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Abstract
Urbanization leads to an increase in impervious area percentage and significantly alters the predevelopment hydrology. 
Bioretention cells are sustainable stormwater management techniques that mimic the natural soil system of an area and help 
in restoring the hydrological balance. Present study involved construction of full-scale bioretention cells and filling them with 
engineered filter media to assess the field performance. The filter media was prepared from coarse sand and topsoil mixed 
with rice straw–derived biochar and maize straw–derived compost. This study addresses the emerging need for effective 
stormwater management in urban areas by evaluating the performance of full-scale bioretention cells. The use of engineered 
filter media derived from rice and maize residues demonstrates innovation in stormwater management, and thus contributing 
to sustainable resource use. The bioretention cells were planted with plant varieties—Thumbergia erecta, Haemelia patens 
and Tabernaemontana divaricata. The bioretention cells were observed for pre- and post-plantation hydraulic conductivity 
and hydrologic performance. Full-scale bioretention cells reported a pre-plantation average hydraulic conductivity between 
118.0 and 324.0 mm/hr. Post-plantation average hydraulic conductivity ranged between 341.6–562.0 mm/hr. The minimum 
and maximum pre-plantation hydraulic conductivity for bioretention cell 1 filled with compost were 112.5 and 136.5 mm/
hr, respectively. The average hydraulic conductivity of 120.5, 211.1 and 241.4 mm/hr were observed for bioretention cells 1, 
3 and 5 respectively. In the case of biochar-filled bioretention cells, the average hydraulic conductivity recorded for various 
rainfall events were 162.3, 175.5 and 190.3 mm/hr for bioretention cells 2, 4 and 6, respectively. Given the design parameters 
adopted for the field-scale bioretention cells, the time to empty based on minimum hydraulic conductivity values was 11 
times faster than the recommended maximum time to empty for the bioretention cells. The volume and peak flow reduction 
of the full-scale bioretention cells ranged between 82.9–90.2% and 86.1–92.3%, respectively. The total contribution of 6 
bioretention cells to the groundwater recharge in three recorded events was 18.2 m3.
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Abbreviations
BOD	� biochemical oxygen demand
IWSZ	� Internal Water Storage Zone

TSS	� total suspended solids
DO	� dissolved oxygen
pH	� potential of hydrogen
EC	� electrical conductivity
Total N	� total nitrogen
Total C	� total carbon
PVC	� polyvinyl chloride
GPS	� Global Positioning System
LID	� low impact development
mm/hr	� millimetre per hour
mg/L	� milligram per litre
m3/s	� cubic meter per second
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Introduction

India has seen rapid urbanization due to the migration of 
people to urban areas. Around 34% of India’s total popula-
tion lives in urban areas, which is expected to double by 
2050 [1]. Urbanization significantly increases the amount 
of stormwater runoff from a site, decreases infiltration and 
groundwater recharge and alters the natural drainage of an 
area [2]. Pollutant-loaded runoff accumulates on catch-
ment surfaces and increased impervious areas prevent the 
stormwater from infiltrating and recharging the groundwa-
ter [3]. The occurrence of extreme weather events include 
droughts and floods resulting from the interaction of 
human and environmental systems [4]. Reducing vulnera-
bility and exposure to present climate variability is the first 
step towards adaptation to future climate change. There is 
a need to adopt sustainable and long-term approaches to 
mitigate the adverse effects of climate change, especially 
on urban hydrology. It demands integrating various storm-
water management practices with the existing urban infra-
structure to overcome the challenges of climate change.

Several Indian cities have witnessed a decline in 
vegetation cover and an increase in impervious areas, 
resulting in generation of substantial volumes of 
stormwater runoff [5–7]. The conventional drainage system 
in India includes constructing drains and channels that 
often carry a mix of wastewater from both domestic and 
industrial sources, along with the stormwater. This dual-
purpose design usually results in the failure of drainage 
network during heavy rainfall events leading to urban flash 
floods. The high sediment load carried by stormwater also 
leads to choking and reduction of the carrying capacity 
of drainage network. There is a need to adopt sustainable 
practices to reduce the load on urban drainage network, 
improve the surrounding aesthetics and contribute to 
groundwater recharge [8]. The adoption of LID (low impact 
development) practices such as bioretention cells emerges 
as a sustainable strategy to address the evolving demands 
of urban stormwater management in India. Ludhiana is one 
of the largest cities in India and was recently included in 
the list of smart cities. Groundwater is the primary source 
of its water supply [9]. However, its water table is falling 
rapidly due to groundwater overdraft and an increase in 
impervious areas. The lack of a proper stormwater drainage 
network often results in flooding in densely populated 
areas of the city during heavy rainfall events. Several 
stormwater management specialists have recognized the 
role of LID practices in stormwater management. LID 
approach is a radically different approach to conventional 
runoff water management. The runoff water generated is 
managed in small, cost-effective landscape features. The 
most popular LID practices include bioretention cells, rain 

gardens, green roofs, rain barrels, cisterns, filters/buffers, 
green streets, infiltration trenches, permeable pavements 
and constructed wetlands [10]. LID can play a significant 
role in making the cities adaptable to changing climate, 
protecting biodiversity and improving the interaction 
between various groups of society through socialization at 
the physically accessible nested network of green spaces 
[11]. LID practices can also be adopted with the existing 
grey infrastructure to provide the benefits of stormwater 
management and prevent the heat island effect [12, 13]. 
The importance of stormwater management also increases 
in the context of changing precipitation extremes, such as 
erratic, uneven and high-intensity rainfall. It would also 
improve local ambience, biodiversity and groundwater 
recharge. There is a strong need for an anthropogenic 
modification of the environment in response to climate and 
weather over time and the development of “sustainable” 
engineering solutions.

Bioretention cells are excavated depressions in the 
ground, which are backfilled with filter media and planted 
with tolerant plant species acclimatized to the local 
conditions [14]. Bioretention cells are typically designed to 
treat, infiltrate and/or store a specific water quality volume 
from an area through filtration, adsorption, sedimentation 
and other natural processes [15]. Mitigation of peak flow and 
reduction of the total volume of runoff have been recognized 
as potential hydrologic benefits of bioretention cells. 
Groundwater recharge has been recognized as a hydrologic 
benefit of bioretention cells. Groundwater recharge can be a 
solution to lowering the water table; however, in industrial 
and commercial areas, the quality of water used for 
groundwater recharge is a major concern [16]. Bioretention 
cells provide a sustainable solution to these issues due to 
the ability to lower pollutant loads through various physical, 
chemical (denitrification, filtration, sedimentation and 
adsorption) and biological processes [17].

