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ABSTRACT

Urban cities in developing countries often suffered from water logging induced by
stormwater runoff due to the underperformance of their existing drainage networks,
influenced by changed land use and climate, with an inappropriate solid waste
management system and the absence of wastewater networks. Although traditional
drainage design is seen as accommodating runoff volume, runoff quality and drainage
design amenities are often overlooked. Therefore, a drainage network constructed with
conventional methods failed to address sustainability aspects that give equal
importance to quantity, quality, and amenity. In this context, sustainable urban
drainage systems, or low impact development (LID), open the windows of drainage
design by integrating all the above aspects with cost-effectiveness. Although several
studies on the quantity, quality, and amenity of drainage networks exist on separate
scales, an integration of all of these along with cost-effective implementation is yet to
be studied in detail. The aim of the study is to evaluate the performance of LID
components, including quantity, quality, and amenity aspects, at a watershed scale
under different climatic scenarios in the context of stormwater management using the
Chaktai-Rajakhali watershed, which serves as significant stormwater drainage outlets
for Chattogram city. The Personal Computer Storm Water Management Model
(PCSWMM) software was used to simulate the rainfall-runoff and runoff quality
derived from three different LID scenarios (S2-S4) addressing sources to the
destination of runoff through the canal. Basic statistical analyses including principal
component analysis (PCA) were performed using Statistical Package for the Social
Sciences (SPSS v. 23). In addition, Sustainable Technologies Evaluation Program
(STEP), a life cycle costing tool v. 3.0., has been used to evaluate the cost-effectiveness
of proposed LIDs.

The study revealed that the incorporation of LIDs into drainage systems can reduce
peak discharge by 14% to 60% with an increase in lag time to peak flow of 30 to 105
minutes in comparison to the scenario without LID implementation. Based on runoff
quality in existing or no LIDs, the event mean concentrations (EMC) of TSS, TN, TP,
Zn, BOD, and COD in various land uses such as residential, industrial, commercial,
and institutional were found to range from 275-1085 mg/L, 2.2-7.3 mg/L, 0.33—-1.14
mg/L, 0.02-0.19 mg/L, 21-71 mg/L, and 57-201 mg/L, respectively. Moreover, the
incorporation of LID techniques, while incorporating the proposed LIDs, exhibits a
substantial reduction of pollutants’ amount in runoff ranging from 23 to 80%,
depending on the LIDs choices. Considering the cost of installation, operation, and
maintenance of proposed LIDs, it has been found that the LCA values of different
LIDs vary in a wide range of 15 to 1252 US$ per square meter. While a single LID is
not found to provide an effective solution (S2: vegetative swale), the S4 (combination
of S2 and S4) appeared to be the most effective, followed by S2 and S3 in terms of
quantity, quality, and amenity. It is hoped that the outcomes of this study can be a
wakeup call to adopt sustainable urban drainage for addressing multiple benefits in
future drainage design and to assist engineers, architect and city planners to manage
stormwater runoff in effective ways.
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Chapter 1. INTRODUCTION

1.1 General

Urban drainage is a system to discharge the surface runoff and wastewater derived
from a watershed or catchment with an aim of avoiding water logging and urban
flooding risk (Chocat et al., 2007; Kourtis & Baltas, Tsihrintzis, 2018; Larsen & Gujer,
1997; Marlow et al., 2013; Wong & Brown, 2009). The intensifying urbanization along
with the changing climate conditions is resulting in a higher occurrence of urban floods
posing a substantial threat to the effective operation of drainage systems (Chen et al.,

2009; Hénonin et al., 2010; Kourtis & Baltas, Tsihrintzis, 2018; Schmitt et al., 2004).

The hydrological consequences of urban growth have been well-documented, and it is
widely recognized that urban streams undergo substantial changes in their natural flow
patterns. These changes primarily result from the increased rate and volume of runoff,
which is a direct consequence of urban development. Nevertheless, the urban flooding
is a direct output of storms and is more likely to be increased in number with climate
change, as reported in literature (Blair & Sanger, 2016; IPCC, 2008; Pryor & Scavia,
2014). To accommodate the increased runoff due to combined actions of urban
development and climate change, there is a rising concern about the functionality of
the traditional drainage system due to its adverse effect on environment (Roy et al.,

2008; Stewart & Hytiris, 2008) especially with runoff quality.

