
for their effective integration within urban drainage systems. The analysis is structured
around three main themes:
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1. The effects of the storage volume on the outflow from the pond, a crucial aspect
for verifying compliance with hydraulic invariance requirements and, more broadly,
for managing discharges toward the receiving system;

2. The role of infiltration through the bottom of the pond, which significantly contributes
to the overall hydrological efficiency of the system by reducing outflow volumes and
enhancing the aquifer recharge (hydrological invariance);

3. The analysis of wet–dry cycles, which affects the functionality of the pond area, par-
ticularly when it serves multiple uses, and determines maintenance needs concerning,
for instance, biological clogging or potential mosquito proliferation.

Two scenarios will be considered: (i) Scenario A, which includes two small ponds
(pond W and pond E), each with a surface area of 100 m2 and a depth of 1 m, and (ii) Scenario
B, where the ponds are sized in accordance with the Italian hydraulic invariance regulations.
In this case, the planimetric extensions are substantially larger, equal to 460 m2 for pond W
and 420 m2 for pond E, while the height is set at 1 m. To complement the main discussion,
additional analyses are presented to investigate the effects of seasonality on the internal
hydrological processes. These evaluations make it possible to understand how climatic
variability, precipitation patterns, and evapotranspiration influence the system efficiency
and the behavior of the ponds throughout the year.

The main characteristics of the two systems are reported in Table 1. As shown in the
table, the western area (system W) has a larger contributing area compared to eastern one
(system E); however, this difference becomes less pronounced when considering the runoff
volumes generated by the two drainage areas due to the significant contrast in their runoff
coefficients. Peak flows in the two systems depend not only on the contributing areas and
their runoff potential but also on the aggregation effects introduced by the conduit network.
The E system is relatively longer than the W system, mainly due to the need to collect and
separate first-flush runoff. It is also important to note that the use of a 30-year rainfall
record provides a statistically robust set of results, allowing the analysis to move beyond the
common design assumption of a return period between rainfall and discharge. The latter
assumption is often not valid in real hydrological systems, where strong non-linearities
shape the rainfall/runoff transformation.

Table 1. Characteristics of the catchment and of the infiltration ponds.

West System East System

Total surface 15,054 m2 6853 m2

Impervious surface fraction 0.46 1
Pervious surface fraction 0.54 0
Prescribed storage volume 460 m3 450 m3

Pond surface (Scenario A) 100 m2 100 m2

Pond surface (Scenario B) 460 m2 450 m2

Pond maximum level 1 m 1 m
Soil thickness layer 4 m 4 m
Porosity 0.35 0.35
Saturated conductivity 36 mm/h 36 mm/h
Suction head 150 mm 150 mm

Using a single 30-year rainfall record does not allow reliable extrapolation to return
periods beyond the observed range thus, results should be interpreted within the return
period domain typically considered in urban drainage system design. However, targeting
extreme events would require complementary stochastic approaches for the generation
of synthetic time series of hydrological variables, introducing additional methodological
complexity and uncertainty; for this reason, we relied on the available observed record.
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The proposed approach relies on metrics primarily focused on the quantitative and opera-
tional/maintenance performance of the pond and does not explicitly address water quality
issues, either in terms of pollutant load reduction within the pond or in terms of potential
risks to the underlying aquifer. Both aspects are highly site-specific, depending on local
regulatory thresholds, so results are not readily generalizable.

Figure 3 depicts, for both the W and E systems, the return periods TR associated with
the annual maximum inflow Qin (blue markers) and the corresponding outflow Qout from
the pond. Red markers represent Scenario A, while orange markers represent Scenario B.
The two panels refer to the W system and the E system, respectively. Return periods were
derived using the Weibull formula for empirical frequencies:

F(Qi) =
i

N + 1
TR(Qi) =

1
1 − F(Qi)

(1)

with Qi as the sorted discharge. Focusing on a specific scenario, a similar behavior can
be observed for both systems. In Scenario A (red markers), the effect of the small pond is
visible through the peak discharge attenuation (Qout,i < Qin,i), which leads to an increase in
the return period (TR(Qout) > TR(Qin)). However, in this scenario, the attenuation capacity
is limited by the small storage volume selected. The pond has some impact on smaller
return periods (i.e., inflows with TR < 10 years), whereas its effect becomes marginal for
the larger observed peaks. This behavior is expected, as the highest inflow values typically
occur when the pond is already full, an occurrence that may happen frequently for the
small pond in scenario A.
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Figure 3. Return periods of the annual maximum inflow Qin (blue) and the corresponding outflow
Qrn discharged by the pond for scenario A (red) and Scenario B (orange). Panels (a,b) refer to the W
system and the E system.

