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Abstract: Permeable pavements have been the subject of numerous studies in recent decades. The pos-
sibility of dissipating stormwater more smoothly and generating numerous benefits to the environ-
ment and users makes the use of permeable pavements an excellent possibility of integration into
sustainable and resilient water management systems in cities. In Brazil, numerous studies on the
quantity and quality of infiltrated water, permeability of the coating, clogging, environmental burden,
and feasibility, among other characteristics, have been researched. Within this theme, the Federal
University of Santa Catarina (UFSC) has contributed with ten papers in the research of permeable
pavements in the last six years, which address various topics about the effectiveness and applica-
bility of permeable pavements. This paper reviews the studies conducted at UFSC on permeable
pavements and discusses the different results within the main issues found. In general, the selected
documents addressed seven themes in the studies: potential for potable water savings, clogging,
quantity and quality of the water infiltrated into the pavement, Life Cycle Assessment (LCA) and
its variants, and hydraulic and structural design details. More specifically, many selected papers
assess the potential use of stormwater harvested through permeable pavements in non-potable uses
of buildings. The possibility of aligning the benefits of green infrastructure with the rational use of
water expands the advantages of the system and can help prevent future water scarcity, as well as
reduce the environmental impacts of paving.

Keywords: permeable pavements; potable water savings; life cycle assessment; sustainable urban
drainage systems; stormwater harvesting

1. Introduction

One of the greatest difficulties of urban centres is to reconcile the population growth
with the existing water infrastructures to meet future scenarios. Population increase is
a growing trend in Brazilian and world cities [1], from which the increase in building
and built environment densification results in soil sealing and consequent increase in the
volume of demanded water. In addition, local infrastructures are not always prepared to
these changes in the urban drainage conditions [2,3]. In this scenario, undesirable side
effects occur, such as the inefficiency of urban drainage systems and the increase in the
number of days with the interruption of water distribution.

With the growing demand and the difficulties in water harvesting and treatment,
water scarcity in cities is a cause for concern, especially with the advances of climate
change [4]. Sdo Paulo, Cape Town and Thirukkovil are examples of cities where recent
droughts have culminated in high water scarcity and water rationing [5-7]. Another
important topic is climate change and increased peak rainfall intensity, which directly
impacts urban drainage efficiency [8]. Higher intensity precipitations generate an increase
in surface runoff and the consequent overload of drainage devices. Thus, the option for
systems that complement each other is necessary to meet the current hydraulic demands
and rainfall intensities, be resilient and meet future variables that interfere in the drainage
and supply systems [9].
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The current urban drainage systems, which use galleries and pipes, are characterised
by the fast runoff flow towards disposal. Therefore, the system is defined by design
processes with historical data, which presents physical limitations on the number of
devices and the diameter of the chosen pipes. With the constant increase of soil sealing,
the drainage system is subject to overload, from which climate change and population
increase contribute to worsening the problem [10]. Recently, numerous cases of ineffective
drainage have been observed in Brazil, resulting in the accumulation of water puddles and
flooding. As a result, the streets become hampered and even proliferate diffuse pollution
in the pavement coating [11]. The development of projects with resilient drainage systems
and slower water dissipation is essential, as it can help restore the natural water cycle
and promote an increase of permeable surfaces. In this context, permeable pavements
thrive [12].

Permeable pavements are widely disseminated in academic and practical environ-
ments, with numerous research on environmental impacts, benefits, quality of infiltrated
water, improvements in drainage, structural capacity, among other aspects [13]. There are
several practical examples of permeable pavements in the literature within parking lots,
light traffic roads and sidewalks. This technology makes it possible to reduce impacts
generated by disorderly urbanisation and minimise existing problems in the current models
of urban drainages, such as inefficiency due to water overload and the local accumulation
of pollutants [14].

Recent studies focus on the development of permeable pavement projects through the
correct selection of the materials of each layer of the pavement to obtain better performance
regarding the mechanical capacity, the quality of the infiltrated water and the clogging,
and to increase the service life [15]. Many authors assert that permeable pavements may
answer the problems of current drainage systems and reduce the amount of water runoff
and pollution in contact with users. Due to better tyre-pavement adhesion, permeable
asphalt mixtures also reduce the risk of skidding, hydroplaning and contribute to the
reduction of noise caused by passing vehicles [16,17]. These characteristics are advanta-
geous for reducing the risk of accidents on rainy days and beneficial for roads around
educational centres.

One of the main benefits provided by permeable pavements is the control of pol-
lution at the source. The quality of runoff on roads is compromised by atmospheric
effects and diffuse pollution, which leads to the transposition of pollutants through
the drainage. On the other hand, when runoff water infiltrates into the drainage lay-
ers of the permeable pavement, these serve as an initial filter, with the capacity to re-
tain unwanted compounds. Several studies in the literature have evaluated runoff wa-
ter and have proven the reduction of components, for example, heavy metals [18-27],
oils, greases or hydrocarbons [20,23,28], Escherichia coli [24-26,29,30], compounds with
nitrogen or total nitrogen [21-25,27,31-35] and compounds with phosphorus or total
phosphorus [21-27,31,33-35]. Other studies also assessed pH [21,23,31,33,35,36], turbid-
ity [21,31,36], Chemical Oxygen Demand (COD) [24,27], Biochemical Oxygen Demand
(BOD) [30,31], electrical conductivity [20,21,23,31,36], hardness [20] and suspended
solids [21-27,30,31,33,34].

Considering the benefits and advantages of permeable pavements, it is still neces-
sary to compare the various drainage models to optimise the appropriate system. One
of the most applied methodologies is the Life Cycle Assessment (LCA) and its variants
of cost, Life Cycle Cost Assessment (LCCA), and energy, Life Cycle Energy Assessment
(LCEA). Some studies have evaluated the LCA [37-40], energy-related analysis [39,41]
and LCCA [39,40,42,43] of concrete or asphalt permeable pavement systems or coatings.
Antunes et al. [44], for example, conducted a systematic review of the LCA of perme-
able pavements, whose conclusions corroborate the need for maturation of the technique.
The authors also comment on the feasibility obtained in the studies evaluated and environ-
mental benefits in contrast to the usual models of urban drainage.
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Research on systems that use permeable pavements to harvest rainwater for use
in buildings has also been successful. By combining both techniques, a greater area of
rainwater can be provided to achieve a greater volume of rainwater than roof harvesting
systems. The potential for potable water savings of more than 80% can be achieved,
depending on the catchment area, the volume of the lower reservoir and the end uses of
the building. The current state of the art of permeable pavements shows the potential for
different possibilities of integration and relief in the current drainage system. Numerous
studies have proven benefits in using permeable pavements and evaluated sustainability
and feasibility through systematised comparative analyses. This paper aims to present and
group the research on permeable pavements developed at the Federal University of Santa
Catarina (UFSC) and contribute to the current state of the art.