In northern India, most of the agricultural residues 
especially paddy and maize are burned, which causes 
large-scale air pollution. India, on an average, produces 
500 million tons (Mt) of crop residue per year, according 
to the Indian Ministry of New and Renewable Energy 
[18]. A majority of the crop residue is used as fodder and 
fuel for domestic and industrial purposes, according to 
the same report. Despite this, 140 Mt of the surplus is left 
each year of which 92 Mt is burnt [18]. There have been 
several attempts to use paddy straw and maize straw for 
filtering wastewater as such as well as by turning them 
into secondary products such as biochar, bioethanol 
and compost [19]. However, their use as filter media in 
field-scale bioretention cells as secondary products has 
not been studied yet. Biochar, derived from rice straw, is 
known for its high porosity and water retention capacity 
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[20]. When incorporated into the filter media, it enhances 
infiltration rates by creating a porous structure that allows 
water to percolate through, reducing surface runoff. This 
is crucial for effective stormwater management. Both bio-
char and compost have adsorption capabilities, which help 
in removing pollutants from stormwater runoff [21–23]. 
The use of agricultural residues, such as rice and maize 
straw, for biochar and compost aligns with principles 
of sustainability. The choice of rice and maize straw 
acknowledges their abundance in northern India, where 
the study was conducted. Using locally available materi-
als enhances the feasibility and cost-effectiveness of the 
engineered filter media, making the stormwater manage-
ment solution more applicable and accessible for wide-
spread adoption. This study would provide an alternative 
use of paddy straw and maize straw as an amendment 
for filter media preparation by turning them into biochar 
and compost, respectively. The research aimed to identify 
the performance of engineered filter media compositions 
suitable for bioretention cells in Indian conditions. The 
study also involved pre and post-plantation comparison 
of the hydraulic conductivity of engineered filter media.

Methodology

This section discusses the materials and methods applied in 
the design, construction and performance evaluation of the 
bioretention cells. The primary work involved the prepara-
tion of engineered filter media and the construction of biore-
tention cells based on actual and simulated runoff events. 
The whole methodology can be represented through a flow-
chart, as depicted in Fig. 1.

General Description of the Site of Installation

The bioretention cells were constructed at the main campus 
of Punjab Agricultural University (PAU), Ludhiana, India 
(Fig. 2). Under the Köppen climate classification, the Ludhi-
ana district can be classified as having a semiarid climate 
with a transitional climate between tropical wet and tropical 
dry. Bioretention cells are usually installed on the periph-
ery of parking lots and roads, most preferably connected 
to the existing drainage network [24]. The present site was 
selected since it had a history of standing water during mon-
soon rains. The bioretention cells were constructed at the 

Fig. 1   Research methodology
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present site to provide relief from water logging, recharge 
the intercepted water and reduce the sediment load of the 
stormwater. The exact Global Positioning System (GPS) 
coordinates giving the location of the bioretention cells lie 
at 30.89 N and 75.80 E.

Construction of Bioretention Cells

The construction of bioretention cells involved excavation 
up to a depth of 1.7 m. Masonry work using bricks and 
cement was done on the sides of each bioretention cell to 
prevent stormwater seepage. A small channel of length 
25 m and width 0.4 m was constructed to collect the 
water from the sides of the road and divert it into the 
cells. The bioretention cells were filled with gravel to 
create a water storage zone and a monofilament nylon 
mesh was placed over the gravel layer. The underdrain 
was installed at 0.8 m depth above the gravel layer with 
perforation facing up. A sample chamber of 60 cm × 150 
cm was provided in each bioretention cell. The design 
details of the constructed bioretention cells have been 
provided in Table 1. Each chamber was split into two 
sections—a sampling chamber and a collection chamber 
for receiving the effluent of the previous bioretention 
cells.

Preparation and Filling of Engineered Soil Mix

Conventionally, bioretention filter media consists of a 
mixture of 20–30% soil, 20–40% organic matter and 
30–60% sand by volume [17, 25, 26]. The constituents of 
an engineered filter media are biochar, compost, coarse 
sand and topsoil [27]. Rice straw–derived biochar and 

maize straw–derived compost were used for preparation of 
filter media. The specific suitability of rice straw biochar 
and maize straw compost for the Indian context lies in their 
availability, physical and chemical properties, including 
particle size, porosity and nutrient content, contributing 
to sustainable stormwater management. These materials 
enhance adsorption, filtration and nutrient removal in 
bioretention cells. Due to higher porosity, the prepared 
filter media effectively maintains the hydraulic conductivity 
for an extended period [28]. Field studies evaluated two 
compositions of engineered filter media containing compost 
and biochar. Composition A had 60% sand, 20% compost 
and 20% topsoil; composition B had 70% sand, 10% biochar 
and 20% topsoil.

The addition of topsoil although has a negative impact 
on hydraulic conductivity; its presence in the filter 

Fig. 2   Location of sites of 
installation of bioretention cells

Table 1   Design details of the bioretention cells

S. no Parameter Value

1 Impervious catchment area (m2) 1000
2 Length of each cell (m) 3
3 Width of each cell (m) 1.5
4 Total depth of each cell (m) 1.7
5 Surface area of bioretention (m2) 4.5
6 Maximum ponding depth (m) 0.5
7 Depth of underdrain (m) 0.8
8 Depth of filter media (m) 0.5
9 Storage volume in ponding zone (m2) 2.25
10 Porosity of gravel, filter media (%) 40, 25
11 Storage volume in the storage zone below 

underdrain (m3)
1.44
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media is essential. It supports the vegetation and holds 
sufficient moisture to aid plant growth in the bioretention 
cell. The inflow runoff from the drainage area is directed 
into each bioretention cell through an inlet. An existing 
drainage channel or a pipe serves as an inlet [29]. For the 
present study, a polyvinyl chloride (PVC) pipe was used 
as an inlet. An outlet for draining the excess runoff is 
provided in all bioretention cells. A 4-inch PVC pipe was 
used to serve as an inlet and outlet. A sample from each 
material (biochar and compost) was taken for laboratory 
analysis and evaluated for the following parameters as 
in Table 2.

Each bioretention cell has three major zone—ponding 
zone, filter media zone and an Internal Water Storage Zone 
(IWSZ). Figure 3 shows the cross-section of a typical 
bioretention facility with an underdrain.

