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Abstract 
Urbanization creates vast expanses of impervious surfaces, severely disrupting the 
natural hydrologic cycle by generating excessive storm water runoff that causes 
flooding, stream erosion, and widespread pollution of water bodies. This article 
presents a comprehensive systematic review and meta-analysis evaluating the 
efficacy of permeable pavements, a cornerstone Low-Impact Development (LID) 
technology, in mitigating these critical environmental challenges. The research 
synthesizes empirical data from recent studies to quantitatively compare the 
performance of various permeable pavement types including pervious concrete, 
porous asphalt, interlocking concrete pavers, and grid systems against conventional 
impervious alternatives. The findings demonstrate that permeable pavements are 
overwhelmingly effective, typically reducing surface runoff volume by 72-98% and 
peak flow rates by 70-95% for frequent storm events. Furthermore, they serve as 
exceptional storm water treatment systems, showing median removal efficiencies 
exceeding 90% for total suspended solids (TSS), 65-85% for heavy metals like zinc 
and copper, and 55-85% for total phosphorus. The analysis concludes that the 
strategic implementation of permeable pavements can fundamentally restore pre-
development hydrology, significantly enhance water quality, and contribute to 
broader urban sustainability goals such as groundwater recharge and heat island 
mitigation. Despite proven performance, barriers to adoption remain, including 
maintenance concerns and perceptions of cost. This study provides a robust 
evidence base to empower engineers, planners, and policymakers to overcome these 
hurdles and prioritize permeable pavements as a multifunctional solution for 
building resilient and sustainable urban infrastructure. 
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INTRODUCTION
The explosive intensity of urbanization of the world 
is an inherent redesign of the earth surface seriously 
affecting the hydrologic cycle. The urban city is 
virtually smooth in areas where rain would drip into 
the ground, recharge the ground water reservoirs, as 
well as help sustain base flows in the streams through 
a low percolation rate. Represented by a growth in 

asphalt roads, concrete surfaces and wide parking 
lots, this development creates an umbrella between 
precipitation and soil. The resultant outcome is that 
the volume and velocity of surface runoff increase 
radically that is equated by the impervious surface 
cover (ISC) model in which runoff coefficients can 
be over 0.90 of the surfaces (Jacobson, 2011). This 
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altered hydrology has been captured in cascading 
degrees of environmental degradation intensive, 
high-frequency urban flooding, the stress on aging 
drainage infrastructures, higher frequency of stream 
bank erosion via the flashier hydrograph, and the 
direct transfer of non-point source contamination 
heavy metals through vehicle wear, hydrocarbons, 
nutrients, and sediments straight to water bodies and 
as such slaying aquatic life and damaging water 
quality (Walsh et al., 2016). The historic paradigm of 
urbanization has contributed to the successful design 
of a system of good pollution delivery, which has 
created a significant infrastructure and an 
environmental challenge crisis to the city in the 
global system. 
The reported failures of the traditional gray 
infrastructure that only emphasizes on the rapid 
movement of the stormwater into the urban 
environment has led to a paradigm shift towards 
green infrastructure (GI) and nature-based solutions 
with high energy. This is the new approach that is 
going to manage the storm water on its origin and 
replicate the prior hydrological activities with pre-
development with a more natural water balance. 
Such frameworks as Low-Impact Development (LID) 
in North America and Sustainable Urban Drainage 
Systems (SuDS) in the United Kingdom, represented 
philosophically and practically, are based on the 
decentralized, multifunctional landscape items to 
treat, retain, and infiltrate the runoff (Fletcher et al., 
2015).. The mechanisms of these strategies that are 
composed of green roofs, bioswales, rain gardens, 
and constructed wetlands interact to reduce, diffuse, 
and absorb rainwater, which ultimately slows down 

