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Abstract
The wastewater treatment study was conducted as a part of the efforts initiated by the
UAE government for combating water shortage in the country by adopting the strategy
of water conservation and reuse. This study investigated the performance of two water
sensitive urban design systems, the Permeable Pavement and the Bioretention System,
in improving the wastewater quality from fish tanks. Conventionally, these systems
are used for storm water treatment but as UAE is situated in an arid climatic zone and
experiences minimal rainfall, the two systems in undertaken study have been used in
treatment of wastewater to gage their performance abilities. Field scale Bioretention
and Permeable Pavement units were constructed at the Falaj Hazza campus of the UAE
University. Wastewater from fish tanks was supplied to these units from the existing
fish tanks in the Aquaculture Research Center, located in close proximity to these
units. During the study, a number of physical and chemical water quality parameters
were monitored, including pH, conductivity, salinity, total nitrogen, total phosphorus,
total organic carbon, chemical oxygen demand, and heavy metals (lead and
chromium). The outcomes of the study have delineated the performance capabilities
of both systems in treating the wastewater from the fish tanks and have also provided
an insight into the systems’ mechanics which could be addressed to enhance these
capabilities of both systems. Bioretention System was able to remove phosphate,
chemical oxygen demand, turbidity, and oxidation reduction potential from the
influent water, whereas Permeable Pavement System was very effective in removing
lead and reducing salinity of fish tank wastewater.

Keywords: Water Sensitive Urban Design, wastewater treatment, Bioretention
System, Permeable Pavement System
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)Title and Abstract (in Arabic

دراسة ميدانية حول معالجة مياه الصرف الصحة باستخدام انظمة الــ( )Bioretentionو الرصيف
صرف )(Permeable Pavement
ال ُم ّ
المخلص

أجريت دراسة معالجة مياه الصرف الصحي كجزء من الجهود التي بدأتها حكومة دولة
االمارات العربية المتحدة لمكافحة نقص المياه في الدولة من خالل تبني استراتيجية للحفاظ على
المياه وإعادة استخدامها .وقد حققت هذه الدراسة في أداء نظامين لتصميم المناطق الحضرية
الحساسة للمياه في تحسين نوعية مياه الصرف الصحي المأخوذة من أحواض األسماك ،هذه
 (Bioretentionو نظام الـ ) (Permeable Pavementاألنظمة هي نفاذية الرصيف
تستخدم هذه االنظمة في العادة لمعالجة مياه األمطار ،و لكن نظرا ألن دولة System).
االمارات تقع في منطقة مناخية قاحلة ذات معدل هطول أمطار صغير جدا ،فقد استخدمت هذه
األنظمة في دراسة لمعالجة مياه الصرف الصحي و مراقبة أدائها و قدراتها .ومن خالل
الدراسة ،تم رصد عدد من الخواص الفيزيائية والكيميائية لنوعية المياه .شملت هذه الخواص
النيتروجين  (Salinity)،الملوحة  (Conductivity)،الموصلية  (pH)،درجة الحموضة
الكربون العضوي الكلي  (Total Phosphorus)،الفسفور الكلي  (Total Nitrogen)،الكلي
 (Chemical Oxygenالحاجة لألكسجين الكيميائي (Total Organic Carbon)،
 (Bioretentionوتم تشييد وحدات  (Lead Chromium &).و المعادن الثقيلة Demand)،
في مجمع فلج هزاع التابع لجامعة ) (Permeable Pavementونفاذية الرصيف )System
االمارات العربية المتحدة .تم تزويد مياه الصرف الصحي المستخدمة في هذه الوحدات من
أحواض األسماك التابعة لمركز أبحاث الحياة المائية والذي يقع بالقرب من الوحدات .و قد
حددت نتائج هذه الدراسة قدرات أداء ِكال النظامين في معالجة مياه الصرف الصحي المأخوذة
من خزانات أحواض تربية األسماك ،كما وفرت نظرة عن قرب آلليات عمل هذه األنظمة والتي
كان قادرا على إزلة الفوسفات ،الطلب )(Bioretentionستمكننا من تعزيز قدراتها .نظام الـ
و تقليل األكسدة المحتملة للمياه ،في  (Turbidity)،على األوكسجين الكيميائي ،تعكر المياه
كان فعاال في إزالة الرصاص ) (Permeable Pavementحين أن نظام نفاذية الرصيف
.وتقليل ملوحة المياه المأخوذة من خزانات تربية األسماك )(Lead
مفاهيم البحث الرئيسية :نظام لتصميم المناطق الحضرية الحساسة للمياه ،معالجة مياه الصرف
 (Permeable Pavement).نظام نفاذية الرصيف  (Bioretention)،الصحي ،نظام الـ
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Chapter 1: Introduction

The importance of water cannot be highlighted enough in the arid and semi-arid
regions of the world. UAE is one such country where water resources are scarce and
the quality of water is deteriorating fast, to the extent that it is affecting the living of
the inhabitants of the country. This insufficiency of water, according to [1] can pose a
serious threat to the socioeconomic growth of the country keeping in view the rapid
increase in population. The population rise is expected to be more than 3 million by
2030 according to [2] and the present tourism which is around 1.8 million visitors per
year is estimated to increase to almost 8 million. According to estimates, UAE water
consumption is more than double of the global national average and it is the second
largest producer of desalinated water which means that it utilizes 10 times more energy
for carrying out the desalination of sea water compared to fresh water [3]. All these
factors combined underline the significance of the reuse of waste water. At present the
wastewater collection is limited to tertiary level and only 45 % of this wastewater is
being reused while the rest is being discharged into the environment [4]. Water
recycling is seen as one of the major solutions for meeting this ever-increasing water
demand in the country and is also an integral part of ‘the water resources management
strategy’[5].
1.1 Statement of Problem
UAE’s average water consumption per person is about 550 l while the international
average is 170-300 l of water per day, according to estimates provided by Federal
Electricity and Water Authority [6]. Out of this consumption, 98.8% of potable water
comes from desalination and only 1.2% from groundwater sources. Desalination of
seawater on such a large scale requires gigantic amount of energy, which in turn comes
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from burning of extraordinary amounts of hydrocarbons. This has resulted into UAE’s
carbon footprint as one of the highest in the world. In order to mitigate the water
problem in UAE, while still meeting the demands of the growing population,
wastewater treatment/recycling can prove to be very effective, since water
consumption has a direct relationship to wastewater production. Thus, treatment of
wastewater for making it potable, will lessen the dependence of country on
desalination.
1.2 Purpose of Study
The purpose of this study was to test the field performance of two water sensitive urban
designs systems: Bioretention and Permeable Pavement, in treating a nonconventional water source. Generally, both these systems are a part of storm water
management plans but since, rainfall is scarce in this part of the world, these two
systems were used to study their performance with wastewater from fish tanks. [7, 8]
tested the potential of these two systems in treating greywater under laboratory
conditions and showed promising results. This study was conducted under field
conditions with fish tank waste water and both systems were tested for different water
treatment parameters.
1.3 Scope of the Study
The increasing water demand of the country and limited availability of natural water
resources has led the UAE government into formulating a water policy 2014-2018
which is based on the principles of reduction in water consumption and effective water
conservation and management [9]. Taking that into consideration, this study was
planned as a wastewater treatment project to evaluate the performance of Bioretention
System and Permeable Pavement System as an alternative to conventional ways of
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treating wastewater. Both systems are a part of Water Sensitive Urban Design
(WSUD) system and are conventionally used in storm water management. This study
has attempted to evaluate the field performance of these systems in treatment of fish
tank wastewater, since UAE does not experience any significant amount of rainfall
throughout the year and the lab prototypes of these systems showed promising results
with greywater treatment by [7, 8].
1.4 Objectives of Study
The purpose of this study was to determine the field performance efficiency of
Bioretention System and Permeable Pavement System and provide a comparison
between the two systems in terms of efficiency and effectiveness. Moreover, the results
of the experiment have provided an insight into the vegetative Bioretention and
Permeable Pavement system with underlying reservoir systems in treatment of fish
tank wastewater also highlighting the limitations of the study and measures which can
be taken to improve the overall design of both system for field efficacy. Specific
objectives of this research were to:
a)

Estimate changes in the fish tank wastewater quality through a vegetative
biofiltration system in field conditions

b) Estimate changes in the fish tank wastewater quality when stored in a base course
aggregates of a permeable pavement system located in a field setup
c) Develop criteria for designing biofiltration and permeable pavement systems in
order to treat and reuse the aquaculture wastewater.
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Chapter 2: Literature Review

High paced development accompanied with population growth and strategies of
greening UAE have led to a huge water demand in the country. To add to the water
issue is the geographical location of the UAE on the map which places it in an
extremely hot and arid region with extreme summer temperatures and scarce rainfall.
Natural water resources are negligible, in form of ground water, and surface runoff and
other sources include desalinated water and recycled water. Groundwater is majorly
used for irrigation and domestic home supply of water is met by desalination of sea
water. 96% of this domestic consumption of the country is fulfilled by 70 desalination
plants in the country according to Ministry of Climate Change and Environment [10].
Such surplus amount of sea water desalination is neither cost effective, nor climate
friendly. The process of desalinization requires immense energy for running the plant
and at the same time it also pollutes and sea water with by-products. To counter the
adverse effects of desalinization, and addressing the shortage of water, a lot of research
is being done in this regard in the country. One very important aspect of finding a
solution to stated problem is by treating waste water. This is an area where a lot of
scientific research is being done in various parts of the world.
This chapter will discuss waste water treatment techniques in light of various studies
with emphasis on Water Sensitive Urban Design (WSUD) systems, and focusing on
methods of treating waste water from fish tanks and aquafarms, which will help in
comprehension of the experimental part of this study.
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2.1 Wastewater
In a general sense waste water is used, unclean or polluted water which if disposed
into the environment directly can cause damage and hence requires to be treated [11]
prior to disposal. This waste water can be sewage water, grey water, storm water, fish
tank water or industrial water. The composition of all these types of waste water varies
and therefore, also the means of treatment. The method of treating waste water is
closely related to its constituents.
In this study, our main focus was the use of two WSUD systems: vegetative
Bioretention System and Permeable Pavement System, to treat water from fish tanks
of aquaponics. Conventional methods of fish-tank water treatment along with the two
WSUD processes used in the study are discussed below in light of former research
work.
2.2 Fish-tank Wastewater
A number of methods are in practice for treatment. The common ones include
expandable granular biofilters (EGBs), wetlands and reverse osmosis [12].