A completely different behavior emerges in Scenario B, where the presence of the
two large storage volumes produces a substantial attenuation of peak flows and a marked
shift in return periods, which increase from approximately 2 years up to nearly 10 years
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depending on the discharge value. Moreover, in more than half of the simulated events,
the outflow from the ponds drops to zero, indicating that the available storage is sufficient
to fully retain ordinary inflow volumes without releasing any discharge to the downstream
system. It is important to emphasize that, under Scenario B, the hydraulic effect of the
ponds becomes essentially equivalent to that of conventional grey stormwater detention
tanks, with a strong regulation of outflows and a substantial reduction of peak values.
The slightly stronger attenuation observed for pond E can be attributed to its more extensive
drainage network, which induces a more pronounced phase shift between incoming and
aggregated hydrographs, thus further reducing peak discharges.

The considerations above must be interpreted in light of the different design purposes
of small-scale ponds. These systems are not primarily intended to attenuate annual max-
imum peak flows but rather to provide storage and promote infiltration or reuse under
ordinary hydrological conditions. Consequently, the limited performance observed in
Scenario A with respect to annual maxima, especially those associated with higher re-
turn periods, is consistent with expectations, whereas the strong attenuation observed in
Scenario B reflects the much larger storage volumes adopted.

We now move to the analysis of water volumes, which represents a central aspect
of this work. Figure 4 shows, using different colors for systems and scenarios, the time
series of the cumulative volumes Wi of all the relevant hydrological variables, namely
inflow, infiltration, recharge, evaporation, and runoff; the series includes the 30-year
simulation period.

Focusing on Figure 4a, which corresponds to the small pond (Scenario A) serving the
W system, it can be observed that infiltration (orange line) represents a substantial fraction
of the inflow volume (blue line), while the remaining part is transformed almost entirely
into runoff (red line); evaporation (cyan line) is negligible. Furthermore, nearly all the
infiltrated water is transmitted downward as groundwater recharge (green line). A similar
behavior is observed for pond E under the same scenario, as shown in Figure 4b.

We define the hydrological efficiency (η) of the pond as the ratio between the recharged
volume (Wrec) and the inflow volume (Win)

η =
Wrec

Win
(2)

Here, η is a pond-specific metric and should be interpreted as an inflow to recharge
efficiency conditional on the actual water delivered to the pond, i.e., the water available
for infiltration after runoff-generation processes and the occurrence of hydrological losses
in the subcatchments. We note that even in Scenario A, despite the small pond size,
the long-term efficiency is remarkably high, η = 0.73 and η = 0.79 for the two systems,
respectively.Figure 4c,d, corresponding to Scenario B, illustrate the behavior of the larger
ponds. In this case, a slightly different pattern emerges: both ponds exhibit higher infiltra-
tion and recharge rates, with η = 0.88 and η = 90. Those high efficiency highlights the
importance of the pond bottom area, since the infiltrated volume depends linearly on it.
The larger storage capacity also acts as an additional driver of system efficiency.

In this second scenario, the most significant losses are associated with evaporation
(from both the pond surface and the soil), which is also approximately proportional to
the pond area. However, under a Mediterranean climate regime, precipitation and tem-
perature, the two main drivers of infiltration and evapotranspiration, exhibit a favorable
asynchrony: rainfall peaks in winter when temperatures and evaporation are at their mini-
mum, and vice versa. This seasonal decoupling contributes to maximizing the infiltrated
volume while minimizing evaporative losses. Nonetheless, even a small pond can play
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a fundamental role in closing the local hydrologic cycle by functionally and efficiently
reintroducing water into the subsurface.
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Figure 4. Cumulative time series of the main hydrological variables governing pond behavior,
including inflow, runoff, infiltration, recharge, and evaporation. The different panels correspond to
distinct systems and modeling scenarios.

