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Preface

The consumption and degradation of our limited water resources has not only
brought numerous challenges to our safe water supply but also various adverse
impacts on the environment. These challenges and environmental problems are
the main impetus for promoting green technologies to ensure our own well-being
in the future as well as preserve the environment for a better tomorrow. Thus, in
terms of sustainable water management, the main strategies are directed toward
developing environmental-friendly, economically viable and energy effective
treatment processes, which have higher removal efficiency of pollutants and
possible nutrient recovery while enabling to reduce carbon footprint, minimize
waste production and protect human and environmental health.

According to United Nations Environment Programme, “Green technology
covers a broad area of production and consumption technologies. The adoption
and use of green technologies involves the use of environmental technologies for
monitoring and assessment, pollution prevention and control, resource and
energy recovery, mitigation of climate change, and remediation and restoration.”

Nowadays, increasing environmental awareness has driven new insights into
the competing factors for water and wastewater treatment technology such as
energy consumption, use of hazardous chemicals, health impacts, waste genera-
tion, sludge handling and disposal. The purpose of this book is to elucidate basic
scientific principles and technological advances of current green technologies for
sustainable water management. Solutions to pressing all concerned problems
associated with energy optimization during wastewater treatment, the possibility
of wastewater as a possible resource, health impacts of treatment technology due
to the release of trace organic contaminants and prevention of surface water
pollution, are presented in this book.

This 28-chapter book consists of three themes: 1) green technologies for water
and wastewater management; 2) green technologies for pollution prevention/
control and remediation/restoration; and 3) green technologies toward sustainable
society. These three themes are linked by the central thread of sustainable water
and wastewater management.

We hope that this book will be of interest to researchers, students, scientists,
engineers, government officers, process managers and practicing professionals. As
an excellent state-of-the-art reference material, the book will contain rich knowl-
edge on the principles and provide them in-depth understanding and compre-
hensive information of current green technologies, their different environmental
applications, recent advantages and disadvantages, critical analysis and modeling

Xiii
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Xiv PREFACE

of the processes, and future perspective toward research directions and
development.

The editors gratefully acknowledge the hard work and patience of all the
authors who have contributed to this book. The views or opinions expressed in
each chapter of this book are those of the authors and should not be construed as
opinions of the organizations they work for.

Huu Hao Ngo, Wenshan Guo, Rao Y. Surampalli,
and Tian C. Zhang
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CHAPTER 1

Green Technologies for
Sustainable Water
Management: Introduction

and Overview

Huu Hao Ngo'
Wenshan Guo?
Zhuo Chen’?
Rao Y. Surampalli*
Tian C. Zhang®

1.1 INTRODUCTION

Climate change, rapid development and population growth of many nations and
the consequent rapid rise in levels of water consumption and contamination have
raised concerns about the unsustainability of current water use patterns and
supply systems. Specifically, the world population continues to expand with a
growth rate of 1.2% each year, resulting in increased pressure on water quality,
safety and health. Although the global amount of water is generally considered to
be sufficient for the current population from the perspective of the total hydrologic
cycle, world water resources are concentrated in certain areas, and severe water
shortages are emerging in other places (Pimentel and Pimentel 2008). In addition
to water deficits, improperly managed freshwater resource systems have triggered
considerable water pollution. The problems are even worse in developing coun-
tries as they discharge approximately 90-95% of their untreated urban sewage
directly into surface waters without rigorous water regulations (Pimentel et al.
2012). Therefore, to alleviate these existing situations, the awareness of environ-
mental responsibilities should be strengthened (Tseng et al. 2013).
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2Univ. of Technology, Sydney, Australia.

*Graduate School at Shenzhen, Tsinghua Univ., China.
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2 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

The concept of sustainable water management generally involves the
improvement of the health of surface water and groundwater systems, avoid-
ance of over-extraction of freshwater supplies, identification of alternative water
resources (e.g., rainwater, stormwater, desalinated water and recycled water),
and implementation of environmental related policies and educational cam-
paigns (NWC 2011). Faced with many challenges, the use of green technologies
that encourage efficient forms of recycling and reuse is encouraged in the water
industry. These include various innovations on water collection, treatment,
distribution and drainage systems as well as enhanced approaches to manage-
ment, assessment strategies, policies and regulations. After being successfully
implemented, they can play crucial roles in enhancing sustainability, driving
green growth and achieving a balance between economic, social and environ-
mental factors while maintaining productivity, prosperity and efficiency
(ATSE 2012).

This chapter presents the background, current development and future
opportunities of green technologies and issues to facilitate the strategic planning
of sustainable water management systems. The chapter is structured as follows: the
first and second sections introduce the background and deal with fundamental
concepts and demand analysis; the third section describes in detail the current and
future applications of green technologies for sustainability improvement in water
management; and the fourth section overviews the core ideas and key findings
from each book chapter. The chapter concludes by discussing the appropriate
approaches and policies in achieving sustainability objectives and promoting
green design and supplies for water utilization.

1.2 FUNDAMENTALS

1.2.1 Concepts and Need Analysis of Sustainable Water
Management

Achieving sustainable solutions to today’s environmental problems requires long-
term planning and actions. Sustainable management generally incorporates
environmental, economic, social, and energy and resource sustainability (Dincer
and Rosen 2005). Fig. 1.1 outlined these four essential factors impacting sustain-
able development and their interdependencies. Resource issues are particularly
prevalent at present, and water management appears to provide one component of
an effective sustainable solution. Specifically, the sustainable water management
approach is to view all water systems as a whole, including drinking water,
wastewater, rainwater, and stormwater drainage as a collective system that should
be managed together to be truly efficient and sustainable, namely, integrated
water management. In this approach, all water systems are looked upon as a
positive resource in the environment with multiple supplies for use in many cases
(Struck 2012).
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SUSTAINABLE
DEVELOPMENT

Energy and
Resources
Sustainability

Economic
Sustainability

Social
Sustainability

Figure 1.1. Factors affecting sustainable development and their interdependences
Source: Adapted from Midilli et al. (2006); reproduced with permission from Elsevier

Sustainable water management approaches have been increasingly applied to
explore and analyze existing and future water-related issues, as well as to support
water managers and decision-makers to put forward solutions for potential
problems. They are of great necessity and importance as mismanagement is
likely to impose significant constraints on exploitation and development and to
affect the performance of water resource systems, including their effects on future
water availability, water demand and water management strategies (Dong et al.
2013). The specific advantages of sustainable water management are presented as
follows:

« Solving problems. Some water-related problems such as drought, flooding,
groundwater over-extraction, water-borne diseases, land and water degrada-
tion, insufficient wastewater treatment, on-going damage to ecosystems, and
escalating water conflicts in rural areas that might be intractable to conven-
tional, single-sector approaches can be addressed by sustainable water
management approaches. As such, issues could be identified holistically and
solved effectively from multiple sectors without creating other troubles and
complications.

o Avoiding poor investments and expensive mistakes. Decision-making
based on short-term, segmented view would be rarely effective in the
long-haul and can trigger unsustainable gains, unforeseen consequences
and lost opportunities. Worse still, it is often the environment that has
been sacrificed, together with negative consequences for both social and
economic development. Comparatively, sustainable water management
promotes the consideration of economic implications of infrastructure
maintenance, water services and potential for cost-recovery, and both
short- and long-term environmental impacts. This can avoid the losses
and high costs associated with unsustainable development and irreparable
harms.

o Getting the most value from investments in infrastructure. Sustainable
water management can ensure maximum returns on investments from
infrastructure planning, design and management both socially and
economically. It facilitates the different investments working synergistically
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and producing greater returns than possible through a single-sector
approach.

o Allocating water strategically. Sustainable water management can
provide strong links among allocation decisions, national development and
economic planning processes, using tools such as water pricing and tariffs,
appropriate incentives and subsidies, and the removal of ill-considered
incentives and subsidies both inside and outside the water sector. This could
significantly contribute to the improvement of water use efficiency (GWP
2004).

To achieve sustainability, it involves the continuous reconciliation of water
demand by the human environment with water supply by the natural system.
Thus, depending on specific problems, it may also requires the consideration of
land and water management, evapotranspiration, water quality and quantity,
upstream and downstream water uses, and all stakeholders in the planning and
management processes (GWP 2000). The uncertainties associated with climate,
demographic, economic, social, technical and political conditions also need to
consider. However, instead of trying to be comprehensive, the optimal water
management should mainly focus on the key components and relationships
accounting for the greatest variability in the system behavior. This would allow
decision makers and water authorities to consider multiple factors and to deal with
the complexity and interconnections within and between natural and human
environments (Liu et al. 2008).

1.2.2 Concepts and Need Analysis of Green Technologies

Green technologies are technologies creating products and facilities that can
improve economic productivity, conserve natural resources and limit adverse
impacts on the environment and social wellbeing (Environmental Leader 2013).
The concept of green technologies can be applied to the water management field to
support the growth of new industries (e.g., new end uses of recycled water), bring
technological innovations (e.g., state-of-the-art water treatment approaches) to
water market and position the country to capture green growth opportunities.
While the application of green technology could greatly harness economic
opportunities by promoting productivity, prosperity and living standards, the
strategies and innovations can also balance the other environmental, social and
technical aspects, which would underpin sustainable water management into the
future (ATSE 2012).

There is an urgent need to exploit and develop appropriate green technologies
that promote design, production and supply chain because the major cause of
water shortage and continued deterioration of the global environment is the
unsustainable and unregulated pattern of consumption and production (Tseng
et al. 2013). The limitations on the amount of freshwater consumption that can be
taken from natural sources such as groundwater and surface water have forced the
industry to expand the supplementary sources of water such as rainwater,
stormwater, desalinated water and/or recycled water, which in most cases need
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extensive treatment before usage for health and environmental safety reasons.
Apart from environmental drivers associated with water scarcity issues, to control
water quality, many governments promote effluent discharge regulations and
encourage the use of best available technologies to limit the allowable concentra-
tions of certain contaminants in waste streams. Additionally, highly purified water
is increasingly needed in industries (e.g., energy industry) that require technolog-
ical solutions to fulfill their water needs (Frost and Sullivan 2010). For instance,
the recycled water used as boiler’s make-up water should be of very high quality,
especially when the boiler is operated under high pressure. As wastewater
containing impurities may lead to boiler corrosion, deposits, sludge formation,
scaling, fouling and foaming, advanced treatment processes such as ultrafiltration
(UE), reverse osmosis (RO), or ion exchange are often required. Likewise, only
high-quality water can be adopted in electronics, food processing, chemical and
pharmaceutical industries (U.S. EPA 2004; Chen et al. 2013).

To develop green technologies strategically, a comprehensive framework for
managing water resources and prioritizing investment decisions is needed.
Figure 1.2 shows the procedures and major considerations involved in the
establishment of a full assessment framework. It consists of four phases, where
phase 1 is the primary screening step to identify the prospects of new green
technologies. To verify the feasibility of proposed technologies, Phase 2 starts with
the consideration of particular evaluation criteria from five identified categories,
including environmental, social, technical, economic and commercial aspects, and
then applies the qualitative or quantitative approach for making a trade-off among
different factors. Furthermore, phase 3 is to implement fit-for-purpose policies on
green growth principles and shared responsibilities according to the analysis

(s N
Considerati " Environmental Impacts
onsideration 9 — (Greenhouse gas emission, energy
green technologies \consumplion, water savings, ecology, etc.)j
l, ( . A
Social concerns
Sustainability — (Social benefits, education and training
evaluation L opportunities etc.) )
processes
Tncrease of wi (" Technical Aspects D
nLreds'e o ,Wdter l, (Availability, technology level and use,
sustainability C . technological innovations, advanced
Application of ) O
. .. \_technologies etc.)
appropriate policies
on principles and e N ~
. T A Economic Factors
responsibilities . .
——— (Investments, water price, operational cost,
l L externalities, etc.)
Communication, s p izt N
monitoring and ommercialization ) )
. L—— (Research and development, incentives,
review etc)
AN J

Figure 1.2. The comprehensive framework in the development of green

technologies for sustainable water management
Source: Adapted from Dincer and Rosen (2005); reproduced with permission from Elsevier
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results. Finally, phase 4 is the management step that includes the communication,
review and reporting so as to achieve community-wide acceptance and satisfying
outcomes for water sustainability.

1.3 CURRENT STATUS AND FUTURE PERSPECTIVES

1.3.1 Current Status, Key Drivers and Restraints

With respect to water collection and supply systems, water balance analysis
becomes essential, as it determines the relationship between storage capacity,
reuse demand, and reliability of supply. Particularly, the designs should be
effective not only at the full capacity level, but also in reduced-service scenarios
such as under non-optimal, supply-limited and unforeseen conditions. Howev-
er, the over-reliance of supply-driven urban water supplies has been increas-
ingly discovered and criticized, which are regarded as wasteful and expensive
supply-side solutions. Thus, demand management should be implemented with
a focus on measures that make better and efficient use of limited supplies. The
specific definition of demand management is the adaptation and implementa-
tion of a strategy (policies and initiatives) by a water institution influencing
water demand and water usage to meet objectives (such as economic efficiency,
social development, social equity, environmental protection and political ac-
ceptability) so as to achieve sustainability of water supply and services
(Vairavamoorthy et al. 2008). Table 1.1 lists a series of green technology
opportunities proposed for different water resources under the demand man-
agement methodology. They are assessed across multiple green-growth and
sustainability indicators covering environmental, economic and social impacts
via a qualitative approach. Notably, a rigorous quantitative approach (e.g., cost-
effectiveness analysis, triple-bottom-line analysis or multi-criteria analysis)
should be utilized for a complete evaluation (ATSE 2012).