Selection of Plants

The plants play a very important role in keeping the biore-
tention cells functional by preventing the failure of the 
systems due to clogging [30]. Bioretention systems should 
support a range of plant species which increases the overall 
survivability of the plants as the drought-tolerant plants are 
gradually replaced by plants that prefer a wetter environ-
ment. The selection of plants was based on their suitability to 
survive in a wide range of soil moisture conditions expected 
in bioretention cells, ranging from ponded conditions dur-
ing high rainfall events to dry conditions during no rainfall 
periods. Three hardy shrubs—Thunbergia erecta, Hamelia 
patens and Tabernaemontana divaricata were selected for 
planting in the bioretention cells based on their adaptability 
to a range of soil moisture conditions contributing to the 
overall survivability within the bioretention cells (Fig. 4). 
These shrubs expand their roots horizontally and vertically 
which contributes to maintain the hydraulic conductivity of 
the filter media [31].

Water Quality Parameters

The experimental procedures involved measurement of TSS 
concentration in inflow and the outflow stormwater from 
the bioretention cells. All the experiments involving the 
inflow and outflow treated stormwater were conducted as per 
the Standard Methods for Water and Wastewater Analysis 

Table 2   Properties of the materials used in bioretention cells

Parameter Biochar Compost Top soil

EC (dS/m) 11.2 3.56 0.10
pH 10 7.36 7.0
Total N (%) 0.20 0.85 0.12
Total C (%) 8.25 9.09 1.16
C:N ratio 41.2 10.7 9.7
Hydraulic conductivity 779.2 855.9 11.8

Fig. 3   Cross-sectional view of a 
typical bioretention cell
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guidelines [32]. Dissolved oxygen (DO) was measured using 
HI98193 and biochemical oxygen demand (BOD) was calcu-
lated as the difference between the initial and final DO con-
centrations after 5 days of incubation at 20°C. Water quality 
analysis indicating percentage pollutant removal from each 
event was evaluated as the difference between influent and 
effluent concentrations indicated in formula below.

where Ri= percentage removal, Cin is the concentration of 
pollutant in influent (mg/L), Cout is the concentration of pol-
lutant in effluent (mg/L).

Measurement of Hydrologic Response 
of Bioretention Cell

All relevant data was recorded manually during each runoff-
producing rainfall event. The inflow rate and the rate of low-
ering of water level in the ponding zone were recorded for 
each bioretention cell. In the case of high runoff events, the 
runoff after filling IWSZ emerged from the outflow. The rate 
of outflow from underdrain was also recorded till the outflow 
stopped. The inflow and outflow data was recorded regularly 
using bucket-and-stopwatch method [33]. The water level 
in the ponding zone was recorded using a measuring scale 
(Fig. 5). Inflow and outflow rates were measured in litre/sec-
ond, and the hydraulic conductivity was recorded in mm/hr.

The hydrologic response is expressed as the reduction in 
total runoff volume and peak runoff after the installation of 
bioretention cells. After filling to maximum ponding height, 
the behaviour of filter media was also evaluated during vari-
ous recorded runoff-producing events. The measured value 
of the inflow rate into the bioretention cells was used to 
derive the inflow hydrograph. The outflow hydrograph is 
measured at the outlet (underdrain) similarly as the inflow. 
The time lag between of peak of the inflow hydrograph 
and the outflow hydrograph was also noted to represent the 

(1)R
i
=

C
in
− C

out

C
in

× 100%

buffering capacity of the bioretention system. The inflow 
and the outflow data was used to estimate the net volume 
of groundwater recharge during the rainfall events. In each 
bioretention cell, the volume of stormwater recharged was 
estimated from the stormwater inflow volume into ponding 
zone and the outflow volume from the IWSZ. In rainfall 
events where outflow was not observed, the groundwater 
recharge is the net volume of water inflow into the ponding 
zone of the bioretention cell.

Results and Discussions

The bioretention cells have been designed to facili-
tate sequential outflow integration. The outflow 
from each bioretention cell via underdrain collects 
in the collection chamber, from where it is conveyed 
through connecting pipes to the corresponding col-
lection chamber of the subsequent bioretention cell 
(Fig. 6). This ensures a cumulative effect, wherein 
the outflow from each preceding bioretention cell 
contributes to the overall outflow from the succeed-
ing cell in the bioretention train. Consequently, the 
outflow of the first bioretention cell (C1) combines 
with that of the second (C2), third (C3) and subse-
quent cells (4–6) resulting in collection of filtered 
stormwater. This final collected stormwater runoff in 
collection chamber of bioretention cell C6 is the total 
stormwater the urban drainage network is expected to 
handle. In a typical urban bioretention cell scenario 
where the bioretention cells are supplemented by the 
urban drainage network, the final overflow is diverted 
into an existing stormwater drainage network. Alter-
natively, the resultant outflow can be diverted into 
a groundwater recharge structure. The field-scale 
bioretention cells adopted in the present study rep-
resent a bioretention train design. The excess storm-
water is diverted and the final outflow after passing 

Fig. 4   Established plant varie-
ties in the bioretention cells 
(Tabernaemontana divaricata, 
Thunbergia erecta, Hamealia 
patens)
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through a series of bioretention cells can be diverted 
into the existing drainage network or recharged. The 
design is novel and can be adopted alongside roads 
with narrow sidewalks. The full design of the biore-
tention train is shown in Fig. 6.

The surface area of each bioretention cell based on the 
total length of 3 m and width of 1.5 m is 4.5 m2. Given a 
drainage area of 1000 m2 and a runoff coefficient of 0.90, a 

design rainfall (P) of 20 mm will produce a runoff volume 
of 18 m3 in the first flush [34].

The calculations based on the maximum allowable 
ponding depth indicate that a volume of 2.25 m3 can be 
stored in the ponding zone between the upper surface of 
filter media and the maximum allowable ponding height 
of 0.5 m. For the given catchment of area (A) 1000 m2 

(2)First flush volume = C × P × A

Fig. 5   Measurement of the rate of lowering of stormwater in ponding zone

Fig. 6   Plan of the constructed bioretention cells (not to scale)
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and runoff coefficient (C) 0.90, equation 2 can be used to 
calculate the maximum rainfall intensity that can be handled 
by the bioretention cells. If only the storage available in the 
ponding zone is considered, the ponding zones can handle 
all rainfall events of 15 mm or less. A rainfall event with 
a value greater than this should exceed the capacity of the 
bioretention cell. However, the filter media and the IWSZ 
also offer substantial storage in the pore spaces owing to the 
high porosity of the materials—gravel and engineered filter 
media. IWSZ with a total depth of 0.8 m accounts for storage 
of 1.44 m3, considering the porosity of gravel equal to 40%. 
IWSZ is located below the underdrain, so all the runoff 
collected in it is available for infiltration into the native 
soil. With a porosity of 25%, the engineered filter media is 
expected to provide 0.56 m3 of storage. Each bioretention 
cell in its storage zones offered a total storage volume of 
about 4.43 m3. If the maximum available ponding depth of 
0.5 m is considered, the porous layers of bioretention cells 
offered nearly same storage as the surface storage offered 
by the ponding zone. Table 3 provides the distribution of 
storage in different storage elements of bioretention cells. 
The flow from the catchment area goes into 6 bioretention 
cells, and thus the total storage offered in the ponding zone, 
filter media and IWSZ fulfil the design criteria. A total 6 
bioretention cells thus had a storage capacity of 26.59 m3. 
From equation 2, the bioretention cells based on additional 
storage offered by the IWSZ and the filter media could thus 
handle a rainfall event of 29.5 mm.

