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Abstract

Rapid urban growth and the expansion of impervious surfaces have intensified environmen-
tal issues such as flooding, water pollution, and urban heat islands. Permeable pavements
have emerged as a green infrastructure solution to mitigate these impacts and support the
sustainable development of cities. The aim of this study was to conduct an integrative
review on the state of the art of permeable pavements, with a focus on their technical and
environmental contributions. The methodology followed the PRISMA guidelines, using
the Scopus database to select the most cited articles across four thematic areas: Life Cycle
Assessment; infiltration capacity and pollutant retention; mitigation of heat islands and
flooding; and the impacts of climate and clogging. The results show that, despite the initial
cost and production-related impacts, permeable pavements offer long-lasting benefits,
including reduced surface runoff, pollutant filtration, and evaporative cooling. The main
economic limitations identified were clogging, which decreases system efficiency, and the
high implementation cost, highlighting the need for regular maintenance and innovations
in materials. In summary, permeable pavements are an effective strategy for sustainable
urban development, but their longevity depends on proper design and maintenance.

Keywords: life cycle assessment; heat islands; flooding; clogging; water quality; state of
the art; benefits

1. Introduction
Humanity took thousands of years to reach one billion inhabitants, but in just over

two centuries, that number has multiplied by eight, unleashing unprecedented challenges
for sustainable development [1,2]. This accelerated population growth, especially in low-
income countries, exacerbates social inequalities, places pressure on natural resources, and
demands urgent solutions to balance progress with environmental preservation. Sustain-
ability, therefore, depends on the collective ability to promote greater efficiency in resource
consumption and production, aligning human growth with Earth’s limits [3].

One of the principal challenges arising from rapid global population growth is the
excessive increase in demand for water resources. As populations increase, the need for
water for human consumption, agriculture and industrial uses intensifies, placing strain on
already limited water supplies [4]. Currently, approximately 3.6 billion people live in areas
experiencing water scarcity for at least one month annually. This figure is projected to rise
to between 4.8 and 5.7 billion by 2050 [5].

Alongside scarcity, water pollution is also worsening. Urban expansion results in the
discharge of domestic sewage, industrial waste, and chemicals into water bodies, thereby
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deteriorating water quality and posing risks to public health and aquatic ecosystems [5]. In
urban areas, stormwater runoff is a significant vector of contamination. As impermeable
surfaces like asphalt and concrete replace natural soil, the volume of surface runoff increases,
carrying pollutants and compromising receiving water bodies [6]. The sealing of soils by
impervious materials also affects the natural hydrological cycle. Rainwater that previously
infiltrated the soil now flows directly into often-inadequate drainage systems, causing
flooding, inundation, and overloading urban infrastructure. In densely urbanised regions,
this phenomenon poses increasingly frequent risks to both the population and public and
private assets [7].

Climate change further intensifies these problems. Extreme events, such as heavy
rainfall over short periods, are becoming more common and unpredictable, complicating
urban planning and cities’ adaptation to new hydrological regimes [8]. This climatic
unpredictability increases the vulnerability of urban populations, particularly in high-risk
areas, and calls for an integrated approach to mitigate environmental and social impacts.

Another worrying effect of accelerated urbanisation is the formation of urban heat
islands. The replacement of green areas with impermeable surfaces, combined with the
presence of dark materials that absorb heat and vertical urban geometry, amplifies tem-
perature increases in cities. This phenomenon reduces thermal comfort, raises energy
consumption, and worsens public health issues [9]. The combination of hot surfaces, pol-
lutant emissions, and human activity raises local temperatures compared to nearby rural
areas, creating microclimates that are detrimental to the population’s well-being [9].

In this context, it is essential to adopt integrated public policies that account for
population dynamics and the environmental impacts of urbanisation [3]. The Sustainable
Development Goals (SDGs) provide a strategic framework for guiding actions that promote
more resilient and sustainable cities. Among the suggested solutions, permeable pavements
stand out for their ability to mitigate various environmental impacts related to urban
growth. These alternative paving systems allow rainwater to infiltrate the soil, reducing
surface runoff and replenishing aquifers. Hammes et al. [10] demonstrated that porous
asphalt pavements in parking lots can enable the use of rainwater for non-potable purposes,
such as flushing toilets, thereby promoting the conservation of potable water in buildings.
This strategy represents a viable alternative for preserving water resources in urban areas.