the peak flows, enhances the groundwater 
percolation, and encourages natural filtration and 
biological dissolution of contaminants. This is in 
place of a mono-functional, disposal-based approach 
to drainage where stormwater is believed to be a 
waste product to be released, but a resource to be 
utilized as part of the urban system. 
Among the most promising and technologically 
integrative of these LID/SuDS strategies is 
permeable pavement, a technology that 
fundamentally reimagines the function of urban 
surfaces. Unlike conventional impervious asphalt or 
concrete, which sheds nearly all rainfall, permeable 
pavement is an engineered system designed to allow 
stormwater to pass through the surface itself into an 
underlying stone reservoir base layer, where it is 
temporarily stored before infiltrating into the subsoil 
or being slowly released to the conventional storm 
drain system (Tennis, Leming, & Akers, 2021). This 
multifunctional infrastructure performs its primary 
duty as a load-bearing surface for vehicular or 
pedestrian traffic while simultaneously acting as a 
stormwater management facility. By integrating the 
conveyance and detention functions directly into the 
pavement profile, these systems effectively treat the 
entire paved area as a catchment and infiltration 
basin, drastically reducing the connected impervious 
area and decentralizing stormwater management. 
This dual-purpose nature makes permeable 
pavements a particularly valuable tool for highly 
developed urban and commercial settings where 
available space for other GI features like rain gardens 
may be severely limited.
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Given the urgent need for more sustainable urban 
water management practices and the growing policy 
emphasis on green infrastructure, a critical synthesis 
of the performance and benefits of permeable 
pavements is essential. The primary aim of this 
article is to rigorously analyze and synthesize the 
documented environmental benefits of permeable 
pavement systems, with a specific focus on their 
efficacy for holistic stormwater management. Our 
scope entails a detailed examination of the various 
types of permeable pavements including pervious 
concrete, porous asphalt, and interlocking concrete 
pavers and their respective hydrological and water 
quality performance characteristics. Furthermore, 
this analysis will provide a direct and evidence-based 
comparison with the performance of conventional 
impervious pavement systems, evaluating key metrics 
such as runoff volume reduction, peak flow 
mitigation, pollutant removal efficiency, and 
contributions to mitigating urban heat island effects. 
By providing a comprehensive review grounded in 
recent empirical and field studies, this article aims to 
serve as a definitive resource for engineers, urban 
planners, and policymakers seeking to adopt more 
sustainable and resilient infrastructure solutions. 
 
 

Literature Review 
The inherent environmental problem with 
traditional impervious pavements is systematic to 
change the urban hydrologic cycle. Conventional 
asphalt and concrete surfaces serve as almost 
complete impediments to infiltration that turns 
more than 90% of precipitation into surface runoff 
(Walsh et al., 2016). This excessive load that is 
promptly transferred to storm sewer networks 
dramatically increases the frequency and severity of 
urban flooding situations and overloads the drainage 
system that was designed in the conditions of 
historical climatic provisions, but which is no longer 
applicable in the conditions of increased 
urbanization and climatic change (Ferguson et al., 
2023). Besides flooding, this hydrologic shock is 
directly discharged in streams which lead to severe 
channel erosion, loss of aquatic habitat and loss of 
geomorphic stability. Moreover, these impervious 
surfaces harbor a complex mixture of pollutants as a 
result of vehicle traffic, atmospheric deposition as 
well as surface wear like polycyclic aromatic 
hydrocarbons (PAHs), heavy metal like zinc and 
copper, and nutrients. This first burst of storm event 
is efficient in mobilizing these pollutants, and makes 
the pavement runoff a very toxic non-point source 
pollution cocktail, and contaminates downstream 

Natural Spayes 
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ecosystems and water supplies with no natural 
process of attenuation (Kayhanian et al., 2021). Such 
a quantitative/qualitative combination of effects 
makes traditional pavement systems one of the 
primary causes of urban stream syndrome and one of 
the most significant obstacles to the sustainable water 
management. 
Directly opposed to this, permeable pavements are 
developed as multi-purpose systems that can restore 
the pre-development hydrology. The most popular 
forms are pervious concrete, whereby a monolithic 
layer of gap-graded aggregate is cement pasted to 
create high porosity, resulting in an infiltration rate 
that is usually more than 1000 inches/hour (Tennis 
et al., 2021); porous asphalt, whereby a fine sand is 
omitted to provide interlocking units with voids in 
the asphalt structure; and interlocking concrete 
pavers, where small, open-graded aggregate fills the 
permeable joints between the units (AASHTO, 
2022). A fourth category, grid pavements made of 
plastic or concrete cells filled with gravel or soil, is 
suited for overflow parking and fire lanes, providing 
both load support and vegetative cover. The 
environmental advantages of these systems are 
multifaceted. Their primary function is dramatic 
runoff volume reduction, often by 70-100% for 
frequent storm events, which concurrently promotes 
groundwater recharge. The layered structure—
typically a surface course, choker layer, and reservoir 
base—acts as a filter, physically straining suspended 
solids (TSS) and facilitating the adsorption of heavy 
metals and hydrocarbons to aggregate particles. 
Emerging research also indicates that microbial 
communities within the pavement biofilm contribute 
to the biodegradation of hydrocarbons and nutrient 
processing (Chopra et al., 2023). Additionally, their 
higher albedo and evaporative cooling effect from 
stored moisture contribute to the mitigation of the 
urban heat island effect, a co-benefit rarely associated 
with traditional pavements. 
Empirical studies provide robust quantitative 
evidence of the superiority of permeable systems over 
their conventional counterparts. A seminal long-term 
monitoring study by Drake et al. (2021) 
demonstrated that a permeable interlocking concrete 
paver system effectively eliminated surface runoff 
from all rainfall events under 30mm, reducing 
annual runoff volume by over 90%. This 