2.2.1 Expandable Granular Biofilters (EGBs)
The EGBs are also known as ‘Beads’. The floating plastic bead media packs into a bed
that both, captures solids and breaks down wastes biologically. Water passes through
a bed of granular material which does not allow the medium sized particles to go
through due to spaces in the bed. This filter eventually clogs with the impurities and is
backwashed by reversing the flow of water through the filter [13].
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2.2.2 Wetlands
Wetlands are one of the most popular ways of treating wastewater. They are able to
clean the wastewater by biotic processes (nitrification/denitrification, vegetation
absorption), as well as by abiotic processes such as sedimentation, precipitation and
substrate absorption etc. [12, 14]. Wetlands are believed to be a part of return activated
sludge (RAS) where the waste water is treated via wetlands before releasing it in the
environment. Figure 1 shows a schematic view of a typical wetland used in RAS.

Figure 1: Artificial Wetland in a RAS
[12, 14]
Artificial or manmade wetlands provide an economically feasible option for
wastewater treatment of domestic greywater, sewage, industrial and agricultural waste,
leachate from landfills and storm water. The structure of these wetlands comprise
halophytic plants planted over a layer of a gravel sized particle to enhance porosity.
Horizontal flow of pretreated water in the subsurface is ensured in the design of the
wetland, as it enters from one end of the system and percolates below to the filtration
level, ultimately reaching the outlet [15]. Meanwhile, in the system, the wastewater is
subjected to processes of sedimentation, precipitation, and volatilization, adsorption to
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soil particles, plant uptake and microbial degradation. Plants in the system do not only
provide uptake but also provide growing surfaces for the development of microbial
biofilms. Due to profound penetration of plants roots reaching the deepest part of the
treatment system along with openings created due to the decaying of older roots, the
system facilitates the essential oxygen and carbon supply required for nitrification and
denitrification, respectively [16].

2.2.3 Reverse Osmosis
The Reverse Osmosis (RO) is one of the most sophisticated techniques available for
wastewater treatment, but it requires a considerable amount of energy to run the system
[17]. General applications of RO is related to purifying brackish/saline water
(seawater) or industrial water to drinkable water [18]. Wind and solar energy is used
to run the RO for wastewater from fish tanks. The fish wastewater is made to pass
through the RO membrane that separates fresh water and brine (concentrated
wastewater). The fresh water is re-circulated to the fish tank while the brine is sent
back to storage tank for further processing. When large amount of brine is collected
it is sent to a bioretention plant such as to a duckweed pond for further treatment and
reuse. Figure 2 shows a typical layout of RO system used in aquaculture farm.
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Figure 2: A typical Wind Driven RO Plant for fish tank wastewater treatment
[17]
2.3 Water Sensitive Urban Design (WSUD)
WSUD is an approach that targets to combine effective management of storm water
with urban planning and design (water sensitive urban design). It takes into account
the physical relationship between the manmade structures and urban water cycle to
address water conservation and pollution reduction in waste and storm water [19]. The
treatment of storm water under WSUD is carried out by two systems: Bioretention
System and Permeable pavement system [20]. Both systems offer to reduce the urban
flow in times of rainfall by allowing water to percolate through the paving layer in
case of permeable pavement and, soil in the Bioretention system. [7, 21] showed
improvement in storm water quality in both systems after storage in these systems for
some time. In this study, we have attempted to evaluate the performance of both
systems in improving water quality from fish tanks.
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2.3.1 Bioretention System
Bioretention system, also known as ‘biovegetative system’, ‘raingarden’ or
‘biofilteration system’, has been a part of best management practices (BMP) for storm
water runoff since late eighteenth century [22, 23], which was then derived from the
analogous concept of sewage treatment using natural processes involving soil and
plants to filter and biodegrade the pollutants in wastewater.
Design
A typical biovegetative system comprises of a depression/pond accompanied by
vegetation at the top and underlain by a highly permeable layer which allows fast
infiltration of storm water into the subsurface [24]. The surface vegetation serves
multi-purpose of beautifying the place as well as providing ecological benefits and
enhancing the performance of the system [25]. Plants in the system help to increase
the infiltration of water by enhancing top layer permeability via roots and
simultaneously treat the water by up taking the organic matter and biodegrading the
pollutants with the help of microorganisms present in the root [26] describes the
physical design of a Bioretention System which incorporates 0.7-1 m of
sand/soil/organic matter mixture with high porosity overlain with a thin layer of mulch
[27]. Several types of shrubs, grasses and small trees are planted within the physical
space of the system for effective evapotranspiration, maintaining porosity, boosting
bacterial action and perhaps stimulate the uptake of contaminants. Figure 3 shows a
figurative diagram of a Bioretention System.
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Figure 3: A figurative diagram of Bioretention System
(http://www.susdrain.org/delivering-suds/using-suds/sudscomponents/filtration/filtration.html Accessed on 13/07/2017)
Performance
The efficiency of a Bioretention System depends on the amount and quality of influent
[24], climate of area [28] and the system design [29, 30]. Comparison of BMPs can be
confusing as system proficiency is dependent on multiple factors as stated. Generally,
the pollutant deduction ratio is less in a BMP system such as a Bioretention system, if
the incoming untreated storm wastewater quality is relatively good [22] but it can be
misinterpreted as unsatisfactory performance of the system. To counter this concern,
[31] proposed an event based approach where the influent and effluent are comparable
per storm episode and same parameters are measured for both each time.
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Another limitation in Bioretention System performance evaluation is that most
available studies are laboratory based [32] and they have used synthesized storm water
for testing. The results of these lab studies show significant deduction in sediments,
heavy metals and phosphorus but no noteworthy reduction in total nitrogen and
nitrates. Some field studies done by [33, 34] depict high runoff preservation with
effective removal of total suspended solids, phosphorous and heavy metals.
Nutrient removal in biofilters has been widely discussed in literature with main focus
on phosphate and total nitrogen concentration in the incoming storm water and
Bioretention System infiltrate. [35, 36] have accounted for 70-85% removal in
phosphorus concentration from storm water drainage in biofilters. Nitrogen removal
efficiency has been more differentiated compared to phosphorus in the literature. The
TN reduction and addition variation in performance level of Bioretention System can
be gaged from TN removal capacities of up to 60-80 % in [37, 38], and TN net leaching
to up to 100-240 % [39, 40].

2.3.2 Permeable Pavement
Permeable pavement is another type of WUSD and like Bioretention system, is also
used for filtering urban runoff through permeable car parking space built in the ground.
It is classically designed to accumulate, treat and discharge treated storm water into
ground water recharge [41] but in arid climates, where rainfall and runoff are not
abundant water sources, its application is limited. In their recent studies [7] have
shown the effectiveness of permeable pavement treating domestic greywater.
Design
Classically, a permeable pavement consists of layers of varying materials in which the
top most surface layer is made of the porous and permeable concrete, underlain by a
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sheet of crushed rock aggregates, followed by coarser particles layer known as base
course. If the ultimate goal does not include the treated water to become a part of
ground water, the base course aggregates are lined with an impermeable coating to
store the water and add a reservoir aspect to the system [42]. Figure 4 shows a typical
permeable pavement cross section.