2. Materials and Methods

This research performed a literature review of technical-scientific papers published
by UFSC related to permeable pavements. The main aspects considered in the analysis
deal with rainwater harvesting through urban pavements, quantitative and qualitative
analysis of stormwater, clogging, LCA, LCEA, LCCA, hydraulic and structural design
characteristics. Ten articles were selected in a time span of six years, between 2016 and
2021. Figure 1 shows the main topics found in the literature review and in the evaluated
articles, which served as a basis for evaluating the selected articles.
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Figure 1. Permeable pavements and rainwater harvesting main research topics.

2.1. Papers Analysed

Table 1 presents the selected articles. The selection criteria were defined through pre-
vious analysis of the abstracts, i.e., one chose the papers focusing on rainwater harvesting
through permeable or impermeable pavements for use in buildings.

From the selection criteria, six main themes were chosen (Table 2): potential for potable
water savings, clogging, quantity of infiltrated water in the models, quality of infiltrated
water in the models, LCA, LCEA and LCCA of the harvesting systems, hydraulic design of
the model and structural design of the model. The potential for potable water savings deals
with the evaluation of rainwater harvesting systems through permeable pavements via
computer simulations, while clogging refers to the studies of coating durability and void
fillings. Quantitative analysis addresses the volume of infiltrated water in the permeable
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pavement systems; quality parameters of the infiltrated water are measured and compared
with potability standards. LCA, LCEA and LCCA refer to studies that perform Life
Cycle Assessment or its variants; hydraulic design refers to the definition of thickness of
pavement layers to meet the hydraulic aspect, and structural design refers to the definition
of thickness of pavement layers to meet the demands of vehicular traffic.

Table 1. List of selected papers.

ID Authors Year Title
1 Antunes et al. [45] 2016 Potential for potable water savings in buildings by using stormwater harvested
from porous pavements
’ Antunes et al. [46] 2020a Environmental assessment of a permea‘t.)le pavrem.ent system used to harvest
stormwater for non-potable water uses in a building
3 Antunes et al. [47] 2020b Reduction of environmental impacts due to using permeable pavements to
harvest stormwater
4 Garcia et al. [48] 2019 Ar}alys1s of permeability reduction in drainage asphalt mixtures due to decrease in
void volume
5 Ghisi et al. [49] 2020 The use of permeéble 1pte}‘10ck1ng concrete pavement to filter stormwater for
non-potable uses in buildings
6 Hammes et al. [50] 2018 Application of sto.rmw.ate.r collected from porous asphalt pavements for
non-potable uses in buildings
7 Martins Vaz etal. [51] 2020 Life cycle energy assessment and economic feasibility of stormwater harvested
from pervious pavements
8 Martins Vaz etal. [52] 2021 Stormx'/vater' hz?rvested from permeable pavements as a means to save potable
water in buildings
9 Thives et al. [53] 2018a Filtering capability of porous asphalt pavements
10 Thives et al. [54] 2018b Potable water savings in multifamily buildings using stormwater runoff from
impermeable paved streets
Table 2. Subjects addressed in each paper.
Potable Water . . . LCALCEAor Hydraulic Structural
Study Savings Potential Clogging Quantity Quality LCCA Design Design
Antunes et al. [45] X - X X - - -
Antunes et al. [46] X - - - X X -
Antunes et al. [47] X - - - X X -
Garcia et al. [48] - X - - - -
Ghisi et al. [49] - - X X - - -
Hammes et al. [50] X - X X - X -
Martins Vaz et al. [51] X - - - X X -
Martins Vaz et al. [52] X - - - - X X
Thives et al. [53] - - X X - - -
Thives et al. [54] X - - - - - -

2.2. Stormwater Harvesting

The potential for potable water savings is the focus of part of the selected articles and
refers to the percentage of a building’s total water demand, potable and non-potable that
can be supplied by harvested rainwater. Harvested water can be used for non-potable
purposes, such as toilet flushing, irrigation and pavement washing, among other uses.
The quality parameters for non-potable uses are defined by the Brazilian standard NBR
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16783 [55]. Equation (1) shows the calculation of the potential for potable water savings by
Netuno 4 [56]:

N oo
Yiog Ve
==L

Epor = 100 x
pot
i=1 Ezlfot

/ @
where Ey,; is the potential for potable water savings (%); Vi is the rainwater (or stormwater)
volume used in the i day (litres); Di , is the total water demand of the i day (litres); and N
is the number of days analysed for the system.

The water harvested is the rainwater that falls directly on the pavement surface and
the runoff from adjacent areas, with the latter presenting the highest number of pollutants.
The infiltrated water is drained by gravity to a lower reservoir that temporarily stores the
water and overflows in the case of overload. When users require rainwater, it is supplied
from an upper reservoir filled from the lower reservoir using motor pumps. The use of
additional water treatment, such as chlorination, is performed in the upper reservoir not
to waste chemical products. From Martins Vaz et al. [52], Figure 2 shows an example of a
rainwater harvesting model using permeable pavements.

Water from potable water tank
(il no rainwater ir available
in upper rainwater tank)

Permeable concrete paver
and bedding course

Choker course

Upper rainwater tank

Reservoir course

Drains

[

O
5 Subgrade

Building

( Water pump

|

/"\ ‘
a I

Building parking lot

Underground rainwater tank

Figure 2. Permeable pavements rainwater harvesting system. Source: Adapted [52].

2.3. Clogging

Clogging is a physical-chemical effect of filling the communicating voids of a perme-
able medium, causing the system’s waterproofing. For permeable pavements, the effect
is one of the main causes of the decrease in service life due to the decrease in hydraulic
capacity and consequent non-compliance with the design principles. Studies that evaluate
the service life and methods to reduce the effects of clogging are essential to understand
the effectiveness of the system, as well as the establishment of a strict control plan to not
prematurely end the pavement efficiency. Permeable coatings and pavements present a
high volume of voids, Refs. [17,48] with clogging responsible for filling the communicating
voids and consequently decreasing the whole system’s permeability.

2.4. Stormwater Quantity

The amount of infiltrated water in the permeable pavement is important as it in-
fluences the road runoff and the water available for use. Among the selected papers,
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quantitative evaluations were performed to obtain data. Subsequently, the data are used as
input parameters to simulate the potential for potable water savings.