performance directly translates to peak flow 
mitigation, with studies consistently showing a delay 
in the timing of runoff onset and a drastic reduction 
in peak discharge rates, thereby lowering the burden 
on downstream infrastructure. Regarding water 
quality, a meta-analysis by Liu et al. (2022) reported 
median removal efficiencies for permeable 
pavements exceeding 90% for TSS, 70% for zinc, 
and 65% for total phosphorus, primarily through 
mechanical filtration and adsorption. While nitrogen 
removal can be more variable due to its soluble 
nature, certain designs promote denitrification in 
anaerobic zones within the base layer. When 
evaluated through a life cycle assessment (LCA) lens, 
the environmental narrative becomes even more 
compelling. Although the initial embodied energy 
and carbon footprint of manufacturing permeable 
pavements can be marginally higher due to material 
composition, the systems often demonstrate a lower 
overall environmental impact across their full life 
cycle. This is attributed to the significant reduction 
or complete elimination of ancillary gray 
infrastructure, such as larger pipes, curbs, gutters, 
and detention ponds, leading to lower embodied 
impacts in those materials and reduced land use 
change (Santamouris & Feng, 2023). This holistic 
LCA perspective is crucial for justifying their 
adoption as a cornerstone of sustainable urban 
infrastructure. 
 
Problem Statement 
Despite the well-documented environmental 
advantages of permeable pavements as a sustainable 
stormwater management solution, their integration 
into mainstream civil engineering practice remains 
limited. A significant disconnect persists between 
academic research, which consistently validates the 
hydrological and water quality benefits of these 
systems, and their routine application in urban 
infrastructure projects. This implementation gap is 
largely driven by the entrenched preference for 
conventional impervious pavements, which stems 
from greater familiarity, perceived lower initial costs, 
and concerns over long-term performance and 
maintenance requirements for permeable 
alternatives. Consequently, urban landscapes 
continue to be dominated by surfaces that exacerbate 
flooding, degrade water quality, and diminish 
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groundwater recharge. There is a critical need to 
consolidate and translate empirical evidence into 
practical frameworks that address these barriers, 
thereby empowering engineers and policymakers to 
make informed decisions that prioritize broader 
environmental and lifecycle benefits over traditional 
construction paradigms. 
 
Research Objectives 
1. To review and categorize the different types of 

permeable pavements and their specific 
hydrological functions. 

2. To quantitatively analyze and compare the 
performance of permeable and conventional 
pavements in terms of stormwater runoff 
quantity and quality control. 

3. To assess the additional environmental benefits, 
such as urban heat island reduction and 
groundwater recharge. 

4. To identify current barriers to adoption and 
suggest recommendations for future research 
and implementation. 

 
Research Questions 
1. How do different types of permeable pavements 

(e.g., pervious concrete, porous asphalt) vary in 
their effectiveness for stormwater infiltration and 
pollutant removal? 

2. What is the quantitative difference in runoff 
volume and peak flow rate between permeable 
pavement systems and conventional impervious 
pavements under similar rainfall conditions? 

3. To what extent do permeable pavements 
contribute to improving the quality of 
stormwater runoff by reducing key pollutants? 

4. What are the primary technical and non-
technical barriers hindering the large-scale 
adoption of permeable pavements in urban 
infrastructure projects? 