In terms of water treatment, as each source of water has its own characteristics
and constituents, it requires different treatment levels and technologies for certain
use purposes. For example, high pathogenic levels in water are likely to trigger
health and environmental risks while chemical composition (e.g., ammonia,
calcium, magnesium, silica and iron) may cause corrosion of pipes and machinery,
scale formation, foaming, etc. Besides, physical parameters such as suspended
solids, sand and grit can lead to solids deposition, fouling and blockages, whereas
excessive nutrients may result in slime formation and microbial growth (DEC
2006). Thus, it is indispensable to understand all kinds of water sources and their
characteristics for fit-for-purpose treatment and applications. A detailed discus-
sion on specific green technologies for different water resources is presented as
follows. As readily-available surface, ground and rain water require only minimal
treatment, they are not discussed in detail.

Rainwater/stormwater. Rainwater generally has very good water quality even
though it does contain some particulate matter from dust particles from the air.
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Table 1.2. Water quality of harvested rainwater from various surfaces

Hardness
Turbidity Conductivity — (ppm 7SS Coliform

Sample pH (NTU)  (uSiemens) CaCO;) (ppm) (CFU/mL)
Metal Roof  5.97 1.3 124 0.5 3 100
Plumbing 6.89 0.5 17.1 6 6 >500
Cistern 8.91 24 735 10 9 3
Tap Water 7.32 0.3 77.1 24 2 0
Shingle 5.94 8.3 455 41 6 >500

Roof
EWEB 75-7.8 0.02-0.04 45-65 18-25 <0.5 0

Range

Source: Matt and Cohen (2001)

The level of total dissolved solids varies from region to region but is typically
between 2 and 20 mg/1 (Brown et al. 2005). The water quality of collected
rainwater depends significantly on the surface from which the water is collected
(Table 1.2). Stormwater typically contains material mobilized in its path of flow
including litter, dust and soil, fertilizers and other nutrients, chemicals and
pesticides, micro-organisms, metals, oils and grease, and thus, needs better
management for non-point source pollution. However, management practices
are different in different countries. For example, in the U.S., regulations for
Municipal Separate Storm Sewer System (MS4) belongs to the Clean Water Act. A
sector (e.g., a state’s department of transportation) is required to manage its runoff
pollution within its MS4 boundaries, such as 1) capture/treat the first 0.5 inches
Water Quality Volume (WQV) that runs off of any new/redeveloped impervious
area; and 2) implement 6 minimum Best Management Practices (BMPs) to reduce
stormwater pollutant effluents to the Maximum Extent Practicable (MEP).
However, so far, there is no water quality criterion linked with numeric limits.

» However, a treatment system for rainwater/stormwater harvesting and
reuse needs to consider both stormwater quality criteria and treatment
techniques to meet the end-use requirements and minimize public health
and environmental risks. According to Table 1.3, the main aspects of water
quality relevant to public health considerations specified in Australian guide-
lines are Escherichia coli concentration, turbidity, pH and chlorine residual.
Escherichia coli is an important microbial quality indicator whereas turbidity
and pH are important chemical indicators that may affect the efficiency of
chlorine disinfection. However, specific stormwater quality criteria should be
applied when considering the site-specific conditions of catchment areas
(e.g., catchments with industrial land uses or significant sewer overflows) and
different end-uses (e.g., residential uses, irrigation, industrial uses and aquifer
storage and recovery) (DEC 2006; Asano et al. 2007).
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As can be seen in Table 1.4, stormwater treatment measures can be generally
grouped into three categories: primary, secondary and tertiary (CSIRO 2006;
Begum et al. 2008; Blecken et al. 2010). The physical screening or rapid
sedimentation techniques in the primary stage are mainly to retain gross
pollutants and coarse sediments. Comparatively, secondary treatment involves
applications of finer particle sedimentation and filtration techniques to remove
fine particles and attached pollutants. Additionally, tertiary treatment aims to
mitigate nutrients and heavy metal concentrations (Begum et al. 2008). For some
schemes that require further pathogen removal, disinfection (e.g., UV light,
chlorination or ozonation) and/or advanced treatment techniques (e.g., mem-
brane filtration) should be employed at the end of the treatment train. While
technologies designed for general stormwater pollution control are frequently
utilized, more innovative technologies designed specifically for stormwater
recycling together with new assessment technologies should be exploited to
guarantee the necessary reliability of treatment and reuse. Several studies have
retrofitted the conventional biofilters by introducing a submerged (partly anoxic)
zone with an embedded carbon source. With this advanced technique, total
nitrogen removal has been enhanced significantly due to improved denitrifica-
tion (Dietz and Clausen 2006; Zinger et al. 2013). Li et al. (2012) further
indicated that this approach could eliminate adverse effects of drying weather
conditions on E. coli removal and achieve the recommended water quality for
secondary contact recreational water use in relation to E. coli. Blecken et al.
(2009) showed that the modified biofilter also exhibited positive impact on metal
treatment, especially on the copper (Cu) removal. The presence of submerged
zone and carbon source allows the outflow Cu concentrations to meet Swedish
and Australian water quality guidelines.

Desalinated water. Desalinated water is relatively expensive to produce.
Therefore, its efficient management from the inception of the water cycle at
treatment plants to the reuse of treated effluent is of paramount importance.
Figure 1.3 depicts management approaches to develop in terms of operational,
technological and research aspects of desalinated water treatment and reuse.
The RO membrane system is by far the dominant technology used primarily
due to its lower cost in comparison to other technologies. To further reduce the
cost of RO technology, modifications of the traditional RO process are being
increasingly considered and employed, including i) the blending of existing
technologies (e.g., multiple-effect distillation, multi-stage flash, and vapor
compression) or innovative technologies (e.g., forward osmosis, membrane
distillation, adsorption desalination, and microbial desalination cells), and ii)
process optimization (e.g., more efficient pretrement, longer lasting membranes,
more energy efficient pumps) (Zhang et al. 2012). The key drivers and
prospective green technological developments in desalination plant treatment
processes include:

1. Distillation processes, which cover: i) Scaling prevention techniques for film
evaporation. Some existing technologies on the reduction of scaling on the
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Management of desalinated water from
treatment to reuse

’ Operational aspects ‘ ’Technological aspects‘ ’ Research aspects ‘

= Restructuring present

= Membrane improvements; fragmented set-up;

= Energy recovery; = Establish single authority
for water from inception,
treatment to reuse

= Reduce unaccounted
water;

= Expansion of the useof
brackish and stormwater
as feedstock; = Regulatory office &

privatization ;

= Reuse sewage effluent;
= Desalination plant

erformance .
P = Aquifer storage recovery

= Demand management

Increase water Greater
resources Reduce costs efficiency

Figure 1.3. Elements of desalinated water management from treatment to reuse
Source: Adapted from Dabbagh (2001); reproduced with permission from Elsevier

Multistage Flash System (MSF) tube surfaces seem to lead to scale deposition
being transferred into the flash chambers and causing blockage of the
demisters. Apart from MSF, other thermal desalination technologies, such
as multiple effect distillation (MED) with thermal vapor compression (TVC)
and mechanical vapor compression (MVC) should be taken into account as
well. They have become the most efficient distillation processes available in
the market today in terms of energy consumption and water recovery ratio.
As the systems are electrically driven, they are considered as clean and green
processes with high reliability and simplicity for operation and maintenance.
ii) Corrosion reduction. There is a need to develop alloys and other materials
for moving and non-moving parts with corrosion resistance similar to those
that have been recently developed but at more economical prices. iii) Com-
puter modeling and capacity increase. The increase of plant capacity and
utilization of modeling techniques to optimize the design, simulation, and
operating conditions can provide desalinated water at a lower cost. iv) Heat
transfer improvement. New alloys with higher heat transferability than those
presently available could improve the efficiency of MSF drastically (Dabbagh
2001; DEP 2010).

2. Membrane processes, which cover: i) Membrane improvement. Disinfection
of feed water prior to RO is essential to prevent biofouling of the membrane
surfaces, which can inevitably lead to additional energy consumption and a
loss of performance. Chlorine is by far one of the most cost-effective
disinfection approaches for water treatment. However, since modern RO
membranes are generally susceptible to chlorine damage, there is a demand
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for membrane improvement so as to tolerate biocidal concentrations of
chlorine in continuous operation over several years. Graham-Rowe (2008)
and Gunderson (2008) reported on newly developed nanocomposite mem-
branes, which are thin-film composite membranes with the nano-structured
material. When being applied, the benefits such as improved efficiency of
extraction, reduced biofouling and maintenance costs by repelling impuri-
ties, reduced energy needs, and longer membrane life can be obtained.
Alternatively, other biocides such as ozone may be advantageous in RO
systems but have not been adequately studied. ii) Fouling and scaling
mechanisms and control measures. A more fundamental understanding of
fouling and scaling mechanisms and implementation of green control
measures can result in lower operational cost and extended membrane life.
The control measures include: fouling control by operating these membrane
systems below critical flux, pretreatment of the feedwater, membrane back-
washing and cleaning, and addition of carriers (e.g., zeolite, powdered
activated carbon and sponge) (Ngo et al. 2013). iii) Seawater coagulation
and filtration techniques. The removal of most organic suspended and
colloidal matter in large seawater RO plants is usually carried out using
conventional coagulation and filtration techniques. Thus, research into
broader spectrum green coagulants might be of benefit and should be given
more consideration. iv) Energy recovery devices. Improved efficiency in
energy utilization could contribute to the reduction of desalination cost.
Additionally, the use of alternative energy sources like waste heat, solar and/
or geothermal can reduce the need for fossil fuel-based energy. For instance,
energy-efficient pumps such as axial piston pressure exchanger pump and
rotary-type energy-recovery device could not only lessen the costs but also
improve the consistency of pressure (Gunderson 2008). v) Expansion of the
use of brackish and stormwater as feedstock. Although seawater is the
primary feedstock, brackish water and stormwater are potential starting
materials for inland communities. vi) Aquifer storage recovery. The system
involves the use of injection wells for underground storage of desalinated
water in a suitable aquifer when the capacity of water supply facilities
exceeds the demand, and its subsequent recovery from the same well to meet
seasonal, peak, emergency or long-term demand. As this approach is low-
cost, it can be developed to improve the use of water supply and water
treatment facilities (Dabbagh 2001).

Table 1.5 presents some other recent innovations in desalination technolo-
gies. They are regarded as green approaches due to the reduced costs and lower
adverse impacts to the environment. Additionally, co-location of desalination
facilities at or near existing power plants or large municipal wastewater treatment
plant (WWTP) can also substantially reduce the carbon footprints, environmental
impacts and capital and/or operational costs through the use of existing intake and
outfall structures and the blending of desalination brine and power plant heated
effluents (DEP 2010).
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Recycled water. To ensure safe and reliable water reuse, green technologies
that require less non-renewable energy sources, higher level of energy and nutrient
recovery, reduced consumption of hazardous chemicals and enhanced removal of
contaminants should be given more attention in the WWTP design and operation
(Lofrano 2012).

1. Fit-for-purpose treatment. The adoption of fit-for-purpose treatment meth-
ods allows the prioritized identification of hazards and enables the targeted
pollutants to be removed efficiently and cost-effectively. As for greywater, it
includes water from household kitchen sinks, dishwashers, showers, baths,
hand basins, and laundry, but excludes any input from toilets. Hence,
compared with municipal and industrial sources, it is less polluted and
low in contaminating pathogens, nitrogen, suspended solids and turbidity.
Regarding the current treatment methods, physical (e.g., coarse sand, soil
filtration, microfiltration (MF), and UF) and chemical (e.g., coagulation,
photocatalytic oxidation, ion exchange and granular activated carbon)
treatments are suitable to treat low strength greywater (e.g., laundry and
showering wastewaters) for either restricted or unrestricted non-potable uses
under safe conditions. These treatment technologies are widely used in
small-scale residences, which are able to reduce 30-35% of freshwater
consumption. While for medium and high-strength greywater (e.g., kitchen
wastewater), additional biological treatment processes such as sequencing
batch reactor (SBR), constructed wetland (CW), or membrane bioreactor
(MBR) are often used to remove biodegradable organic substances (Chen
et al. 2013). The applications of treated greywater include toilet flushing,
garden irrigation, recreational impoundments watering and clothes washing
(Zhang et al. 2012).

Municipal wastewater often contains a broad spectrum of contaminants such
as organic matters, pathogens and inorganic particles, which can be potential risks
to human health and the environment. Particularly, some inorganic chemical
pollutants (e.g., sodium, potassium, calcium, chloride, bromide, and trace heavy
metals) are of concern in agricultural and landscape irrigation, as highly saline
irrigation water can severely degrade the soil and the accumulation of heavy
metals in soil can pose threats to the food chain. Furthermore, when considering
the recycled water for potable reuse schemes, the trace organic pollutants such as
pharmaceutical active compounds (PhACs) and endocrine disrupting compounds
(EDCs) are important parameters that are likely to trigger adverse biological
effects to health at part per trillion concentrations (Weber et al. 2006; Bhandari
et al. 2009). Besides, from microbiological aspects, the main pollution groups are
excreted organisms and pathogens from human and animal origins, where enteric
viruses and protozoan pathogens are significantly more infectious than other
bacterial pathogens. In terms of treatment approaches, membrane filtration has
received considerable attention as it is capable of removing not only suspended
solids and organic compounds but also inorganic contaminants such as heavy
metals in wastewater through physical means. Depending on the pore size of the
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semi-permeable membrane, membrane technologies include MF, UF, nanofiltra-
tion (NF), and RO. MF membranes have the largest pore size (0.05-2 um) and
typically reject suspended particles, colloids, and bacteria. UF (<0.1 pm) and NF
(2 nm) membranes have smaller pores, which can remove natural organic matter/
soluble macromolecules and dissociated acids/sugars/pharmaceuticals/divalent
ions, respectively. RO membranes (0.1 nm) are effectively nonporous and retain
even many low molar mass solutes as water permeates through the membrane
(ASTM 2010).