2.5. Stormwater Quality

Water quality is an essential requirement for the disposal or use of water. During dis-
posal, possible sources of pollution and undesired quality parameters, such as phosphorous
compounds, nitrogen compounds and heavy metals, are assessed. Thus, the appropriate
treatment is indicated so that the water infiltrated in the permeable pavement can be
conducted to the subsoil to recharge the water table. Another possibility is the storage
and use of water for non-potable purposes. For this purpose, the qualitative parameters
are compared with the Brazilian standards for non-potable use. As the papers evolved,
the Brazilian standards were also modified, and the comparative analysis assesses the
difference in requirements.

2.6. LCA, LCEA and LCCA

Life Cycle Assessment (LCA) is a comparative environmental assessment method
widely used to comprehend possible improvements in systems and assist managers in
decision-making. The method uses a functional unit, the same type of comparison delivery,
in different configurations so that the environmental impacts of design choices are compa-
rable and the most environmentally beneficial configuration can be researched. Life Cycle
Energy Assessment (LCEA) is a strand of LCA that looks specifically at the energy in-
puts and outputs of the system to understand which system requires the most energy.
Life Cycle Cost Analysis (LCCA) is a variation of LCA that focuses on input and output
processes with monetary value. Assessment by all three methods can provide information
to decision-makers who can thus better define the design choices of harvesting systems.

2.7. Hydraulic and Structural Design

Permeable pavement effectiveness is based on two needs that must be met regarding
the project’s design, hydraulic and structural. In hydraulic design, the rainfall of the
region and the runoff are evaluated. Based on the rainfall volume, one can evaluate if the
structure is sufficient and capable of storing and dissipating the harvested water. Thus,
the structure helps to reduce the stress on the urban drainage networks. In structural design,
the structure must meet the vehicles’ loads without damage or pathological manifestations
to the users. In order to comply with both requirements, the correct thickness of all layers
must be guaranteed, from which it is usual to use the reservoir layer thickness as variable
and higher than the minimum necessary to meet the hydraulic and structural projects.
From the sizing, the minimum design thickness for the reservoir layer is obtained.

3. Results and Discussion
3.1. Model Characteristics and Stormwater Quantity

Antunes et al. [45] analysed the amount of rainwater that could infiltrate in four
models of permeable asphalt mixtures. The slabs were differentiated by the type of
binder (modified by tyre rubber and by styrene-butadiene-styrene polymer—SBS) and
also by the cycling or not of water. The permeable asphalt mixtures were designed with
granite aggregates from a quarry localised in southern Brazil [57]. The aggregates were
characterised based on Brazilian regulations and were acceptable for the production of
asphalt mixtures. The granulometric curve fitted the range IV of the Brazilian standard [58].
Tyreflex AB8 asphalt rubber and SBS polymer were used as modifiers. The asphalt content
determined by the Superior Performing Asphalt Pavements (SUPERPAVE® [59]) was equal
to 5.0%.

The permeable asphalt mixtures of Antunes et al. [45] (Figure 3a) present high air void
percentages and are more susceptible to crumbling than dense mixtures. As a means to
assess the resistance to crumbling, the permeable mixtures were exposed to water cycling
tests. Two mixtures were assessed with water cycling and the other two without it. The tests
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involve exposing the slabs into three cycles of immersion in a water tank and drying in an
oven. The cycles last 16 h, in which, for 8 h, the slabs remain in the water and for another
8 h drying in an oven at 40 °C.
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Figure 3. Permeable pavement models analysed in the selected papers. Source: (a) permeable asphalt mixtures slabs [45];

(b) permeable pavement with filter course [50]; (c) permeable pavement without filter course [50]; (d) permeable pavement

without filter course [53]; (e) permeable pavement with filter course [53]; (f) permeable pavement with filter course [49];

(g) permeable pavement without filter course [49]. The figure is based on materials and thicknesses of papers [45,49,50,53].

The green line represents the geotextile use. All dimensions are in centimetres.

The asphalt mixture slabs had dimensions of 50.0 x 18.0 x 5.0 cm and were com-
pacted following the standard NF 98-250-2 [60]. In sequence, the void volume and the
interconnected voids were determined according to AASHTO standard R 35 [61] and NF
P98-254-2 [62], respectively. The permeability coefficient was evaluated using the LCS
permeameter (developed by the Laboratorio Escuela de Caminos de Santander), according
to NLT-327 [63]. The percentages of rainwater infiltration by the slabs ranged from 84.3% to
87.0%. No significant difference was found between the mixtures, with the average (85.4%)
adopted as the final result for the infiltration percentage.

Hammes et al. [50] analysed models considering all layers of permeable pavement.
The coating used was a permeable asphalt mixture modified with Tyreflex AB8 tyre rubber
without water cycling [48]. Two models were simulated. Model A (Figure 3b) had a
42 cm thickness and five layers: coating; choker course; filter course; filter blanket; and
reservoir course sized according to the site rainfall characteristics. The thickness of each
layer is presented in Figure 3b. Model B (Figure 3c) had 15 cm thickness and three layers:
coating; choker course; and reservoir layer sized according to the site rainfall characteristics.
The thickness of each layer is presented in Figure 3c. The materials used for the permeable
layers and its characteristics are shown in Table 3.

The results indicated that model A had an average infiltration percentage of 70.1%,
while model B obtained 80.0%. The main difference between the models is the sand filtering
layer existing in model A. When rainwater infiltrates the layers, the sand retains the water.
This process causes the evaporation of part of the infiltrated water. One can notice that,
in comparison with the results of Antunes et al. [45], the infiltration percentage of the
models of Hammes et al. [50] was considerably lower, mainly due to the retention and
evaporation of a part of the water infiltrated into the layers.
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Another study that also assessed different layers of permeable pavements was the
research conducted by Thives et al. [53]. Three permeable asphalt mixtures were designed
and tested. For the production of the asphalt mixtures, coarse (3/4” and 3/8") and fine
(4.75 mm) granitic aggregates were used. The tests were performed according to DNER-
ME 081/98 [64] and DNER-ME 084 /95 [65]. The mixtures were made with 15% rubber
incorporated into the binder and were produced in open gradations.

The particle size curves met the following three specifications: (i) Caltrans [66]—Open
Graded Friction Course (OGFC) 1/2", with 23% voids and 3.5% binder; (ii) CPA [58]—
Porous Friction Course, with 29% voids and 3.5% binder; and (iii) PMQ—Porous Asphalt
Mixture (PMQ—Pre-Hot Mix [67]) with 25% voids and 4.5% binder. The thicknesses of
the overlay layers of permeable asphalt pavements in Brazil vary from 4 to 8 cm. In the
study by Thives et al. [53], the Caltrans and CPA mixtures were cast with 7 cm thickness
and with 5 cm for the PMQ.