Permeable pavements are one of the core nature-based solutions supporting Sus-
tainable Urban Drainage Systems (SUDS), Low-Impact Development (LID) and Water
Sensitive Urban Design (WSUD) [11,12]. In addition to promoting on-site infiltration
and reducing peak runoff, permeable pavements offer advantages over other green in-
frastructure strategies—such as lower land-use demand, high compatibility with dense
urban fabrics, and the ability to provide hydrological, thermal, and water-quality benefits
simultaneously [13,14]. Their design generally integrates hydraulic–hydrological perfor-
mance criteria (infiltration rate, structural storage, clogging behaviour and protection of
groundwater) with mechanical requirements established in technical standards, including
AASHTO [15], specific guidelines [16,17] and, in the Brazilian context, the standard ABNT
NBR 16416:2015 [18]. Consequently, permeable pavements remain more frequent in low-
to-moderate traffic areas; however, several empirical studies and design manuals indicate
that they can also support heavy-traffic conditions when constructed with reinforced bases,
appropriate aggregates and engineered surface layers [19–21].

Regarding the secondary benefits of permeable pavements, Ferrari et al. [22] analysed
the impact of reflective and permeable pavements on the urban microclimate. In a case
study featuring an urban canyon, the results showed that these technologies help reduce
surface temperatures and improve local thermal comfort. Porous pavements, in addition to
controlling runoff, help combat heat islands, making them key instruments for sustainable
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urban planning. Furthermore, it is crucial to emphasise that permeable pavements play a
vital role in stormwater management by enhancing water infiltration into the soil and signif-
icantly reducing surface runoff volume. This helps mitigate flood peaks, a common issue in
urban areas [23]. Research demonstrates that such pavements effectively reduce both peak
flows and runoff volumes to levels comparable to, or even lower than, pre-urbanisation
conditions, while minimising impacts on water quality and sediment transport [24].

Understanding the state of the art in permeable pavement technology has been pivotal
for advancing research aimed at mitigating the negative impacts of rapid population growth
and promoting sustainable development. The analysis of existing technologies enables the
identification of their limitations and opportunities for improvement, guiding the develop-
ment of more efficient solutions to challenges such as stormwater management, flooding,
pollution, and urban heat island effects. This technical knowledge has driven innovations
that not only enhance the quality of life in urban areas but also help preserve natural
resources, fostering a balance between urban growth and environmental sustainability.

This article presents an integrative review of permeable pavements, highlighting their
role in advancing sustainable urban infrastructure solutions. The research explores the
state of the art on the subject, focusing on the life cycle of these systems, their capacity for
infiltration and pollutant retention, and their effects on mitigating urban heat islands and
flooding. It also examines the impacts of climate and clogging on the efficiency of permeable
pavements, offering a comprehensive view of their performance and potential. The main
question guiding the integrative review is: “What are the contributions of permeable
pavements to sustainable development, considering technical and environmental aspects?”.

2. Methodology
2.1. Type of Study and Methodological Procedures

This study consists of an integrative literature review, developed with the objective of
gathering and analysing studies on pervious pavements in various contexts of sustainable
development. To ensure the standardisation and transparency of the procedures adopted,
the review followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines, including the stages of identification, screening, eligibility,
and inclusion.

2.2. Database

The research was conducted exclusively using the Scopus database, maintained by the
Elsevier group, chosen for its credibility and comprehensive coverage. As of 2025, Scopus
indexes over 28,900 scientific journals across fields such as engineering, environmental sci-
ences, and sustainability [25], making it highly suitable for interdisciplinary investigations
such as this study.

2.3. Search Strategy

The search strategy was designed to identify publications addressing the key aspects
of the performance of pervious or permeable pavements. To this end, a complex search
string was constructed to simultaneously target the title, abstract, and keyword fields
of the articles. Precisely defining the taxonomy of permeable pavements is essential to
avoid ambiguities and ensure technical consistency. As Sprouse III et al. [26] point out,
a clear distinction between terms such as pervious, porous, and permeable pavements
is fundamental to align standards, construction methods, and performance expectations.
Pervious pavements should include all pavements that allow the passage of water, but
miscommunications often occur in the literature. Therefore, to avoid missing any vital
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research, all possible terms, including pervious, permeable and porous, were included. The
focus is to research all pavements that permit the passage of stormwater.