Comparatively, the composition of industrial wastewater varies considerably
owing to different industrial activities. Even within a single type of industry,
specific processes and chemicals used to produce similar products can differ,
which leads to significant changes in wastewater characteristics over time.
Generally, wastewaters from food processing industries (e.g., potato, olive oil,
and meat processing) are contaminated with high levels of biological oxygen
demand (BOD), chemical oxygen demand (COD), oil and grease, total suspended
solids (TSS), nitrogen, and phosphorous. By contrast, industrial wastewaters
(e.g., chemical and pharmaceutical producing, paper, textile, tannery, and metal
working and refinery wastewaters) might be rich in heavy metals (e.g., Cd, Cr, Cu,
Ni, As, Pb, and Zn) and other toxic substances. As for the existing treatment
methods, MBR is proved to be effective, especially in removing low biodegradable
pharmaceutical compounds whereas CW can be considered as a relatively low-
cost option but requires large space for treatment. Apart from membrane filtration
technologies, Barakat (2010) reported the effectiveness of employing new adsor-
bents in treating heavy metal-contaminated wastewater. Especially, the use of
biological material (e.g., bacteria, algae, yeasts, fungi or natural agricultural by-
products) as biosorbent has received a great deal of interest because of the higher
removal efficiency and relatively lower cost, compared to conventional methods
such as precipitation and ion exchange (Wang and Chen 2009).

2. Capture of treatment side- or by-products. Green technologies that collect
treatment byproducts (e.g., biogas, heat, steam and biosolids) and convert
them into resources for local use would be an essential part of wastewater
treatment systems (Tyagi et al. 2009; Khanal et al. 2010; Struck 2012).
Presently, some wastewater treatment facilities have already incorporated
anaerobic digesters, where energy-rich waste materials and biosolids
(e.g., fats, oils, grease, food scraps, yard trimmings, applicable construction
and/or destruction debris) can be converted into biogas, a methane-rich
byproduct that is usable for energy generation. If additional organic waste
streams are diverted to these facilities (e.g., food waste from landfills), even
greater efficiencies and energy potential can be attained. Co-digestion
technology has at least three times the methane production potential
(e.g., biogas) of biosolids and manure. Remarkably, anaerobic digesters lead
to environmental benefits from methane capture, greenhouse gas reduction,
renewable energy generation, and organic waste volume reduction (Khanal
et al. 2010). Other benefits include reduced operational costs associated with
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energy consumption, waste disposal, and existing infrastructure and
expertise savings as well as economic benefits and opportunities from
processing additional waste streams. To harness the energy contained in
biogas, the gas can be cleaned, compressed and burned in a boiler,
generating heat for maintaining digester temperatures and onsite heating.
The produced biogas can also be used as a source of energy similar to
natural gas and applied to maintain facility temperatures, pumps, elec-
trical systems, and other energy needs. The excess methane can be
captured and supplied to local power companies for external purposes.
In California, US, there are almost 140 wastewater treatment facilities that
utilize anaerobic digesters, with an estimated excess capacity of 15-30%
(U.S. EPA 2013). Besides, Lofrano (2012) pointed out the application of
chemically assisted primary sedimentation, which consists of adding
chemicals such as chitosan and other organic coagulants to increase the
coagulation, flocculation and sedimentation of raw wastewater. This can
contribute to increased sludge and biogas production and then reduced
energy consumption.

Additionally, combined heat and power (CHP) systems, of which the concept
is to use a single fuel for the production of electricity and heat and recover the
waste heat from electricity generation for productive use, have received consider-
able attention. The five typically-considered CHP types are: gas turbines, micro-
turbines, steam turbines, reciprocating engines and fuel cells, each with different
benefits and challenges (Wong et al. 2015). CHP system can be operated in
conjunction with anaerobic digesters to accomplish optimal performance. More-
over, if incineration is used, insulators and heat collectors could also be employed
to capture heat/stream to convert to energy (Wong 2011). Furthermore, nutrient
recovery can be gained through the beneficial reuse of biosolids in sludge
treatment processes of WWTP. When properly treated, biosolids can be rich
soil conditioners that contain essential nutrients (nitrogen and phosphorous, trace
minerals, carbon, etc.) and provide a significant enhancement in soil water-
holding capacity. These qualities can significantly improve crop growth and yields,
reduce the use of chemical fertilizers, and allow communities to balance needs for
sanitation and public health protection with environmentally sound methods
(WERF 2010).

3. Optimization of processes in WWTP. To arrive at a sustainable utility, it is
indispensable to look for strategies where water management and energy use
are assessed jointly. Hence, a number of considerations should be integrated
into the design and planning processes. Several studies have evaluated
competing influential factors, with a focus on environmental influences.
For example, Ortiz et al. (2007) used a processed-based Life Cycle Assess-
ment (LCA) in comparing four wastewater treatment scenarios, including
Conventional Activated Sludge System (CAS), CAS-UF, external MBR and
immersed MBR. The construction, operation and dismantlement phases of
the plant were considered in the system boundary, and the airborne
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emissions were of prime concern. The results indicated an overall lower
environmental impact in CAS, followed by immersed MBR and external
MBR. Additionally, when combining the treatment technologies with
electricity production models, CAS with hydroelectric consumption model
demonstrated the lowest impact as renewable energies are much more
environmental friendly in electricity production compared with fossil fuels
and nuclear resources. Furthermore, CAS produced high effluent quality,
which not only allowed the water to be safely reused in irrigation but also
enabled other applications such as groundwater recharge, household, and
industrial uses. Thus, considering both environmental impact and water
quality, immersed MBR coupled with the renewable energy consumption
pattern was optimal. Nevertheless, this study did not take into account the
environmental impacts on soil and water nor consider the toxic and health
effects.

Moreover, Zhang et al. (2010) have adopted a hybrid LCA model to measure
the life cycle benefit of treated water reuse in industrial and domestic applications
as well as the corresponding life cycle energy consumption in the construction,
operation and demolishment phases of the WWTP in Xi’an, China. The study
quantified environmental impacts of different treatment stages as equivalent
energy consumption. It indicated that energy consumption in operating tertiary
treatment (2065.28 X 10° kJ) can be significantly compensated by life cycle benefit
of water reuse in terms of reduced wastewater discharge (74.2 x 10° kJ) and
freshwater saving (1598.4 x 10° k]). Although this study successfully linked the
life cycle energy consumption with direct benefits of recycled water reuse
(e.g., wastewater reduction and freshwater saving), other indirect benefits such
as ecosystem protection and water cycle improvement were not considered (Chen
et al. 2012).

4. Localized and networked treatment systems. The emerging use of localized
treated nodes interlinked into a network allows water to be stored and used
close to its source. It also increases the community’s ability to respond to
changes in demand and supply, improves capital efficiency and disaster
resiliency, reduces impacts on natural systems, and has the potential to
complement and be enhanced by the growing use of onsite energy genera-
tion systems (Slaughter 2010).

Regarding the water distribution, consumption and disposal systems, a
principle target is to improve the water efficiency while minimize unnecessary
water losses. For distribution systems, measures can be good solutions in
increasing economic efficiency but lowering energy and resource demand, such
as: i) decentralized treatment and distribution centers; ii) extended asset life
through the adoption of new technology; iii) conversion of distribution systems
into intelligent networks; and iv) development of smart inexpensive monitoring of
asset condition. When it comes to consumption systems, the green technological
opportunities exist in the exploitation of new recycled water end uses, adoption of
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water and energy efficient appliances, adjustment of water prices and improve-
ment of water efficiency, etc.

Particularly, to enhance the water and energy efficiency, in Australia, the state
of New South Wales (NSW) has introduced the building sustainability index
(BASIX) scheme for residential buildings. BASIX mandates that the amount of
water consumed in most new residential dwelling should be 40% less than that of
an average residential dwelling. The initial energy target for BASIX was set at a
25% reduction in greenhouse gas emissions compared to an average dwelling. In
2006, the energy target increased to 40% for most new homes. The regulations
have forced the increasing considerations on dual flush toilets, water saving and
flow regulation devices in shower heads, washing machines and dishwashers in
many households. Similarly, in Western Australia, it is imperative to use pool
covers for new pools and spas under the Smart Approved WaterMark scheme
(AWA 2012). The strengths of these different aspects for water sustainability are
discussed in Table 1.6 in detail.

Furthermore, since water drainage and disposal systems (e.g., open drainage
corridors, wetlands and small ponds) are becoming more visible in the urban
environment, the prime green development objectives are to optimize the design
of sustainable drainage facilities, minimize effluent volumes transported to
treatment plants and target releases as environmental flows. In addition, many
of the storage systems can potentially offer locations for urban rooftop or similar
gardens, creating small but centralized sources of locally grown food. These
systems can be operated on a more distributed fashion, where appropriate, with
small systems servicing smaller areas and centralized systems serving larger urban
and suburban needs (ATSE 2012; Struck 2012).

Nonetheless, a key restraint for establishment and implementation of green
technologies in water sectors is that water can no longer be viewed in isolation by
one institution or any one group of professionals without explicit and simulta-
neous consideration of other related sectors and issues. Currently, water issues
have become large, complex, and interconnected with other resources like
renewable energies and natural ecosystems, with development sectors like agri-
culture, industry, transportation and communication, and with social sectors like
education, health, and rural or regional development. They are also closely related
to economic, environmental, legal and political factors at local, national and
international scales. Consequently, water policies and major water-related issues
should be assessed, analyzed, reviewed and resolved within an overall societal and
development context. Otherwise, the main objectives of sustainable water man-
agement, such as improved standard and quality of life, poverty alleviation,
regional and equitable income distribution, and environmental conservation
could hardly be achieved (Biswas 2004). However, current failures in managing
many water systems have pushed the local areas beyond their sustainable limits.
For instance, some of the schemes sought to achieve considerable environmental
savings through maximized water efficiency regardless of utility, economic
feasibility and geographical conditions whereas other water activities that have
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political or financial underpinnings might trigger the degradation of ecological
habitats in the long run (Chapagain and Orr 2009).

In addition, Lambooy (2011) pointed out that some green strategies for
sustainable water management that encourage the reduction of fossil fuel
consumption and greenhouse gas emissions by the deployment of white biotech-
nology (i.e. agricultural products) can come into conflict with other environmental
targets. It was shown that the increased biomass for industrial usage and biofuel
production would require the use of additional land and water. For example, the
manufacture of one liter of bio-ethanol requires 4 L of process water, whereas the
growth of the necessary sugar cane calls for approximately 1000 L. This could
bring nature, food, industry and biofuels into competition. Therefore, special
attention needs to be paid to the potential impact of the availability of water for
industrial white biotechnology. To ensure the long-term regional development, a
comprehensive and systematic assessment in water use planning is essential for
determination of the trade-off among a variety of issues (e.g., ambient ecosystem,
engineering feasibility, cost, energy consumption, water pricing, community
attitudes, etc.). Moreover, water use guidelines and regulations towards specific
end uses as well as considerable national or local reports on water quality and risk
control should also be established. These actions would undoubtedly standardize
the treatment level, improve the reliability and enhance the public acceptance
(Chen et al. 2012).

1.3.2 Future Research Opportunities and Challenges

The current and the foreseeable trends indicate that water related issues will
continue to become complex and will be more and more intertwined with other
sectors in the future. The main trends and future research needs are described as
follows:

1. Formulation of water management policies. There is an urgent need to
develop and apply appropriate policies that promote green design, supply
and production, worker health and safety, and consumer protection and
sustainable water management should be strengthened in the direction of
holistic resource governance. Table 1.7 summarizes the key aspects of the
management and administrative systems for governing and delivering water
sources at different levels of society (GWP 2004).

2. Integrated water management. The integrated water management has been
addressed as this approach involves explicit considerations of source sepa-
ration, solids treatment, waste management, liquids treatment, etc. Sur-
rounding factors like air, amenities, energy, solid waste, transportation and
urban development would also be taken into account. This allows the
capture of added aesthetic, ecological, economic, energy production and
conservation, recreational, social, and other benefits in ways that have never
been realized before (Struck 2012).

3. Reduction of water losses. This includes the reduced evaporation losses
from reservoirs, reduced leakage from distribution systems, and more
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Table 1.7. Key areas for water resource governance and delivery

Water governance

Key aspects

Management categories
Water resources assessment

Plans for integrated water
management

Demand management

Social change instruments

Conflict resolution

Regulatory instruments
Economic instruments

Information management and
exchange

Administrative roles
Policies and plans

Legislative framework

Organizational framework
Financing and incentive structures

Institutional capacity building

Understanding of different water
resources and needs

Combination of development options,
resource use and human interaction

Use of water more efficiently

Encouragement of a water-oriented
civil society

Management of disputes and
guarantee of sharing of water

Allocation and water use limits

Water value and prices for efficiency
and equity

Improvement of knowledge for better
water management

Set of goals for water use, protection
and conservation

The rules to follow to achieve policies
and goals

Forms and functions

Allocation of financial resources to
meet water needs

Development of human resources

Reference: Gallego-Ayala and Juizo (2011); reproduced with permission from Elsevier

effective management of surface and groundwater reservoirs (Shamir and
Howard 2012). The greater use of water and energy efficient products has
also been highlighted. In Australia, by conducting the Water Efficiency
Labeling and Standard scheme, it is estimated that by 2021, the domestic
water consumption will be decreased by 100,000 megalitres each year.
The total greenhouse gas output will be reduced by 400,000 tonnes each
year, which is equivalent to taking 90,000 cars off the road. The major
savings would come from showerheads, washing machines and toilets
(AG 2013).