Regarding the remaining permeable layers, two models were simulated. Model A
(Figure 3d) was composed of a CPA as coating (7 cm), PMQ used as course choker (5 cm),
and a reservoir layer composed of simple graded gravel (BGS) (15 cm). Model B (Figure 3e)
was composed of a coating designed according to Caltrans guidelines (7 cm), choker course
(5 cm), filter course (15 cm), and a reservoir layer (16 cm). The results show that the mix
with the largest voids (CPA) presented the highest amount of infiltrated stormwater (87.3%).
All permeable asphalt mixtures presented suitable infiltration of rainwater (values always
above 67.0%). On average, model B showed better performance than model A (86.4%
against 83.7%). Unlike the results observed in the study of Hammes et al. [50], even having
a sand layer (filter course), model B obtained a higher percentage of infiltration. Model A
has a reservoir layer in gravel with a large number of fines, reducing the drainage capacity
which decreases the amount of stormwater infiltrated.

Ghisi et al. [49] also evaluated permeable pavement models and the amount of rain-
water they were able to capture. However, unlike the other studies presented so far, this
one used interlocking concrete blocks as coating, instead of permeable asphalt mixtures.
The blocks are made in industry, following the quality requirements of NBR 9781 [68].
This standard requires that permeable interlocking blocks have a permeability coefficient
greater than 1073 m/s, a minimum compressive strength of 20 MPa and a minimum
thickness of 60 mm. The blocks are rectangular, with the following dimensions: length
200 mm, width 100 mm and thickness 60 mm. The authors performed tests on six ran-
dom samples. The blocks presented a compressive strength equal to 34.4 MPa and a
permeability coefficient equal to 9.34 x 1072 m/s, thus meeting the requirements of the
Brazilian standard.

Two models were simulated. Model A (Figure 3f) is composed of permeable interlock-
ing concrete blocks (6 cm), bedding layer (3 cm), choker course (3 cm), filter course (25 cm),
filter blanket (4 cm), and reservoir layer (5 cm). Model B (Figure 3g) has the same layers
and thicknesses, excluding the filter course and filter blanket. The following materials
were used: aggregate (max. 9.5 mm) for the bedding layer; aggregate (max. 19 mm) for
the choker course; commercial sand (max. 4.75 mm) for the filter course; aggregate (max.
9.5 mm) for the filter blanket; and aggregate (max. 37.5 mm) for the reservoir layer. Model
A had an average infiltration capacity equal to 78.8% and model B, 88.1%.

As in the study by Hammes et al. [50], the model with the sand layers (model A)
obtained a considerably lower infiltration percentage. Comparing the models with different
coatings, one can notice that the permeable interlocking block pavements obtained a
notably higher infiltration percentage (88.1%) when compared to the permeable asphalt
mix coating (80.0%). Table 3 presents a summary of the characteristics of the permeable
pavement models adopted in the studies analysed. One can also observe that the infiltration
percentages vary from 70.0% to 88.1% according to the layer thicknesses and materials used.
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Table 3. Layers, materials, thicknesses and infiltration of the analysed models.

Study Model Layer Material Thickness (cm) Infiltration (%)
Porous asphalt mixture with tyre rubber
! (without water cycling) 858
5 Porous asphalt mixture with tyre rubber 843
Antunes et al. [45] Only surface and water cycling 5 .
3 Porous asphalt mixture Yvith SBS (without 846
water cycling)
4 Porous asphalt mixtur.e with SBS and 87
water cycling
Surface Porous asphalt mixture with tyre rubber 5
Choker course Coarse aggregate (19 mm) 3
A Filter course Sand (4.75 mm) 25 70.1
Hammes et al. [50] Filter b}anket Coarse aggregate (9.5 mm) 4
Reservoir course Coarse aggregate (37.5 mm) 5
Surface Porous asphalt mixture with tyre rubber 5
B Choker course Coarse aggregate (19 mm) 3 80
Reservoir course Coarse aggregate (37.5 mm) 7
Surface Porous asphalt mixture (CPA) 7
A Choker course Pre-Hot Mix (PMQ) 5 86.4
Reservoir course Simple graded gravel (BGS) 15
Thives et al. [53] .
Surface Porous asphalt mixture (Caltrans) 7
B Choker course Coarse aggregate (19 mm) 5 837
Filter course Sand (4.75 mm) 15
Reservoir course Coarse aggregate (37.5 mm) 16
Surface Permeable interlocking blocks 6
Bedding layer Coarse aggregate (9.5 mm) 3
A Choker course Coarse aggregate (19 mm) 3 788
Filter course Sand (4.75 mm) 25
Ghisi et al. [49] Filter l?lanket Coarse aggregate (9.5 mm) 4
Reservoir course Coarse aggregate (37.5 mm) 5
Surface Permeable interlocking blocks 6
B Bedding layer Coarse aggregate (9.5 mm) 3 881
Choker course Coarse aggregate (19 mm) 3
Reservoir course Coarse aggregate (37.5 mm) 5

3.2. Harvested Water Quality

Hammes et al. [50] analysed the pollutant filtering capacity of two permeable pave-
ment models presented in Section 3.1 (Figure 3b,c). Stormwater was collected from runoff
of a parking lot in UFSC and tested for pollutants. The harvested rainwater was then
poured over the two permeable pavement models, and the filtered water was also tested
for pollutants. The amounts of pollutants in the samples were compared to the limits
established in Brazil for non-potable purposes (toilet flushing and urinal flushing).

The parameters used in the analysis are those required by the the National Water
Agency (ANA, in Portuguese [69]). All the tests followed the recommendations of the
Standard Methods for the Examination of Water and Wastewater.

There was an increase in the concentration of some pollutants after rainwater infil-
trated the models. The results show that, for non-potable purposes in buildings, infiltrated
rainwater requires additional treatment to be used, as required by ANA [69]. The authors
found that rainwater disinfection should be done before using any additional treatment,
as it nullifies pathogenic microorganisms, algae, and bacteria. The authors indicate that
chlorine and ultraviolet (UV) radiation are treatment options.

Model A (with filtering layer) performed better than model B. The greatest reduc-
tions were noted for faecal coliforms, colour, turbidity, nitrite and total suspended solids.
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The reduction in pH, according to the authors, is due to the construction sand used in
the filtering layer. The average concentration of total suspended solids in the parking lot
runoff was 98 mg/L. This high concentration of pollutants is due to solid materials in the
unpaved area of the parking lot. The models tested had great ability to reduce the total
suspended solids.