Figure 4: Permeable Pavement cross-section
(http://depts.washington.edu/pactrans/pactrans-researchers-works-on-recyclin/g-scrap-fiberinto-permeable-pavements-sponsored-by-boeing/ Accessed on 15/08/2017)

Although this system is known to execute good results in storm water treatment, there
is a concern of clogging with time which is of particular importance as it has an adverse
impact on the life of system [43]. [44-47] studies have emphasized on continuous
maintenance of the top layers of permeable pavement system which are more prone to
clogging, in order to obtain maximum output from the system. A good design for the
system is a combination of mechanical and hydrological characteristics [43].
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Performance
The processes of mechanical filtration, sorption, biological activity [48], nutrient
transitions and organic material degradation [49] are the main forms treatment
mechanisms in a Permeable Pavement System.
[50] conducted their study with Permeable Pavement System and collected samples
from 30 rain events and evaluated the results showing a decrease in suspended solids
by 64%. Studies have shown that Permeable Pavement System is good in reducing
total suspended solids and nitrogen if at the bottom it is connected to a vegetated
underdrain which helps in denitrification and plant uptake of nitrogen and suspended
solids [41]. In addition, the system also has known to exhibit good reduction levels for
heavy metals such as lead, around 79% [50], cadmium and lead 99%, copper 98% and
zinc 94-96% [51].
In another study [52] evaluated the abilities of lab and field based Permeable Pavement
system and concluded that field setup clogs much faster than the laboratory and also
represented a reduction in total suspended solids by around 72%-100.
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Chapter 3: Methodology
3.1 Background
Different aspects of the project were dealt with separately and this chapter will discuss
in detail how assessment on water from fish tanks was carried out for both field setups:
Bioretention and Permeable pavement. The field setup was completed in almost 60
days and the experimental part was conducted from June 2016 to March 2017. There
were also certain limitations in the experimental part related to construction of the field
setup, sample collection and testing of samples for heavy metals which will be pointed
out later in the chapter.
The field setup was used to test several water quality parameters which provided a
justification for the performance of both systems. A portable multi-parameter water
quality meter (Horiba U-50) was used to monitor the parameters including pH,
turbidity, electrical conductivity (EC), salinity, and oxidation reduction potential
(ORP). The measurements with made in three phases: Phase 1 started from 31st May
2016 to 5th July 2016 and during this time measurements were made on every 5th day,
Phase 2 initiated on 27th Oct 2016 and went on until 17th Nov 2016 with measurements
made at the interval of 6 days and phase 3 commenced on 7th March 2017 and
continued until 1st April 2017, with a measurement interval of 7 days. Hydraulic
conductivity was measured in Phase 1 and 2.
Grab samples were collected from the monitoring wells of both systems to test for
chemical oxygen demand (COD), total organic carbon (TOC), total nitrogen (TN),
total phosphorus (TP) and two heavy metals (lead (Pb) and chromium (Cr) in two
phases: phase 2 and 3 as stated above, by using chemicals and DR 3900 Laboratory
VIS Spectrometer which are discussed in the following sections of this chapter. (For
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the ease of understanding phase 2 and 3 are referred to as phase 1 and phase 2 for lab
tested parameters in following sections).
3.2 Field Experimental Setup
A field arrangement for permeable pavement and bioretention systems was set up in
the Falaj Hazza campus of the UAEU, in close proximity to the Aquaculture Research
Center, Figure 5. Figure 6 shows the schematic plan of their arrangement inside the
Falaj Hazza campus. Both units were designed and constructed to take up the area of
a normal car parking space with dimensions of 4.57 m ×2.74 m.

The

fish

tank

waste water was connected to the systems through a pipe attached to an electric pump.

Figure 5: Field outlook of fish tank wastewater, Permeable Pavement System and
Bioretention System

Figure 6: Field design of Bioretention System and Permeable Pavement System
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3.2.1 Wastewater from Fish Tanks
The source of wastewater for this study was from fish tanks in the Aquaculture
Research Centre of UAEU, which was close to our constructed Bioretention and
Permeable Pavement Systems. Figure 7 shows the fish tank with wastewater which
contained fish from the Aquaculture Research Centre.

Figure 7: Fish tank, source of wastewater for the study
3.2.2 Vegetative Biofiltration System
The vegetative Bioretention System consisted of locally available fine sand, 0.0754.75mm, top layer with thickness 600 mm, underlain by 120 mm thick transition layer
of coarse sand and 80 mm thick bottom layer comprising of gravel of size 2-5 mm. A
locally available plant (Pennisteum Setaceum) was used in the outdoor vegetative
biofiltration system. This plant was selected after careful consideration of the outdoor
weather conditions as it becomes extremely hot and dry in Al Ain during the summer
months starting May until October. Pennisteum Setaceum is a local plant, well
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acclimatized to the climatic conditions of UAE, it helps in minimizing the
evapotranspiration factor, which was a major concern for field setup, in the system,
compared to other plants used worldwide for such systems in non-arid climate.

3.2.3 Permeable Pavement
The Permeable Pavement setup, had same physical dimensions as the vegetative
bioretention system. The surface layer, which is also known as the paver, had a
thickness of 80 mm, was followed by a “Transition Layer” 50mm thick with particles
ranging from 3-7 mm in diameter. The last layer, laying beneath the transition layer
was the 600 mm storage layer composed of gravels with particle size from 20-40 mm.
Both systems were built with an observation well at one end so that water from fish
tanks after passing through both the systems would be collected in these wells for
sample collection and analysis, Figure 8. Also, it should be remembered that both
systems in practicality should have an open bottom layer, meaning that the final
process of these WSUD systems is absorption of purified water by the ground, but in
this case as we were interested in the collection and analysis of water quality after
passing through the systems, they were built with a an underlying reservoir at the
bottom to prevent any absorption of water by the ground.
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Figure 8: Permeable Pavement System being pumped with fish tank wastewater
3.3 Mechanism of Experiment
The water from fish tanks was connected to both systems with a pipe which pumped
wastewater to both the systems via electrical pump. The fish tank water quality was
measured before the water was pumped to later make a comparison between the
changes in quality of wastewater after it had been subjected to the two systems
individually. A portable multi-parameter water quality meter was used to measure onsite wastewater quality. Grab samples were collected for the measurement of heavy
metals, TN, TP, COD, TOC and heavy metals to be tested in the Environmental
Engineering laboratory of the UAEU.

3.3.1 Process in Bioretention System
The main idea of this system was to pump the fish tank wastewater in the vegetative
Bioretention System for a set amount of time and then leave the system for some time
until water collected at the other end, inside the observation well. This meant that once
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the water was released, it was allowed ample time to pass through all the layers of the
system and finally collect in the storage layer and appear at the observation well. The
first step of the system was mechanical filtration in which the water seeped through
the layers of varying particle size and thickness, which was followed by biofiltration
where the bacteria in plant roots played a role in biodegradation of organic and other
chemical materials in the wastewater which were not filtered by mechanical process.
Eventually, the water percolated through the drainage layer collecting in the
underlying storage reservoir and appeared inside the observation well.
Before starting the experimental procedure for sample collection, wastewater from fish
tanks was regularly pumped into this system to irrigate the system soil and keep the
plants hydrated. This routine was followed consistently for 4 weeks, every alternate
day. After this time, the process of irrigation continued alongside hydraulic
conductivity measurements and changes in the wastewater quality after passing
through the system.

3.3.2 Hydraulic Conductivity of Bioretention System
Soil hydraulic conductivity is an important aspect of Bioretention System and it is
responsible for rate of seepage of water through the unsaturated soil [53]. In this study
we followed the method of measuring hydraulic conductivity of bioretention system
which involved using a 50 mm plastic ring infiltrometer with a constant head [54].
The constant head was maintained by consistently pouring water into the ring and
keeping the water level same during all measurements. The measurements were made
for two pressure heads: 50 mm and 150 mm. The process was repeated until the
infiltration rate became stable and the volume poured per unit time was noted.
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3.3.2.1 Selection of Test Points
Two points that were spatially distributed within in the Bioretention System were
selected, Figure 9, to measure the system hydraulic conductivity [54]. Also, it is was
ensured that points’ chosen were on relatively flat and even ground and without
vegetation.

Figure 9: Hydraulic conductivity measurements made on points marked A and B
3.3.2.2 Materials
Following materials were used for during the process of measuring hydraulic
conductivity.
1.

100 mm diameter PVC rings with a height of at least 220 mm Figure 10. The
bottom edge of the ring should be beveled and the inside of the ring should be
marked to indicate 50 mm and 150 mm above the filter media surface, Figure
11.
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2.

40 L water

3.

250 mL and 2000 mL measuring cylinders

4.

Stopwatch

5.

Measuring tape

6.

Hammer or brick

7.

Block of wood, approximately 200 x 200 mm

Figure 10: PVC ring used for measuring hydraulic conductivity

23

Figure 11: Ring marked at 50 mm and 150 mm on the inside
[54]
3.3.2.3 Process
Without altering the top layer, with minimal disruption, the points chosen were scraped
off from leaves and other material. The ring was then placed on the surface of soil and
the wooden block was placed over it. With the help of the brick the ring was slowly
hammered 50mm into the soil, Figure 12. Next a 2 l cylinder was filled with water and
the water was gradually poured to 50 mm level inside the ring. Just as the water level
reached 50 mm, the stop watch was started. For exactly 1 minute the water level in the
ring was maintained at 50 mm mark by pouring water from 250 ml cylinder every time
the level fell, Figure 13. At 1 minute mark, the water level in the 250 ml cylinder was
noted, and the process was repeated until the volume of water poured into the ring
became constant with time. This process was reiterated for 150 mm head and for two
different monitoring points. The outcomes of the process will be discussed in the
following chapter.
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Figure 12: Pipe hammered into the soil using a brick

Figure 13: Measuring hydraulic conductivity
a) 2-liter cylinder used for filling the ring upto 50 mm mark inside the ring
b) 1 min time noted as water was poured from 250 ml cylinder

25
3.3.3 Process in Permeable Pavement
The physical process of permeable pavement system is similar to that of Bioretention
System. In the experiment, the fish tank water was made to flow on the top paver
surface of the system. The time of the start of water flow was noted and then the time
when the first water appeared inside the observation well was noted. The difference in
the time accounted for the total time the water took inside the system while passing
through all the layers. This system did not have a top layer of soil, and therefore, did
not need any irrigation like the Bioretention System. Also, the time taken by water to
accumulate at observation well was quite small compared to Bioretention System.