Monitoring. High-advanced monitoring technologies such as remote sens-
ing that provide diagnostic measurements even in data sparse regions are
being used to detect changes in soil moisture, water stored in snow, river and
lake levels. New sensors, algorithms and improved near-real-time estimates
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will be proficient in providing more accurate and efficient for controlling
systems that manage floods, predict droughts and distribute water to fields
and cities (Shamir and Howard 2012).

Point-of-use water treatment technologies. There are opportunities to
advance in point-of-use water treatment technologies in conjunction
with stringent water quality guidelines. These range from simple,
decentralized and cluster water treatment systems for rural and peri-urban
areas to RO and UV-based systems that can be used in homes, public
buildings, restaurants and mass feeding establishments (Shamir and Howard
2012).

Assessment tools and models to support decision-making. Another focus is
to provide a comprehensive means to evaluate current resource recovery
technologies and identify the next markets and value added products
(WEREF 2010). The assessment tool should assemble data in a manner that
enables water to be managed effectively and guarantee the performance of
one region to be accurately compared with other regions (Young 2013). As
the descriptive results are unconvincing to some extent, there is a need for a
quantitative assessment with respect to technical, economic, environmental
and social considerations. The adoption of Multi-Criteria Analysis (MCA) is
recommended which is to investigate the tradeoffs among the selected
multiple conflicting criteria and then obtain rankings of different manage-
ment alternatives under certain mathematical algorithms. From the com-
puterized MCA simulation, the least preferred management options could
be quickly eliminated whereas the superior alternatives can be further
discussed. This can provide a powerful guidance for sustainable water
management in the long term as it is possible to suggest how much a
successful strategy could benefit the decision maker in exploitation, plan-
ning, development and expansion stages of water resources. With these
highly persuasive data, the public acceptability and trust on green growth
principles of water applications, as well as public shared responsibilities can
also be greatly improved, which in turn further accelerate the booming of
potential water markets (Chen et al. 2014). Other improved models could be
developed for supply and flooding forecasting and for chemistry and biology
in rivers, water bodies, groundwater, wetlands and other ecological systems
(Shamir and Howard 2012).

1.4 BOOK OVERVIEW

As the primary objective of this book is to elucidate basic scientific principles and
technological advances of current green technologies for sustainable water man-
agement, this 28-chapter book is divided into three themes: I) green technologies
for water and wastewater management (Chapters 2-5); II) green technologies for
pollution prevention/control and remediation/restoration (Chapters 6-20); and
III) green technologies toward sustainable society (Chapters 21-28).
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Chapter 2 describes rainwater harvesting used to augment water supplies in
urban and low populated areas in Australia. Typical water quality measurements
of rainwater from various locations in terms of physical, chemical, biological
and organic characteristics are explained. Potable purposes are assessed and
compared against the Australian Drinking Water Guidelines (ADWG), including
the influence of first flush volumes on the water quality in the rainwater tank.
Moreover, treatment technology for rainwater is assessed using long term pilot
scale.

Chapter 3 discusses stormwater treatment technology for water reuse,
indicating stormwater for harvesting and reuse purposes should be assessed
primarily for nutrients, physical properties, bacteriological properties, heavy
metals, organic matter since it is more unlikely to meet these water parameters.
Typical water quality measurements of stormwater from various locations in
terms of physical, chemical, biological and organic characteristics are compared
against reuse and drinking water standards. Conventional technology for treating
stormwater is also critically reviewed in terms of its treatment ability for reuse.

As groundwater is an important component of the global water cycle and is
also a resource of vital socio-economic importance, Chapter 4 summarizes the
critical policy for its sustainable management in a changing climate and modern
satellite technologies allowing the measurement of groundwater volumes available
for water supply, irrigation and environment. The changing availability of
groundwater on food security and ecosystems is examined within the framework
of risk management. In addition, the risk to groundwater resources from coal
mining, coal bed methane and shale gas production also poses policy challenges to
sustainable resource management.

Chapter 5 discusses the concepts of district water cycle management which
follows the nature’s example of a hydrological water cycle. The fundamental
methods for water cycle analyses are proposed based on the water budget and
materials balance relationships following a series of conceptual models. For a
district water cycle with a partially closed loop of reclaimed water, prevention of
pollutants accumulation in the water cycle becomes the basic requirement of
system design. This needs a selection of technologies for pollutants removal in
wastewater treatment and reclamation, prevention of water quality deterioration
during reclaimed water storage, and enhancement of natural purification in the
water cycle. A real case is introduced in this chapter as an example of application
of the district water cycle management principles. By reclaiming all collectable
wastewaters in a university campus and use the reclaimed water for all non-
potable water uses, the efficiency of water utilization is doubled.

Chapter 6 first introduces the concepts and major categories of green and
sustainable natural wastewater treatment systems, and then focuses on a few
selected systems, including lagoon treatment systems, wetlands and aquifer
treatment systems as well as anaerobic treatment systems with suitable case
studies being discussed. Mechanism of pollutant removal in each system is
described in detail; prototypes of different systems used along with their potential
problems in operation are listed. The chapter concludes with the strategies used to
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implement these sustainable green and nature wastewater treatment systems along
with future trends and brief conclusions.

Advanced anaerobic processes integrating granular sludge are emerging
technologies for efficient wastewater treatment. Chapter 7 reviews current re-
search work encompassing salient features which include merits and limitations of
anaerobic granulation. In comparison with aerobic processes, major advantages of
treatment by anaerobic granular sludge systems are discussed. Energy production
and assessment associated with anaerobic granulation are delineated in the
perspective of water-energy nexus. Additionally, anaerobic reactor systems inte-
grating granular sludge for waste degradation and the prospects of anaerobic
granulation are also outlined.

Chapter 8 provides a thorough discussion of the recent trends in bioconver-
sion of sludge to value added products, namely, polyhydroxyalkanoates
(PHA) production, Bacillus thuringiensis (Bt) based bio-pesticides production/
formulations, vermicomposting biotechnology, and production of different
enzymes. The emerging value-added products are at different levels of production,
facing challenges in terms of process conditions, yield, scale-up or formulation.
The wastewater sludge could be used as a potential source for isolation of
microorganisms, and can be a very good carbon source of many microbial
possesses that could add value to sludge by producing valuable metabolic
products.

Chapter 9 offers an overview of the fundamentals and applications of
anaerobic wastewater treatment processes. The features like resistance to toxicity,
production of biogas, less accumulation of biomass and no requirement of
aeration make the use of anaerobic microbes to remove contaminants from
wastewater with an effective and industrially feasible manner. This chapter also
gives an insight into the effects of various environmental/physico-chemical
parameters, the different types of anaerobic treatment processes based on mode
of microbial growth, the different types of reactors associated with anaerobic
treatment processes, and the process kinetics using different kinetic models.

Constructed wetlands (CWs) are sustainable systems, and they have been
designed as a widely accepted technology available to deal with various kinds of
wastewater for nearly 40 years. Chapter 10 provides an extensive overview of
present studies about the sustainable design, operation and maintenance of CWs,
including plant selection (plant adaptability, plant tolerance and pollutants
removal capacity), enhancing techniques (artificial aeration, intermittent opera-
tion and CWs combination, etc.) and plant reclamation and recycling.

Chapter 11 reviews on-site technologies ranging from simple septic tank
followed by land filtration to high-tech membrane-filtration systems or sophisti-
cated yet elegant designed ecosystems, such as constructed wetlands, for treating
wastewater. These processes can be made flexible to accommodate specific
nutrient removal processes offering advantage both technically and economically.
This chapter also describes the evolution and evaluation of onsite technologies, the
factors affecting their performance and case studies of on-site wastewater treat-
ment systems.
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Chapter 12 focuses on anaerobic ammonium oxidation (Anammox), a
recently identified short-cut biological method to convert ammonium nitrogen
to nitrogen gas using nitrite as electron acceptor, which seems to be more
promising than conventional nitrification-denitrification method in terms of its
efficiency, low cost and eco-friendly nature. This Chapter presents a bibliographic
review of historical developments in anammox process, the microbial physiology
and growth requirements of anammox bacteria, combination of anammox with
partial nitrification and/or denitrification, potential inhibitors of anammox pro-
cess, reactor systems used for the cultivation of anammox bacteria and applica-
tions of anammox and its related processes to treat nitrogen rich wastewaters.

The industrialization development has delivered a number of anionic species
as well as anionic metal complexes into ecosystems, which have received increas-
ing concerns of environmental and human health risks. Chapter 13 provides the
current state of research on the preparation and utilization of biomass materials as
biomass based activated carbons and anion-exchange/chelating resins for removal
of these anions. The adsorption as well as recovery capacities of the biomass
adsorbents are also summarized. It is evident that these biomass-based adsorbents
show comparable adsorption capacities for the removal of various anions as those
of commercial adsorbents, making the biomass materials promising for the
development of technically and economically feasible technology for removal
anionic pollutants.

Chapter 14 concerns about P removal/ recovery from wastewater due to
surface water quality deterioration and P rock reserves depletion. This chapter
focuses on both fundamental and applied aspects of this practice using agricultural
by-products based biosorbents (AWBs). Insights into adsorption and desorption
mechanisms, the roles of process parameters, the adsorption performance of
AWBEs the drivers, technologies and barriers for P recovery, as well as the criteria
for selecting potential AWBs are comprehensively discussed. Although P removal
by AWBs has gained significant achievements, P recovery using AWBs still
remains a challenge due to this practice is in its initial stage of development.
Despite difficulties that currently exist, enormous environmental and economic
benefits make this practice a promising green technology.

Chapter 15 is about treating trace organic contaminants (TrOCs) that can
impose a range of possible acute and chronic toxicity effects on living organisms
including human beings. When deployed on an individual basis, even the
advanced treatment processes exhibit some inherent drawbacks and do not offer
a complete barrier to a broad range of TrOCs that may occur in municipal
wastewater. In this connection, the concept of combined processes such as
coupling of membrane bioreactor (MBR) with high retention membranes, acti-
vated carbon adsorption or advanced oxidation processes has been tested with
encouraging results. This chapter demonstrates the potential benefits of combined
systems having MBR at the core to treat the wide varieties of TrOCs from
wastewater.

Chapter 16 principally deals with the occurrences, usages, current regulations
and disposal methods of heavy metals. Four heavy metals namely arsenic,
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chromium, lead and mercury are chosen and their environmental and health
impacts due to their pollution are discussed. Further different physico-chemical
remediation technologies namely chemical precipitation, ion exchange, adsorp-
tion, membrane filtration and coagulation/flocculation are reviewed. The upcom-
ing green remediation technologies towards the future of sustainable water
management, such as biosorption, biostimulation, bioaugmentation, bioleaching,
biosurfactants, bioprecipitation, vermicomposting and phytoremediation, are also
appraised.

Chapter 17 highlights surfactant-based separation techniques, namely micel-
lar enhanced ultrafiltration (MEUF), in which solubilization of organic com-
pounds into the non-polar interior of a micelle occurs. Activated carbon fibre
(ACF) has a uniform micro-pore structure, faster adsorption kinetics and a lower
pressure drop compared to the conventional adsorption process. MEUF process
alone can remove heavy metals to certain extent, and its efficiency is further
enhanced by the integrated approach of using the adsorbent like ACF. As the
MEUF process generates the surfactant-rich effluent which is a major bottleneck
of this process, adsorption technology using ACF as adsorbent can be the remedial
measure to overcome this problem. MEUF-ACF hybrid process can be the best
alternative to combat the burning issue of heavy metals.

Chapter 18 offers an innovative solution to tackle the challenging issues of
membrane fouling and high operating cost of traditional electrochemical oxida-
tion by using electrocatalytic membrane reactor (ECMR) that integrates electro-
chemical oxidation and membrane separation into a single processing step. The
effects of main operating parameters include current density, residence time, pH
and temperature and their mutual interactions on the performance of the ECMR
are demonstrated. In addition, the types of electrocatalytic membrane materials
and mechanism of ECMR for wastewater treatment are comprehensively speci-
fied. Finally, this chapter describes the application of ECMR to the treatment of
industrial wastewater, including oily, phenolic, and dyeing wastewater.

Chapter 19 presents the fundamentals and basic principles of water reclama-
tion by heterogeneous photocatalysis. The effects of important operational para-
meters on the overall treatment efficiency of photocatalytic system are addressed
in terms of photocatalyst loading, pollutant concentration, pH and temperature of
water, dissolved oxygen and light intensity. A brief introduction into the kinetics
of the photocatalytic reactions associated with the photocatalytic water treatment
processes is also discussed. Photocatalytic hybrid systems and future prospects for
their application and development are finally embraced.

Sewage sludge as a by-product of wastewater treatment plants has become a
major concern due to its large quantity and difficult disposal. In recent decades,
attempts on the recycling of it include composting, energy generating, building
material producing, water treatment material manufacturing, etc. Focusing on the
potential techniques for conversing sewage sludge into environmentally benign
materials, Chapter 20 mainly describes the application of it in the production of
sludge-based ceramic particles (SBCP) and sludge-based activated carbon (SBAC).
In wastewater treatment technique, SBCP as filter media material perform better
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than commercial ceramic particles due to the higher porosity and larger surface
area. SBAC is a highly promising adsorbent that can be widely used, and the
disparity in property dependent upon both the production method and the
character of the sludge itself.