Hammes et al. [50] also used another Brazilian standard with quality requirements for
different water sources for comparison with the limits established by ANA. The Brazilian
standard NBR 13969 [70] establishes the following parameters as requirements use in toilet
flushing: (i) turbidity less than 10 NTU and (ii) fecal coliforms less than 500 CFU /100 mL.
These values are less restrictive when compared to ANA [69] and, according to the authors,
rainwater infiltrated by model A is considered adequate for non-potable uses with such
parameters, different from the results obtained by the ANA recommendations. Two other
recent Brazilian standards that also present qualitative requirements for non-potable uses
are NBR 16783 [55] and NBR 15527 [71]. Both standards bring qualitative parameters to be
met, of which NBR 15527 [71] presents less stringent minimum requirements since it deals
with harvest through roofs with a consequent lower generation of pollutants.

Thives et al. [53] also analysed the rainwater quality infiltrated by the permeable
pavement models presented in Section 3.1. The concentration of phosphorus, iron, alu-
minium, zinc, nitrite, chromium and copper increased after the stormwater passed through
the permeable pavement models. The pH also increased after stormwater was filtered
through the layers. Only phosphorus and aluminium exceeded the recommended limits.
Both models were able to filter and reduce ammonia concentrations. No odour or faecal
coliforms were detected in the samples. The authors concluded that it is possible to use
rainwater filtered by permeable asphalt pavements for non-potable purposes in buildings,
provided that additional treatment is used.

Ghisi et al. [49] analysed the quality of stormwater after infiltration in permeable
pavement models with interlocking concrete blocks. The model with a sand layer was
able to reduce the concentrations of faecal coliforms, total suspended solids, biochemical
oxygen demand and total phosphorus concentration. The reductions varied from 42.4%
to 78.8%. On the other hand, the concentrations of biochemical oxygen demand and
total phosphorus increased in the model without a sand layer. The concentrations were
above the recommended limits in the following parameters: total suspended solids, colour,
turbidity and faecal coliforms. The other analysed parameters were in accordance with the
requirements of ANA [69]. The authors concluded that the sand layer used in permeable
pavements made of interlocking concrete blocks can reduce pollutants and improve the
quality of stormwater. The use of this type of pavement showed to be a potential alternative
for rainwater filtration before further treatment for non-potable uses in buildings.

Table 4 presents a summary of the results obtained for stormwater quality in the
selected studies and the minimum quality requirements. Table 4 also presents the require-
ments of the Brazilian standards NBR 16783 and 15527, although they are not the scope of
evaluation within the selected articles.
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Table 4. Qualitative parameters of the selected papers.
Parameters Limit Values Hammes et al. [50] Thives et al. [53] Ghisi et al. [49]
ANA [69] NBR 15527 [71] NBR 16783 [55] CONAMA [72,73] Runoff Model A  Model B Runoff Model A Model B Runoff Model A Model B
E. coli - <200/100 mL <200/100 mL - na na na - - - - - -
Faecal coliforms nd - - - 1020 6.5 352 - - - 1716.5 777.8 1493.6
pH 6.0-9.0 6.0-9.0 6.0-9.0 - 7.6 53 7.4 6.9 7.6 7.6 8 6.7 8.3
Colour <10 HU - - - 144 5 146 - - - 179 172 151
Turbidity <2NTU <5.0uT <5.0uT - 51.7 1.7 23.2 - - - 31.2 26.9 17.9
Odour and aspect nu - - - u nu u - - - nu nu nu
Oil and grease <Img/L - - - 1 na na - - - nd nd nd
BOD <10 mg/L - <20mg/L - 8.2 5 8 - - - 33 0.7 4.7
Nitrate <10 mg/L - - - 0.28 0.52 0.3 - - - 0.33 0.72 0.92
Ammoniacal nitrogen <20 mg/L - - - 0.67 0.8 0.95 0.36 0.2 0.14 0.83 1.12 1.37
Nitrite <Img/L - - - 0.04 0.01 0.06 0.36 0.2 0.14 0.05 0.06 0.12
Total phosphorus <0.1mg/L - - - 0.4 0.31 0.17 0.92 1.26 3.19 0.18 0.08 0.26
Total suspended solids <5mg/L - <2000 mg/L - 98 8 17 - - - 16 6 7
Iron - - - <15.00 - - - 0.54 0.81 2.12 - - -
Aluminium - - - <0.10 - - - 0.05 0.13 0.18 - - -
Zinc - - - <5.00 - - - 0.04 0.08 0.11 - - -
DO - - - <6.00 - - - 6.9 7.6 6.7 - - -
Chromium - - - <20.00 - - - 0.03 0.03 0.07 - - -
Copper - - - <1.00 - - - 0.32 0.3 0.37 - - -
ovC <dL - - - - - - - - - <dL <dL <dL

* OVC stands for organic volatile compounds; dl stands for detection limits; nd stands for not detectable; nu stands for not unpleasant. * NBR 16783 [55] also presents Total Organic Carbon and Free Residual
Chlorine requirements, which were not presented in the studies. na stands for non-applicable. nd stands for not-detectable. nu stands for not-unpleasant/u stands for unpleasant. dL stands for detection limit.

uT stands for units of Turbidity /NTU stands for Nephelometric Turbidity Units/HU stands for Hazen Units.
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In summary, one can conclude that water quality for non-potable purposes in Brazil is
related to only five parameters, which do not include rubber parts of tires, heavy metals,
oil and grease, phosphorus, or nitrogen. However, studies in the literature, including the
papers analysed in this review, show that permeable pavements improve water quality
in these parameters. Regarding heavy metals, studies [74,75] have proven the ability
of permeable pavements to reduce the final concentration. As for rubber parts of tires,
the parameter is indirectly included in turbidity analysis. Further investigations related
to the long-term use of stormwater harvested are indicated to best analyse the effects of
stormwater elements that may lead to premature pathologies in the system.

Another topic of relevance is the ability of pavements to clean the air through nano-particles.
Some studies [76,77] have analysed the use of photo-catalytic elements in permeable pavements,
with the addition of particles of TiO, and ZnO. The possibility to clean the air in urban spaces and
better filtrate the stormwater are some of the benefits aimed with the inclusion of the technology.
Future research on the field should cover the effect of car pollution on stormwater quality and the
analysis of permeable pavements with the presence of these components.

3.3. Potential for Potable Water Savings

Many of the studies developed by UFSC on permeable pavements considered the use of
rainwater infiltrated into the pavement for non-potable uses in buildings, such as toilet flushing,
urinals, outdoor cleaning and garden irrigation. The studies were conducted considering urban
scales (implementation of permeable pavement in urban roads with light traffic) or smaller
scales (implementation of permeable pavement in car parks of buildings). Furthermore, different
types of buildings were considered in the case studies (residential, commercial and public).

For the design of the rainwater reservoir volume and the potential for potable wa-
ter savings, the authors used the computational programme Netuno 4 [56]. Rocha [78]
validated the programme as a tool to assess rainwater harvesting and address the poten-
tial for potable water savings. The main method of Netuno 4 performs simulations on a
deterministic approach on water balance.