3.3.4 Observation Wells Measurements
Both systems were given ample time respectively, to collect substantial amount of
treated water in the observation wells. Horiba U-50 multi-parameter, Figure 14, water
quality meter was used to measure pH, oxidation reduction potential (ORP), electrical
conductivity (EC), turbidity, and salinity. The probe was lowered directly into the well
and measurements were made for 10 mins at 1 min interval.

Figure 14:Horiba U-50 multi-parameter
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Figure 15: Grab Samples collected from the field setups
Grab samples for laboratory testing and analyses were collected from these well by
lowering a plastic cup tied to a string, into the wells. Once the cup was filled with
water from it was pulled out of the well and the water was poured into labelled plastic
bottles with their respective system names,
Figure 15. All the equipment used was thoroughly washed with water and then air
dried.

3.3.5 Laboratory Testing of Samples
The collected sample were brought to the Lab and were tested for Total Nitrogen (TN),
Total Phosphate (TP), Total Organic Carbon (TOC), Chemical Oxygen Demand
(COD), Chromium and Lead.
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Table 1 shows the kits used for testing the stated parameters followed by Figure 16,
Figure 17, Figure 18, Figure 19, Figure 20, and Figure 21 showing the kits with their
components. These test kits came with instructions for carrying out the respective tests.
Pb had an additional crack set kit LCW 902, Figure 22.
Table 1: Hach Lange Kits used for testing TN, TP, TOC, COD, Cr, Pb in the laboratory

Parameters

Kits for Testing

TN
TP
TOC
COD
Cr
Pb
Crack-set

LCK 138 and 338
LCK 348, LCK 350
LCK 380, LCK 381
LCI 400
LCK 313
LCK 306
LCW 902
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Figure 16: LCK 138 and 338 for TN
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Figure 17: LCK 350 and 348 488 for TP

Figure 18: LCK 380 for TOC
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Figure 19: LCI 400 for COD

Figure 20: LCK 313 for Cr
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Figure 21: LCK 306 for Pb

Figure 22: Crack Set for Pb
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Digestion was required for some processes which was carried out in the HT200S High
temperature thermostat, Figure 23, which had adjustable settings for temperature and
time.

Figure 23: HT200S High temperature thermostat for digestion
Finally, the results were recorded with the help of DR3900 Laboratory VIS
Spectrophotometer, Figure 25. All the tests were performed using the small glass tubes
consisting of test specific labelled barcodes which came with all the kits used in the
experiment. The barcodes end of the tubes, at the end of procedures, were cleaned with
a dry paper towel and were inserted into the spectrophotometer for obtaining final
readings Figure 25.
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Figure 24: Reagents with barcodes to be read by spectrometer

Figure 25: DR 3900 Laboratory VIS Spectrophotometer
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Chapter 4: Hydraulic Conductivity of Bioretention System
Hydraulic conductivity plays a very important role in determining the performance of
a Bioretention System. The behavior of soil hydraulic conductivity with time can affect
the operation of the system.
In this study, hydraulic conductivity was measured using the single ring infiltrometer
method as [55-58] have showed that the clogging in biofilters takes place in the top
100 mm of the filter media. The test was conducted in two phases: first was at the time
of commencement of the experiment and was measured for 40 days, and second phase
was conducted two and a half month later for 49 days.
As described earlier in chapter 3, the process involved taking recordings for two points
in the system and each point was tested for two pressure heads (50 mm and 150 mm).
Due to any field system’s spatial and temporal inconsistency it is recommended to
choose three different points in a system, if the system area is 50 m2, to get a better
picture of hydraulic conductivity throughout the system [58, 59]. In this study, the area
of our Bioretention System was considerably less than 50 m2 and therefore, two points
were selected in the system for the calculation of average hydraulic conductivity of the
whole system for better accuracy.
Hydraulic conductivity was repeatedly measured for each point until the values
became constant or near constant. At the end, during computation, the last 3 values
were averaged out for final conductivity result which had mm/sec units. The results
for both points are discussed in the following sections of this chapter with their
corresponding pressure heads.
Figure 26 shows the Schematic diagram of points 1 and 2 in the Bioretention System
for measuring hydraulic conductivity.
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Figure 26: Schematic diagram of points 1 and 2 in the Bioretention System for
measuring hydraulic conductivity
4.1 Hydraulic Conductivity Calculations
Hydraulic conductivity Kfs, calculations were based on “Gardner’s” assumption for
soil behavior [60, 61]:
𝐾(ℎ) = K𝑓𝑠 𝑒 𝛼ℎ

(1)

K-hydraulic conductivity, h- negative pressure head, α- soil pore structure
Kfs is then obtained using[62]:
G Q −Q

K fs = ( 2 1 )
𝑎 H −H
2

(2)

1

Q1 and Q2 -steady infiltration velocity for first and second pressure head, a-ring radius,
and G shape factor is predicted as following equation 3.
𝑑

𝐺 = 0.316 𝑎 + 0.184

(3)

d-ponding depth, a- ring radius.
When depth is greater than 50 mm G is assumed to be independent of Kfs and α.
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4.2 Hydraulic Conductivity Results for Phase 1
In the Phase 1 measurements were made for 40 days, each with an interval of 5 days.
Readings were taken using the single-ring method with a constant pressure heads of
50 mm and 150 mm [54].

4.2.1 50 mm Pressure Head
The results showed that point 1 had slightly less hydraulic conductivity compared to
point 2 and the average hydraulic conductivity for 50 mm head in phase 1 was found
to be 0.808 mm/s or 2.91 m/hr. The average of system hydraulic conductivity in this
phase was observed to be decreasing, from the graph, Figure 27 by 0.0078. The R2 for
the trend was found to be 0.835.

Figure 27: Phase 1 average hydraulic conductivity at Points 1 and 2 (50 ml)
4.2.2 150 mm Pressure Head
150 mm pressure head result was similar to 50 mm for phase 1, with the trend showing
a decrease in hydraulic conductivity with days at a slightly faster pace by a factor of
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0.0084, Figure 28. The R2 in this case was 0.63 which was less than that for 50 mm
head. The average hydraulic conductivity for high flow rate was 1.241 mm/sec or
4.4676 m/hr which was also higher compared to 50 mm.

Figure 28: Phase 1 average hydraulic conductivity at Points 1 and 2 (150 ml)
4.3 Hydraulic Conductivity Results for Phase 2
Phase 2 experimental process was conducted from 4th October 2016 to 22nd
November 2016. This time the hydraulic conductivity was measured every six days.
4.3.1 50 mm Pressure Head
The average hydraulic conductivity for this part was estimated to be 0.492 mm/s or
1.77 m/hr and the decrease in infiltration rate was by 0.0041,Figure 29. The R2 for
these measurements was found to be 0.82.
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Figure 29: Phase 2 average hydraulic conductivity at Points 1 and 2 (50 ml)
4.3.2 150 mm Pressure Head
The average hydraulic conductivity for this head was calculated as 0.83 mm/s or 2.99
m/hr for the whole system with an R2 of 0.797. The rate of decrease in average
hydraulic conductivity was estimated as 0.0024, Figure 30.

Figure 30: Phase 2 average hydraulic conductivity at Points 1 and 2 (150 ml)
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4.4 Discussion of Hydraulic Conductivity Results
The results show that the hydraulic conductivity trend for 50 mm and 150 mm head
are very similar for their respective phases. In phase 1, hydraulic conductivity values
show a very minor decrease in the system infiltration capacity when the pressure head
is increased from 50 mm to 150 mm, whereas, in phase 2 the rate of decrease is slightly
higher for 50 mm head compared to 150 mm head. These differences are due to
difference in flow rate [59] and are more substantial in storm water management as the
flow differs in each storm episode. In this study, the flow of the incoming water from
the fish tank was more or less the same throughout the experiment as the same waterpump was used to pump the water without any change in its pressure settings each
time.
The initial hydraulic conductivity of the system at the time of construction was
unknown so the comparison is made between the two phases: 1 and 2, assuming that
phase 1 accounts for the system’s initial hydraulic capacity and phase 2 refers to after
operation capacity.
During the phase 1, over a period of 40 days the results depict a decrease in the
hydraulic conductivity at a faster pace compared to the phase 2 decrease. [58] has
explained that the systems which have high hydraulic conductivity in the early
operational phases tend to have a faster decrease with respect to time and vice versa.
This rate of decrease gradually slows down and we can see from the results of the
study that in phase 2, the average hydraulic conductivity for both pressure heads was
reducing at a slower rate by a factor seemingly reaching an asymptote value [63] .
The reason was reduction in hydraulic conductivity is deposition of sediments on the
top layer which result in the clogging of system [64].
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The variability in the rate of decrease hydraulic conductivity values makes it difficult
to predict the exact time the system will clog but it can be estimated that if the reduction
is of the order of phase 2 average hydraulic conductivities, for a pressure head of 50
mm the system will approximately take 5 months from the start of phase 2 to clog
whereas for 150 mm head the system will take up to 12 months to clog. The point of
significance here is that the estimated values are based on the assumption of linear and
steady decrease in hydraulic capacity with increase in time but in real time this
relationship of infiltration and time is nonlinear and non-coherent. Moreover, in
current study the amount of total suspended solids or turbidity in the fish tank water is
inconsistent which also has a direct impact on the hydraulic conductivity reduction.
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Chapter 5: Results
The experimental procedures in the study were repeatedly carried out to test, compare
and analyze the performance of Bioretention and Permeable Pavement systems in
treating the water from fish tanks. pH, turbidity, conductivity, salinity and oxidation
reduction potential (ORP) parameters were tested in three phases from three systems:
Phase 1 from 31st May to 1st July 2016, Phase 2 from 4th Oct to 16th November and
phase 3 from 7th March to 7th April 2017.
Samples to test for TN, TP, COD, Pb and Cr were collected in two phases: Phase 1
from 27th Oct to 17th November and phase 2 from 7th March to 1th April 2017. In Phase
1, experiment was repeated three times with 1 week interval between each recording
and in phase 2 experiment was repeated four times with 1 week interval between each
recording. A total of 7 events were recording for testing of these parameters.
This chapter will discuss the results of each parameter by individually comparing raw
sample results with Bioretention System and Permeable Pavement System.
5.1 Fate of Nitrogen
Figure 31 and Figure 32 show the fate of Nitrogen in Bioretention and Permeable
Pavement systems during Phase 1 and phase 2 respectively and Table 2 and Table 3
show their statistics.
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Figure 31: TN Phase 1 Results for Raw, Bioretention and Permeable Pavement
System
Table 2: TN Phase 1 statitstics in Raw, Bioretention System and Permeable
Pavement System
Mean (μ)