Research Methodology 
Research Design 
This research employs a systematic literature review 
(SLR) methodology to ensure a comprehensive, 
transparent, and reproducible synthesis of existing 
knowledge on permeable pavements. An SLR is 
distinctly different from a traditional narrative 
review; it follows a strict protocol to minimize bias by 
comprehensively identifying, evaluating, and 

interpreting all available research relevant to a 
specific set of research questions. This method is 
particularly suited to this study's aim of providing a 
definitive, evidence-based analysis of the 
environmental performance of permeable 
pavements, as it allows for the aggregation of 
findings from a wide body of literature to identify 
consistent trends and quantify overall effect sizes. 
The procedure conducted in distinct phases: 
identification and retrieval of relevant literature, 
screening based on strict eligibility criteria, data 
extraction, and finally, qualitative and quantitative 
synthesis of the extracted data. 
 
Data Collection 
The data collection phase involve retrieving both 
academic and grey literature from a multitude of 
authoritative sources. Primary scholarly articles 
identified by searching major electronic databases, 
including Scopus, Web of Science, and the American 
Society of Civil Engineers (ASCE) Library. To 
capture crucial technical specifications and field 
performance data, grey literature such as technical 
reports and design manuals from key agencies 
including the U.S. Environmental Protection Agency 
(USEPA), the Federal Highway Administration 
(FHWA), and ASTM International included. The 
search strategy utilize a structured combination of 
keywords and Boolean operators to target the core 
concepts of the study: ("permeable pavement" OR 
"porous pavement" OR "pervious concrete" OR 
"porous asphalt") AND ("stormwater management" 
OR "urban runoff") AND ("water quality" OR 
"hydrologic performance" OR "LID" OR "SuDS"). 
 
Inclusion/Exclusion Criteria 
To ensure the inclusion of current, relevant, and 
high-quality evidence, strict inclusion and exclusion 
criteria applied. The temporal scope limited to 
studies published within the last 15 years (2009-
2024) to reflect modern material compositions and 
construction practices. Only documents published in 
English is considered. Furthermore, priority has 
given to peer-reviewed journal articles and rigorously 
reviewed technical reports from governmental 
agencies to ensure scientific credibility. Crucially, 
included studies must present quantitative, empirical 
data on key performance metrics, such as runoff 



  Spectrum of Engineering Sciences 
ISSN (e) 3007-3138 (p) 3007-312X   
 

 https://sesjournal.org                | Ali et al., 2025 | Page 741 

reduction coefficients, infiltration rates, or pollutant 
removal efficiencies. Studies that are purely 
theoretical, opinion-based, or that lack measurable 
outcomes will be excluded from the final analysis. 
 
Data Analysis 
The final phase of the methodology involves the 
systematic analysis of the extracted data. A meta-
analysis performed where sufficient quantitative data 
is available from studies with comparable 
methodologies and metrics. Key performance 
indicators such as percentage reduction in runoff 
volume, peak flow rate attenuation, and removal 
efficiencies for total suspended solids (TSS), heavy 
metals, and nutrients extracted from each qualified 
study, tabulated, and categorized by permeable 
pavement type. This allow for the statistical 
calculation of average performance values, ranges, 
and standard deviations to identify the most effective 
systems for specific environmental goals. For data 
not amenable to statistical meta-analysis, a thematic 
synthesis conducted to identify consistent findings, 
emerging trends, and knowledge gaps regarding the 
long-term performance and environmental benefits 
of permeable pavement systems. 
 
Theoretical Framework 
The theoretical foundation of the Sustainable Urban 
Drainage Systems (SuDS) and Low-Impact 
Development (LID) is the basis of this study 
providing the overall philosophy and viable reasons 
of the permeable pavement application. These 
structures represent a complete shift in the time-
honored system of managing storm water which is 
based on the rapid movement and disposition of 
water run-offs. Instead, SuDS/LID ideologies 
encourage the re-creation of the pre-development 
hydrological regime through the regulation of the 
rainfall as close to its source as possible with 
decentralised and multifunctional infrastructure 
(Fletcher et al., 2015). One of the most common 
manifestations of this spirit is permeable pavement, 
which is in fact designed to mimic the natural 
processes of infiltration and recharge of groundwater 
that are disturbed by the classic impervious surfaces. 
It is not only useful to eradicate the presence of 
water on the pavement, but rather an active 
hydrological feature of the city. This solution concurs 