The search string employed was as follows: (“Pervious pavement*” OR “Permeable
pavement*” OR “Draining pavement*” OR “Porous pavement*”) AND ((“Infiltration capac-
ity” OR “Infiltration efficiency” OR “Infiltration potential”) OR (“Pollutant retention” OR
“Contaminant retention” OR “Filtration capacity” OR “Filtration efficiency” OR “Filtering
capacity” OR “Filtering capability”) OR (“Life cycle assessment” OR “Life cycle anal*”
OR “Life-cycle assessment” OR “Life-cycle anal*” OR “Life cycle analysis” OR “Life cycle
assessment”) OR (“Heat island*”) OR (“Flood*” OR “Inundation*” OR “Floodwater*” OR
“Waterlogging”) OR ((“Clogging”) AND (“Efficiency” OR “Performance” OR “Effective-
ness” OR “Durability”)) OR ((“Climate influence” OR “Weather impact” OR “Climatic
effect” OR “Temperature effect” OR “Rainfall effect” OR “Precipitation effect” ) AND
(“Efficiency” OR “Performance” OR “Effectiveness” OR “Durability”))).

The search was conducted on 2 January 2025, yielding 811 publications. The first
author evaluated the texts for relevance to the topic, compliance with the inclusion and
exclusion criteria, and methodological quality and reliability. No filters were applied
regarding country or publication date.

2.4. Selection and Eligibility Criteria

Given the large number of studies retrieved, a relevance-based selection strategy was
adopted. The most cited publications from each of the four thematic axes defined for the
study were selected. The thematic axes considered were:

• Life cycle assessment (LCA);
• Infiltration capacity and pollutant retention;
• Influence on urban heat islands and flooding in urban areas;
• Impact of the climate and the clogging effect on the efficiency of pervious pavements.

The eligibility criteria for selection were: the study had to be an original scientific arti-
cle, a literature review, or a conference paper; it had to be published in English, Portuguese,
or Spanish; and it had to address at least one of the four core themes of the research. The
article selection process, including identification, screening, and inclusion, is detailed in
Figure 1, which shows the number of studies obtained in each phase.

Figure 1. Flowchart of identification, screening and inclusion processes.
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3. Results and Discussion
The relevance of a research topic can be inferred from its publication frequency over

time. Figure 2 shows the temporal distribution of the documents selected for this review,
covering the period from 1995 to 2023. The analysis of the graph reveals a significant
and continuous growth in academic interest in the subject. Until 2009, publications were
sporadic, with no more than two documents per year. However, from 2010 onwards,
the number of articles began to rise notably, reaching a peak of ten publications in 2018.
Although the subsequent years (2019–2023) show a slight decline compared to that peak,
this may be attributed to the fact that more recent publications have had less time to
accumulate citations, which can disadvantage them in the ranking of most-cited papers.
Overall, this pattern confirms that permeable pavements have become a well-established
research topic, attracting sustained interest over the past decade. As a complement to the
analysis of the studies selected, Figure 3 highlights the authors with the highest number of
publications in the sample.

Figure 2. Temporal distribution of the most-cited documents selected.

Figure 3. Authors with the highest number of publications in the sample.

One can see the strong dominance of researchers from China and the United States
among the 68 documents analysed. The author with the most publications is Hui Li (USA),
with seven publications, followed by other American researchers, such as John Harvey
and Masoud Kayhanian. China, in turn, shows a broader research base, with six authors
(Haifeng Jia, Yi Li, Hao Wang, Junsong Wang, Yu Wang, Changqing Xu) each contributing
three to four studies. Other countries also stand out, including Australia, represented by
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Simon Beecham and Terry Lucke (four publications each), and Brazil, represented by Enedir
Ghisi with three articles. In summary, although the United States and China lead the field,
the presence of authors from other countries underscores the topic’s global relevance.

3.1. Life Cycle Assessment

LCA has been widely used to measure the environmental impacts of sustainable urban
solutions. In the case of permeable pavements, LCA enables the quantification of not only
the impacts associated with their construction and maintenance but also the environmental
benefits provided during their service life, such as reduced emissions, water savings, and
mitigation of urban flooding. The typical stages considered in an LCA of pavements are
presented in Table 1.

Table 1. Typical life cycle stages of permeable pavements in LCA Studies.

Life Cycle Stage Description References

Raw material
acquisition/Production

Extraction and processing of constituent materials (aggregates,
cement, asphalt, etc.) [27,28]

Transport Transport of materials to the construction site [28,29]
Construction/Implementation Pavement installation [28,30]

Use Performance during use, including interaction with vehicles
and the environment [28,29,31]

Maintenance and rehabilitation Activities related to the repair, cleaning, and refurbishment of
the pavement [28]

End of life/Disposal Demolition and disposal or recycling of pavement materials [27,29,30]

The literature presents various comparisons between permeable pavements and other
pavement or drainage systems, focusing on costs and environmental impacts throughout
the life cycle. One of the most recurrent aspects in these studies is the significant variation
in the methods adopted and the results obtained, which makes direct comparisons between
studies challenging. This heterogeneity is mainly attributed to differences in the definition
of the functional unit and in the stages and processes considered in LCA [29,32–35]. De-
spite this variability, some consistent patterns and key findings emerge from the studies
reviewed herein.