The time to empty the ponding zone is the ratio of 
the maximum allowable water level (m) in the ponding 
zone and the hydraulic conductivity of the filter media 
(mm/h). The hydraulic conductivity of engineered filter 
media significantly affects the time to completely empty 
the bioretention cells. Based on field data, the average 
hydraulic conductivity of bioretention cells varied between a 
minimum of 118 mm/h and a maximum of 324 mm/h before 
plantation. Time to empty based on maximum hydraulic 
conductivity values (324 mm/h) was calculated as 1.5 h. The 
design guidelines recommend the bioretention cells to empty 
within 24–48 h [35]. Given the design parameters adopted 
for the field-scale bioretention cells, the time to empty based 

on minimum hydraulic conductivity values (118 mm/h) 
was 11 times faster than the recommended maximum time 
to empty (48 h) for bioretention cells. Post-plantation the 
average hydraulic conductivity of the 6 bioretention cells 
varied from a minimum of 330 to a maximum of 1457 
mm/h, reducing the drawdown time substantially. Plantation 
negates the effect of clogging over a period of time and has 
a positive effect on the saturated hydraulic conductivity of 
the engineered filter media.

Hydraulic Performance of Engineered Filter Media

The maximum ponding achieved and the rate of lowering 
of water were recorded during each rainfall event. 
An overflow pipe bypassing the filter media was also 
provided to prevent the overtopping of the structure in case 
where the stormwater inflow exceeds the capacity of the 
ponding zone. The minimum and maximum pre-plantation 
hydraulic conductivity for bioretention cell 1, filled with 
compost, were 112.5 and 136.5 mm/h, respectively. The 
variation of hydraulic conductivity over the observation 
period is shown in Figs. 7, 8, 9, 10, 11 and 12. Bioretention 
cell 3 reported minimum hydraulic conductivity of 174 
mm/h and maximum hydraulic conductivity of 257.5 
mm/h. Similarly, minimum hydraulic conductivity of 198 
mm/h and maximum hydraulic conductivity of 238 mm/h 
was recorded for bioretention cell 5. The average hydraulic 
conductivity of 120.5, 211.1 and 241.4 mm/h were 
observed for bioretention cells 1, 3 and 5 respectively. In 
the case of biochar-filled bioretention cells, the average 
hydraulic conductivity recorded for various rainfall events 
were 162.3, 175.5 and 190.3 mm/h for bioretention cells 
2, 4 and 6, respectively. The maximum and minimum 
hydraulic conductivity for bioretention cell 2 were 116.3 
and 256.7 mm/h, respectively. Bioretention cells 4 and 
6 showed minimum hydraulic conductivity of 142.2 
and 113.2 mm/h and maximum hydraulic conductivity 
of 200 and 212 mm/h, respectively. According to the 

Table 3   Storage offered by different zones of bioretention cells

Storage zone Depth (m) Porosity (%) Water 
storage 
(m3)

Total storage in 
six bioretention 
cells (m3)

Ponding zone 0.5 - 2.25 13.50
Filter media 0.5 25 0.56 3.37
IWSZ 0.8 40 1.44 8.64
Pea gravel 0.1 40 0.18 1.08
Total 1.6 - 4.43 26.59
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results, the drawdown values observed in all bioretention 
cells fall within the ranges reported and suggested in the 
previous studies and existing design manuals [36–38]. 
The observed pre-plantation hydraulic conductivity values 
are consistent with the variability reported in previous 

studies. Field-scale bioretention cells reported hydraulic 
conductivity in the range of 115 to 864 mm/h [39]. Despite 
factors such as compaction and deposition affecting 
hydraulic conductivity, all the values were well above the 
design target hydraulic conductivity of 25 mm/h [40].

Fig. 8   Hydraulic conductivity 
variation in bioretention cell 2 
(PP, post-plantation)
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Fig. 9   Hydraulic conductivity 
variation in bioretention cell 3 
(PP, post-plantation)
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Fig. 10   Hydraulic conductivity 
variation in bioretention cell 4 
(PP, post-plantation)
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Similarly, the time to empty the ponding zone was also 
noted in all bioretention cells. For the recorded rainfall 
events, bioretention cell 1 reported an average 30 to 205 min 
to completely drain ponding depths between 6 and 21 cm in 
the ponding zone. In bioretention cell 2, the average time to 
empty minimum and maximum ponding depths of 2.1 cm and 
25 cm was 10 and 105 min, respectively. An average of 65 and 
110 min were required for bioretention cells 3 and 4 to empty 
their maximum ponding depths of 24 and 30 cm, respectively. 
Bioretention cell 5 took 95 min to empty a maximum ponding 
of 30 cm. In order to empty the ponding depth of 30 cm, 
bioretention cell 6 took a total of 225 min. This is mainly due 
to variations in the hydraulic conductivity on the particular 
dates the ponding depth observations were made. The total 
time to empty the ponding zone of all bioretention cells was 
thus within the design guidelines.

Effect of Plant Establishment on Hydraulic 
Conductivity of Filter Media

Multiple studies have shown that silt builds in bioretention 
media over time and plugs the pores, thereby decreasing 
infiltration rate and porosity [41–43]. Vegetation plays a 
significant role in countering the effects of media clogging 
and maintaining porosity through root turnover. Certain 
plant varieties develop up to six secondary root sets to a 
depth of 0.6 m which counteracts the clogging of pores [44]. 
Bioretention cells 1–6 planted with different shrub varieties 
were observed for any changes in hydraulic conductivity 
post-establishment. A significant reduction in the time to 
empty and a substantial increase in hydraulic conductivity 
was observed in all bioretention cells. Post-plantation with 
Thunbergia erecta bioretention cells 1 and 4 recorded an 