Standard
Deviation (σ)

CoV (%)

% increase in
TN

Raw

9.33 mg/L

0.65

6.94%

Bioretention

11.8 mg/L

2.07

17.51%

26.8%

Permeable
Pavement

20.3 mg/L

3.56

17.54%

117.3%

Figure 32: TN Phase 2 Results for Raw, Bioretention and Permeable Pavement
System
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Table 3: TN Phase 2 statitstics in Raw, Bioretention System and Permeable
Pavement System
Mean (μ)

Standard
CoV (%)
Deviation (σ)
0.79
25

% increase in
TN

Raw

3.14 mg/L

Bioretention

9.3 mg/L

1.85

19.92

196.02

Permeable
Pavement

8.2 mg/L

5.77

70.3

161.34

5.1.1 TN Results in Bioretention System
In both phases, Figure 31 and Figure 32, TN levels are observed to have increased in
the Bioretention System compared to raw sample TN after 2 hours of raw water in the
Bioretention System. Table 2 shows the mean (μ), standard deviation (σ), coefficient
of variance (CoV %) and percentage increase in TN. In Phase 1, the percentage
increase in TN in Bioretention System was 26% more compared to raw TN levels and
the CoV was 17.51%, with a mean of 9.3 mg/L and standard deviation of 1.85.
In Phase 2, Figure 32 shows a constant increase in TN levels after the raw water was
left in Bioretention System for 2 hours, for all recorded events. Table 3 gives the
statistics of TN in the Bioretention System where the mean for four events was 9.3
mg/L, standard deviation 1.85, CoV 19.91% and percentage increase 196%.
The results depict that increase in TN after 2 hours in Bioretention System in phase 1
was only 17.5 % compared to 196% in phase 2. From the average TN values in the
raw and Bioretention System in both phases it can be concluded that the increase in
TN levels of raw does not affect the increase in TN levels in the Bioretention System
greatly. On the contrary, the percentage increase in Bioretention System observed in
both phases is influenced by the influent TN levels which were high in phase 1 with a
mean of 9.32 mg/L and low in phase 2 with an average of 3.14 mg/L.
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5.1.2 TN Results in Permeable Pavement System
Permeable pavement results for TN are similar to Bioretention System in both phases,
with one exception in phase 2. In phase 1, Figure 31, a constant increase in TN levels
can be noted which was calculated as 117.3%, Table 2, of the influent mean of 9.32
mg/L. The CoV in this phase was also 17.54 % which is nearly same as 17.51% of
Bioretention System.
In phase 2, Figure 32, there is an anomaly in the TN level for one event where the TN
value in Permeable Pavement System was less than that in raw and Bioretention
System. This is because this particular reading was preceded by an event of rainfall,
which possibly diluted the TN concentration. Following this TN levels are seen to rise
again in the Permeable Pavement System. The mean for TN in phase 2 in this system
was 8.21 mg/L with a CoV of 70.2% and percentage increase of 161.33%. The high
variance in the values is there because of the rainfall event.
5.2 Fate of Phosphate
Figure 33 and Figure 34 display the concentration of TP in the raw wastewater,
Bioretention and Permeable Pavement systems for phase 1 and 2.
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Figure 33: TP Phase 1 Results for Raw, Bioretention and Permeable Pavement
System

Figure 34: TP Phase 2 Results for Raw, Bioretention and Permeable Pavement
System
5.2.1 Phosphate Results in Bioretention System
In the Bioretention System, phosphate concentration was lower than the raw except
for the last reading in phase 2 which was slightly more, Figure 33 and Figure 34. The
mean phosphate concentrations in Bioretention System during phase 1 and 2 were
estimated as 0.305 mg/L and 0.091 mg/L respectively. Phase 1 phosphate
concentration of raw sample was 0.598 mg/L which was more than Bioretention
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System showing a decrease in phosphate levels of the effluent. But in phase 2 both
systems had negligible amounts of phosphate with raw phosphate mean of 0.07 mg/L,
indicating that there was no considerable leeching or production.

5.2.2 Phosphate Results in Permeable Pavement System
In phase 1, Figure 33, the phosphate level in Permeable Pavement System showed
similar behavior as Bioretention System and decreased compared to raw sample. The
average phosphate level in Permeable Pavement was calculated as 0.452 mg/L which
was 24.4% less than raw sample average of 0.598 mg/L.
Figure 34, shows increased level of phosphate in the Permeable Pavement effluent on
day 7 and day 14, compared with raw sample. The day 21 result shows a decrease in
the phosphate concentration in Permeable Pavement. The average phosphate
concentration in this phase for the system was thus calculated as 0.478 mg/L which is
significantly high in comparison to raw sample.
5.3 Fate of TOC
Figure 35 and Figure 36 demonstrates the behavior of TOC in both systems under
study and Table 4 and Table 5 tabulate their respective statistical results.
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Figure 35: TOC phase 1 Results for Raw, Bioretention and Permeable Pavement
System
Table 4: TOC Phase 1 statitstics in Raw, Bioretention Systemand Permeable
Pavement System
Mean (μ)
Raw
Bioretention
Permeable Pavement

17.63
23.26
18.8

Standard
Deviation (σ)
8.27
5.01
2.84

CoV (%)
46.91 %
21.51 %
15.08 %

Figure 36: TOC Phase 2 Results for Raw, Bioretention and Permeable Pavement
System
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Table 5: TOC Phase 2 statitstics in Raw, Bioretention Systemand Permeable
Pavement System
Mean (μ)
Raw

41.75

Bioretention
Permeable Pavement

20.325
20.725

Standard
Deviation (σ)
14.16
17.20
9.257

CoV (%)
33.9
84.6
44.7

5.3.1 TOC Results in Bioretention System
TOC in Bioretention System phase 1, Figure 35, displays an accumulation trend in the
effluent for all two out of three events. The average concentration estimated for this
parameter in phase 1 was 23.26 mg/L, Table 4 which was a little over 17.63 mg/L
average of raw influent. The CoV of raw influent was calculated as 46.91% which
demonstrates the variable level of TOC in the phase 1, whereas the CoV for
Bioretention was 21.51% which depicts a more consistent level of TOC in the later.
In phase 2 there seems to be a considerable rise in TOC level of influent compared to
phase 1, which reaches an average of 41.75 mg/L. On contrary, there was an
inconspicuous decrease observed in TOC mean concentration, from 23.26 to 20.32
mg/L in the Bioretention System, following phase 1. Figure 36 highlights an overall
lesser value of TOC in Bioretention effluent compared to influent for all recorded
events. The least value of TOC in this system was recorded right after the rainfall event
which was preceded by a rise in TOC in the last recording.
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5.3.2 TOC Results in Permeable Pavement System
Figure 35 and Figure 36 display the behavior of TOC in infiltrate in Permeable
Pavement System for phase 1 and 2 respectively. Corresponding to phase 1, the mean
TOC of 18.8 mg/L in this system was similar to influent mean of 17.63 mg/L, Table
4. The CoV was least for this system which showed that the there was no significant
variation in the TOC levels during the three recorded events of this phase.
The mean concentration for TOC in the Permeable Pavement increased by 1.92 mg/L
from phase 1 to phase 2, contrary to the 24 mg/L, Table 5, increase in the raw sample.
Figure 36 shows an overall decrease in TOC for this system in comparison to influent
for all measured events.
5.4 Fate of COD
COD results for raw, Bioretention System and Permeable Pavement System are shown
in Figure 37 and Figure 38 along with their respective statistics in Table 6 and Table
7.