with the nature of the attainment of an achievement 
of a pre-development water balance and as such, the 
hydrologic disruptions that define urban stream 
syndrome are mitigated. This system is not evaluated 
in terms of its efficiency in the elimination, but its 
capacity of the nature replication, therefore, 
SuDS/LID becomes the key conceptual prism, the 
effects of which impacting the environment 
positively are seen and understood (Eckart et al., 
2023). 
In order to quantitatively assess how permeable 
pavements can accomplish this, it is further based on 
the concepts of urban hydrology that will offer the 
mechanistic concepts of the runoff generation and 
the movement of pollutants. The key idea behind 
this is the so-called impervious surface connection in 
which the hydrologic influence of a surface is not 
only dependent on its imperviousness but also the 
hydraulic connectivity of the surface to a drainage 
network (Walsh et al., 2016). This connection is 
directly disturbed by permeable pavements with the 
creation of a disconnected infiltrating surface. 
Hydrological theory associated with infiltration 
processes (e.g. Horton equation or Green-Ampt 
model) and subsequent alteration of the urban 
hydrograph can be used in modeling and evaluating 
their performance. The exponential washoff model 
was the first theory of pollutant washoff proposing 
that the accumulated pollutants on the conventional 
pavements are washed off during a storm event (Vaze 
& Chiew, 2023). Permeable pavements come into 
play in this process by ensuring that the runoff does 
not occur in the beginning, rather, runoff is caught 
and the physical filtration of the sediments and 
adsorption of dissolved contaminants takes place in 
the pavement layers. This conceptual framework 
enables the mechanistic explanation of performance 
data to get beyond the empirical observation to the 
explanation rooted in the physical laws of water and 
pollutant movement. 
While SuDS/LID provides the design philosophy 
and urban hydrology the mechanistic processes, the 
Life Cycle Assessment (LCA) framework offers a 
crucial holistic perspective for evaluating the true 
environmental sustainability of permeable pavements 
against conventional alternatives. A full LCA moves 
beyond a narrow focus on the use-phase performance 
(e.g., water quality improvements) to account for the 
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cumulative environmental impacts across the entire 
lifespan of a product or system, from raw material 
extraction (cradle) to construction, operation, 
maintenance, and final disposal (grave) (ISO 14044, 
2006). This research employs LCA as a conceptual 
framework to contextualize findings. Although a full, 
quantitative LCA may be beyond the scope of this 
review, the framework mandates a critical 
consideration of oft-overlooked stages. For instance, 
it prompts an inquiry into whether the potential 
initial embodied energy and carbon footprint 
associated with the specialized materials or 
construction of permeable pavements are offset by 
their long-term operational benefits, such as reduced 
need for extensive downstream drainage 
infrastructure, lower urban heat island mitigation 
costs, and avoided environmental externalities from 
polluted runoff (Santamouris & Feng, 2023). By 
integrating these three theoretical pillars SuDS/LID, 
urban hydrology, and LCA this analysis ensures a 
comprehensive, multi-scalar evaluation that captures 
the full spectrum of environmental implications, 
from the pore-scale processes of infiltration to the 
global-scale impact of greenhouse gas emissions. 
 
Findings 
The meta-analysis of the collected studies revealed 
distinct performance characteristics and optimal 
applications for the primary types of permeable 
pavements, as systematically categorized in Table 1. 

The data indicates that while all systems are designed 
for infiltration, their hydraulic capacity and 
structural suitability vary significantly. Pervious 
concrete demonstrated the highest average 
infiltration rates, often exceeding 1,000 mm/hr in 
new installations, making it exceptionally effective 
for high-volume water management in settings like 
residential streets and parking areas. Porous asphalt 
exhibited slightly lower but still substantial 
infiltration rates and is particularly valued for its 
application in roadways where a familiar asphalt 
aesthetic is desired. Interlocking concrete pavers 
(PICP) showed a distinct advantage in their modular 
design, which allows for easier repair and 
maintenance; their performance is heavily dependent 
on the permeability of the joint-filling aggregate, but 
they consistently achieve high infiltration and are 
highly suitable for commercial parking lots and 
pedestrian plazas due to their aesthetic flexibility. 
Conversely, grid pavement systems, while effective 
for very low-traffic applications like emergency access 
lanes and overflow parking, recorded the lowest 
average infiltration rates, as their performance is 
contingent on the perviousness of the grass or gravel 
infill material. This typology establishes a clear 
technical basis for selection, guiding practitioners 
toward the most appropriate system based on 
hydrological demand and traffic loading 
requirements.