In permeable pavement systems, the raw material acquisition phase is frequently
identified as one of the major contributors to environmental impacts [30,32,33]. Chen
and Wang [27], in evaluating the LCA of permeable concrete pavements, found that this
stage accounted for the majority of greenhouse gas (GHG) emissions, ranging from 81% to
92%, and for 70% to 83% of total energy consumption. In the case of permeable asphalt
pavements, asphalt production also stands out as a significant source of both energy use and
GHG emissions [31]. Studies comparing permeable pavements with green infrastructure or
conventional pavements, particularly those focused on specific materials such as permeable
concrete, often report high initial environmental impacts due to the material consumption
involved [27,34]. However, the literature generally argues that these initial impacts can
be offset over time by the long-term environmental benefits provided throughout the
permeable pavement’s service life [28,36].

Among the main environmental benefits associated with permeable pavements are
the reduction in stormwater surface runoff and the improvement of infiltrated water
quality [29,30,32,36], the mitigation of the urban heat island effect [29,30,36,37], and the
reduction in energy consumption and GHG emissions [28–30,38]. Despite these environ-
mental advantages, economic cost remains one of the barriers to the broader adoption
of such systems [28,33,34,39]. For instance, Liu et al. [28] conducted an LCA comparing
permeable and conventional asphalt pavements. They found that the initial construction
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cost of permeable systems can be significantly higher, ranging from 17.17% to 31.52% higher
than that of conventional asphalt pavements.

These benchmarks provide a solid basis for comparing alternatives aimed at urban
resilience, ensuring that decisions are supported by scientific evidence. Methods such as
Life Cycle Cost Assessment (LCCA) and Social Life Cycle Assessment (S-LCA) expand
traditional LCA and enable the integrated evaluation of permeable pavements, accounting
for environmental, economic, and social dimensions [28,40]. It is equally important to
consider the functional differences between solutions. While permeable pavements support
vehicular traffic, vegetated alternatives may perform worse in terms of trafficability and
durability [13,41]. Thus, a holistic assessment aligned with sustainability is recommended
to ensure robust, consistent comparisons [42,43].

3.2. Infiltration Capacity and Pollutant Retention

Rapid urbanisation demands new solutions for stormwater management. Permeable
pavements are considered an effective technology for controlling surface runoff and im-
proving water quality. Therefore, the following two sections address the primary studies on
infiltration capacity, including the resulting pollutant retention capacity, one of the desired
benefits of using this technology.

3.2.1. Infiltration

Infiltration capacity is a key characteristic of permeable pavements, which are in-
creasingly being used as urban stormwater management systems. These low-impact
development (LID) solutions allow rainwater to infiltrate through the pavement surface
and into the filter layer or underlying layers, helping to mitigate excessive surface runoff in
urban environments [44–52].

To ensure permeable pavements maintain their effectiveness in reducing urban surface
runoff, it is essential to regularly monitor their infiltration capacity. This assessment enables
the evaluation of hydraulic performance over time and the identification of maintenance
needs. To this end, various methods and equipment have been employed in both laboratory
tests and field applications [44,46–51,53–55]. Table 2 shows the primary methods used to
measure the infiltration capacity of permeable pavements, along with the corresponding
studies in which they were applied.

Table 2. Methods used to measure the infiltration capacity.

Method for Measuring Infiltration Capacity
Papers That Use the Method

References Percentage

Single and double ring infiltrometers [46,47,49,51,53] 50%
Permeameter [50,54] 20%

Drip-infiltrometer [48] 10%
Cantabrian fixed infiltrometer [55] 10%

Automated mini disc infiltrometer [44] 10%

The literature highlights a wide range of materials used in permeable pavement
construction, including porous concrete, interlocking blocks with open joints, perme-
able asphalt mixtures, graded aggregates, and base layers composed of recycled mate-
rials. Moreover, even within a single class, such as porous concrete, there is consid-
erable variation in composition and aggregate size, resulting in different performance
outcomes [44,45,50,52,54,56].

The location where the permeable pavement is installed is another critical factor that
directly influences its infiltration capacity. Local conditions, such as climate, soil type,
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surrounding vegetation, and traffic intensity, can significantly affect the system’s hydraulic
performance [44,46,49,50,53,57]. Table 3 presents the results of studies conducted across
various regions and involving two types of permeable pavements, highlighting how these
contextual factors influence infiltration rates in each case.