It is worth noting that the traditional urban drainage system only concentrates on
managing runoff volume rather than quality and amenity of the system that not only
causing water quality problem for receiving water bodies but also raising growing
concern from the social and economic acceptances. In developed world the urban
drainage city plan has been taken to mitigate floods and improve water quality and
thus amenity value (Chen et al., 2017; Yang et al., 2012). The utilization of Low
Impact Development (LID) is an integral part of this plan and program, which involves
an approach to land development that collaborates with the natural environment to

manage stormwater in proximity to its source (Prince George’s County, 1999).



Originating in North America, the concept was introduced as a land planning and
engineering design strategy to control stormwater runoff. In recent years, it has gained
significant traction in the fields of urban planning and water resources management
due to its ability to replicate the natural hydrologic cycle of watersheds by infiltrating,
filtering, storing, evaporating, and detaining runoff as close to its source as possible.
These similar approaches are also seen to be exist in different name in different places,
such as Sustainable Urban Drainage Systems (SUDs) highlighting runoff quality,
amenity and recreational value, social and ecological protection in the UK (Cidades,
2014), Water Sensitive Urban Drainage (WSUD) (Donofrio et al., 2009) in Australia,
Urban drainage in Brazil (EPA, 2018).

Low Impact Development (LID) is an approach that emphasizes the sustainable
management of water at a small scale, prioritizing the preservation of water resources,
protection of biological diversity, maintenance of good health, and safeguarding of
natural resources (Bruijn et al., 2009; Mcdonald, 2018; Willems & Olsson, 2009;
Zhou, 2014). More specifically, it is a management practices and control structures
which has been designed to discharge out surface runoff in more sustained way (WBC,
2017) which results in increasing natural infiltration, collection of solid using
sedimentation, increment of nutrient and hence reduction of pollutant etc.(Grimm,

2007), mimicking natural drainage system.

The LID concept can be divided into three major groups aiming to reduce the quantity
of surface runoff, slowing down the velocity in order to allow infiltration and to allow
water bound sediment to settle and finally providing treatment before discharge into
environment (Lampe et al., 2004). The components mostly highlighted in LID are
rainwater harvesting, detention and retention basins, bio-retention system, green
roofing, permeable and semipermeable pavement, underground reservoir, grassed
strips, attenuation storage system etc. (Reed, 1999; Zhou, 2014). Many researcher
agreed LID as an important tool for addressing climate change impacts through
attenuating surface runoff and the peak discharge (Willems et al., 2013; Zahmatkesh
et al., 2015).



It also provides proper utilization of natural resources which promotes sustainable use
of water courses of the biosphere (Butler & Parkinson, 1997). The potential impact of
the components of Low Impact Development (LID) on hydrological processes is a
subject of significant interest to decision-makers, planners, and designers as it may
contribute to build the smart cities (Li et al., 2017). Several studies have demonstrated
that incorporating Low Impact Development (LID) practices can have a significant
impact on flood control and water balance, such as reducing the volume of storm runoff
(Dietz & Clausen, 2008; Jennings & Jarnagin, 2002), altering the ratio of runoff to
precipitation (Rushton, 2001), reducing peak flow rate (Guo & Cheng, 2008) and
extending the lag time (Zimmer et al., 2007). Vegetative swales (VS), permeable
pavement (PP), bio-retention (BR) pits, rainwater harvesting (RWH), and other
facilities are frequently utilized in the design of Low Impact Development (LID) for
urban catchments. An extensive research on these facilities and their effectiveness

(e.g., Huetal., 2017, 2018), are found to be reported from different watershed.

The phenomenon of Low Impact Developments (LIDs) is influenced by various
factors, such as land use and cover changes, societal and economic aspects, and
environmental conditions. To fully understand the impacts of LIDs, it is essential to
conduct an integrated study that considers all three sustainability themes such as social,
economic, and environmental perspectives including implementation aspects.
However, such integrated studies on LIDs are limited in number and are highly
dependent on the specific context of the area being studied. This means that the results
of such studies cannot be generalized to other areas with different land use and cover
changes, societal and economic conditions, and environmental factors. Furthermore,
there is a clear lack of integrated studies of LIDs in Bangladesh, which makes it

difficult to fully understand the impacts of LIDs here.

Previous studies on LIDs in Bangladesh have only focused on one or two sustainability
themes, which can not provide a complete understanding of the phenomenon.
Therefore, there is a need for more integrated studies on LIDs addressing sustainability
themes and are specific to the context of the area being studied. A thorough
comprehension of the effects of Low Impact Development (LID) is crucial in the
development of effective strategies for sustainable development. Conducting research

on LID can facilitate the attainment of this objective.