Figure 37: COD Phase 1 Results
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Table 6: COD Phase 1 Statistics in Raw, Bioretention and Permeable Pavement
Mean
(μ)
Raw
38.5
Bioretention 11.38
Permeable
83.8
Pavement

Standard Deviation (σ) CoV (%)
8.064
5.132
9.96

20.91 %
45.07 %
11.87 %

% Increase/
Decrease COD
-70.47%
117.4 %

Figure 38: COD Phase 2 Results
Table 7: COD Phase 2 Statistics in Raw, Bioretention and Permeable Pavement
Mean (μ)
Raw
Bioretention
Permeable
Pavement

Standard Deviation (σ)

CoV (%)

132.5

27.670

20.88 %

30.8475
128.2

37.086
45.28

120.22 %
35.32 %

% Increase/
Decrease COD
-76.71 %
7.73 %
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5.4.1 COD Results in Bioretention System
COD during phase 1 in the Bioretention System shows a consistent decrease, Figure
37, for all recorded experiments. Table 6 displays the 70% decrease in COD levels in
the system compared to the COD in fish tank water. The COD mean for the phase in
Bioretention System is 11.38 mg/L which is considerably less compared to the 38.5
mg/L mean of influent. But 45.07% CoV shows that the decrease in COD was variable
for the three recorded events. A decrease in COD level of Bioretention System
infiltrate can be seen in phase 2 Figure 38. Table 7 shows an over three times increase
in the influent mean level of COD for phase 2. But Bioretention System efficiency
response to this heightened COD in influent has also increase to 76% resulting in an
average COD of 30.85 mg/L in the effluent compared to the mean of 132.5 mg/L in
fish tank water.

5.4.2 COD Results in Permeable Pavement System
The Permeable Pavement, Figure 37 and Table 6, phase 1 shows 117.4% increase in
mean COD levels of the fish tank water. The average COD in this system for phase 1
is estimated as 83.8 mg/L with a CoV of 11.87%, which indicates a low vicissitude in
COD levels throughout this phase and a definite leaching in the effluent. In phase 2
there is again an overall increase in the COD concentration in the effluent but unlike
phase 1, the percentage increase is only 7.73%, Table 7. Figure 38 displays the trend
of COD increase in this system during phase 2. It can be seen that initially for the first
two recorded events the COD in Permeable Pavement was low compared to influent
but it was increasing nevertheless. For third and fourth readings, the COD levels rose
beyond the fish tank water COD levels. This can also be seen in the 35.32% CoV value
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which indicates a variation in the values throughout this phase for Permeable Pavement
System.
5.5 Fate of Heavy Metals (Cr & Pb)
Both systems were tested for heavy metals and the results for Cr and Pb (refer to Figure
39, Figure 40, Figure 41, Figure 42, Table 8, Table 9, Table 10 and Table 11) are
discussed as follows.

Figure 39: Phase 1 Chromium (mg/L) in Bioretention and Permeable Pavement
Table 8: Chromium (mg/L) Phase 1 statistics in Raw, Bioretention System and
Permeable Pavement System
Mean
(μ)
Raw
0.03
Bioretention
0.04
Permeable
0.042
Pavement

Standard Deviation (σ) CoV (%)
0.0095
0.0078
0.0159

31.3
19.5
37.8
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Figure 40: Phase 2 Chromium (mg/L) in Bioretention and Permeable Pavement
Table 9: Chromium (mg/L) Phase 2 statistics in Raw, Bioretention System and
Permeable Pavement System
Mean (μ)
Raw

0.036

Bioretention
Permeable
Pavement

0.026
0.244

Standard
Deviation (σ)
0.0038
0.0059
0.34

CoV (%)
10.4
22.7
139.3

Figure 41: Phase 1 Lead (mg/L) in Bioretention and Permeable Pavement
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Table 10: Lead (mg/L) Phase 1 statistics in Raw, Bioretention System, and
Permeable Pavement System
Mean
(μ)
Raw
0.155
Bioretention
Permeable
Pavement

Standard Deviation (σ) CoV (%)

0.158
0.0411

0.024

15.6 %

0.0191
0.030

12.1 %
73.8 %

Figure 42: Phase 2 Lead (mg/L) in Bioretention
Table 11: Lead (mg/L) Phase 2 statistics in Raw, Bioretention System
Mean (μ)
Raw

0.175

Bioretention

0.147

Standard
Deviation (σ)
0.017
0.00997

CoV (%)
9.6 %
6.8 %

5.5.1 Heavy Metals in Bioretention System
Heavy metals Cr and Pb both show very little modifications in the Bioretention System
for both phases: 1 and 2. Figure 39 and Table 8 show a very slight increase in the Cr
concentration of the effluent from the Bioretention System in comparison to the fish

55
tank wastewater. Two out of three times the influent in phase 1 had under measuring
levels (< 0.03 mg/L of Lange LCK 313 kit) of Cr which did not significantly rise in
the Bioretention System effluent. Similarly, Pb concentration also did not show any
apparent change in the Bioretention System outlet as can be seen in Figure 41 and
Table 10. The average lead concentration in fish tank water and Bioretention System
was calculated as 0.155 mg/L and 0.158 mg/L respectively. The 15.6 % CoV for raw
sample and 12.1 % for Bioretention System account for low variation in Pb levels for
all three events of phase 1. Phase 2, shows almost no difference in Cr concentration of
influent and effluent in the Bioretention System but shows an average decrease in the
effluent from 0.036 mg/L to 0.024 mg/L (under measuring range). Likewise, Pb
behavior in phase 2 in the Bioretention System reflects a decrease in the effluent Pb
concentration and Figure 42 and Table 11, are representative of this. The Pb mean
concentration for fish tank wastewater in this phase was calculated as 0.175 mg/L and
the Bioretention infiltrate mean was 0.147 mg/L. The CoV for both was low with 9.6
% variation in fish tank water and 6.8% in the Bioretention outflow accounting for low
overall Pb levels for all event of phase 2.

5.5.2 Heavy Metals in Permeable Pavement System
Figure 39 shows increased Cr levels for the first two readings of phase 1 when
compared with raw sample Cr level and a reduced value for the last reading. Also, an
overall decreasing trend in Cr concentration can be seen from the same figure. The
average concentration of Cr, 0.042 mg/L, Table 8, is slightly more than the fish tank
waste water 0.030 mg/L, after the three readings were considered.
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Cr concentration in phase 2 shows a peculiar behavior for one event, where the
concentration rises to 0.75 mg/L and after this all following events show reduced Cr
in the Permeable Pavement System effluent. With the exception of this one reading
which was taken after a rainfall event, other event readings for this phase indicate low
levels of Cr and it can be deduced from the mean concentration of Cr in the influent
and effluent of Permeable Pavement System, Table 9, which was below the measuring
range of 0.03 mg/L.
Pb concentration was only calculated for Phase 1 of Permeable Pavement because
phase 2 Permeable Pavement sample testing showed turbidity with Crack-Set LCW
902, Figure 43, and it was further directed to be tested with Membrane Filtration Set
LCW 904 or LCW 916, which were both unavailable (Appendix 1). Pb results for
Permeable Pavement during phase 1 can be seen in Figure 41 and
Table 10 where there is a definite reduction in Pb concentration of the effluent from
0.155 mg/L in fish tank waste water to 0.041 mg/L in Permeable Pavement infiltrate.
The mean percentage decrease for the Pb level is -73% for this phase, in this system.

Figure 43: Permeable Pavement effluent showing turbidity with crack-set LCW 902
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5.6 pH, Salinity, Turbidity, Conductivity and ORP in Bioretention System and
Permeable Pavement
pH, salinity, turbidity, conductivity and ORP in both systems were measured in three
phases, as explained in chapter 3 and this section will evaluate the results of these
parameters with respect to both systems.

5.6.1 pH
The behavior of pH of the fish tank waste water after passing through Bioretention
System and Permeable Pavement System is presented in the graphs of Figure 44 along
with their respective statistics in Table 12.

Figure 44: pH changes in phase 1, 2 and 3 in the Bioretention and Permeable
Pavement System
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Table 12: Mean pH in phase 1, 2 and 3 for Raw, Bioretention and Permeable
Pavement systems
Phase 1

Phase 2

Phase 3

Raw

8.6

6.5

6.9

Bioretention

7.5

6.0

6.4

Permeable
Pavement

8.0

4.8

6.5

For all three phases, both systems show a lower pH than the influent from fish tank.
Phase 1 has the highest mean for pH for all systems and phase 2 has the lowest. Phase
3 shows least difference in pH modification of influent and both effluents.

5.6.2 Salinity
Figure 45 demonstrates the salinity changes in the 3 phases experience by fish tank
water (Raw) in the Bioretention System and Permeable Pavement System. It can be
seen from the graphs that Permeable Pavement System for all three phases showed
lower salinity compared to raw and Bioretention System displayed higher salinity
compared to raw. Salinity values for the Raw were highest in the phase 1 and similar
results were observed for Bioretention System and Permeable Pavement System.
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Figure 45: Salinities in Phase 1, 2 and 3 for Fish tank water (Raw), Bioretention and
Permeable Pavement System
5.6.3 Turbidity
In phase 1 and 2 the average influent turbidities were estimated as 177.7 NTU and 46.5
NTU respectively. For both these phases the mean turbidity for the influent was higher
compared to mean turbidities of Bioretention System and Permeable Pavement
System, Figure 46 and Table 13. For the last phase, the average turbidity for Permeable
Pavement System seems to have increased in the output water. Bioretention System,
in all three phases showed reduced turbidity in the effluent.
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Figure 46: Turbidity in Phase 1, 2 and 3 for Fish tank water (Raw), Bioretention and
Permeable Pavement System
Table 13: Mean turbidity in phase 1, 2 and 3 for Raw, Bioretention and Permeable
Pavement systems
Phase 1

Phase 2

Phase 3

Raw

177.7

46.5

81

Bioretention

58.38

29.02

30.33

81

29.8

231.6

Permeable
Pavement
5.6.4 Conductivity

Figure 47 illustrates the behavior of conductivity of fish tank water after passing
through the Bioretention System and Permeable Pavement System. For phases 1 and
3 both systems follow the same trend as the influent but in reduced form. Phase 2
shows a different outcome especially for the day 11 event where the influent
conductivity was measured as 0.016 mS/cm compared to 0.352 mS/cm and 0.153

61
mS/cm of Bioretention System and Permeable Pavement System respectively. Table
14 also indicates the highest mean conductivity for influent in phase 1, 0.85 mS/cm
and phase 3, 0.48 mS/cm and lowest mean conductivity in Permeable Pavement
effluent.