Impacts of climate change and climatic variability are evident in many parts
of the world and will result in significant impacts on our water resources.
Chapter 21 presents a methodology based on kernel regression for downscaling
General Circulation Model (GCM) output to predict precipitation under IPCC
SRES scenarios. Downscaling models are developed using kernel regression
approach for obtaining projections of precipitation to lake-basin scale in an arid
region, which is considered to be a climatically sensitive region in India. Strategies
for future sustainable water supplies for mitigation and adaptation are discussed.

Chapter 22 promotes sustainable resource management based on the princi-
ple of materials flow management, especially the separation of highly concentrated
partial streams (source separation) such as faeces and urine with a subsequent
recycling represents a suitable approach with high resource efficiency. It describes
a resource economic approach to evaluate the economic value of the wastewater
borne resources as well as a model to determine the pollution dependent
(conventional) treatment costs for single wastewater parameters (COD, N
and P). Such a model can be used as an economic steering instrument for
strengthening the implementation of green technologies by identifying their
resource economic potential.

Under an ever-increasing demand for energy supply, societies are seeking
sustainable, renewable, economically viable and environmentally safe energy
sources. Chapter 23 gives insight into bioenergy generated from wastewater as
well as energy recovery mechanisms in wastewater treatment such as anaerobic
processes for biogas production, microbial fuel cells for bio-electricity and algae
cultivation for biofuel. In addition, this chapter also assesses the wastewater
treatment systems with biomass utilization and biogas energy recovery acting as a
net carbon sequestration process.

Chapter 24 delineates both the scientific and practical implications of
obtaining sustainable green energy through fermentative biohydrogen production.
Fermentative hydrogen production is one of the emerging techno-economic
options for substituting the depleting fossil fuel energy sources with biofuels.
Recently, the use of organic-rich wastewater for biohydrogen production has
proven to be cost-effective and sustainable. For sustainable development, a
complete understanding on biohydrogen production is essential. Several para-
meters that govern the successful operation of a biohydrogen process are dis-
cussed, that includes the biochemical pathways involved in anaerobic digestion,
physico-chemical, biological parameters, and biochemical processes. In addition,
the different types of bioreactor configurations, their performances, rate kinetics
and modeling of the biohydrogen process using data driven and process based
models are comprehensively discussed.

Chapter 25 summarizes the state of the art with respect to the fundamentals of
Anaerobic Membrane Bioreactors (AnMBRs), including its evolutionary history,
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and membrane and process design, the application development of AnMBRs in
domestic and industrial wastewater treatment, opportunities for biogas produc-
tion and waste minimization, and membrane fouling researches. The analysis of
literature demonstrates the enormous competitive advantages of AnMBRs over
the other available technologies in terms of environmental and economic per-
spectives, but AnMBRs” commercial applications are still pending due to mem-
brane fouling issues and other challenges. Based on this review, the future research
perspectives relating to its application, membrane fouling control, methane
recovery and economic feasibility are proposed.

The Onsite Wastewater Differentiable Treatment System is an ecological
sanitation approach with high potential to achieve sustainable treatment and
management of domestic wastewater. In this system, the treatment of toilet wastes
by using the composting toilet is an essential and key process because several
benefits are expected to obtain if implemented, such as conservation of fresh
water, elimination of sources of pathogens from the domestic wastewater stream,
recovery and recycle of nutrients contained in excreta. Chapter 26 reviews some
achievements of research work to describe the decomposition process of feces and
urine in the composting toilet aiming the establishment of criteria for the proper
design and operation of the system. The contents covers several aspects on
composting of human feces which include characterization of feces, modeling
of the aerobic biodegradation process, fate of water, compost safety and criteria for
the design of the composting toilet.

Palm oil mill is one of main agro-industry in Indonesia. The primary
product from palm oil mill is crude palm oil which usually not more than 25% of
the fresh fruit bunches. Therefore, waste management is very important to
minimize environmental risk and optimize added value from the mill. The major
environmental risk of palm oil mill was caused by Palm Oil Mill Effluent
(POME). Chapter 27 demonstrates successfully sustainable POME management
based on zero waste approach. Through this approach, POME is observed as a
resource which can be utilized to prevent environmental pollution and produce
valuable materials, such as energy or organic fertilizer, simultaneously. The
appropriate technology of sustainable POME management for each palm oil mill
is depending on the condition of palm oil mill and plantation such as energy
supply and utilization, soil characteristic of oil palm plantations, and how much
the management pays attention on greenhouse gases emission reduction
initiative.

Nanomaterials have been developed as high-capacity adsorbents, high-effi-
ciency nanofiltration membrane technology and high-activity catalysts for pollu-
tants removal, water treatments and purification, improvement of fuels quality, air
quality control, degradation of organic pollutants, remediation of polluted soils,
and pollutant sensing and detection. Chapter 28 gives a comprehensive review on
nanomaterials; nanotechnologies that have been widely applied in developing
sustainable society, such as “green” industry, agriculture, food industry, environ-
mental protection, and renewable energy, as well as health care, are reviewed and
summarized in this chapter.
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1.5 SUMMARY

Sustainable water management has received great attention over the recent years
due to its substantial benefits to the environment, society, and economy. Improve-
ments in water management are likely to come from green technologies fueled by
individual curiosity, dedicated effort and opportunities within a strategic program
supported by national and international agencies, universities and industries.
These innovations can significantly contribute to less non-renewable resource
requirement, a higher level of energy and nutrient recovery, reduced carbon
footprint, greenhouse gas emissions and costs, minimized water losses and
enhanced removal of contaminants. Further, the application of integrated water
management strategies together with holistic assessment tools that take into
account of technical, environmental, social and economic issues would lead to
a more robust, efficient and credible solution for prospective water market and
decision making. However, the relevant policies and water use guidelines and
regulations on water quality, risk control and consumption behaviors should be
established and updated frequently. Besides, public communications and surveys
are essential and should be primarily taken to guarantee the implementation in a
cost-effective way.
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CHAPTER 2

Rainwater Harvesting
in New South Wales,
Australia

Jaya Kandasamy'
Benjamin Kus?
Saravanamuth Vigneswaran®

2.1 INTRODUCTION

In Australia, recent droughts and concerns about climate change have highlighted
the need to manage water resources more sustainably. Rainwater harvesting has
emerged as a new field of sustainable water management, which offers an
alternative water supply for at least non-potable uses. It complements other
approaches to sustainable urban water management such as demand manage-
ment, stormwater harvesting, and the reuse of wastewater and greywater.

The quality of rainwater flowing into rain tanks is beyond reasonable control.
Typical collection and storage of rainwater introduces the potential for chemical,
physical and microbial contamination. Table 2.1 summarizes the main water
quality hazards associated with rainwater tanks, and their probable causes
(Australian Government 2004).

Rainwater in tanks often contains colloidal solids, microbial pollutants and
micro-pollutants. While it is generally accepted for non-potable purposes such as
toilet flushing, it does not meet the Australian Drinking Water Guidelines of 2011
(ADWG 2011). NSW Health (2002) advises against the use of rainwater for
drinking purposes wherever town water is available. A reliable cost-effective and
relatively maintenance-free in-line treatment will allow the unrestricted use of
rainwater, either as main household water supply or to augment town supply. This
type of treatment must ultimately be the goal of a rainwater harvesting system that
targets widespread unrestricted adoption.

'Univ. of Technology, Sydney, Australia.
*Univ. of Technology, Sydney, Australia.
*Univ. of Technology, Sydney, Australia.
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Table 2.1. Typical hazards with rainwater tanks

Hazard Cause
Faecal contamination from Overhanging branches on roof, animal
access to tank
« birds and small animals Human access to tank
« humans (above-ground tanks)
+ humans/livestock (below- Surface water ingress into tank
ground tanks)
Mosquitoes Access to stored water
Lead contamination Lead-based paints on roofs, lead flashing

on roofs, increased corrosion of metals
due to low pH from long periods of
contact between rainwater and leaves,
resuspension of accumulated sediment
Other contamination from roof Preservative-treated wood; Bitumen

materials based materials
Chemical contaminants from Inappropriate material that does not
tanks, pipework, etc. comply with Aust. Standards relating to

food grade products or products for
use in contact with potable water
Dangerous plants Overhanging branches

2.2 SOURCES AND CHARACTERISTICS OF RAINWATER

2.2.1 Rainwater in Sydney Metropolitan Rainwater Tanks

Detailed sampling was carried out on metropolitan rainwater tanks located in
different parts of Sydney (New South Wales) and in Wollongong (a town located
south of Sydney). The topography of the Sydney basin follows a classic “closed”
basin. It is surrounded by high-elevated ground surface to the south, west and
north whereas inherited from the temperature differential between land and
ocean on the eastern side. From early morning onward, air pollution is generated
from primary sources (industry, road transport, etc.) and distributes over the
Sydney basin. Offshore afternoon sea breezes, typically from the north-east,
pick-up air pollutants and carry it inland. As a result, the most polluted region
is in the south-western corner of Sydney. Air quality is the worst in this area
where most of the studied rainwater tanks located, as shown in Figure 2.1 (a)
(Kus et al. 2010a).

The rain tanks (T1 to T7) ranged in age from 1 to 50 years, in size from 500 L
to 120,000 L, and were constructed from a variety of materials including PVC and
concrete. They collected water from concrete tiled, Zincalume, fibro and Color-
bond galvanised roofs. Further details are provided in Kus et al. (2010a).

The concentration of pollutants in samples collected from the metropolitan
rainwater tanks (T1 to T11) are summarised in Table 2.1 (Kus et al. 2010a). Water
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Figure 2.1. Location of (a) urban and (b) rural rainwater tanks in relation to

Sydney, Australia
Source: Google Maps (2011)

quality of rain tanks located in south-western Sydney (T4, T5, T6, T8, T9, and
T10) was compared with those located near the coast (T2, T3 and T11) and those
along the path of the path of the onshore air current that carries pollutants to the
south western suburbs (T1 and T7).

Heavy metals. The heavy metals in most of the studied water samples
complied with the ADWG (2011) (hereafter referred to as ADWG), except iron
and lead. The average iron concentrations in tanks T1 and T5 were under the
ADWG limit (0.3 mg/L). However, each tank contained at least one sample over
the iron standard, for example, 4.70 mg/L for T1 and 4.18 mg/L for T5. Lead was
of particular interest when most samples exceeded the ADWG limit of 0.01 mg/L.
For instance, T1 contained an average of 0.016 mg/L (upper limit of 0.033 mg/L),
T4 0f 0.010 mg/L (upper limit of 0.029 mg/L), T5 of 0.049 mg/L (upper limit of
0.067 mg/L), T8 of 0.007 mg/L (upper limit of 0.017 mg/L), and finally, T10 of
0.013 mg/L (upper limit of 0.021 mg/L). Other heavy metals such as arsenic,
cadmium, chromium, mercury, nickel, selenium and silver were well within the
ADWG standard (less than 0.001 mg/L).

If sludge at the bottom of rainwater tanks is disturbed, concentration of the
heavy metals is expected to exceed the ADWG limit, due to the accumulation
between periods of rainwater tank maintenance (Magyar et al. 2007).

Anions, cations, total dissolved salts. Mineral salts are a part of a human’s
daily dietary intake. The ADWG does not provide the maximum concentration
limits for these salts in drinking water. Compared to potable water (supplied by
Sydney Water), water in rain tanks was normally equivalent to or had lower
concentrations of sodium, calcium, magnesium, chloride and sulphate. The only
mineral salt that was higher in concentration than the potable water supply
(Sydney Water) was potassium.
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A rough estimation has been done to compare the mineral content between
rainwater and a commercially available multi-vitamin supplement. One tablet
often contains 100 mg of potassium, 100 mg of calcium, 145 mg of magnesium
and 36.3 mg of chloride. To consume these quantities of mineral salts in the
typical rainwater tanks sampled in this study (with the exception of T3 and T8),
more than 30 litres of water is required for the equivalent potassium dosage,
more than 8 litres for calcium, more than 50 litres for magnesium and more than
7 litres for chloride; however an average person drinks approximately 2-3 L of
water per day.

Ammonia, nitrate, nitrite and orthophosphate. With regards to nitrate,
nitrite and ammonia, all rainwater tanks complied with ADWG. Orthophosphate
is used around the world as a corrosion inhibitor in some potable water supplies,
especially where it has been observed that high concentrations of lead or copper
originated from potable water pipelines. Concentrations of orthophosphate are
dosed at up to 1 mg/L (Edwards et al. 2002; Li et al. 2004) to reduce the metal
corrosion in the water distribution pipes. All rainwater tanks contained concen-
trations of orthophosphate of less than 1 mg/L.

pH and water hardness. The pH analysis demonstrated that the rainwater
tanks were generally within or close to compliance with the ADWG guidelines
(pH=6.5—8.5) with the exception of T6 (average pH=5.7). The average
concentrations of water hardness of T5 and T6 were rather low (0.92 mg/L and
1.26 mg/L of CaCO;, respectively), which indicated that there was no water
buffer. With the addition of any acidic elements such as animal or humic acids
from leaves, pH of the rainwater tanks would drop rapidly. It seemed true for T5
which is actually approaching the minimum limit with a pH 6.52. High buffer or
water hardness levels (with the exception of T5) of rainwater often was a result of
concrete tiled roofs, whereas low buffer or water hardness levels came from
Colourbond or Zincalume metal roofs.

Turbidity and Suspended Solids. The ADWG has a recommended limit for
turbidity of 5 NTU. Most tanks complied with this limit. Rainwater tanks T1, T5
and T8 on average complied with this limit, although at one time this limit was
exceeded with the highest individual readings of 12 NTU, 8 NTU and 6 NTU,
respectively. This was due to a dirty roof on the house of T1 and T5 and the rainfall
collected in tank T8 had stirred up sediments within the tank.