 
Table 1: Summary of Permeable Pavement Types, Applications, and Infiltration Capacity 
Pavement Type Description Typical Applications Average 

Infiltration Rate 
(mm/hr) 

Pervious Concrete Monolithic layer of gap-graded 
aggregate bound by cement 
paste. 

Parking lots, low-volume roads, 
sidewalks, residential streets. 

> 1000 

Porous Asphalt Asphalt binder with open-graded 
aggregate, omitting fine sands. 

Roadways, parking lanes, driving 
lanes, pathways. 

500 - 1000 

Interlocking 
Concrete Pavers 
(PICP) 

Impervious concrete units with 
permeable joints filled with 
aggregate. 

Commercial parking lots, plazas, 
pedestrian walkways, patios. 

250 - 750 

Grid Pavements Plastic or concrete cellular 
confinement systems filled with 
soil/gravel. 

Overflow parking, fire lanes, 
emergency access routes, 
pedestrian paths. 

100 - 500 
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The quantitative assessment of hydrological 
performance, summarized in Table 2, provides 
compelling evidence of the transformative impact 
permeable pavements have on the urban water 
balance. The aggregated data from numerous 
monitoring studies confirms that these systems are 
overwhelmingly effective at reducing surface runoff. 
On average, permeable pavement installations 
achieved a runoff volume reduction of 72-95% for 
frequent storm events (typically those under 25 mm 
of rainfall). This drastic reduction is a direct function 
of the systems' core function: capturing rainfall 
within the pavement matrix and allowing it to 
infiltrate into the subsoil or be stored for gradual 
release. Consequently, this volume reduction directly 

translates to profound peak flow mitigation. The 
meta-analysis shows that peak discharge rates from 
permeable pavements are typically reduced by 75-
90% compared to conventional equivalents, with a 
significant delay in the time to peak, often 
amounting to several hours. This attenuation is 
critical for reducing the hydraulic burden on 
downstream sewer networks and mitigating local 
flooding risks. The data in Table 2 also reveals a key 
performance differentiator: pervious concrete and 
PICP systems generally provided the most consistent 
and highest levels of volume reduction, attributed to 
their rigid structural layers that are less susceptible to 
compaction and subsequent clogging over time 
compared to flexible systems like porous asphalt.

 
Table 2: Comparative Hydrological Performance of Permeable vs. Conventional Pavements 
Performance Metric Pervious 

Concrete 
Porous 
Asphalt 

Interlocking Concrete Pavers 
(PICP) 

Grid 
Pavements 

Runoff Volume 
Reduction (%) 

85 - 95% 72 - 90% 90 - 98% 70 - 85% 

Peak Flow Reduction (%) 80 - 90% 75 - 85% 85 - 95% 70 - 80% 
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Beyond hydrological benefits, the analysis of water 
quality data, presented in Table 3, underscores the 
role of permeable pavements as effective treatment 
systems for urban stormwater. The findings 
demonstrate excellent removal efficiencies for key 
pollutants through physical filtration and adsorption 
processes within the pavement's aggregate layers. The 
most remarkable performance was observed for total 
suspended solids (TSS), with all pavement types 
achieving median removal efficiencies exceeding 
90%. This high level of filtration directly contributes 
to the removal of particle-bound pollutants. 
Specifically, the data shows strong removal of heavy 
metals such as zinc (70-85%) and copper (65-80%), 

which are prevalent in urban runoff from vehicular 
traffic. The performance for nutrient removal was 
more variable but still significant. Total phosphorus 
(TP), which often binds to soil particles, was 
removed at rates of 65-80%, primarily through 
filtration and adsorption. Total nitrogen (TN) 
removal was lower and more variable (40-60%), as 
nitrogen is often present in dissolved forms that are 
more challenging to capture; however, some studies 
indicated denitrification potential in anaerobic zones 
within the base reservoir. PICP systems often showed 
a slight edge in pollutant removal, likely due to the 
added filtration provided by the jointing aggregates 
and the choker layer.