Fig. 11   Hydraulic conductivity 
variation in bioretention cell 5 
(PP, post-plantation)
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Fig. 12   Hydraulic conductivity 
variation in bioretention cell 6 
(PP, post-plantation)
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average hydraulic conductivity of 341.6 and 526.3 mm/h. A 
64.7 and 66.3% increase in the average hydraulic conduc-
tivity was observed post-establishment. Bioretention cells 
3 and 6 after plantation with Hamalia patens observed an 
average hydraulic conductivity of 490.3 and 526.2 mm/h. 
Average hydraulic conductivity in bioretention cells 3 and 6 
increased by 56.9 and 69.8%, respectively after plantation. 
Bioretention cells 2 and 5 post-plantation with Tabernae-
montana divaricata observed an average hydraulic conduc-
tivity of 483.3 and 562.0 mm/h showing an increase of 66.3 
and 56.9%. Hydraulic conductivity values after the estab-
lishment of plants thus showed a positive correlation with 
vegetation growth. Similar results were reported by Paus 
et al. [29]. This is because the growth of the secondary and 
tertiary roots makes the soil porous as compared to soil with 
no plants [45]. Bioretention cells with high initial hydraulic 
conductivities (>200 mm/h) maintained it within guideline 
values even with a 25–50% reduction due to clogging [46]. 
Bioretention cell 1 reported an empty time of 29 min to drain 
maximum storage of 20 cm completely. Post-establishment 
of plants, bioretention cells 2 and 3 recorded a time of 33 
and 22 min to empty a maximum ponding of 30 and 20 cm, 
respectively. The time to empty a maximum ponding of 30 
cm in bioretention cell 4 was 30 min. Similarly, bioreten-
tion cells 5 and 6 in order to completely drain a maximum 
ponding of 25 and 30 cm, took an empty time of 24 and 34 
min, respectively. The improvement in hydraulic conductiv-
ity post-plantation is crucial for maintaining the inflow of 
stormwater and enhancing the overall performance of the 
bioretention cells. The observed changes suggest that the 
selected plant varieties contribute significantly to maintain-
ing the hydraulic conductivity over time. Plants also play 
a significant role in preventing clogging and failure of the 
bioretention systems [47]. Based on the improved values 
of hydraulic conductivity post-plants, it can be concluded 
that the root systems of the Thumbergia erecta, Haemelia 
patens and Tabernaemontana divaricata likely contribute 
to the maintenance of pore spaces in the bioretention cells. 
These results highlight the positive impact of plant-induced 
changes on the overall performance and thus reducing the 
risk of failure in the bioretention cells over time.

Hydrological Analysis

Hydrological analysis involved evaluating the peak flow and 
runoff reduction potential of bioretention cells for different 
rainfall events. The inflow measurement into the bioretention 
cells 1–6 was recorded during various rainfall events. Out of 
the total of 11 recorded rainfall events, outflow measurements 
were made for 3 rainfall events each in 6 bioretention cells. 
All rainfall events were used to evaluate the hydrological 
behaviour of bioretention cells in terms of peak flow 
reduction, volume reduction and groundwater recharge.

The peak outflow from the bioretention cell recorded 
during the rainfall events and the peak inflow rate into 
bioretention cell was used to estimate the peak flow 
reduction achieved by bioretention cell. Outflow was 
observed in bioretention cells 2 and 3 during a rainfall 
event on 31-July and 21-July, respectively. All the outflow 
recordings were observed in bioretention cells 4, 5 and 6 
on 11-August. The peak outflow recorded for bioretention 
cell 2 was 0.22 litres/s against a peak inflow of 1.58 litres/s. 
A peak flow reduction of 86.07% was thus achieved for 
bioretention cell 2. In a study in Australia, peak flow 
reduction of 80% was observed in bioretention cells without 
an IWSZ [48]. A 60 cm IWSZ in three bioretention cells 
were able to achieve a peak flow reduction between 24 and 
96% in a clay soils [49]. Peak flow mitigation of 65% was 
achieved in bioretention cells in Connecticut, USA [17, 49]. 
About 80–90% in reduction in peak runoff was reported in 
Australia [50]. Bioretention cells with IWSZ and built on 
native soil having high infiltration rates reported higher 
volume reduction 96–100% in sandy soil and 75–87% for 
sandy clay loam soils [25]. Water in bioretention cells is 
stored in active storage and IWSZ. Stormwater in IWSZ 
below underdrain depth will remain in storage until all the 
inflow water is infiltrated. Given an underdrain depth of 0.8 
m, a substantial reduction in peak flow was thus observed. 
Higher peak inflows result in greater peak flow reduction due 
to a hydraulics principle known as routing. In a controlled 
outdoor study of four bioretention cells, it was found that 
greater organic content reduced the peak flow more than 
a higher sand content [51]. The hydraulic performance of 
bioretention cells decreases as the rainfall depth and duration 
increase [52]. High intensity rainfall events provide limited 
time to capture stormwater volume in bioretention cells. 
The performance of bioretention cells is best in the case of 
small rainfall events since most of the precipitation events 
are below the design depth of 13 mm or 25 mm rainfall. An 
average rainfall event, for example for a city like the Greater 
Toronto area of Canada is 5 mm [53]. During events with 
1-year design rainfall intensities, peak flow reduction varied 
from 24 to 96% with the best mitigation during events [49]. 
A study by [54] reported that residential rainwater harvesting 
structures resulted in peak flow reduction potentials for 
the sub-basins between 2.7 and 14.3%. Peak inflow rates 
observed during different rainfall events are shown in 
Table 4. Peak flow reductions achieved are given in Table 5.

Groundwater Recharge

The total inflow volume against recorded rainfall events is 
given in Table 6. In each bioretention cell, the volume of 
stormwater recharged was determined by subtracting the net 
volume of stormwater outflow from the net volume of inflow. 
During three recorded rainfall events for bioretention cell 
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1, a total volume of 1787.5 litres (1.79 m3) was recharged. 
Bioretention cell 2 contributed a net volume of 3713.7 litres 
(3.71 m3) to groundwater recharge. Bioretention cell 3 after 
deducting the outflow from underdrain contributed a total 
volume of 3898.5 litres (3.89 m3) to groundwater recharge. 
The contribution of bioretention cell 4, cell 5 and cell 6 
to groundwater recharge was estimated as 3249.0, 2460.0 
and 3091.2 litres, respectively. Thus, the contribution of 
bioretention cells to groundwater recharge is quite evident. 
During the three recorded rainfall events, each bioretention 
cell contributed in the range of a minimum of 297 litres 
(0.29 m3) and a maximum of 1657.5 litres (1.66 m3). During 
the three rainfall events for which inflow–outflow data were 
recorded, the bioretention cells contributed 18196.9 litres 
(18.2 m3) to groundwater recharge. The results establish the 
potential of bioretention cells for ground water recharge. 

A study in semiarid region found that nearly 100% of the 
inflow volume was recharged via bioretention cells [55].