1.2 Rationale of the research

While the idea and implementation of LIDs are popular in developed countries, there
is very limited studies and information available from developing countries. In
particular to Bangladesh no such studies to date exists investigating the potential of
LIDs in managing urban runoff though major cities like Dhaka and Chattogram are
frequently exposed to waterlogging and flooding with moderate rainfall events. As
reported in literature, Climate change has rendered Bangladesh as one of the most
susceptible nations, it is therefore indeed necessary to assess city drainage system
influenced by change climate and change land uses due to unplanned urbanization.
Unplanned and uncontrolled urbanization leads more built-up area meaning increased
runoff volume, faster peak due to smaller lag time, and end up with polluted runoff to

receiving water bodies (Paule-mercado et al., 2017).

The hydrologic performance of Low Impact Development (LID) demonstrates notable
variation under different precipitation scenarios (Qin et al., 2013). Pyke et al. (2011)
reported that alterations in impervious areas have the greatest impact on runoff
volume, followed by changes in total precipitation volume and rainfall intensity.
Despite numerous reports suggesting that Low Impact Developments (LIDs) can
alleviate water-related issues, their impact on water quality, amenities, and cost-
effectiveness in the integrated management of built-up watersheds remains unclear. Do
Low Impact Developments (LIDs) perform effectively in all types of storms, and how
do changes in rainfall distribution, duration, and intensity impact the effectiveness of

LIDs at the watershed scale?

Evaluating the cost-effectiveness of Low Impact Development (LID) options in city
drainage construction is vital and imperative to simulate the pre-development state of
the watershed ecosystem and, hence, to prevent water pollution while controlling
storm water runoff quantity and quality aspects in one framework while induced runoff

estimation is well explored, quality and amenity values are not studied in detail.

1.3 Research Hypothesis

The patterns of urban land use have a substantial impact on rainfall induced runoff and

associated pollutants to nearby water bodies. Pollutant concentrations are likely to be



greater at a site with more built-up and impervious area than at a site with more green
and pervious space, considering that runoff is capable of washing off sediment bound
pollutants. Furthermore, lined drains are susceptible of higher concentrations in
comparison to soft measures, as suggested in LIDs, such as vegetation swales, natural
soil, etc. The Life Cycle Cost (LCC) of LID components is expected to be greater than
that of traditional treatment choices, however, considering environmental cost given
that the efficacy of LID components in lowering water pollution levels is significantly

higher with conventional drainage without any amenity value.

1.4 Objectives

The main aim of the study is to evaluate the quantity, quality, and amenity aspects of
LIDs components at a watershed scale under different climatic scenarios towards

future stormwater management. The specific objectives are as follows:

1. To evaluate the storm runoff quantity and quality performance of LID scenarios in
stormwater networks under different hydrological attributes.

2. To quantify the life cycle cost of different LID scenarios in order to identify the
most cost-effective option in drainage system.

3. To compare LID options that are cost-effective having satisfactory runoff quality

improvement with drainage network amenity aspects.

1.5 Scope of the study

The study focuses on the performance of LIDs components at the watershed scale
under diverse climate and land use change scenarios using a part of city drainage
network. Furthermore, the cost effectiveness of LID scenarios and identifying the most
suited one with recommendations are discussed in relation to sustainable urban

drainage system. The following are some notes specifying the scope of this research:

e The research focused on the Chaktai-Rajakhali watershed, through which a
substantial amount of stormwater runoff with dry weather flow has been

discharged into the Karnaphuli river in Chattogram, Bangladesh.



The research focused on four primary land use categories, such as residential,
commercial, industrial, and institutional, based on the dominant land use types in
a specific area. However, it is possible that there are additional types of land use
that fall under these main categories.

The research solely focused on the evaluation of the performance of stormwater-
induced runoff. It did not consider other inflows such as dry weather flow, tidal
flow, or any other types of flow.

The study took into account return periods ranging from 2 to 100 years, which is a
wider range than the typical range of 2 to 25 years used in conventional drainage
design. This is because the design life of LID-induced drainage systems is expected
to be longer than that of traditional drainage systems.

The pollutants concentration in focus were limited to TSS, TN, TP, Zn, BOD and
COD for the performance evaluation of different LID options.

The study used model simulation to assess the performance of six LID options
under four different scenarios only.