For the studies performed under the implementation of permeable pavement in
parking lots, stormwater tank volumes ranged from 9 to 50 m, with the potential for
potable water savings ranging between 18.5% and 82.8%. These studies were carried out in
public buildings (universities and public offices), in which rainwater demands are high
(69.0% to 85.0%), showing great potential for saving potable water. Among the locations
assessed, five of the seven studies evaluating potential for potable water savings were
located only in Florianépolis, the others referring to the city of Glasgow, Scotland, and a
parametric study evaluating eight Brazilian cities, namely Florianépolis, Porto Alegre,
Curitiba, Sdo Paulo, Belo Horizonte, Manaus, Recife and Brasilia. As observed by Martins
Vaz et al. [52], the rainfall directly influences the results and should be considered.

In the studies that considered a macro scale implementation (permeable pavement
in urban public roads of light traffic), the authors considered reservoirs distributed by
communities (neighbourhoods) to decentralise the water treatment and distribution system.
The stormwater reservoirs had a capacity ranging from 500 to 1000 m. The potential for
potable water savings ranged from 19.3% to 75.7%, according to the type of occupation.
The results show that, in the case studies carried out, the stormwater demand of the
buildings was the most influential parameter in the potential for potable water savings.
The savings potential ranged from 19.3% to 34.5% in residential buildings, while commer-
cial and public buildings had higher Figures (70.0% and 75.7%, respectively). It should be
noted that public and commercial buildings have a high demand for non-potable water,
mainly for flushing toilets and urinals, while, in residential buildings, the demand for
non-potable water is lower due to the high consumption of potable water in showers, sinks,
kitchen sinks, and washing machines, among others.

Other parameters also influenced reservoir design and the potential for potable water
savings, such as local rainfall, pavement area (harvesting area) and infiltration rate. Table 5
presents a summary of the parameters used and the results obtained in each study.
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Table 5. Potential for potable water savings and simulations of the selected papers.

Annual Infiltration Rate Reservoir Final Potential for
Paper City . Pavement Type o Type of Use Area (m?) . Non-Potable Potable Water
Rainfall (mm) (%) Capacity (m?) o . o
Uses (%) Savings (%)
Considered only the Residential 194 19.4
Antunes et al. [45] Floriané6polis 1766 permeable coating (modified 85.4 Public 11,044 1000 76.0 75.7
with SBS and tyre rubber) Commercial 70.0 70.0
Model A: CPA, choker
course, filter course, filter 70.1 53
Hammes et al. [50] Florianépolis 1720 blanket, reservoir layer University 5500 45 69.0
Model B: CPA, Fhoker 800 54
course, reservoir layer
. PR 0.90 (runoff . . o
Thives et al. [54] Florianépolis 1607 Impermeable _ Residential 9058 + 10% 1000 20, 30 and 40 19.3t033.4
coefficient)
PR Model B of .
Antunes et al. [46] Florianépolis 1764 Hammes et al. [50] 80.0 Public 5800 50 82.0 69.6
Antunes et al. [47] Glasgow 1032 Model B of 80.0 Residential 28,505 500 37.0 345
Hammes et al. [50]
Model B of 80.0 421
Martins Vaz et al. [51 Florianépoli 1662 Hammes et al. [50] Uni it 1700 20 69.0
artins Vaz et al. [51] orianépolis Model of Acioli [79] 949 niversity . 36
Model of Pinto [80] 88.0 429
Martins Vaz etal. [52] ~ Dight Brazilian - Variableineach 1401 g of Ghisi et al. [49] 88.1 University Variable in six 9 to 24 69,77 and 85 18.4 to 84.8
cities city different buildings
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3.4. Hydraulic and Structural Design

Hammes et al. [50] performed the hydraulic sizing of the reservoir layer of the per-
meable pavement in their study. The thickness was defined based on manuals and stan-
dards [81] that indicate the evaluated parameters such as: the intensity of the design
precipitation, the duration of the design rainfall, the ratio between the drained area and the
area of the permeable pavement, the porosity of the reservoir layer and the specific outlet
flow. As a result, the authors obtained a thickness of 22 cm, with Florianépolis rainfall
data, a return period of five years and a design rainfall duration of 60 min. The drainage
specific outlet flow considerations of Hammes et al. [50] refer to the continuous dissipation
of water, with a constant figure, during the emptying period of the reservoir layer.

Martins Vaz et al. [51] performed the hydraulic sizing with a similar method to that
of Hammes et al. [50]. The authors also evaluated the use of an alternative method of
hydraulic pre-design with the name of the envelope curve method [82]. As a result,
the authors concluded that the method of Hammes et al. [50] generates slightly more
slender thicknesses than the envelope curve method. They also comment on the need to
evaluate the slopes of the pavement so that, in long stretches of slope, water accumulation
does not occur in the lower regions, decreasing the hydraulic storage capacity.

Martins Vaz et al. [52] compared hydraulically the model of Hammes et al. [50] with
the water balance results evaluated through the computational programme Permeable
Design Pro. As a result, they obtained that considering constant specific flow rate is quite
in favour of safety, generating larger thicknesses for the reservoir layer. The drainage
model impacts the design considerations and must be verified in each case. For the authors’
evaluations, in eight different Brazilian cities, the thickness required for water storage was
exceeded by the structural one, i.e., the greater requirements must be met for the pavement
to be effective.

Equations (2) and (3) show the calculation model for Hammes et al. [50], as presented
by Martins Vaz et al. [52]:

L R xi— 1000
Hrc:60><( Xlrl %X )r (2)

where H,. is the reservoir course sized thickness (mm); ¢ is the design rainfall duration
(min); R is the ratio between the total area of catchment to the permeable area (dimension-
less); i is the average maximum intensity of the design rainfall (mm/h); g5 is the constant
specific outlet flow of the pavement (m/h); and 7 is the porosity of the reservoir course

(dimensionless):
iXtX Atot

9 = Aper x TE x 1000° ®)

where g is the constant specific outlet flow of the pavement (m/h); i is the average maxi-
mum intensity of the design rainfall (mm/h); t is the design rainfall duration, considered
equal to 1 h according to Brazilian standards (h); Ao is the total catchment area (m?); A per
is the permeable pavement area (m?); and TE is the necessary time to fully empty the
reservoir course (h).