Bioretention cells can reduce peak flow and volume 
depending on the size and permeability of the filter media 
[56]. The total volume of the bioretention cell can be divided 
into ponding volume, filter media volume and the IWSZ 
volume. The total volume of stormwater entering and leav-
ing the bioretention cells during different rainfall events 
was noted to calculate the stormwater volume reduction 
potential. While bioretention cell 2 produced a net outflow 
volume of 258 l against an inflow volume of 1915.5 litres, 
giving a total volume reduction of 86.5%. The total volume 
reduction potential of bioretention cells 3, 4, 5 and 6 was 
found to be 82.9%, 83.7%, 87.9% and 90.2% respectively 
(Table 7). IWSZ, however, plays a crucial role in runoff vol-
ume reduction. Peak flow and stormwater volume reduction, 

Table 4   Peak inflow into 
bioretention cell during different 
recorded events

Event
B. Cell 1

Peak inflow (l/s) Event
B. Cell 2

Peak inflow (l/s) Event
B. Cell 3

Peak inflow (l/s)

17/06/2022 0.96 04/07/2022 1.55 04/07/2022 1.65
30/06/2022 0.29 05/07/2022 0.77 21/07/2022 1.69
23/08/2022 0.64 31/07/2022 1.58 11/08/2022 1.24
Event
B. cell 4

Peak inflow (l/s) Event
B. Cell 5

Peak inflow
(l/s)

Event
B. Cell 6

Peak inflow (l/s)

09/08/2022 1.10 04/07/2022 0.91 04/07/2022 0.99
11/08/2022 1.60 11/08/2022 1.86 11/08/2022 1.95
23/08/2022 0.90 23/08/2022 0.71 23/08/2022 0.75

Table 5   Peak flow reduction observed in bioretention cell

Bioreten-
tion cell

Event Peak inflow (l/s) Peak 
outflow 
(l/s)

Peak flow 
reduction 
(%)

2 31/07/2022 1.58 0.22 86.1
3 21/07/2022 1.69 0.21 87.6
4 11/08/2022 1.60 0.20 87.5
5 11/08/2022 1.86 0.20 89.2
6 11/08/2022 1.95 0.15 92.3

Table 6   Net inflow stormwater volume/ ground water recharge during different rainfall events

Event
B. cell 1

Inflow volume (litres) Event
B. cell 2

Inflow volume (litres) Event
B. cell 3

Inflow volume (litres)

17/06/2022 831.3 04/07/2022 1572.0 04/07/2022 945.0
30/06/2022 488.2 05/07/2022 484.2 21/07/2022 1900.5–324=1576.5
23/06/2022 468.0 31/07/2022 1915–258=1657.5 11/08/2022 1377.0
Event
B. cell 4

Inflow volume (litres) Event
B. cell 5

Inflow volume (litres) Event
B. cell 6

Inflow volume (litres)

09/08/2022 828.0 04/07/2022 603.0 04/07/2022 742.8
11/08/2022 1803–297=1506.0 11/08/2022 1773–213=1560.0 11/08/2022 1728.9–168=1560.9
23/08/2022 912.0 23/08/2022 297.0 23/08/2022 787.5

Table 7   Observed runoff volume reduction potential of bioretention 
cell

Rainfall event Bioreten-
tion cell

VIN (l) VOUT (l) Reduction (%)

31/07/2022 2 1915.0 258 86.5
21/07/2022 3 1900.5 324 82.9
11/08/2022 4 1803.0 297 83.7
11/08/2022 5 1773.0 213 87.9
11/08/2022 6 1728.9 168 90.2
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as observed in this study, plays a pivotal role in reducing the 
load on drainage systems by mitigating the impact of high 
stormwater flow volumes [57]. Runoff volume reduction in 
the range of 50–90% were reported from bioretention facili-
ties [58, 26]. Peak flow and volume reduction greater than 
80% has been reported by different studies [59, 16]. Despite 
low infiltration underlying soils, IWSZ reduced runoff by 
59%, 42% and 36% over the monitoring period [49]. The 
depth of filter media and exfiltration rate are primary factors 
that determine the volume reduction performance of a biore-
tention cell. At full vegetation, a green roof can as much as 
75% of precipitation as compared to 20 to 40% during the 
winter months [60]. Green roofs as a part of LID have also 
been found to reduce runoff volume by 29% in Vancouver, 
55% in Shanghai and 100% in Kelowna [61].

A lag between the time stormwater reaches inflow and the 
time outflow appears from the underdrain was recorded. For 
all the observed events, an average lag time of less than 2 h 
was observed between the inflow and stormwater emerging 
from the outflow. A lag of 45 min was observed between 
the peak inflow and peak outflow from the inflow–outflow 
hydrographs of bioretention cell 2 (Fig. 13 a). Bioreten-
tion cell 3 observed a lag of 70 min between peak inflow 
and peak outflow (Fig. 13 b). In bioretention cells 4 and 5 
for rainfall event on 11/08/2022, a lag of 45 min each was 
observed (Fig. 14 c, d). From the inflow–outflow hydrograph 
of bioretention cell 6 (Fig. 15), a lag time of 30 min was 
observed. The lag time can range from 30 min to 30 h [62]. 
The results suggest that the constructed bioretention cells 
could store and withstand the design rainfall intensity in 

Fig. 13   Inflow vs. outflow hydrographs a bioretention cell 2: 31/07/2022; b bioretention cell 3: 21/07/2022

Fig. 14   Inflow vs. outflow hydrographs c bioretention cell 4:11/08/2022; d bioretention cell 5:11/08/2022
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the ponding and storage zone. In monsoon semiarid climate 
zone in Shaanxi Province of China, a study reported that the 
bioretention cells were quite effective for in reducing peak 
flow and runoff volume by over 75% [63]. A study used 
decentralized hydrological model and observed that biore-
tention cells could achieve urban flooding reduction rate of 
higher than 70% [64]. Due to the increase in hydrostatic 
pressure within the bioretention cells, it was discovered that 

a deeper ponding depth resulted in less peak flow treatment 
and a decrease in lag time [51]. A low capture rate in high 
rainfall events decreases the hydraulic performance of biore-
tention cells [52].