Table 3. Infiltration capacity of different types of permeable pavements.

Paper
Infiltration Capacity (mm/h)

Local
Porous Asphalt Porous Concrete

Valinski and Chandler [44] 192.00 145.80 Syracuse, NY, USA
Huang et al. [49] 43.767 112.886 Calgary, AB, Canada
Roseen et al. [53] 14.90–26.90 - Durham, NH, USA

It is also important to note that, with increasing extreme precipitation and flooding,
many numerical methods have become popular for mathematical modelling of infiltration
and for improving hydraulic conditions through permeable pavements. Methods that
discretely evaluate water flow through porous media in temporal and spatial analyses can
advance the field of research, enabling the estimation of the efficiency of permeable paving
in reducing damage from inefficient drainage. In any case, it is essential to align modelling
expectations with validation through practical research, as presented in the previous
paragraphs. Studies will advance in the field of research in the following decades, providing
tools for the technical evaluation of permeable pavements as a means of stormwater
drainage and effectively popularising the technology. These mathematical models can also
be used to compare the use of permeable pavements with other alternatives for similar
purposes, such as grass materials and other nature-based technologies, to achieve diffuse,
sustainable, and efficient drainage.

3.2.2. Pollutant Retention

Permeable pavements are widely recognised as an effective solution for managing
stormwater in urban areas, playing an integrated role in both surface runoff control and
water quality improvement. These systems can significantly reduce runoff volume and
velocity while simultaneously promoting pollutant filtration, thereby protecting water
bodies and advancing urban sustainability [10,46,51,52,54,56].

Among the primary pollutants retained by these systems are total suspended solids
(TSS), total phosphorus (TP), total nitrogen (TN), heavy metals such as zinc (Zn), cop-
per (Cu), lead (Pb) and cadmium (Cd), as well as organic compounds including oils and
polycyclic aromatic hydrocarbons (PAHs) [10,45,49,53,57]. This treatment capacity makes
permeable pavements an effective strategy not only for urban drainage but also for im-
proving environmental quality. Table 4 shows the results of various studies regarding the
pollutant removal efficiency of permeable pavements.

The analysis of Table 4 indicates that pollutant retention capacity varies with the type
of permeable pavement used. Nevertheless, a clear trend can be observed across the three
parameters evaluated. In general, permeable pavements show high efficiency in removing
TSS, while their performance in reducing TN is more limited. This difference suggests
that although these systems are effective at retaining solid particles, they may require
complementary solutions for treating nitrogen-based compounds.
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Table 4. Pollutant removal efficiency of permeable pavements.

Paper Permeable Pavement Material Type
Removal Efficiency (%)

TSS TN TP

Rahman et al. [45]
Recycled concrete aggregate 87.0 37.4 40.4

Crushed brick 90.00 40.0 51.1
Reclaimed asphalt pavement 83.4 61.8 70.2

Huang et al. [49]
Porous asphalt 89.6–93.2 19.4–37.6 74.6–84.4
Porous concrete 90.6–94.6 15.0–34.2 75.0–84.0

Permeable interlocking pavers 86.9–94.3 2.9–40.0 74.9–81.9

Hammes et al. [10]
Porous asphalt with a sand layer 92.0 - 23.0

Porous asphalt without a sand layer 83.0 - 58.0

The incorporation of geotextile materials between the aggregate layers of permeable
pavements can also enhance pollutant retention. However, it is crucial to consider that
the use of geotextiles may influence both the hydraulic and structural performance of the
system, requiring careful analysis during the design phase and material selection [45,53,57].

The use of recycled materials, such as construction and demolition (C&D) waste, has
more recently been explored as an innovative alternative for the filter layers of permeable
pavements. In this context, Rahman et al. [45] evaluated the performance of systems con-
structed using such waste and obtained promising results. As shown in Table 4, pavements
incorporating recycled materials demonstrated superior pollutant removal efficiency when
compared to conventional permeable pavements, highlighting their potential from both
environmental and functional perspectives.

3.3. Influence on Urban Heat Islands and Flooding

The use of permeable pavements goes beyond stormwater management, offering
significant environmental benefits. This technology is a promising solution to address two
of the most significant urban problems: rising temperatures and flooding.