Antunes et al. [46] sized the reservoir layer of their design by means of the equations
of the Brazilian standard NBR 16416 [83], with a return period of 10 years and design
rainfall duration of 60 min. The return time of 10 years is quoted as the minimum of
NBR 16416, differing from the consideration of Hammes et al. [50]. Equation (4) shows the
calculation model of the Brazilian standard. Antunes et al. [47] sized the layer by means of
the methodology indicated by the American Society of Civil Engineers (ASCE), which is
equal to Equation (2) used by Hammes et al. [50]:

AQ: X R+P— fxT,)

Hmax = ( i s
r

4)
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where Hy;,x is the reservoir course sized thickness (m); AQ. is the excess precipitation
of the total area for a given design rainfall (m); R is the ratio between the contribution
area and the permeable pavement area (A./A,); Ac is the contribution area (m?); Ap is
the permeable pavement area (m?); P is the design rainfall precipitation (m); f is the soil
infiltration rate (m/h); T, is the effective filling time of the reservoir layer, generally equal
to 2 h (h); and V; is the void ratio of the layer (dimensionless).

Similar analysis was performed in all selected works, with small variations in the
calculation approach. The choice of constant specific flow proved to be very favourable to
safety and should be further evaluated to understand the chosen thickness’s effectiveness.
Executive project conditions should also be evaluated, such as the presence of main and
secondary drains and the hydraulic flow of the drainage.

Martins Vaz et al. [52] was the only selected work to address the design calculation
method regarding structural sizing. The authors evaluated the design through two meth-
ods: the American Association of State Highway and Transportation Officials (AASHTO)
and the Brazilian Association of Portland Cement (ABCP). As a result, they concluded
that the AASHTO method can portray more thoroughly the evaluated model, with the
parameter of emptying time of the reservoir layer present in the calculation model. They
also concluded for subgrades CBR values above 15% that the minimum thickness of
10 cm can structurally meet the model, for both methods, in the case study of a parking
lot. The ABCP model does not indicate the presence of additional layers, such as the
choker course, and does not have a parameter for the expulsion of water from the reser-
voir layer, obtaining results similar to the curves of good and optimum drainage of the
AASHTO model.

3.5. Environmental Burden of Systems

Antunes et al. [46] elaborated a method using Life Cycle Assessment (LCA) in order to
assess the environmental sustainability of a permeable pavement system with a rainwater
harvest system for non-potable uses in a building. The authors compared two water supply
and drainage systems. One of the systems consisted of a permeable pavement, in which
rainwater filtered through the pavement was meant to be used for non-potable purposes
in a building. The other system consisted of an impermeable pavement and conventional
water supply.

The LCA performed was divided into four phases: objective and scope, inventory
(LCI), impact assessment (LCIA) and interpretation. The impacts at the different stages of
the systems life cycle were assessed (deployment, operation, maintenance and end-of-life).
The ReCiPe [84] method was used in the impact assessment phase. ReCiPe is a method
for the conversion of life cycle inventories to environmental impact scores in levels of
assessment of midpoint and endpoint [84,85]. Fifteen midpoint categories (global warming,
ozone layer depletion, fine particle formation, acidification, ecotoxicity, mineral and fossil
resource scarcity, among others) were assessed, and these were grouped into endpoint
categories (human health, ecosystem quality and resource scarcity).

Implementation and end-of-life stages were the most significant damages for both
analysed systems. The high impacts observed for the initial and end-of-life effects are
mainly explained by the high consumption of petroleum products (such as asphalt binders
and asphalt membranes). Furthermore, the high consumption of aggregates and the energy
consumed for the extraction, processing of the materials and transportation of the materials
makes these two stages of great impact.

The permeable pavement system showed lower potential for environmental impacts in
fourteen of the fifteen midpoint categories and also lower impact potential in the endpoint
overall approach. Fine particulate formation matter and global warming categories had
the highest environmental impacts for both systems.

In the scenario with permeable pavement and rainwater harvesting, it was concluded
that 87.8% of the potential impacts were generated by permeable pavement, with the re-
maining 12.2% generated by the building’s rainwater harvesting and potable water supply
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systems. The most impacting processes in the life cycle of permeable pavement are: final
disposal (31.0%), aggregates (21.3%), transportation (13.1%) and asphalt binder (11.6%).

In the conventional scenario, it was verified that the conventional pavement, added
to the drainage devices, was responsible for 95.7% of the total impacts generated. Of this
percentage, 51.8% was due to the life cycle of the hot-machined bituminous concrete
(CBUQ, in Portuguese). The process of manufacturing the asphalt coating uses many
oil derivatives, making this process impactful. Transportation (15.4%) and final disposal
(12.4%) also contributed significantly to the potential impacts of the scenario.

Antunes et al. [47] also conducted an LCA study of the use of permeable pavements
with rainwater harvesting, comparing it with an impermeable pavement system and
conventional water supply. However, unlike the Antunes et al. [46] study, the author
considered the use of permeable pavement on a large scale (on light traffic streets and
pavements). The city of Glasgow was chosen as a case study. Large reductions in life cycle
emissions were observed (equivalent emissions of CO,, SO; and PM; 5, among others),
and the proposed system was also shown to be economically viable, with payback equal to
16.9 years. When used on a large scale, the results show permeable pavements’ economic
and environmental viability.

Martins Vaz et al. [51] performed the LCEA and LCCA of a rainwater harvesting
system by means of permeable pavements. The model, similarly to that of [46], used the
permeable asphalt coating and evaluated three layer systems proposed in the Brazilian liter-
ature [50,79,80]. As a result, the authors obtained that the permeable pavement harvesting
system proved to be more economically advantageous when analysed comparatively with
a system composed of impermeable paving. In terms of LCEA, the authors concluded that
the energy benefits by reducing potable water consumption are much lower than the energy
expenses in manufacturing, transportation and construction of the pavement and hydraulic
systems. A comparative model in energy value was not carried out, and the authors only
justified the non-possibility of obtaining a net-zero energy system, as embodied energy
was much higher than the use phase energy. It is recommended to continue the research of
LCA, and its variants, of permeable pavements and their potential to harvest rainwater,
including research of other types of permeable coatings, such as the use of Portland cement
concrete interlocking blocks.

3.6. Clogging, Maintenance and Operational Aspects

Garcia et al. [48] was the only selected paper that mainly evaluated aspects of pave-
ment clogging and durability. The authors’ objective was to evaluate the impacts of
clogging and traffic on the reduction of the communicating voids and the permeability of
permeable asphalt pavements. There is concern about clogging of the voids, leading to a
partial loss of permeable function and pavement efficiency.

The authors found that the intervention for maintenance of the permeability of the
coating should be done annually. The authors evaluated a series of coatings with different
conditions of use and obtained the maximum average time of the first intervention to
12 months. They also evaluated different traffic conditions and compaction values to
assess the effects of time on the void content of the coating and the clogging. In general,
with greater compaction, there was a reduction in the volume of voids until reaching a
minimum level. The increase in compaction or the number of cycles of vehicle traffic after
reaching the minimum level did not cause a reduction in void content.