The efficiency analysis is further explored in Figure 5, which shows the annual series
of η (computed on a yearly basis) together with the annual precipitation. Years with the
lowest efficiency (2008, 2011, 2017) occur under both above- and below-average rainfall,
indicating that annual rainfall alone does not control efficiency. This erratic behavior
can be attributed to the intra-annual distribution of rainfall. Although wetter years tend
to trigger runoff more frequently (which represents the main loss in Scenario A), a key
factor is the temporal structure of precipitation and the recurrence of closely spaced events.
For small ponds, short, low-intensity, and frequent storms enhance infiltration and increase
η, whereas concentrated events with large volumes markedly reduce efficiency.

For larger ponds (Scenario B, green and red markers), which generally achieve higher
efficiencies, the lower η values are associated with the occasional activation of runoff (see
Figure 3), while as long as the pond can contain incoming volumes, η remains high. Also,
in this case, intra-annual variability still plays a role, but with a significant difference:
larger surfaces induce higher evaporative losses than in Scenario A; under a Mediterranean
climate, however, the seasonal decoupling between rainfall peaks (winter) and tempera-
ture/ET peaks (summer) mitigates the annual impact of evaporation, supporting long-term
infiltration efficiency. The relationship between annual precipitation and efficiency η ex-
hibits a scale-dependent behavior. Smaller ponds show a moderate negative correlation
(approximately ρ ≃ −0.4 in both cases), which is primarily attributed to hydraulic limita-
tions: during wetter years, the limited storage volume often leads to overflow, reducing the
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fraction of infiltrated water. In contrast, larger pond sizes are characterized by a positive
correlation (ρ ≃ 0.4–0.7), driven by increased infiltration capacity associated with higher
soil moisture levels. Overall, the analysis suggests a useful (albeit context-dependent)
design implication: in arid climates characterized by pronounced summer rainfall, storage
in small ponds may be a highly efficient solution, as it reduces exposure to evaporation.
Finally, we emphasize that pond efficiency η reflects performance as a function of the
incoming precipitation volume, whereas the actually infiltrated volume remains strongly
linked to the prevailing rainfall regime.
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Figure 5. Time series of annual efficiency values (η). Different marker colors refer to the four cases
analyzed, while grey bars indicate annual rainfall on the secondary (right) y-axis.

To complement the pond efficiency analysis, Figure 6 reports the monthly means µV of
the inflow volume, the recharge volume, and the runoff volume. The analysis is presented
for the W system only; the two panels refer to the two scenarios (Scenario A and Scenario B),
while the E system is omitted because it exhibits a similar behavior. As observed in the inter-
annual analysis, discussed in the previous paragraph, a strong correlation emerges between
the recharge volume and the inflow: the months that maximize infiltration coincide with
autumn–winter, when precipitation input is larger and the atmospheric energy balance
reduces evaporative losses.

The comparison between Scenario A (small pond) and Scenario B (large pond) provides
additional information: in the colder and wetter months, the larger storage capacity of
Scenario B leads to a substantial reduction in runoff and, under lower temperatures, limits
evaporative losses, resulting in higher infiltrated volumes. Conversely, during summer,
deep infiltration is similar in the two scenarios. This is because the additional water stored
in the larger pond is counterbalanced by increased evaporative losses.
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Figure 6. Monthly averages of volumes (µV ) for inflow, recharge, and runoff for system W (1994–2023).
Panel (a) refers to Scenario A (pond base area: 100 m2), while Panel (b) refers to Scenario B (pond
base area: 460 m2).

The final analysis shifts the focus from hydrological efficiency to the temporal dynam-
ics of the filling and emptying cycles, an aspect that is crucial for hydraulic functionality,
which requires rapid recovery of available storage for the protection of the downstream
receptor. Besides hydraulic functioning, the temporal cycle durations are crucial for pond
management: they directly affect scheduled maintenance, such as the scraping of the
clogged layer to restore infiltration capacity, as well as ecological implications, including
soil oxygenation and mosquito control.

Figure 7 shows the frequency distributions F(δ) of dry and wet period durations
δ observed over the entire simulation period (1994–2023). The two panels depict the
distributions of dry and wet periods, respectively, while the curves within each panel
compare systems (W, E) and scenarios (A, B).