3.3.1. Urban Heat Island Mitigation

The urban heat island (UHI) phenomenon occurs partially because impermeable
surfaces absorb a large proportion of solar radiation (70–95%) and release this energy
as sensible heat, rather than allowing evaporative cooling. This raises city temperatures
relative to surrounding rural and suburban areas [58–63]. Pavements, in particular, cover
a significant portion of the urban area (20–45%) and strongly contribute to UHI develop-
ment [61–63]. However, excessive solar absorption by impervious materials is only one
component of the UHI system. Urban morphology plays a central role: street canyons with
high aspect ratios trap longwave radiation, reduce sky-view factor, and hinder nighttime
cooling [64,65]. Empirical studies further show that canyon orientation and geometry can
intensify or attenuate microclimatic warming, influencing airflow, shading, and thermal
comfort [66–68]. Anthropogenic heat emissions also contribute significantly to UHI forma-
tion. Vehicular traffic continuously injects sensible heat into the urban boundary layer [69],
while building cooling systems release waste heat into streets and courtyards, elevating
nocturnal air temperatures and reinforcing heat retention in dense urban cores [70]. Overall,
UHI emerges from the combined effects of surface properties, human activities, and urban
form, underscoring the need for integrated, multi-scalar mitigation strategies that address
both built-environment morphology and operational energy flows.

Permeable pavements help mitigate UHI primarily through evaporative cooling. Water
retained within the pavement’s porous structure evaporates, absorbing latent heat and
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thereby reducing both the surface and near-surface air temperatures [36,58–62,71,72]. The
evaporative cooling process occurs when rainwater is stored in the pavement’s pores and
later evaporates, absorbing heat from the surface. This evaporation cools the material,
lowering surface temperatures and improving thermal comfort in outdoor urban areas.
The effectiveness of this cooling effect is directly linked to the moisture availability within
the pavement and the rate of evaporation, both of which are crucial to the system’s thermal
performance [36,58–62,71,72].

However, mitigating UHI with this technology comes with certain limitations. During
dry periods, the lack of moisture impairs cooling, potentially resulting in even higher
daytime surface temperatures than those observed with conventional pavements, due to the
low thermal inertia and conductivity of permeable materials [36,58,62,63,72]. Additionally,
the high porosity of permeable pavements may increase surface exposure to solar radiation,
intensifying daytime temperature peaks [6]. Although water sprinkling is an effective
strategy to reduce these temperatures, its continued use depends on water availability,
a limiting factor in many urban contexts [36,58,62,71]. Another key consideration is the
need to assess the complete diurnal temperature cycle when evaluating the performance of
permeable pavements, as daytime heat reduction may be accompanied by higher night-time
temperatures due to the material’s thermal properties and pavement structure [36,62,63].

Moreover, permeable pavements with low albedo, meaning a higher capacity to absorb
solar radiation, can, under certain conditions, increase the UHI effect, particularly in dry
climates [58,72]. Despite these challenges, permeable pavements also provide indirect
benefits, such as the potential to reduce energy demand for cooling nearby buildings,
thereby contributing to a more sustainable urban environment [36,62].

3.3.2. Urban Flood Mitigation

Impermeable surfaces in urban areas, such as roofs, roads and car parks, contribute to
increased peak flows in streams, cause channel erosion and intensify sediment transport.
In addition, they limit water infiltration into the soil, compromising the recharge of un-
derground aquifers [73,74]. In this context, permeable pavements emerge as an effective
alternative to mitigate excessive stormwater runoff, offering significant advantages in
reducing surface runoff and enhancing rainwater retention [59–62,71–76].

Permeable pavements offer significant benefits for stormwater management, particu-
larly by reducing surface runoff and increasing infiltration. Designed with high porosity,
these pavements allow rainwater to pass through their structure and infiltrate the underly-
ing soil, relieving pressure on traditional urban drainage systems and contributing to the
restoration of the natural hydrological cycle [36,60,71,76].

Even models with lower permeability have proven effective in draining most typical
rainfall events, preventing the generation of surface runoff [72]. The water storage capacity
of these systems depends on factors such as the thickness and void ratio of the granular
base layer, the permeability of sub-base materials, and rainfall intensity [72].

Beyond infiltration, these pavements also contribute to runoff retention and control.
Their porous structure enables temporary water storage, which gradually infiltrates into
the soil [76]. In situations where infiltration alone is insufficient to handle the accumulated
volume, sub-drainage systems can be installed beneath the pavement to manage excess
water. These systems allow water to be retained up to a certain level and discharged quickly
once that limit is exceeded [36,60,72].