Water Quality Performance of Bioretention Cells

TSS Removal

Water sampling was done on five rainfall events. While 
monitoring the inflow and outflow stormwater from 
bioretention cell 1, an average TSS removal of 87.2% 
was observed. The results also revealed that the mean 
and median outflow concentrations were 156.5 and 155 
mg/L, respectively. Bioretention cell 2 had an average TSS 
removal percentage of 82.9% and the mean TSS of outflow 
was reported 143 m/L. Similarly, bioretention cells 3 and 4 
reported average TSS removal of 82.73 and 83.96% for the 
observation period (Table 8). The mean TSS concentration 
in the outflow of bioretention cells 3 and 4 was 145.5 and 
124 mg/L, respectively. All the field-scale bioretention 
cells reported an average TSS removal rate above 80 % 
which is the recommended removal rate suggested for an 
efficient bioretention facility (Fig. 16, Fig. 17). An average 
TSS removal rate of 82.0 and 85.1% were observed for 
bioretention cell 5 and 6, respectively. Several studies have 

Fig. 15   Inflow vs. outflow hydrographs of bioretention cell 
6:11/08/2022

Table 8   Average TSS removal 
recorded on different rainfall 
events

Bioretention 28-May 17-Jun 20-Jun 30-Jun 04-Jul Average TSS
Removal (%)

Cell 1 87.50 84.88 89.82 83.72 90.10 87.20
Cell 2 79.17 82.20 85.45 85.27 82.41 82.90
Cell 3 83.33 83.25 83.27 81.40 82.41 82.73
Cell 4 84.17 78.53 85.64 85.27 86.17 83.96
Cell 5 80.00 84.29 80.73 80.62 84.63 82.05
Cell 6 87.50 85.34 86.00 81.40 85.06 85.06

Fig. 16   Average TSS removal 
on different dates against vari-
ous inflow TSS concentrations
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reported above 80% TSS removal efficiency of bioretention 
cells [65, 66]. The bioretention cells are usually designed 
to achieve a recommended TSS reduction greater than 80% 
[67]. A study by [36] suggests that hydraulic conductivity 
of bioretention filter media in the range of 50–150 mm/h is 
sufficient for total suspended solids (TSS) and pathogens 
removal. The outflow from bioretention cells 5 and 6 had 
a mean outflow concentration of 149.5 and 137.7 mg/L. 
TSS concentration in the inflow ranged between 322.5 and 
1462.75 mg/L with a mean and median concentration of 
957.0 and 1025 mg/L. The water quality standard for TSS 
for all freshwater streams and tributaries is established 
at 100 mg/L [68]. A varying filter media composition 
and coarse sand resulted in deposits of 65–75% runoff 
sediments in the bioretention cells [69]. The deposition 
may clog the filter media; however, scrapping or raking 
the sediments on top of filter media plays a significant 
role in restoring the hydraulic conductivity. TSS is mainly 
removed by physical filtration that mainly depends on 
the hydraulic conductivity and other properties of filter 
media [70]. Given the purpose, bioretention cells should 
be designed to achieve the targeted hydraulic and water 
quality performance goal within site constraints [48].

Temperature

Thermal pollution is an underrated form of pollution in 
urban areas. When it rains over an urban catchment, the 
stormwater runoff moves as sheet flow over roads, roofs 
and parking lots. As a result of the maximization of the 
contact surface area between the impervious surface and 
the stormwater, sheet flow accelerates heat energy transfer 
[22]. The temperature of stormwater runoff is thus typically 
high especially the first flush. This high temperature runoff 
enters the water bodies, which can harm aquatic life. The 
present study observed the ability of full-scale bioretention 
cells to lower the temperature of inflow stormwater. Mean 
temperature reduction of 2.1, 2.3 and 2.4°C was observed 
for bioretention cells 1, 2 and 3, respectively during the 5 
recorded rainfall events. The outflows from bioretention 
cells 4, 5 and 6 had a mean temperature reduction of 2.3, 
2.4 and 2.2°C respectively (Table 9). These findings are in 
line with results of [71] who on based on monitoring inlet, 
outlet and soil temperatures during natural rainfall events 
observed significant reduction in temperature of outflow 
water from bioretention cells. A total of four bioretention 
cells in western North Carolina reported an average tempera-
ture reduction of 8.8°C. The cooling of inflow stormwater 

Fig. 17   Average TSS removal 
performance of bioretention 
cells
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Table 9   Mean outflow 
temperature during different 
natural rainfall events

Bioretention 28-May 17-Jun 20-Jun 30-Jun 04-Jul Mean tempera-
ture reduction 
(°C)

Cell 1 2.0 2.4 2.1 2.0 1.9 2.1
Cell 2 1.9 2.5 2.4 2.2 2.0 2.3
Cell 3 2.9 2.4 2.3 2.1 2.8 2.4
Cell 4 2.2 2.3 2.4 2.2 2.1 2.3
Cell 5 2.1 2.6 2.4 2.0 2.5 2.4
Cell 6 2.4 2.2 2.5 2.2 2.0 2.2
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occurs during passage through filter media, infiltration and 
heat exchange in the IWSZ [72].

The temperature of inflow during five rainfall events 
ranged between 29 to 31°C. Outflows from bioretention 
cells 1, 2 and 3 had an average temperature of 27.9, 27.8 
and 27.5°C. Bioretention cells 4, 5 and 6 also lowered the 
average inflow temperature from 30°C to 27.8, 27.7 and 
27.8°C respectively. DO values vary from 15 mg/L at 0°C 
to 8 mg/L at 30°C [73]. At temperatures of 20 and 30°C, the 
level of saturated DO is 9.0–7.0 mg/L. Low oxygen in water 
can kill fish and other organisms present in water. Thus, a 
small reduction in temperature of outflow stormwater can 
have a significant effect on the dissolved oxygen in water. 
A minimum outflow temperature of 27.0, 27.1 and 26.1°C 
was observed from bioretention cells 1, 2 and 3 respectively 
on 17-June. On the same date, lowest outflow temperatures 
of 26.1, 26.8 and 26.9°C were observed from bioretention 
cells 4, 5 and 6 respectively.

Dissolved Oxygen

The amount of oxygen present in water in dissolved form is 
referred to as dissolved oxygen (DO). It is an indicator of 
overall health of water. The amount of DO present in water is 
a function of water temperature, salinity and turbulence. DO 

concentrations in surface water varies between 5 and 14.5 
mg O2 per litre [74]. Since the dissolved and temperature 
reading were taken in situ, the values of DO were highly 
temperature dependent. The DO in the inflow stormwater 
runoff ranged between 5.03 to 5.68 mg/L (Table 10). Out-
flow from bioretention cells 1, 2 and 3 observed a mean 
DO of 5.92, 6.76 and 6.71 mg/L respectively. Similarly, 
mean DO concentrations of 6.66, 6.49 and 6.47 mg/L were 
observed in the outflows from bioretention cells 4, 5 and 6 
respectively. Optimum DO values between 4 and 6 mg/l have 
been suggested to support aquatic life [75, 76].