The ADWG does not state a limit for total suspended solids (TSS). As this is
somewhat similar to turbidity, it could be assumed that if turbidity complies with
the recommended limits then the total suspended solids should also be satisfac-
tory. TSS ranged from less than 0.5 mg/1 to 3.5 mg/L in most of the metropolitan
tanks (except for T1, T5 and T8) when they complied with turbidity of less than
5 NTU. T1, T5 and T8 contained concentrations of 5.5 mg/L and above when
their turbidity levels exceeded 5 NTU.

Conclusion. The water collected in the rainwater tanks usually complied with
the ADWG limits for most parameters, except for a few individual parameters
from individual rainwater tanks. These are shown in bold in Table 2.2. The
majority of parameters tested were comparable to potable water.
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Figure 2.2. MWD of RWOM before/after roof contact of rainwater
Source: Kus et al. (2010a); reproduced with permission from IWA Publishing

Organic matter. Detailed molecular weight distribution (MWD) of rainwater
organic matter (RWOM) was conducted to identify the components of organic
contamination. The MWD of RWOM was monitored to determine the effects of:
(i) contamination of rainwater by contact with the roof, (ii) the effects of residence
time of water in rain tank for the duration between storm events, and (iii) the
effects of residence time of water in rain tank over a long period during which
rainfall intermittently occurred (Kus et al. 2010a).

Sampling was carried out at 2-year-old rainwater tank (T1) and ceramic roof
tiles from a 30-year old house, which was located near an industrial area and a
freeway in Ingleburn, Sydney. The tank was made from polyethylene and was
plumbed using PVC fittings from the gutter to the tank (Kus et al. 2010a).

MWD of RWOM of rainwater before/after roof contact. Figure 2.2 shows
the MWD of RWOM in rainwater before it came into contact with the roof
(rainwater itself), rainwater after roof contact, commercially available bottled
water and tap water supplied by Sydney Water. Rainwater itself included the
MWD of RWOM ranging from 850 Da to 220 Da. The origin of RWOM may be
due to air pollutants dissolved in the rainwater. However, when the rainwater
came into contact with the roof, the MWD of RWOM indicated a different trend
compared to rainwater itself. The MWD of RWOM after the contact with the roof
consisted of 37500 Da, 850 Da, 500 Da and 220 Da. A new MW of 37500 Da
appeared, and the MW of 850 Da showed the highest peak intensity. Overall, the
intensity of UV responses significantly increased. According to Shon et al. (2006),
the MW of 37500 Da may be due to biopolymers, 850 Da to humic substances,
500 Da to building blocks, 220 Da to low MW acids, and less than 220 Da to
amphiphilics. The figures suggest that after contact with the roof, the rainwater
was significantly contaminated especially by biopolymers and humic substances.
However there is some uncertainty concerning the origins of the RWOM,
although likely by atmospheric deposition occurring between rain events.
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Figure 2.3. MWD of RWOM showing the effects of residence time of water in rain

tank over 1-17 days
Source: Kus et al. (2010a); reproduced with permission from IWA Publishing

The MWD of RWOM with rainwater before/after the contact with the roof
was compared with commercially available bottled water and Sydney tap water
(Figure 2.2). The MWD of organic matter from bottled and tap water showed low
UV intensity compared to rainwater. Tap water mostly included humic substances
and low MW acids, while bottled water only consisted of low MW acids. The
results show that the concentration of RWOM before/after is higher than that of
tap and bottled water.

MWD of RWOM in terms of the effects of residence time of water in rain
tank for the duration between storm events. Figure 2.3 illustrates the MWD of
RWOM, which shows the effect of ageing of rainwater for the durations between
storm events in a residential rainwater tank (T1). From day 1 to day 17, the intensity
of the MW of 37500 Da and 850 Da increased with time, showing that biopolymers
(37500 Da) and humic substances (850 Da) increased during the storage period in
the tank (Figure 2.3). The increase of the former could be the effect of microbial
communities increasing the concentration of biopolymers and humics.

MWD of RWOM in terms of the effects of residence time of water in rain
tank for long durations during which rainfall occurred. Figure 2.4 shows the
MWD of RWOM as the rainwater in the tank (T1) ages during the normal
operation of a residential rainwater tank over an 180-day period. During this
period, the rainwater tank was used for general purposes and allowed to fill,
principally during periods of rainfall, and empty, as rainwater water was con-
sumed. Here, it should be noted that the rainwater samples in the rainwater tank
were collected at set times and during the intervening periods rain may have fallen
and filled the tank.

Figure 2.4 shows that from day 90 to day 180, a generalised trend of the
MWD was not found. MWD for the major peaks of 850 Da, 500 Da and 220 Da
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Figure 2.4. MWD of RWOM showing the residence time of water in rain tank over

long durations during which rainfall intermittently occurred
Source: Kus et al. (2010a); reproduced with permission from IWA Publishing

showed a decline over the period up to 180 days. Interestingly, the intensity of
the MW of 37500 Da significantly increased after 120 days in an inconsistent
manner during the period of sampling. This could be due to (i) uncontrollable
seasonable changes which include surrounding trees not having leaves to shed
on the roof in winter, (ii) the dilution effect of the frequent variation in rainfall,
and (iii) the effect of microbial communities increasing the concentration of
biopolymers. Further detailed characterisation of RWOM is needed to investi-
gate this issue.

2.2.2 Rainwater in Outer Sydney Rural Rainwater Tanks

In addition to the data collected from metropolitan rainwater tanks, detailed
sampling was carried out on rural rainwater tanks (T12 to T16) located in the
Kangaroo Valley, approximately 160 km south-west of Sydney (Kus et al. 2011).
The rainwater tanks ranged in age from 10 to 25 years and were made from
various materials including PVC, concrete and galvanised steel. These tanks
collected water off Colorbond galvanised roofs. The houses were located in a
rural area with less vehicular activities, compared to Sydney’s metropolitan area.
As there was no town water supply, all residents relied on these rainwater tanks as
their main household water supply. The concentrations of pollutants in the
samples collected from rural rainwater tanks (T12 to T16) are described below
and summarised in Table 2.3.

Anions, cations and total dissolved salts. A comparison with the potable
water supply (Sydney Water Corporation) shows that rural rainwater tanks
normally had low concentrations of sodium, calcium, magnesium, chloride and
sulphate. The only parameter that was marginally higher in concentration than the
potable water supply was potassium in the rural rainwater tanks. Total dissolved
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salts (TDS), a combined parameter of all anions and cations, in rural rainwater
tanks had considerably lower levels which are about one fifth or less than that of
metropolitan tanks.

pH and water hardness. Water hardness is another parameter that follows
TDS closely as they are, to some extent, related parameters. Water hardness acts as
a buffer to prevent the acidification of water. All of the rural rainwater tanks had
considerably lower water hardness at one third less than that of the metropolitan
potable water supply. The rural rainwater tanks all drained from galvanised
Colourbond roofs and rain tanks were constructed from PVC with the exception
of T15, which was a concrete rainwater tank. T15 had the highest level of water
hardness. Having considerably low water hardness, it is not surprising that all
rainwater tanks (except T15) did not comply with pH requirement (below pH 6.5),
thus resulting in acidic rainwater conditions.

Ammonia, nitrate, nitrite and orthophosphate. All rural rainwater tanks
complied with the ADWG limits for ammonia, nitrate, nitrite and orthophosphate.

Turbidity and total suspended solids. The ADWG states that 5 NTU is the
recommended limit of turbidity. All rural rainwater tanks complied well below
the 5 NTU limit. In general, the bigger the rainwater tank volume, the lower the
turbidity was (Tables 2.1). T1, the smallest rainwater tank, contained the highest
turbidity levels. Because the rural rainwater tanks were larger than most metro-
politan rainwater tanks, the rural rainwater tanks had lower turbidity levels with
an overall average of 0.71 NTU. The larger tanks had longer hydraulic residence
time, resulting in better turbidity levels. Furthermore, a larger rainwater tank
captures cleaner water from a rainfall event. The small rainwater tanks would
collect relatively more of the first portion of the rainfall event which typically
contains more polluted wash-off from the roof.

The ADWG does not propose a limit for total suspended solids. TSS mostly
ranged from less than 0.5 mg/l to 3.5 mg/L in most of the metropolitan tanks
(except for T1, T5 and T8) when they complied with the turbidity limit of less than
5 NTU. All samples from the rural rainwater tanks were at 1.0 mg/1 or less.

Total organic carbon. The ADWG does not recommend a limit for total
organic carbon. The influent rainwater samples from the rural rainwater tanks
contained an average value of 0.393 mg/L (ranging from 0.20 mg/L to
0.58 mg/L). By comparison, metropolitan rainwater tanks contained an average
value of 9.44 mg/L (ranging from 2.17 mg/L to 13.26 mg/L).

Heavy metals. Rural rainwater tanks did comply with the heavy metals’
requirement. For example, while lead was a concern for the metropolitan tanks, all
of the rural rainwater tanks satisfied ADWG with all samples were below the
detectable limit (0.001 mg/L). The other heavy metals were well within the
guideline’s recommended limits. The concentration levels of arsenic, cadmium,
chromium, mercury, nickel selenium and silver all indicated negligible concen-
trations (less than 0.001 mg/L).

Total Coliform and Faecal Coliform. The ADWG recommends a limit of
<1 CFU/100 mL for faecal and total coliform counts. All rural rainwater samples
had counts exceeding the recommended limits.
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Overall. The water collected in the rural rainwater tanks complied with the
ADWG for most parameters except for a few such as the pH, total coliform and
faecal coliform. These are shown in bold in Table 2.3.

2.2.3 First Flush in Sydney Metropolitan Rainwater Tanks

“First flush”, a term commonly used in stormwater management, occurs when
large proportions of pollutants are transported in the first part of the rainfall
runoff. Because these pollutants are easily disturbed, they become suspended in
surface runoff early on in the storm event. An analysis of the first flush was
conducted to determine whether a first flush exists in rainfall runoff from the roof
of a residential house and whether bypassing it could help improve the quality of
rainwater collected in tanks. There is a lack of experimental data to determine
these aspects (Kus et al. 2010b).

A first flush sampling was carried out in a rainwater tank located in the south-
western corner of the Sydney basin, specifically the suburb of Ingleburn (T1,
Table 2.1, and Figure 2.1a) where air pollution was the worst. Samples of runoff
from the residential roof (T1) were also collected and analysed. The rain events
summarised in Table 2.4 were analysed for this investigation had to comply with
the following conditions:

A previous significant storm event washed the roof;
o At least a two-week dry period followed the significant storm event; and

o Adequate and consistent rainfall occurred after two-week dry period to
enable at least 5 mm of the first flush sample to be collected for laboratory
analysis.

The samples were collected from the downpipe approximately every 2.5
minutes for up to 25 minutes (Table 2.3). The records of both one on-site
electronic weather station and one on-site manual rain gauge were examined
to determine how many millimetres of rain fell during the sampling
processes. Samples were taken directly from the downpipe from the gutter
before reaching the integrated first flush device. Samples of rainfall (before
contacting with the roof) were also analysed. In short, there were three types of
sampling: (1) T1-rainwater: rainwater collected before contacting with the roof;

Table 2.4. Summary of rain events that were monitored for first flush runoff

Rain Number of Rain Total Average

Start preceding  Duration Rainfall Intensity
Date Time dry days (minutes) (mm) (mm/hr)
15/11/08 19:37 15 24 5 13
11/01/09 18:40 22 83 35 3
9/02/09 22:58 19 1 3 16

Source: Kus et al. (2010b); reproduced with permission from IWA Publishing
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(2) T1-runoff: rainwater after contacting with the roof and before reaching to
the first flush system inside the tank; and (3) T1-tankwater: rainwater captured
inside the tank.

The results of pollutant concentration over the depth of rainfall are given in
Figure 2.5 (a-h) and Tables 2.5 to 2.7 for all three monitored rainfall events, in
comparison with their applicable concentration limits (provided by the ADWG),
potable tap water and rainwater. Measurements for the pollutant concentrations
in T1-rainwater are also provided.

Turbidity and total suspended solids. Except for the first sample, TSS values
were below the limit of 400 mg/L (Figure 2.5 (a)). Therefore, bypassing the first
0.5 mm to 1 mm of roof runoff will improve the rain tank water by reducing TSS
during a filtration process.

To obtain the turbidity less than 5 NTU as specified in ADWG, the first
approximately 5 mm of rainfall should be bypassed (Figure 2.5 (b)). The
concentration of turbidity in the T1-rainwater exceeded the ADWG value for
the first 1 mm of rainfall. Although turbidity is not necessarily a health hazard, it
may constitute a health risk if suspended particles hosted pathogenic micro-
organisms or toxic compounds. Bypassing the first flush substantially improves
the visual aesthetics of the water, which is also an important step in achieving
public acceptance. 5 NTU would appear slightly milky-looking in a drinking glass
(ADWG 2011).

According to previous studies in Australia, some rainwater tanks did not
comply with the ADWG limit of turbidity (Magyar et al. 2007, 2008). Most of
these tanks were smaller ones which did not serve daily potable needs. In general,
the larger the rainwater tank, the less the effects are of the first flush, thanks to its
dilution. Furthermore, a larger tank capacity was able to capture more water from
a longer-lasting storm event.

Water hardness and conductivity. Figure 2.5 (c) shows that all samples of
water hardness were below the limit of 200 mg/L (CaCOj; equivalent). Tables 2.5 to
2.7 indicate that their conductivity values satisfied the ADWG limit of 0.8 dS/m.