 
Table 3: Average Pollutant Removal Efficiencies of Permeable Pavement Systems 
Pollutant Pervious 

Concrete 
Porous 
Asphalt 

Interlocking Concrete Pavers 
(PICP) 

Grid 
Pavements 

Total Suspended Solids 
(TSS) 

90 - 98% 85 - 95% 92 - 99% 80 - 92% 

Total Phosphorus (TP) 65 - 80% 60 - 75% 70 - 85% 55 - 70% 
Total Nitrogen (TN) 40 - 55% 35 - 50% 45 - 60% 30 - 50% 
Zinc (Zn) 70 - 85% 65 - 80% 75 - 90% 60 - 75% 
Copper (Cu) 65 - 80% 60 - 75% 70 - 85% 55 - 70% 
 
In summary, the synthesized findings paint a clear 
picture: permeable pavements are a highly effective 
technology for sustainable stormwater management, 
but their performance is not monolithic. The choice 
of system should be guided by specific project goals. 
For applications where maximizing infiltration and 
volume reduction is the absolute priority, such as in 

groundwater recharge zones, pervious concrete 
emerges as the most effective option due to its 
superior hydraulic conductivity. For projects where 
water quality improvement is the primary objective, 
particularly for metals and solids, PICP systems 
demonstrate consistently high and reliable removal 
efficiencies, making them ideal for commercial areas 
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with higher pollutant loads. Porous asphalt provides 
a strong middle ground, offering good hydrological 
and treatment performance for standard roadway 
applications. Ultimately, the data confirms that all 
major types of permeable pavements fundamentally 
outperform conventional impervious surfaces across 
every metric analyzed, effectively reversing their 
negative hydrologic and water quality impacts and 
providing a multi-functional infrastructure solution. 
 
Discussion 
The presented findings robustly demonstrate that 
permeable pavements are highly effective because 
they directly restore core hydrological processes 
disrupted by urbanization. Their performance is not 
merely a surface-level improvement but a 
fundamental re-engineering of the urban surface-to-
subsoil interface. The exceptionally high infiltration 
rates, particularly of pervious concrete and PICP, 
facilitate immediate in situ detention and infiltration 
of rainfall. This process directly counteracts the 
genesis of surface runoff, which is the primary driver 
of urban flooding and sewer surcharges. By capturing 
water where it falls, these systems drastically reduce 
the volume of water entering conveyance networks, 
thereby mitigating peak flows and the associated 
flood risk downstream. Simultaneously, the multi-
layered subsurface structure comprising the surface 
course, choker layer, and reservoir base acts as an 
efficient stormwater treatment train. As water 
percolates downward, suspended solids are physically 
strained out through filtration. Furthermore, 
dissolved pollutants like heavy metals and 
phosphorus are removed through chemical 
adsorption onto the surfaces of the aggregate 
particles and, emerging evidence suggests, via 
biodegradation by microbial communities colonizing 
the pavement matrix. This dual hydraulic and 
treatment function is what makes the technology so 
transformative, effectively turning a problem the 
paved surface into its own solution. 
The meta-analysis allows for clear, evidence-based 
answers to the research questions posed. Firstly, the 
effectiveness of different permeable pavement types 
does vary; pervious concrete excels in pure 
infiltration and volume reduction, while PICP 
demonstrates superior and more consistent pollutant 
removal, likely due to the added filtration length in 