Despite their advantages, permeable pavements also face essential challenges, mainly
related to maintenance and durability. One of the main issues is clogging, which can
drastically reduce infiltration rates and compromise the system’s efficiency in stormwater
management and in mitigating the urban heat island effect [36,60,71,75]. To avoid this issue,
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regular maintenance is essential, including high-pressure water-jet cleaning or vacuuming.
Moreover, resistance to heavy traffic conditions and environmental variations is a critical
factor in ensuring the long-term performance of these systems [36,60,71].

3.4. Impact of Climate and Clogging on the Efficiency of Pervious Pavements

Climatic conditions and clogging are critical factors that directly affect the durability
and efficiency of permeable pavements. Understanding these impacts is essential for the
proper design, implementation, and maintenance of these systems.

3.4.1. Impact of Climate

Climatic conditions play a crucial role in determining the suitability and performance
of permeable pavements. In cold regions, the primary concern is damage caused by
freeze–thaw cycles [77,78]. When water infiltrates the pavement’s pores and undergoes
repeated freezing and thawing, the concrete aggregates may begin to disintegrate, leading
to cracking and surface detachment [79].

To mitigate this risk, it is essential to implement an efficient drainage system that
prevents water accumulation within the pavement, thereby reducing the likelihood of
freezing-related issues. In addition, the pavement mixture can be improved by controlling
the amount of fine materials and selecting appropriate aggregate types and sizes. Studies
have shown that mixtures containing fine-grained materials exhibit lower mass loss and
reduced damage, even after extended freeze–thaw cycles [79].

Rainfall intensity, duration, and frequency also directly affect the hydraulic perfor-
mance of permeable pavements. To ensure complete infiltration of stormwater, the system’s
permeability must exceed the intensity of precipitation. These pavements tend to perform
more efficiently during low-volume, high-frequency rain events, when the infiltration rate
can adequately keep pace with surface runoff [78]. Therefore, system design should account
for the region’s typical rainfall patterns.

3.4.2. Impact of Clogging

Clogging is one of the main challenges to maintaining the long-term performance of
permeable pavements [80,81]. This phenomenon occurs when dust, mud and other fine
particles settle on the surface and within the pavement’s pores, blocking the voids and
disrupting their interconnectivity. As a result, the system’s permeability and hydraulic
performance are significantly reduced [79]. Clogging is driven by a combination of physical,
biological and chemical processes, including the accumulation of fine materials, organic
matter and abrasive particles generated by vehicle traffic [77].

Fine particles are particularly prone to clogging, especially when the ratio of sediment
diameter to average pore diameter is less than 10 [47,57,79]. Additionally, the deposition of
dry particles and the shear stress generated by vehicular movement further contribute to
pore blockage [81]. Chemical attacks may also deteriorate the internal structure of concrete,
leading to the disintegration of aggregates and the loss of interconnected pores, which
exacerbates clogging [79].

Clogging gradually reduces the infiltration capacity of permeable pavements, un-
dermining their hydraulic performance over time [47]. Studies conducted in Germany,
Japan and France have reported significant reductions in surface permeability, with values
dropping to as low as one tenth of the original level within just one to three years of oper-
ation [82]. This phenomenon occurs predominantly in the upper layers of the pavement,
with clogging typically concentrated in the top 2 cm, where fine particles accumulate and
obstruct the voids [81].

Regular maintenance is essential to preserve and restore the infiltration capacity of
permeable pavements over time [78,81]. Standard rejuvenation methods include vacuum
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sweeping, high-pressure washing or a combination of both [47,78]. High-pressure washing
is generally more effective, as it can dislodge embedded materials that vacuum sweeping
alone may not remove [47]. However, excessive use of high-pressure methods can pose
environmental risks, as the force of the water may push clogging particles into the subsoil,
potentially polluting the groundwater, unless a suitable filter layer is in place beneath the
pavement to capture such pollutants [47].

3.5. Gaps and Recommendations for Future Research

The analysis of the selected literature highlights several research and implementation
gaps in the field of permeable pavements, as well as potential areas for future develop-
ment. Despite the growing interest and significant progress over the past decade, certain
limitations remain that may hinder both academic advancement and practical adoption.

3.5.1. Research Gaps

The main research gaps identified in the reviewed studies are as follows:

• Methodological Standardisation: A significant heterogeneity exists in Life Cycle As-
sessment (LCA) studies, particularly regarding the functional units, system boundaries,
and environmental impact categories considered. This lack of standardisation makes
it difficult to compare results across studies and draw generalised conclusions. Future
research should aim to harmonise methodologies to improve the comparability and
reliability of LCA outcomes.