Figure 47: Conductivity (mS/cm) in Phase 1, 2 and 3 for Fish tank water (Raw),
Bioretention and Permeable Pavement System
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Table 14: Mean conductivity in phase 1, 2 and 3 for Raw, Bioretention and
Permeable Pavement systems
Phase 1

Phase 2

Phase 3

Raw

0.85

0.27

0.48

Bioretention

0.75

0.343

0.34

Permeable
Pavement

0.70

0.19

0.27

5.6.5 ORP
ORP in the Permeable Pavement effluent showed increase compared to the influent
for all three phases whereas Bioretention System effluent showed a decrease for all
three phases. The results are plotted on the graphs in Figure 48 and the mean ORP for
each system with respective phase is given in Table 15. For most part the increase in
Permeable Pavement System and decrease in Bioretention System is following the
same trend at the fish tank waste water ORP. The decrease in the three phases for
Bioretention System can be seen to follow a close relationship to the influent ORP and
the rate of decrease for almost all events seem to be nearly the same. The calculated
decrease for Bioretention System using the mean for each phase is 25.3 % for phase 1,
21.2 % for phase 2 and 13.8 % for phase 3.
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Figure 48: ORP (mV) in Phase 1, 2 and 3 for Fish tank water (Raw), Bioretention
and Permeable Pavement System
Table 15: Mean ORP in phase 1, 2 and 3 for Raw, Bioretention and Permeable
Pavement systems
Phase 1
Raw
Bioretention
Permeable
Pavement

Phase 2

Phase 3

101.7

318.6

251.75

76

250.8

217

251.75

343.4

304.5
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Chapter 6: Discussion
This chapter will discuss the results of chapter 5 in detail.
6.1 TN Results
Nitrogen removal in field studies has not been consistent with laboratory results of
Bioretention System and Permeable Pavement system [65] as laboratory results show
a higher efficiency of TN removal from the system compared with field results. TN is
a combination of

nitrate-nitrogen (NO3−), ammonium-nitrogen (NH4+), nitrite-

nitrogen (NO2−), dissolved organic N, and particulate organic N [66]. The removal of
TN involves three processes: assimilation which is related to plant up take of Nitrogen,
adsorption by soil and denitrification [66]. Of these three processes, permanent
removal of nitrogen is a result of denitrification through which nitrogen is removed
from the system in gaseous form. NH4+ is converted to NO3− during nitrification [67,
68] which results in lowering of soil pH [69]. This causes an overall leaching of
nitrogen from the system and increasing the TN concentration by 100%-240% [39, 40]
in the effluent.
In this study both systems showed an overall increase in the TN concentration in the
effluent sample. Literature provides several reasons for this behavior such as absence
or lack of vegetation [37, 39], under developed root system of plants [39], nitrification
or decomposition of organic nitrogen stored in system [70] and prolonged dry weather
conditions [71].
Lack of vegetation, lack of organic bound nitrogen species in the influent, shorter time
for infiltration and acidic pH [72] of the system account for the accumulation of TN
in Permeable Pavement System as these characteristics promote NO3− formation in the
system. Similarly, the Bioretention System with the exception of lacking vegetation
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had same conditions as Permeable Pavement, in addition to possibly poor root
development of vegetation. Additionally, both systems lacked any ultimate removal of
substances from the storage layer as it was closed at its bottom to allow any infiltration
of water into the ground. This meant that any excess materials or substances collecting
in the system would stay in the system unless the system was cleaned. Also, both
systems were subjected to high temperatures and dry climatic conditions, which were
in accordance the local weather of the UAE during the phase 1. All these factors
combined provide evidences for the accumulation of TN in both systems.
6.2 Phosphate Results
Phosphate removal in Bioretention System have varied been between 70%-85% [35]
and up to 65% and in some instances an increase in effluent of almost 240% [26, 73].
The reason proposed for the variation in results is the amount of phosphate present in
the soil media of the Bioretention System.
Reduction in phosphate concentration from Permeable Pavement effluent follow a
number of processes which include filtration for particulate-phosphorus, geochemical
sorption for dissolved phosphorus, and biological activity linked to the system [74].
In phase 1 of this study the phosphate level in the influent was considerable, compared
to phase 2, and for all the times the readings were taken during this phase a decrease
in the level of phosphate in both systems, Bioretention and Permeable Pavement, was
observed. The amount of phosphate was reduced by a greater degree in Bioretention
and showed the results which were below the measuring range for the Hach Lange
LCK 348 kit used for measuring low phosphate levels in the range of 1.5-15.0 mg/ L
(as shown in chapter 3: Methodology). Permeable Pavement sample also showed low
phosphate in effluent but it was on average only 24% reduced, compared to influent.
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Phase 2 showed extremely low levels of phosphate in the influent water for all the
times the experiment was repeated. Bioretention System again exhibited the same
results as phase 1 and all the measured values were recorded as below measuring range.
But Permeable Pavement displayed an increase in the phosphate level of effluent
which was similar to results of [72] who suggested further studies to determine a
scientific explanation for this increase since [74] concluded high phosphate removal
for permeable interlocking concrete pavement (PICP).
6.3 TOC Results
There is very limited literature available on the performance of TOC in the systems
under discussion. But the results of this study for the Permeable Pavement System are
similar to [72] in terms of decrease in TOC level when influent TOC is high and slight
accumulation when influent TOC is low. [72] demonstrated a reduction in TOC
concentration from PICP infiltrate after being subjected to high TOC concentrated
runoff and in the same study showed an increase in the PICP effluent TOC levels when
the inflow rain water had considerably low TOC presence. Likewise, in current study
during the phase 1 the TOC concentration in the fish tank water and Permeable
Pavement sample was nearly same following the low TOC in fish tank water. Upon an
increase in the TOC level of fish tank water in phase 2, the permeable pavement
showed a decrease of 49% of TOC in the infiltrate. The same trend was also observed
in the Bioretention System. There seemed to be an inverse relationship between the
influent and effluent for both systems.
In Phase 2 of Bioretention System the rainfall event seemed to have caused dilution
and showed reduced levels of TOC for the three subsequent measurements made.
Bioretention System took a longer time to show effects to external changes such as
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rainfall. The level of TOC was observed to rise again in the last reading, reflecting the
high influent TOC in preceding measurements.
6.4 COD Results
COD removal was very effective in the Bioretention System of this study, while at the
same time it exhibited a complete contrasting behavior for the Permeable Pavement
System. Figure 37 and Figure 38 display that Bioretention System was able to maintain
the average COD concentration around 11-13 mg/L, regardless of the influent
concentration. According to [75] under aerobic conditions the COD removals can vary
between medium to high and TN removals show resistance to biodegradation. This
happens because aerobic conditions favor the process of nitrification, which was also
observed in this study. Another explanation for up to 90% COD removals in biofilters
was given by [76] who proposed a direct relationship between porosity COD
reduction, the higher the pore size the more the reduction in COD.
The present study showed that low COD in the fish tank water during phase 1
augmented rapidly in Permeable Pavement infiltrate but high COD concentration in
the influent during second phase of experiment did not supplement the rise in COD of
effluent at the same rate. This behavior suggested that the system although was
leaching COD in the Permeable Pavement effluent but it was not directly related to
influent COD and eventually a COD saturation point would be met after which no
increase in COD would be observed in the system. The literature has not addressed
fate of COD in permeable pavement in this context and hence more research is required
to explain the behavior of COD in Permeable Pavement System in this study. Also, it
should be remembered that the system under study was built with an underlying
reservoir which led to accumulation of substances at the bottom of the system. As no

68
water was allowed to infiltrate into the subsoil, whatever was left at the end of each
event at the bottom of both systems, Bioretention and Permeable Pavement systems,
either accumulated or underwent some process happening within the storage layer.
6.5 Heavy Metals Results
Heavy metals are considered as one of the major pollutants in storm water mangement
[77] and hence an integral part of all WSUD. Their mode of removal involves
adsoption, in which they attach themselves to sediments with particle size between
0.1-0.3 μm [78, 79] and through mechanical filtration. In this study levels of Cr in the
influent was mostly very low i.e. it was below the measuring range. Bioretention
Systemin first phase showed slight leeching for Cr but in the second phase the levels
showed reduced concentration in the effluent. Cr in the Permeable Pavement System
also displayed leeching in the first phase but with a decreasing trend, and in the second
phase high concentration was observed in effluent after the rainfall event. It is likely,
that rain itself would have introduced some external Cr and since the system is not
open ended, therefore high concentation was measured for this event. This affect did
not last long and in the following week it was seen that the Cr levels in Permeable
Pavement System decreased back to its orignial range which was estimated during the
beginning of this phase.
Both systems showed reduction in Pb concentration of effluent. Permeable Pavement
System appeared more efficient in Pb removal during phase 1 compared to
Bioretention system. The results of this study for Permeable Pavement system were in
agreement with [50] who showed upto 79% reduction in Pb concentration in this type
of WSUD system. Phase 2 of Permeable Pavement Pb levels could not be estimated
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due to unavailability of the recommended Membrane Filtration Set LCW 904 or LCW
916, as explained in chapter 5.
The difference in Cr and Pb retention by both systems can be explained by the
difference in their respective retention processes [22]. [80] showed that Pb removal
was most effective in Permeable Pavement System due to adsorption in comparison to
Cr as negatively charged CrO22- and Cr2O72- in the influent faces difficulty in
adsorption to minerals and organic material. It can be seen from Figure 40 that there
was not any strong correlation between influent Cr concentration and effluent Cr
concentration for both systems.
6.6 pH, Salinity, Turbidity, Conductivity and ORP in Bioretention System and
Permeable Pavement Results
The results for these parameters are discussed in the following section.
6.6.1 pH Results
pH is deemed as an important factor in WSUD systems because it seems to play a part
in precipitation, dissolution and biological transformation of materials in storm water
[72]. The optimum pH range for the conversion of ammonia to nitrite is between 7.68.8 [81]. In this study, the pH decreased in both systems in all three phases compared
to fish tank wastewater, which was more towards the alkaline end. It is clear from