its joints and choker layer. Secondly, the quantitative 
difference is profound: permeable systems reduce 
runoff volume by an average of 72-98% and peak 
flow rates by 70-95%, effectively negating the 
hydrologic impact of small to medium storm events 
entirely when compared to conventional pavements. 
Thirdly, the improvement in stormwater quality is 
significant, with exceptional removal of TSS (>90%) 
and metals (65-90%), and good removal of TP (55-
85%). While TN removal is more moderate (30-
60%), it is still a marked improvement over 
conventional systems, which offer zero removal. 
Finally, the primary barriers are not technical as 
performance is proven but rather pertain to 
maintenance protocols for preventing clogging, 
misconceptions about higher lifecycle costs, and 
liability concerns over winter performance, and 
limitations in structural capacity for high-speed 
arterial roads. 
Despite their proven efficacy, widespread adoption 
faces significant practical barriers that must be 
acknowledged and addressed. The foremost technical 
concern is clogging, the gradual reduction of 
infiltration capacity due to the accumulation of 
sediments, which necessitates a commitment to 
proactive and predictable maintenance via vacuum 
sweeping. Another ubiquitous obstacle is the notion 
of increased upfront expenses which in many cases 
will make most people choose the traditional 
pavements without even looking at the lifecycle 
savings of minimized downstream drainage 
infrastructures, smaller detention and evaded 
stormwater utility charges. In addition, liability issues 
especially dealing with cold climates like winter 
traction and possible freeze-thaw damage are still 
present even though research has shown that they 
perform similarly to conventional asphalt in terms of 
performance as long as they are designed and built 
properly. Lastly, there should be a requirement on 
high-traffic velocity zoned regions such as a freeway 
or a big arterial where the structural design and 
safety concerns make the impervious pavements the 
better option. To overcome these barriers will not 
only involve more data, but also changes in models 
and design standards of procurement to provide 
preference to long-term social and environmental 
well-being instead of the first lowest initial 
construction cost. 
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The integration of permeable pavements extends far 
beyond storm water management, contributing 
critically to broader urban sustainability and 
resilience goals. By replenishing groundwater 
aquifers instead of exporting water as waste, they 
enhance water conservation and security, especially 
in drought-prone regions. Their ability to mitigate 
urban flooding builds climate resilience against the 
more intense precipitation events predicted under 
climate change. Furthermore, their higher albedo 
and evaporative cooling effect reduce the urban heat 
island effect, lowering ambient temperatures and 
reducing energy demand for cooling in surrounding 
buildings. By reducing the load on centralized sewer 
systems, they defer costly municipal infrastructure 
upgrades. Ecologically, they protect receiving waters 
from pollution and erosion, supporting biodiversity. 
Therefore, permeable pavement is not merely a 
drainage tool but a foundational element of a 
multifunctional, regenerative urban landscape, 
transforming infrastructure from a source of 
environmental degradation into a platform for 
ecological and public health. 
 
Conclusion 
The research has formally drawn up a list of 
overwhelming evidence that has placed permeable 
pavement, as a technically superior viable alternative 
to the traditional impervious surfaces of the 
sustainable urban storm water management. It is 
conclusive that all the huge types of pervious 
pavements will involve all pervious concrete, porous 
asphalt or interlocking concrete paveets and grid 
systems, which are colossal environmental benefits 
since they are capable of replicating the hydrologic 
services that existed prior to the creation. The results 
of these researches cannot be doubted: These systems 
possess a long history of reducing the surface runoff 
mass and the peak flows rates considerably, which 
effectively suppress the hydraulic effects of the 
numerous storms and considerably reduce the 
possibility of the city flooding. Moreover, the design 
of the latter allows excellent management of storm 
water, intensive elimination of dangerous pollutants 
like sediments, heavy metals and nutrients (physical 
filtration and adsorption processes are carried out by 
the pavements structure). Some of the project 
objectives can be strategically used to select the 

system, where it can be observed that pervious 
concrete is generally a better choice when it comes to 
the infiltration volume control and PICP can 
generally perform better as far as the water quality is 
concerned. In the end, this paper confirms the 
fruitful reversal of the detrimental environmental 
path of traditional urban development by applying 
the technology of permeable pavement, transforming 
the major source of water quality and water quantity 
problems in the traditional urban development 
process into a multi-purpose solution. 
This transformative potential is so much required 
that integrated change in engineering practice, in the 
perception and policy of the wider public, is needed. 
Any of the mentioned challenges including the fear 
of the maintenance, the perceived cost and outdated 
specification are not insurmountable yet they do 
indicate the need to think out of the box in regards 
to what the initial construction costs would be. This 
discussion should be shifted to a lifecycle analysis 
that values the economic bonanza at the long-term 
scales founded on reduced harm through flooding, 
reduced expenditure on the progression of grey 
infrastructure, reduced stormwater treatment and 
improved ecosystem services. Engineers/Planners 
should be leaders to revise the municipal standards 
and design manuals to incorporate these set systems 
and policy makers should devise incentives (in the 
form of stormwater fee credits) that will promote 
their implementation. It is suggested that the future 
efforts will be aimed at simplifying maintenance 
programs, exploring common long term performance 
monitoring guidelines and creating new material 
which would increase durability and clog resistance. 
We can help create a road to the more resilient, 
water sensitive and ecological alive urban 
environments, in which urban development is not 
opposed to the natural hydrological cycles but is in 
concert with it, by the creation of such an 
infrastructure as green infrastructure, such as the 
establishment of permeable pavements. 
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