Antunes et al. [46] indicate the need to vacuum the permeable pavement twice a year,
in order to maintain permeability, a more conservative measure than the one indicated
by Garcia et al. [48]. In addition, the environmental impacts of pavement maintenance
were not great compared to the other steps of the project. Antunes et al. [47] used the
same consideration of two maintenance with vacuum suction per year. Hammes et al. [50]
mention that cleaning by vacuuming the pavement should be done 1 to 4 times per year.
Martins Vaz et al. [51] commented on the need for pavement cleaning and included three
annual cleanings in the LCEA and LCCA they performed.
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All papers state similar periods of maintenance, between 2 and 3 times a year. In ad-
dition, the considerations favour pavement safety and durability, as the Garcia et al. [48]
study states once a year as the minimum period required. All research works emphasised
the difficulty of finding Brazilian companies specialized in cleaning permeable pavements.
Usually, the maintenance recommendations were obtained from international standards
and documents, based on the use of equipment found internationally for cleaning, such
as the vacuum sweeper truck. It is recommended in future work to evaluate the standard
cleaning conditions in Brazil in order to understand the difference that the cleaning mode
exerts on pavement durability.

4. Conclusions

Permeable pavements are widely studied worldwide, and numerous studies have
proven the potential of using the technique to assist urban planning in achieving aspects
of sustainability and resilience to climate change. The possibilities of filtering pollutants,
dissipating urban runoff with lower velocity, reducing road-noise, helping to combat
urban heat islands, among other benefits, are examples of desired characteristics when
implementing permeable pavements in urban roads. This study aimed to analyse the main
topics evaluated at UFSC, in the area of permeable pavements, by reading ten documents
produced in the last six years.

The first two topics evaluated were the quality and quantity of infiltrated water. As for
quantity, the aim was to define the amount of water retained in the pavement by absorption
of the materials or evaporated. This parameter is important because it correlates with the
amount of water received by the drainage, infiltrated into the subgrade or harvested for
reuse, impacting the design and analysis of hydraulic flow. In general, the studies obtained
similar results, ranging between 70 and 88% of infiltration rate including different types
of coating, i.e., Portland cement concrete blocks and asphalt concrete slabs. In general,
estimates above 80% were found, except for works that include the sand layer, which
retained much of the water.

Quality was evaluated to compare the efficiency of the pavements in retaining un-
wanted compounds and the suitability of the qualitative parameters for specific require-
ments of use. Through the reading of the papers, it can be seen that different standards can
be applied to define control parameters, the two most current being Brazilian standards
NBR 15527 and 16783. Both have similar requirements, with 16783 being more rigorous
because it deals with various means of water harvesting in a generic approach. The main
conclusion is that the use of permeable pavement alone is not enough to meet the require-
ments of turbidity, pH and Escherichia coli for non-potable uses. Thus, additional treatments
are needed for use in buildings, as concluded by all the authors evaluated. However,
in general terms, the consensus is that the use of the sand layer can improve many of the
parameters, acting as a pre-filter of the runoff water. It is recommended to maintain the
research on the subject with further investigations about the effects of pavement design on
the final water quality and possible integrations with different types of treatment for final
quality consistent with the proposed use.

After evaluating water quality and quantity parameters, many of the studies focused
on evaluating the potential for potable water savings through the use of stormwater for
non-potable demands. The design conditions vary greatly between the papers evaluated,
with studies on urban streets or parking lot catchments, different building sectors, different
harvesting areas, and desired end uses. The amplitude of input variables makes a single
conclusion about the potential for adopting the technique complex but can provide knowl-
edge about the variability of the figures obtained. Of the seven studies that evaluated the
potential for potable water savings, four focused on parking lots and consequent use in the
nearest building, and three focus on large-scale studies with the application for harvesting
runoff water from urban roads.

One can conclude that the implementation of systems similar to the one proposed
by the authors can supply a large part of the non-potable demand of a building, reaching
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potable water savings of up to 80%. For the residential sector, the non-potable water
end-uses represent a smaller portion of the total water use, resulting in a lower potential
for potable water savings. For other sectors, public, commercial and university, the non-
potable end uses varied between 69 and 85%, which consequently helped in obtaining
greater potential for potable water savings. In general, the large amount of water harvested
can be used for non-potable purposes, and permeable pavements can supply such demand,
provided that the water capture and storage systems are correctly sized.

Regarding the clogging, maintenance and durability of the permeable pavement,
only one of the studies effectively evaluated the conditions. The other studies carried out
literature research to justify the conditions of design, LCA and durability of the proposed
system. The general conclusion is that permeable pavements can maintain the perme-
ability of the system provided that the maintenance and rehabilitation of the coating are
properly scheduled. The maintenance standards converge to two to three times a year,
and rehabilitation is necessary once the pavement presents clogging. In future studies,
it is recommended to evaluate the effectiveness of rehabilitation and assess the impact
of different maintenance methods that are different from the international standards of
vacuum suction, which is a technique rarely found in Brazil.

Three of the selected studies carried out evaluations of LCA, LCEA and LCCA,
with similar scopes. The three papers evaluated rainwater harvesting systems through
permeable pavements and thus considered pavement and hydraulic systems necessary
for an efficient operation. Two of them focused on analysing parking lots at a micro-scale,
while one carried out a larger approach using the system in urban roads, i.e., macro-scale.
The main conclusions of the three works refer to the possibility of obtaining more sus-
tainable and economical systems than the current models of paving, drainage and water
supply, provided they are correctly sized and evaluated. The studies focus on models
with asphalt concrete coating, thus limiting comparisons and suggesting, for future works,
the evaluation of models using permeable interlocking concrete blocks and other types of
permeable coatings. They are also quite limited to the regions of analysis, which can be
better explored in future works with the analysis of different sites.

In general, the state of the art of permeable pavement studies refers to the future
holistic analyses to be carried out in sustainability and resilience models for urban manage-
ment. The possibility of joining functions and guaranteeing benefits through integrated
systems is a tool that should be used to obtain more resilient and prepared cities for climate
change. It is also mentioned that many of the evaluated works have justification based
on climate change and the need to reassess the urban drainage models to diminish the
peak flow. Other benefits, such as traffic noise reduction, runoff reduction and effects on
urban heat islands, were also not incorporated in the selected papers and can, as they
should, be explored by future works of LCA. It is hoped that LCA will serve as a tool for
comparison, incorporating other benefits not considered in the analyses, which, in the
current assessment, already justify environmentally, economically and energetically the
adoption of permeable pavements and rainwater harvesting.
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