• Pollutant Treatment Efficiency: While permeable pavements show high efficiency
in removing total suspended solids (TSS) and phosphorus, their capacity to reduce
nitrogen-based compounds is limited. This indicates a need for studies focusing on
innovative materials or complementary treatment layers to improve nitrogen retention,
particularly for urban areas with high nutrient loads.

• Climatic and Environmental Resilience: Few studies address the long-term perfor-
mance of permeable pavements under varying climatic conditions, including freeze–
thaw cycles, extreme rainfall events, and prolonged dry periods. Research is needed
to optimise material compositions, layer structures, and drainage designs to enhance
durability and hydraulic performance under site-specific conditions.

• Material Innovation: The use of recycled and alternative materials for pavement layers
is still emerging. More systematic investigations are required to evaluate long-term
environmental benefits, pollutant retention, structural performance, and potential
trade-offs associated with their use.

3.5.2. Implementation Gaps

The main implementation gaps identified in the reviewed studies are as follows:

• Economic Barriers: High initial construction costs remain a significant obstacle for
widespread adoption, particularly in developing regions. Cost–benefit analyses
considering long-term environmental and societal benefits could support broader
implementation.

• Maintenance Challenges: Clogging is the main factor compromising infiltration and
system performance. Despite the importance of maintenance, there is limited research
on cost-effective, environmentally safe, and practical rejuvenation techniques that can
be routinely applied in urban areas.

• Integration with Urban Infrastructure: While the benefits of permeable pavements are
well-documented, their integration with existing stormwater management systems,
urban heat island mitigation strategies, and green infrastructure networks is not fully
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explored. Design frameworks and guidelines are needed to support planners and
engineers in implementing these systems effectively.

3.5.3. Climate Change and Permeable Pavements

The performance of permeable pavements is highly climate-dependent, particularly
with respect to rainfall intensity, duration, and frequency, as well as the influence of air
temperature on the freeze–thaw process. Tropical climates, marked by short and intense
storm events, impose higher hydraulic loads that can exceed infiltration capacity, increasing
the likelihood of clogging and temporary overflow. In contrast, temperate climates are
more affected by prolonged wet periods and freeze–thaw cycles that compromise structural
integrity [83,84]. Climate change further intensifies these challenges by increasing extreme
rainfall peaks and altering seasonal precipitation patterns, demanding the use of updated
Intensity-Duration-Frequency curves and adaptive design thresholds. High groundwater
levels also reduce subsurface storage and limit vertical infiltration, often requiring raised
bases, underdrains or geosynthetic separators to maintain system functionality in saturated
soils. Overall, climate-sensitive design is essential to ensure long-term performance under
current and projected hydrological conditions, which are subject to climate change and
future climate modelling.

4. Conclusions
Increasing urbanisation and rapid population growth pose complex challenges to the

sustainable development of cities, particularly in managing water resources, mitigating
urban heat islands, and controlling floods. In this context, permeable pavements emerge
as nature-based solutions that foster more resilient and balanced urban environments.
This article conducted an integrative review to analyse the state of the art of permeable
pavements, focusing on their contributions to sustainable development and exploring their
technical and environmental aspects.

The research demonstrated that, despite the initial environmental impacts during
the material production phase, the Life Cycle Assessment (LCA) of permeable pavements
reveals long-term benefits that outweigh these drawbacks, such as the reduction in surface
runoff, improvement of infiltrated water quality, mitigation of urban heat islands, and
reduction in energy consumption. The infiltration capacity and pollutant retention of these
systems are crucial attributes, as they reduce runoff and filter a wide range of contaminants,
thereby protecting water bodies and ecosystems. Their effectiveness in mitigating urban
heat islands stems from evaporative cooling, which lowers both surface and air tempera-
tures, enhances thermal comfort, and reduces energy demand in buildings. Furthermore,
the review reinforced the importance of permeable pavements in mitigating urban flooding
by allowing rainwater to infiltrate into the soil, relieving pressure on drainage networks,
and contributing to the restoration of the hydrological cycle.

However, the research also highlighted significant limitations to the widespread
adoption and success of permeable pavements. The initial construction cost presents an
economic barrier, and factors such as climate, particularly in regions with freeze–thaw
cycles, can affect durability. The main challenge to their efficiency and longevity is clog-
ging, caused by the accumulation of fine particles and debris, which drastically reduces
infiltration capacity. This underscores the need for regular, proper maintenance. Looking
ahead, further studies are essential on cost optimisation, the development of more resilient
new materials, and the creation of more efficient maintenance protocols. The integration
of permeable pavements with other green infrastructure solutions could maximise their
benefits, contributing to truly more sustainable and liveable cities.
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