Table 12 that mean pH for phase 2 and phase 3 was below the optimum range of
ammonia conversion and thus, we see an increase in TN in both the systems.
Nevertheless, the pH variation in this study after passing through the Bioretention
System and Permeable Pavement System meets the 6-8 pH range standard allowable
set limit for wastewater reuse in general and restricted categories [82].
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6.6.2 Salinity Results
Salinity is a measure of the total salts present within the sample. Results in last chapter
showed that in present study Permeable Pavement was more effective in removing
salinity from the wastewater compared to Bioretention System which exhibited slight
additional salinity in the infiltrate compared to fish tank wastewater. But for both
systems the salinity trend observed from the graphs of all phases show a dependence
of result on the input salinity concentration which means that for each day the
experiment was carried out, the resultant effluent salinities were affected by in influent
salinity, Permeable Pavement being negatively affected (as the reduced levels can be
seen) and Bioretention System being positively affected (demonstrated by the
increased level of salinity).

6.6.3 Turbidity Results
Turbidity is a measure of clarity of fluid which is administered by an excess amount
of invisible (to naked eye) particles suspended in the fluid making the overall
appearance of the fluid translucent. This study showed that Bioretention System was
efficient in removing turbidity from fish tank wastewater throughout. There was a
variation observed in the level of reduction percentage of turbidity in the three phases.
The average reduction percentage calculated for the first phase in Bioretention System
was 70% which was followed by 37.6 % in the second phase and 62% in the third
phase. This variation seems to be linked with the levels of turbidity in the fish tank
water as the results display in Table 13. When the amount of turbidity in the influent
was maximum the percentage of reduction was also maximum and vice versa. Also,
the graphs show that the ability of both systems to reduce turbidity was up to around
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29 NTU and if the fish tank water had turbidity close to this value both systems would
still display this level of turbidity in the infiltrate.
The response of Permeable Pavement System to turbidity in the fish tank water was
like Bioretention System for phases 1 and 2 but it seemed to deteriorate in the phase 3
as it increased to 185% of the influent turbidity. This shows that accumulation of
materials in the Permeable Pavement System was becoming evident with the passage
of time causing the effluent to be more and more turbid, as there was no removal of
any materials from both the systems.

6.6.4 Conductivity Results
Conductivity is a parameter not addressed prominently in the literature in context to
performance of Bioretention and Permeable Pavement System. It is the ability of the
water to conduct electric current and it is dependent on the amount of dissolved salts
present. This study showed that like salinity, conductivity reduction was better for
Permeable Pavement compared to Bioretention System. Bioretention showed little
mean reduction in conductivity for phases 1 and 3 and for phase 2 there was a small
increase in conductivity compared to fish tank water which could be a consequent of
salt dissolution at sand interface in aqueous environment [83].

6.6.5 ORP Results
In wastewater treatment studies ORP results reflect the potential of water to allow
biological reactions under oxidative or reductive conditions including nitrification,
denitrification, removal of phosphorus through biologic processes etc [84].
Nitrification requires a redox potential of +100 to +350 mV in contrast to
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denitrification, which happens under +50 to -50 mV redox potential. The series of
reactions which result in nitrate accumulation are given in equations (1-9) [85].
NH4 + + OH− ⇋ NH3 + H2O

(1)

3O3 + NH4 + → NO2 − + 2H+ + H2O + 3O2

(2)

NO2 − + O3 → NO3 − + O2

(3)

4O3 + NH4 + → NO3 − + 2H+ + H2O + 4O2

(4)

3O3 + NH3 → NO2 − + H+ + H2O + 3O2

(5)

4O3 + 3NH3 → NO3 − + H+ + H2O + 4O2

(6)

6·OH + NH3 → NO2 − + H+ + 4H2O

(7)

NO2 − + 2·OH → NO3 − + H2O

(8)

NH3 + 8·OH → NO3 − + H+ + 5H2O

(9)

In this study, the effluent ORP with one exception in Bioretention System in phase 1
always remained in the nitrification range. Although the Bioretention System ORP was
mostly less than fish tank ORP, it still fell in the range of nitrification that also helps
in understanding of TN accumulation in both systems. Throughout the study,
Permeable Pavement ORP remained higher than the influent ORP.
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Chapter 7: Conclusion and Recommendations
This chapter will look into the limitations of the project and will propose
recommendations for future study based on that.
The study purpose was to evaluate the effectiveness of WSUD systems comprising of
Bioretention System and Permeable Pavement System, in treatment of wastewater
from fish tank and to match it with the criteria provided by UAE government for nonpotable use. The study was bound by certain limitations that are addressed in the
following section.
7.1 Limitations of the Study
The study was limitations included:
1.

Only two systems: Bioretention System and Permeable Pavement System were
tested in the research.

2.

Time for research was limited and was also bound by availability of fish tank
wastewater.

3.

Raw water from fish tanks was not highly concentrated with typical wastewater
elements such as those in greywater or sewage water.

4.

Only one plant type was used in this study which limited the performance
analysis of Bioretention System.

5.

Limited sample were collected for each phase for testing TN, Phosphate, TOC,
COD and heavy metals in the lab due to fixed number of kits available for
performing the tests.

6.

Both systems were not continuously feeding systems.
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7.

Limited heavy metals gave accurate results in the lab tests, while the others
generated inaccurate estimates.

8.

Both systems were built with underlying storage with the idea of pumping the
stored water out but due to limited resources the effluent water was not
removed from both systems, and the effluent water only left the systems via
evaporation. Consequently, the materials brought in the system, stayed in the
system and showed an increase in concentration of some parameters.

9.

Microbiology performance of two systems was not carried out.

10.

Hydraulic conductivity was only assessed for Bioretention System.

11.

No maintenance of systems was carried out in terms of system clogging and
decrease in hydraulic conductivity.

7.2 Conclusion
The study was predominantly effected by the non-removal of effluent from the
underlying reservoir for some parameters, such as TN in both systems, COD in
Permeable Pavement and Cr. The results for phosphate were good for the Bioretention
System compared to Permeable System where leeching was observed in the second
phase. TOC showed good outputs in both systems when the input TOC levels were
high and vice versa. The two systems did not reduce Cr levels in the effluent but were
more effective for Pb removal, especially Permeable Pavement System. The pH for
the infiltrate of the systems under study always remained under the permissible limit
for non-potable use of water. The salinity parameter displayed direct relationship with
the Bioretention System and inverse with the Permeable Pavement System, whereas
turbidity deteriorated for the Permeable Pavement system with time and improved for

75
Bioretention System over the same period. Conductivity was better retained by
Permeable Pavement System in comparison to Bioretention System and ORP for both
systems remained within the limits of TN accumulation which explains the increased
levels of TN in the two effluents.
Bioretention System took more time to reflect the effects of external factors compared
to Permeable Pavement System due to presence of plants and the nature of media
within the system. Relatively larger porous media and the absence of plants in
Permeable Pavement system resulted in the effluent of the system being more
characteristic of influent.
The hydraulic conductivity decreased at a faster pace during Phase 1 and the rate of
decrease reduced in phase 2.
7.3 Recommendations for Future Work
Based on the limitations of this work, it is recommended that study should be
conducted for a longer period with more repeated lab analysis for TOC, TN, COD,
Phosphate, and heavy metals in order to obtain more conclusive performance results.
In addition, the underlying reservoir systems should have a mechanism of draining or
pumping out the stored effluent so that there is minimal accumulation of substances in
the systems. A better way of evaluating the performance capabilities of Bioretention
System and Permeable Pavement System would be by using greywater or sewage
water in the field setups instead of fish tank water, since these wastewater types are
more concentrated with waste materials compared to fish tank water and will thus,
provide a more realistic picture of systems’ productivity. Moreover, heavy metals are
a significant part of wastewater treatment analysis and therefore, more heavy metals
should be included in the study. Finally, plant variation is very important for any
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Bioretention System and literature has shown that performance of this system can be
plant specific in terms of retaining various wastewater components. Results for
Bioretention System can be improved by testing the influence of plants types. Finally,
microbiological aspect is a very significant measure of wastewater treatment and
future studies must assess the presence of microorganisms in the effluents of the
system.
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