In this study, the STEP Life-Cycle Costing tool (Version 3, published in December
2021) is adopted for LCC analysis. LCC costs are adjusted to Bangladesh
perspectives through adjustments in unit costs based on different standard schedule
rates and as appropriate assumptions were made, such as land cost, discount rate,
overhead, profit, contingency, soft expenses, and so on during the Life Cycle Cost

analysis for LID practices.

1.6 Limitations of the study

The study provides valuable insights into LID performance, but its limitations must be

considered for a more comprehensive understanding of the topic. The following are

some notes specifying the limitations of this study:

This study solely focused on assessing the performance of LID based on
meteorological factors while neglecting tidal effects in the simulation model.
Additionally, the study did not account for inflows from diverse land uses such as

domestic wastewater, industrial discharge, sewerage flow, and so on.



e Tidal effects and wet weather flow may affect the peak runoff in the canals, as well
as water quality.

e A continuous stormwater-induced runoff collection for full duration could not be
made because that may alter pollutants concentrations.

e Defining four different land use patterns is based on dominant land use types that
may also affect runoff volume and quality.

e A few assumptions in the cost per square meter for LCA used in the STEP LCA
cost estimation tool may alter cost values in Bangladesh.

e Additional constituents, such as heavy metals and conventional stormwater
pollutants (pH, temperature, nutrients, organic matter contents, and so on), are not
considered, which are also significant for urban stormwater pollution studies.

e The evaluation of LID options in the study was based solely on a simulation

approach, and no practical implementation of these options was carried out.

1.7 Organization of the thesis

This thesis is presented into six chapters. The first chapter provides a brief background
on the relevance of LID for urban runoff control, as well as the hypothesis, objectives,

and scope of the study.

Following the introduction Chapter 1, Chapter 2 combines the findings of relevant
published literature, providing insight into drainage features, current drainage systems,
and various aspects of LID components. Furthermore, the research's background is

described, and a knowledge gap is highlighted in Chapter 2.

Chapter 3 outlines the materials and methods used for the study, including a
description of the study area, sampling locations, site investigations, experimental
investigations, and modelling techniques and approaches that were used to conduct

this research.

Chapters 4 portray the results and describe the performance of various LID
components with their Life Cycle Cost analysis. Chapter 4 mainly focuses on the

hydrological performance of various LID components in terms of runoff quantity and



quality under various storms. In contrast, Chapter 4 also provides a detailed

comparative assessment of the Life Cycle Cost analysis of various LID components.

Finally, Chapter 6 provides the primary conclusions and categorized conclusions based
on the findings of Chapters 4 and 5, implications of this study along with suggestions

and recommendations for further study.

In addition to the main text, there are a few appendices that include significant
supporting data and information. Finally, references cited in the thesis's text are listed

as list of references.



Chapter 2. LITERATURE REVIEW

2.1 General

Low Impact Development (LID) is a design approach in land planning and engineering
that focuses on managing rainfall locally to reduce runoff and improve water quality.
This method has become popular in developing countries' urban drainage systems as
a solution to address the challenges posed by rapid urbanization and the effects of
climate change. LID components, such as rain barrels, permeable pavement, green
roofs, rainwater harvesting, infiltration trenches, and swales, imitate the natural water
cycle by filtering, infiltrating, and reusing rainwater. This reduces runoff volume and
improves water quality, which is crucial in urban areas where increased impermeable
surfaces can lead to runoff and pollution, and where the impacts of climate change
such as more intense and frequent rainfall events, are becoming increasingly evident.
Despite its potential, there is still a lack of understanding about how to effectively
implement LID in developing countries, particularly in regard to technical, social, and
institutional obstacles. The purpose of this chapter is to examine the current
understanding of LID in urban drainage systems in developing countries and to
identify knowledge gaps in the context of the current study, as well as provide a brief

overview of the different LID component specifications.

2.2 Climate changes and effects on urban drainage system

Climate change is expected to have a significant impact on urban drainage systems in
Bangladesh. The country is in a low-lying delta region and is highly vulnerable to sea
level rise and coastal flooding. The projected sea level rise of 0.5-1 meter by the end
of the century will increase the frequency and severity of flooding in coastal cities
(Begum & Fleming, 1997; Brammer, 2014; Kay et al., 2015) . Additionally, the
frequency and intensity of extreme precipitation events is also likely to increase,
putting further strain on urban drainage systems. This can cause urban flooding,
waterlogging, and sewage overflow in cities and towns. The consequences of these

events can be severe, leading to property damage, displacement of people, and public



health risks. Urban drainage systems in Bangladesh are often inadequate and unable
to handle the increased loads resulting from climate change. The 