Heavy metals. Figure 2.5 (d-f) and Tables 2.5 to 2.7 show the data for metals.
The iron and manganese in the first 1-1.5 mm of T1-runoff exceeded ADWG
limits of 0.3 and 0.1 mg/L, respectively. Iron is an essential trace element for
humans. The concern relating to iron is more an aesthetic one due to iron’s
tendency to stain objects it comes in contact with or because it can lead to the
water having a rust-brown colour (ADWG 2011). The aluminum concentration in
T1-runoff shared the same trend.

Lead, the metal of most concern, exceeded the ADWG limit of 0.01 mg/L
until the runoff from the first 5-6 mm of rainfall is bypassed. Figure 2.5 (f)
indicates the concentration of T1-rainwater lead in the first 3-4 mm of rainfall was
0.02 mg/1 which was above the ADWG limit. The lead concentration in T1-runoff
was probably due to atmospheric deposition on the roof. In the intervening dry
days, the concentration of lead on the roof built up from atmospheric deposition.
Lead is a health hazard to humans (ADWG 2011). There was no lead flashing on
the roof of the house used for this analysis.
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Figure 2.5. Physical and chemical characteristics of wash-off values from a
concrete tiled roof of an urban house compared with ADWG limit values. The
concentration of pollutants in rainfall (before contact with the roof) was the worst

of the three events sampled
Source: Kus et al. (2010b); reproduced with permission from IWA Publishing
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Other metals such as arsenic, cadmium, chromium, copper, mercury, nickel,
selenium and silver were either not detected or less than 0.002 mg/L.

Ammonia, nitrate, nitrite and orthophosphate. Figure 2.5 (g) demonstrates
that levels of ammonia were above the ADWG limit of 0.5 mg/L in T1-runoff
during the first 1.5 mm of rainfall. The other nutrients, i.e. nitrate, nitrite and
orthophosphate, did not show any consistent pattern and randomly varied with
ongoing rainfall (Tables 2.5 to 2.7). Nitrate concentrations were low, ranging
between 0 and 2.0 mg/L with two outlying samples at 3.5 and 7 mg/L (the
ADWG limit is 50 mg/L). Nitrite concentrations were also low ranging between 0
and 0.35 mg/L with two outlying samples at 0.9 and 1.95 mg/L (the ADWG limit
is 3 mg/L). Orthophosphate concentration ranged between 0 and 0.2 mg/L
(Tables 2.4 to 2.6).

Anions and cations and total dissolved salts. Similar to the other tested
parameters, the first flush parameters of anions and cations were typically also
more concentrated in the first 3-5 mm of T1-runoff compared to the typical
T1-tankwater.

First flush devices. Based on the results of this study, a typical first flush
device for rainwater tanks should allow sufficient storage to capture the first few
millimetres depth of runoff from a roof. To bypass 1 mm of runoff from the
rainwater tank, for each square metre of roof catchment area, 1 litre of storage is
required in a first flush system. An average new Australian dwelling has an
estimated roof area of 250 m? (Australian Bureau of Statistics 2007). A first
flush device installed in a rainwater tank typically consists of a 100mm diameter
PVC pipe with a maximum length of 1.8m, which has a storage capacity of
14 litres. Clearly, the results of this study showed that these first flush systems
cannot adequately divert first few millimetres depth of first flush runoff from
the roof.

Further, the amount of water that is required to divert the first few millimetres
of runoff is large and is essentially wasted. Given the quality of rainwater in the
tank, the quality of the first flush and available water treatment systems, it is a
viable option to treat all the rainwater including the first flush.

Organic matter in the first flush. Understanding how RWOM varies in
the first flush of the roof runoff can provide valuable information for the
design, maintenance, and operation of a treatment system of rain tank water.
A detailed variation of molecular weight distribution (MWD) of RWOM was
monitored during a period of continuous rainfall (rainfall event 15/11/08; see
Table 2.4) falling on the roof (Figure 2.6). The first flush generated from up to
2 mm rainfall after contact with the roof (T1-runoff) was collected and
analysed.

As rainfall fell on the roof and washed the pollutants off it, the diversion of
the first part of the runoff from the roof also diverted organic contaminants away
from the rainwater tank. A detailed variation of MWD of RWOM was moni-
tored during a period of continuous rainfall on the roof (Figure 2.6). The first
flush generated from up to 2 mm rainfall after contact with the roof was
investigated.
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Figure 2.6. MWD of RWOM with the effects of continuous rainfall after the roof

contact
Source: Kus et al. (2010a, b); reproduced with permission from IWA Publishing

Overall, the intensity of UV A responses significantly increased following rain
contact with the roof. At 0.1 mm of roof runoff, the MWD of RWOM included
five major peaks, namely 37500 Da, 850 Da, 500 Da and 220 Da. According to one
study, the MW of 37500 Da may be due to biopolymers, 850 Da to humic
substances, 500 Da to building blocks, 220 Da to low MW acids, and less than
220 Da to amphiphilics, (Shon et al. 2006). As the roof runoff increased up to
2 mm, the intensity of the MWD of RWOM normally decreased. However, a
preferential removal of specific MW was not detected, suggesting that the initial
flushing carried the majority of organic contaminants. The concentration of
organic matter decreased with further runoff. After 2 mm of continuous roof
runoff, the intensity of the MWD peaks from the start of the runoff reduced, to the
extent that it began to resemble results for T1-rainwater. This implies that
diverting the initial 2 mm of rainfall from the roof can reduce the magnitude
of RWOM removal process.

2.2.4 Comparison of Various Rainwater Sources

Table 2.8 compares the water quality collected in T1-tankwater, T1-first flush,
T1-rainwater, urban and rural rain tank water and tap water. As described
previously, the quality of the water in rainwater tanks is comparable with potable
supply water with the exception of heavy metals (lead and iron) and turbidity
level in the metropolitan tanks and pH in the rural tanks. In Table 2.8, non-
compliance with ADWG is shown in bold. Bypassing the first flush can have a
significant influence on improving the water quality in the rainwater tank.
However, minimal forms of treatment will still be required especially for the
metropolitan rainwater tanks.
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2.3 RAINWATER TREATMENT TECHNOLOGIES

Some rainwater tanks incorporate simple sand filtration devices to improve water
quality for potable uses. While sand filters remove suspended solids, they cannot
remove most dissolved matter. By contrast, membrane filtration can remove most
of these contaminants. Membrane materials have improved significantly so that
they last longer, are stronger and provide higher fluxes at low pressures. In recent
years, the cost of membranes has fallen significantly, and they are now affordable
for the rainwater tanks application. A smart way of operating the membrane in
the rainwater tank is under gravity static head. The system naturally adapts its
treatment capacity to the demand for potable water. Additionally membrane
backwashing will take advantage of the same pump used for water supply to the
building i.e. no additional pump is necessary from an existing rainwater tank
system. Further, Granular Activated Carbon (GAC) adsorption is used for pre-
treating rainwater as this would reduce the rate of membrane fouling and enhance
the longevity of MF membrane operation.

2.3.1 Adsorption

Adsorption filtration is a well-recognized field with previous studies on wastewa-
ter, stormwater, seawater and rainwater, either with synthetic water parameters or
actual water sources. The performance of filtration using GAC to determine the
long term effectiveness of filtration as pretreatment for removing suspended
solids, organics and heavy metals from a domestic rainwater tank was investigated.

Raw Rainwater. The raw rainwater was taken from the residential dwelling
rainwater tank (T1) (see Section 2.2.3). Further details are given in Kus et al.
(2010a).

Laboratory Analysis. The methods used to measure the pollutants were
according to standard methods (Eaton et al. 2005). Total organic carbon (TOC)
concentration of raw water and treated water was measured by using the Multi
N/C 2000 analyzer (Analytik Jena AG).

GAC Adsorption Filter. The apparatus setup is shown in Figure 2.7. The GAC
flow column was 500 mm in height with an internal diameter of 20 mm. The
column contained tap junctions at 100 mm increments along both sides of its length
with an open top for the influent hose and a tap junction at the base for the effluent.
This experiment utilised the GAC adsorption filter media (Table 2.9) which was
packed in the column up to a bed depth of 300 mm. The flow-rate was 5 mL/min or
1 m/hr. The water height above the GAC adsorption media was 100 millimetres.
Overflow would be drained back into the raw feed tank. The raw feed tank in the
laboratory was periodically topped up from the T1-tankwater when required.

During the adsorption operation, backwashing was applied to remove excess
particles that can cause filter clogging. The backwashing was conducted when the
flow rate of GAC filter was below 1 m/hr. During the backwashing process, the
overflow pipe was rerouted from the feed tank to a waste tank. The GAC
adsorption bed expanded up to approximately 30% for 2 minutes. Excess free
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| Overflow tap

GAC filter

Pump

Raw water
Figure 2.7. Schematic diagram of GAC adsorption filter apparatus
Table 2.9. Physical properties of granular activated carbon used
Specification Estimated Value
lodine number, mg/(g: min) 800
Maximum Ash Content 5%
Nominal size, m 3x 104
Maximum Moisture content 5%
Bulk density, kg/m?3 748
BET surface area, m?/g 1112
Average pore diameter, A 26.14

particles were removed from the column through the overflow pipe along with the
tap water. This experiment was repeated twice.

Total Organic Carbon. Two long-term GAC adsorption filter experiments
were carried out for 60 and 180 days. The experiments were monitored over the
experimental period (Figure 2.8 (a)). Actual raw rainwater was used in the
experiments and the water quality varied with the time of collection and varied
over the duration of the experiments. During this period, the TOC of the influent
(raw rainwater) fluctuated between 0.5 and 10 mg/L. Despite that, the TOC of the
effluent satisfied the ADWG limit of 5 mg/L for a majority of time. Figure 2.8 (b)
shows that the overall trend over the 180-day period is a decline in the TOC
removal efficiency from 60% to approximately 18% at Day 180. The removal
efficiency was generally over 30%, with some exceptions, for over the first 120
days. On days 35, 60, 100, and 140 the flow-rate of the filter column declined to
less than the desired 1 m/hr and so a backwash cycle was initiated. Following each
backwash cycle, there was a slight improvement of TOC removal before the filter
reverted to the pre-backwash pattern of a general decline until day 180.
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Figure 2.8. (a) TOC influent and effluent of GAC adsorption filter experiments. S1:
the first experiment; S2: the second experiment. Backwash carried out on Day 25
(for S1) and Days 35, 60, 100, and 140 (for S2); (b) Graph combining TOC removal
efficiency from both GAC adsorption filter experiments. S1: the first experiment; S2:
the second experiment. Backwash carried out on Day 25 (for S1) and Days 35, 60,
100, and 140 (for S2)

Turbidity and Total Suspended Solids. The GAC adsorption filter performed
effectively in removing turbidity (Table 2.10). The influent concentration of
turbidity ranged between 6.0-0.5 NTU. The concentration of turbidity in the
effluent samples was always below the ADWG limit. The results indicated low
removal efficiencies during periods of low influent turbidity levels and an average
removal efficiency of 39%. When the influent turbidity was higher, the removal
efficiency quickly increased up to 56%.

The influent concentration of TSS all samples complied with the ADWG limit
of 400 mg/L and were less than 5.5 mg/L. With an average removal efficiency
(following GAC filtration) of 42%, the effluent TSS concentrations in all effluent
samples were less than 3.5 mg/L.

Heavy Metal. The average concentrations of lead, iron, manganese, zinc,
aluminum and copper in the influent raw rainwater was 0.009 mg/L, 0.138 mg/L,
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0.04 mg/L, 0.039 mg/L, 0.04 mg/L and 0.009 mg/L respectively (Table 2.10).
While the average concentrations were all below the ADWG limit, some influent
samples of lead, iron, and manganese were above this limit.

The average removal efficiency of the GAC adsorption filter for lead, iron and
manganese was 48%, 22% and 46%, respectively. The concentration of manganese
in all effluent samples complied with the ADWG (less than 0.1 mg/L). The
concentration of lead and iron in some effluents did not comply with the ADWG
limit (Table 2.10). The average removal efficiency for zinc and copper was 58%
and 59%, respectively. The GAC filter was not effective in removing aluminum.

Orthophosphate, Nitrate, Nitrite and Ammonia. Orthophosphate, nitrate,
nitrite and ammonia were all detected in the influent and effluent samples
(Table 2.10). The average concentration of orthophosphate, nitrate, nitrite and
ammonia in the influent were 0.048, 0.514, 0.009 and 0.103 mg/L and in the
effluent were 0.028, 0.320, 0.008 and 0.073 mg/L, respectively. The average
removal efficiency for orthophosphate, nitrate, nitrite and ammonia was 43%,
38%, NQ and 32%, respectively.

2.3.2 Membrane Filtration

Membrane filtration as post-treatment was studied to assess its performance on
rainwater from a domestic rainwater tank that was pre-filtered by GAC. The
effluent pollutant concentrations were compared with the ADWG.

Raw rainwater. Raw rainwater was sourced from rainwater tank (T1). Actual
rainwater was used, and the water quality varied through the duration of the
experiments.

Laboratory Analysis. Detailed laboratory analyses were carried out in a
manner outlined in section 2.3.1.

Membrane filtration with pre-treatment. Membrane filtration experiments
were carried out using a polymeric membrane from Ultra Flo, Table 2.11. It was
operated in a dead-end mode of filtration. This helped to assess the relative
benefits that could be obtained by pre-treating the water from rainwater tanks in

Table 2.11. Physical properties of Ultra Flo hollow fibre microfiltration membrane

Name Membrane
Membrane Manufacturer Ultra Flo
Material Polysulfone
Pore Size 0.1 um
Outer diameter 1.9 mm
Inner diameter 0.7 mm
No. of fibres 40
Length of fibre 400 mm
Filter Area 03 m?