Mean BOD concentration in the outflows from bioretention 
cells 1, 2 and 3 were 1.76, 1.52 and 1.56 mg/L respectively. 
The BOD concentration in the inflow stormwater ranged 
between 2.31 to 3.15 mg/L. Outflows from bioretention cells 
4, 5 and 6 observed mean BOD of 1.52, 1.55 and 1.43 mg/L 
for recorded five natural rainfall events. The BOD of drinking 
water lies between 1 and 2 mg/L. Moderately, clean water 
have BOD in the range of 3–5 mg/L. BOD value of polluted 
waters lies between 6 and 9 mg/L. The high BOD value in 
polluted waters is mainly due to the presence of organic 
wastes. It can be observed from Table 11 that the values of 
BOD reported are well within the reported limits for clean 
water, and thus the water can be released into natural water 
bodies without harming the aquatic life.

Table 10   Average DO 
concentration of inflow and 
outflow from bioretention cells

* O1, O2, O3, O4, O5 and O6 are outflows from bioretention cells 1, 2, 3, 4, 5 and 6, respectively

Sample 28-May 17-Jun 20-Jun 30-Jun 04-Jul Mean 
DO 
(mg/L)

Inflow 5.03 5.68 5.59 5.42 5.55 5.45
O1 6.36 4.56 6.77 5.77 6.12 5.92
O2 6.96 6.52 7.18 6.05 7.10 6.76
O3 6.80 6.01 7.20 5.85 7.70 6.71
O4 6.94 6.08 7.22 6.15 6.92 6.66
O5 6.68 5.77 7.20 5.76 7.04 6.49
O6 7.03 5.85 7.11 5.54 6.82 6.47

Table 11   Mean BOD 
concentration in outflow vs. 
inflow

* O1, O2, O3, O4, O5 and O6 are outflows from bioretention cells 1, 2, 3, 4, 5 and 6, respectively

Bioretention 28-May 17-Jun 20-Jun 30-Jun 04-Jul Mean 
BOD 
(mg/L)

Inflow 2.60 2.56 2.38 2.31 3.15 2.60
O1 1.50 1.72 1.91 1.86 1.80 1.76
O2 1.72 1.31 1.38 1.94 1.27 1.52
O3 1.69 1.50 1.67 1.14 1.78 1.56
O4 1.69 1.41 1.45 1.41 1.64 1.52
O5 1.44 1.57 1.38 1.84 1.52 1.55
O6 1.38 1.48 1.40 1.56 1.32 1.43
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pH of Inflow and Outflow Water

Inflow stormwater had a pH in the range of 6.6 to 7.2, 
indicating that it was slightly acidic to nearly neutral. 
Stormwater runoff passing through engineered filter media 
had little or no effect on effluent pH. After passage through 
engineered filter media, slightly acidic solutions became 
neutral or slightly basic in nature. The stormwater entering 
the ponding zone of the bioretention cells had pH in the 
range of 6.6 to 7.2. After passage through engineered filter 
media, the stormwater runoff outflow from bioretention 
cell 1 had pH in the range of 6.9–7.1. The average pH 
of the stormwater outflow from bioretention cell 1 was 
7.1. The outflows from bioretention cells 2 and 3 had an 
average outflow pH of 7.4 and 7.1, respectively. Similarly, 
bioretention cells 4 and 5 had average outflow pH of 7.2 and 
7.0, respectively. Bioretention cell 6 observed an average 
outflow pH of 7.2. The results indicated that the sand filter 
basin did not alter significantly the pH of the stormwater 
(p > 0.05 in both tests). The average inflow pH into the 
bioretention cells on different dates is 7.0 ± 0.26. The 
average value of outflow pH on different dates are 7.1 ± 
0.14, 7.4±0.56, 7.1±0.15,7.2±0.23, 7.0±0.07 and 7.2± 
0.18 for bioretention cells 1, 2, 3, 4, 5 and 6 respectively. 
The average inflow vs outflow pH values from different 
bioretention cells is given in Table 12. The range of pH 
achieved in the outflow is consistent with the typical pH 
values of stormwater obtained in other studies [77].

Conclusions

Indian cities have experienced rapid population growth and 
increase in impervious area in the last few decades. Due 
to faulty and insufficient drainage network/capacity, the 
frequency of urban flash flood has increased significantly. 
Integrating bioretention cells in the urban drainage network 
will reduce the load on urban drainage network, prevent 
choking due to suspended solids, increase groundwater 
recharge and reduces the incidences of urban floods. The 
engineered filter media and plant establishment contribute 
to efficient drainage, mitigating the risk of flooding during 

heavy rainfall events in Indian urban areas. One significant 
contribution of bioretention cells to urban stormwater 
management is the reduction of peak flow. The property 
of reducing the peak flow decreases the frequency and 
chances of occurrence of flash floods. The data on field-scale 
bioretention cells reveal an average peak flow reduction 
between 86.1 and 92.3% was observed in the bioretention 
cells. Another essential hydrological benefit associated 
with adopting bioretention cells is stormwater volume 
reduction. Based on the inflow and the corresponding 
outflow hydrographs, it was found that the bioretention cells 
can results in 82.95–90.28% stormwater volume reduction. 
The peak flow and volume reductions achieved surpass the 
stormwater management goals. Implementing bioretention 
cells can significantly reduce the impact of stormwater 
runoff, minimizing the strain on existing drainage 
systems and mitigating the risk of urban flooding. All the 
bioretention cells performed exceedingly well, allowing the 
stormwater to infiltrate the native soil. The total contribution 
of 6 bioretention cells to the groundwater recharge in three 
recorded events was 18.2 m3. In Indian urban areas, where 
groundwater depletion is a concern, bioretention cells 
can play a vital role in replenishing aquifers, supporting 
sustainable water resource management. The TSS removal 
percentage ranged between 82.0 to 87.2%. The findings 
suggest that adopting bioretention cells with engineered 
filter media and appropriate vegetation can be a viable and 
effective stormwater management strategy in Indian urban 
areas. In future, there is a need to investigate the long-term 
performance and sustainability of vegetated bioretention 
cells in varied Indian climatic conditions. Integrating the 
bioretention cells with existing drainage systems to optimize 
stormwater management also needs to be explored. It is 
essential to investigate the economic viability and scalability 
of introducing bioretention cells in densely populated urban 
areas, while actively involving local governing bodies.
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Table 12   Inflow vs. outflow pH 
values during different dates

Bioretention 28-May 17-Jun 20-Jun 30-Jun 04-Jul Average pH

Inflow 6.6 7.2 7.2 7.0 6.9 7.0
Cell 1 7.0 7.0 7.2 6.9 7.2 7.1
Cell 2 8.4 7.2 7.4 6.9 7.1 7.4
Cell 3 7.2 7.1 7.1 7.1 6.8 7.1
Cell 4 7.3 7.6 7.1 7.0 7.3 7.2
Cell 5 7.1 7.1 7.0 7.0 7.0 7.0
Cell 6 7.2 7.5 7.2 7.2 7.0 7.2
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