In addition to their hydrological relevance, wet and dry cycles are also directly
linked to pond operability and maintenance: prolonged wet conditions and repeated
wetting may promote sediment deposition and surface sealing, potentially accelerating
clogging, whereas sufficiently long dry windows provide the opportunity to carry out
maintenance actions such as the scraping of the clogged surface layer aimed at restoring
infiltration capacity.

In general, the frequencies of dry periods appear very similar in all cases, being largely
governed by the precipitation pattern and, in particular, the sequence and inter-arrival
time of rainfall events. We note a considerable variability in duration, spanning from
very short periods to several tens of days. The distribution of wet-period durations (i.e.,
periods during which water is present in the pond) provides more informative insights.
In this case, significant differences can be observed between the two scenarios. In Scenario
B, the larger surface available for infiltration leads to faster emptying; this feature is
particularly significant for ordinary events that are fully contained within the pond. For a
given inflow volume, in larger ponds, water spreads over a wider area with lower water
depths, which shortens the time required for drainage. In any case, whatever the scenario,
the range of durations is quite small at a few days, much smaller than the dry periods;
in fact, the duration of wet periods is strongly influenced by the volume of the pond
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and its infiltration capacity. The simulation results show that the smaller ponds infiltrate
the stored stormwater in less than two days in approximately 95% of cases, while the
larger pond restores full functionality within two days in almost all occurrences. From a
hydraulic perspective, these fast drawdown times support the use of the pond as a storage
facility for hydraulic invariance and are consistent with widely adopted best practices of
design, which typically target drawdown times of about 48–72 h, depending on particular
regional guidelines.
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Figure 7. Frequency distributions of dry- and wet-period durations δi for the pond over 1994–2023.
Panel (a) refers to dry periods, while Panel (b) refers to wet periods. Different colors and styles are
associated with the different cases analyzed.

5. Conclusions
This study proposed a performance-based framework for the design and long-term

assessment of infiltration ponds integrated within hybrid grey–green urban drainage sys-
tems. By combining detailed modeling of the grey network with multi-decadal continuous
simulations of infiltration facilities, the approach overcomes key limitations of traditional
event-based design and enables an explicit evaluation of hydraulic regulation, infiltration
efficiency, and operational reliability under realistic climatic forcing. The Rome Technopole
case study demonstrated how such a framework can support informed planning and
design decisions in contexts where infiltration-based solutions are desirable but technical
and regulatory guidance remains fragmented.

The results indicate that pond geometry, in particular bottom area and available stor-
age, is the primary control on long-term system performance. Larger ponds can provide
peak-flow attenuation comparable to conventional detention structures while simultane-
ously promoting high levels of infiltration and groundwater recharge, thereby supporting
both hydraulic safety and the sustainable use of local water resources. Smaller ponds,
despite their limited storage, still deliver substantial infiltration benefits under ordinary
hydrological conditions, confirming their role as effective complementary components
within integrated grey–green systems.
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From a broader perspective, the analysis highlights the contribution of infiltration
ponds to the sustainability of urban water management. By enhancing on-site water re-
tention, reducing downstream discharges, and promoting groundwater recharge, these
systems support a shift from purely conveyance-based drainage toward more resilient and
resource-efficient urban water cycles. Continuous simulations further showed how climate
seasonality modulates system performance, with Mediterranean conditions favoring in-
filtration efficiency by limiting evaporative losses during periods of high inflow. Beyond
hydraulic and volumetric metrics, the explicit assessment of wet–dry cycles demonstrated
that properly designed ponds may consistently restore their storage capacity within short
timeframes. This behavior is essential not only for hydraulic functionality but also for
long-term operational sustainability, as it underpins maintenance planning, ecological
balance, and continued system effectiveness.

Overall, the main contribution of this work lies in providing a generalizable,
practitioner-oriented methodology that links grey-system hydraulics with long-term LID
performance assessment using widely available modeling tools. In the absence of har-
monized design standards, the proposed framework offers a transparent and technically
grounded basis to support the sustainable integration of nature-based solutions into urban
drainage planning. Future research should extend this approach to synthetic rainfall and
climate-change scenarios and explicitly incorporate water-quality and vadose-zone trans-
port processes to further strengthen the role of infiltration-based systems in sustainable
urban water management.
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