Method Out - in
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Figure 2.9. Schematic diagram of Ultra Flo hollow fibre micro-filtration membrane

under the gravitational head with GAC adsorption pre-treatment
Source: Kus et al. (2013b); reproduced with permission from IWA Publishing

terms of reducing membrane fouling, reducing flux decline and improving
filtration performance. The experimental apparatus setup is shown in Figure 2.9.
Firstly, rainwater was pre-treated by GAC adsorption filter column. Water
samples of the influent raw rainwater, the pre-treated water and the effluent
were collected at various times during the treatment process.

Flux Decline. Each flux decline test was analysed under a constant pressure
for the entire test at 1.5, 10 and 20 kPa respectively. These results show that the
GAC adsorption pre-treatment of rainwater prolonged membrane flux decline.
Regardless of the driving head, a long-term flux was around 4—5 L/m?-hr.

Raw water quality. While monitoring the flux decline of the Ultra Flo
membrane filter, grab samples of the influent (rain water) and effluent from the
membrane filter were collected to analyse pollutant removal efficiencies. The
results of the parameters tested are shown in Table 2.12. The concentration of the
water quality parameters in the raw rainwater varied significantly as the actual
rainwater was used. The influent quality typically complied with most of the
ADWG parameters tested (Table 2.12), except microbiological (total and faecal
coliforms), iron, and lead.
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Table 2.12. Laboratory analysis of Ultra Flo hollow fibre microfiltration membrane
pollutant removal without pre-treatment

Ultra Flo Membrane filtration with

GAC Pre-treatment, (14 samples)
ADWG  Detect

Parameter Limit Limit* Influent Effluent %*
Total 400 0.5 14 <0.5 >64%
Suspended (<0.5-5.0) (<0.5-< 0.5)
Solids (mg/L)
Turbidity 5 0.2 1.8 0.10 94%
(NTU) (0.5-5.9) (0.1-0.2)
Ortho- — 0.005 76 153 80%
phosphate (1-276) (1-46)
(mg/LP)
Nitrate 50 0.005 0.038 0.016 58%
(mg/LN) (0.004-0.152) (0.006-0.047)
Nitrite 3 0.005 0.538 0.318 40%
(mg/LN) (0.02-1.022) (< 0.005 -
0.854)
Ammonia 0.5 0.005 0.008 0.005 28%
(mg/LN) (<0.005- (<0.005-
0.038) 0.015)
Total Coliforms 1 1 182 74 59%
(cfu/100 ml) (20-1000) (<10-160)
Faecal 1 1 108 <10 >90%
Coliforms (<10-1000) (<10-<10)
(cfu/100 ml)
Total Organic — 0.001 2.66 0.56 79%
Carbon (2.10-3.73) (0.068-2.12)
(mg/L)
Aluminium 0.2 0.001 0.038 0.020 46%
(mg/L) (0.016-0.090) (0.010-0.020)
Copper (mg/L) 2 0.001 0.009 >0.001 >90%
(0.004-0.016) (<0.001-
<0.001)
Iron (mg/L) 03 0.005 0.135 0.0057 >98%
(0.006-0.830) (<0.005-
0.011)
Manganese 0.1 0.001 0.033 0.018 44%
(mg/L) (<0.001- (0.004-

0.140) 0.079)
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Table 2-12. Laboratory analysis of Ultra Flo hollow fibre microfiltration membrane
pollutant removal without pre-treatment (Continued)

Ultra Flo Membrane filtration with

GAC Pre-treatment, (14 samples)
ADWG  Detect

Parameter Limit Limit* Influent Effluent %"
Lead (mg/L) 0.01 0.001 0.008 <0.001 >87%
(0.001-0.031) (<0.001-
<0.001)
Zinc (mg/L) 3 0.001 0.038 0.012 67%

(0.018-0.070) (0.005-0.040)

Notes: 1) NQ - not quantified, this parameter has not been reduced; 2) Arsenic and Cadmium were
not detected; 3) 1st row: range of value, 2nd row: average value; 4) Values exceeding the AWDG
(2004) are shown in bold; 5) *denotes Detectable Limits; and 5) *denotes % removal

Turbidity and total suspended solids. The influent had an average of 1.8 NTU
whereas the effluent from membrane filtration ranged between 0.1 and 0.2 NTU
(with an average of 0.1 NTU). The overall reduction rate in turbidity was 94%.

TSS in the influent samples were quite low with an average concentration
of 1.4 mg/L. The effluent from membrane filtration had a TSS concentration of
less than 0.5 mg/L (instrument detection limits) or an overall average reduction
of 64%.

Total organic carbon. The influent contained an average concentration of
2.66 mg/L. The GAC adsorption pre-treatment achieved an average concentra-
tion of 0.95 mg/L or a removal efficiency of 64%. The membrane filtration
reduced the concentration of TOC to 0.56 mg/L giving an overall reduction of
79%. This reduction could be due to the absorption of TOC onto the membrane.

Heavy metals. While the average influent concentrations of iron, manganese
and lead at 0.135 mg/L (0.06—0.83 mg/L), 0.033 mg/L (<0.001—0.140 mg/L)
and 0.008 mg/L (0.001-0.031 mg/L) respectively were below the ADWG limits,
some individual samples exceeded the ADWG limits. The GAC adsorption pre-
treatment followed by membrane filtration reduced the average concentration of
iron, manganese and lead to 0.0057 mg/L, 0.018 mg/L and 0.001 mg/L respec-
tively, giving an overall reduction of 98%, 44% and 87% respectively.

The effluent concentrations of aluminum, copper and zinc all showed very
low to negligible concentration. The removal efficiencys were greater than 67%.
The concentration levels of arsenic, boron, cadmium, chromium, mercury,
molybdenum, nickel selenium and silver were all negligible with concentrations
<0.001 mg/L.

Microbiology. The ADWG recommend a limit of <1 CFU/100 mL for faecal
and total coliform counts. Membrane filtration reduced the faecal coliform count
reduced to under the detection limit (less the 10 CFU/100 mL). Total coliform
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count reduced by 59% though still more than the ADWG recommended limit
(Table 2.12). Further treatment is thus required.

Orthophosphate, Nitrate, Nitrite and Ammonia. The concentration of nitrate,
nitrite and ammonia in raw water samples were below the ADWG limits except
one sample of the later (ammonia) being at 1.364 mg/L which was approximately
two times higher than the ADWG limit (0.5 mg/L). Orthophosphate, nitrate and
ammonia concentrations were reduced by 42%, 38% and 36% respectively with the
GAC adsorption pre-treatment. Membrane filtration was able to reduce ortho-
phosphate, nitrate and ammonia concentrations further with a total reduction of
58%, 40% and 39% respectively. Meanwhile, nitrite had negligible improvement. It
but was reduced by 28% following membrane filtration, most likely due to the very
low influent concentration which was often already near detectable limits.

Summary. Ultra Flo membrane treatment with GAC adsorption pre-treat-
ment was able to reduce the concentration of all water quality parameters to below
that specified in the ADWG. The exception was for faecal and total coliforms.
Further disinfection is required as micro-filtration membrane treatment does not
remove viruses.

2.3.3 Pilot Scale Application of Rainwater Treatment

A pilot scale rainwater treatment system consisting of a gravity fed GAC filter and
membrane filter (Ultra Flo) was operated for a period of 120 days (Kus et al. 2013a,
b). The performance of this system was assessed in terms of membrane flux and
the improvement in water quality compared to the ADWG. Determination of the
flux, especially in the later stages of membrane operation, was important to size
the filters in a manner that meets the expected demand.

Rainwater tank and treatment configuration. A typical domestic residential
rainwater tank was selected for the operational simulation of a GAC filter and
membrane filter system. The rainwater tank was located within the Sydney
Metropolitan basin at Peakhurst, approximately 1 km south of a heavily trafficked
motorway and 10 km west of Sydney’s domestic and international airport. The
tank and house (with a typical concrete glazed tile roof and aluminium guttering)
are five years old. The rainwater tank was a PVC tank with a total volume of
3000 litres, PVC plumbing and brass fittings. For the duration of the pilot trial, the
rainwater tank was connected directly to feed the treatment system (GAC filter
and membrane filter) (Figure 2.10). Potable grade hose lines were installed
between the rainwater tank and the filter system connections.

Filter configuration. Detailed characterisation of the rainwater tanks (Kus
et al. 2010a, b) had highlighted that turbidity and heavy metals and in particular
lead, were not compliant with the ADWG. These findings have been reflected in
other studies (Magyar et al. 2007, 2008). Further, dissolved organic carbon (DOC)
is known to cause membrane fouling. Therefore, reducing its concentration will
improve membrane performance and prolong membrane life. The GAC filter was
used as a first step to remove DOC in particular and also to reduce the turbidity
(see section 2.3.1). The DOC and lead associated with particulates were also
removed. Membrane filtration removed any remaining solids and concentrations
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Figure 2.10. Schematic diagram of the household rainwater harvesting system

with a pilot scale gravity driven membrane based filter system
Source: Kus et al. (2013a, b); reproduced with permission from IWA Publishing

of turbidity, DOC and lead (see section 2.3.1). Further, the membrane filter can
screen coliforms although it is acknowledged that further disinfection treatment
(with very small dose) is required to guarantee all viruses are removed.

A pilot-scale treatment system was developed and comprised of a pre-
treatment of GAC filter (Watts-Ultraflo) followed by a membrane filter (Ultra
Flo). The characteristics of the GAC and membrane filter are given in Table 2.13
and Table 2.14 respectively. GAC of 0.3 mm was packed in a column. The volume
of GAC was 0.4 L. The membrane had a surface area of 0.4 m? and pore size of
0.1 pm. This system was operated in dead-end mode. The raw water was passed
through the two filters, each with a volume of 0.4 L. As the pilot scale system was
operated under gravity head, the 2 filter columns were placed horizontally and
located at the base of the rainwater tank to take advantage of the full water head
available from the rainwater tank (Figure 2.10).

The raw rainwater was passed through two filters in a continuous operating
system where the effluent from the GAC filters passed through to the membrane
filter. An available water head of up to 2 m in the rainwater tank drives the flow
though the GAC filter and membrane filter. The pilot scale treatment system was
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Table 2.13. Physical properties of granular activated carbon used

Specification Property
Manufacturer Watts
Specified Treatable Capacity 1500 Gallons (~5700 L)
lodine number, mg/(g: min) 800
Maximum Ash Content 5%
Nominal size, m 3x 1074
Maximum Moisture content 5%
Bulk density, kg/m?3 748
BET surface area, m?/g 1112
Average pore diameter, A 26.14
Media Volume 4x10™* m3

Table 2.14. Physical properties of Watts (Ultra Flo) hollow fibre micro-filtration
membrane

Specification Property
Membrane Manufacturer Ultra Flo
Material Polysulfone
Specified Treatable Capacity 1500 Gallons (~5700 L)
Pore Size 0.1 pm
Outer diameter 0.45 mm
Inner diameter 0.25 mm
No. of fibres 1000
Length of fibre 300 mm
Filter Area 0.4 m?
Method Out - in

operated continuously for 120 days. In this pilot scale study, the GAC filter and
membrane filter were not backwashed except on two occasions (day 8 and 12).
This was done to determine the performance of the treatment system under low
maintenance conditions, determine how long the filters would operate effectively
without backwash and quantify the flux. Determination of the flux in the final
stage of membrane operation (with no backwash) was important to be able to size
the membrane area in a manner that meets the expected demand. Both filters were
backwashed for 30 seconds on two occasions, eighth day and 12th day, to observe
the impact of backwashing on the flux and what improvement it made. During the
backwashing process, the flow was passed through the two filters in the reverse
direction from normal operation. The influent flow pipe was rerouted from the
rainwater tank to a waste drain. Excess free particles were removed from the
column filter along with the tap water.
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Figure 2.11. Membrane flux decline over the duration of the pilot sale study. Also

shown is the water head in the rainwater tank, and the volume of water treated
Source: Kus et al. (2013a); reproduced with permission from IWA Publishing

Detailed laboratory analyses were carried out to determine the concentration
of individual pollutants in a manner outlined in section 2.3.1. Data logging
equipment was utilised to monitor the flow rates (Endress & Hauser Promag 10 H)
and the driving head on the membrane. The flow rate was only controlled by the
flux limitation through the treatment system and the available driving head. The
available head was monitored using a calibrated pressure transducer (Endress &
Hauser PMC 131) connected to a data logger (Endress & Hauser Eco Graph T
RSG30) which represented the head available from the membrane to the top of
water level in the rainwater tank. The tanks water level only increased when there
was rainfall.

Flux decline. The membrane flux decline was monitored over 120 days as
shown in Figure 2.11. During this period, the membrane was backwashed twice
(on day 8 and day 12) for a period of 30 seconds. On both occasions, there was an
increase in flux which lasted only several hours before it reduced to levels that
existed prior to the backwash. No other backwash was undertaken. The flux
reduced from 27 L/m?/hr to a stable flux of 0.47 L/m?/hr over a period of 60
days. The membrane filter ran at steady state conditions for the remaining 60 days
where the flux was nearly constant.

Turbidity. The treatment train of the GAC filter followed by membrane
filtration reduced the turbidity by 78% (0.6-0.41 NTU) (Figure 2.12, Table 2.16).
The GAC filter achieved significant reductions in turbidity (Figure 2.12). Mem-
brane filtration provided additional turbidity removal of up to 20%. The turbidity
following membrane filtration was small and below 0.4 NTU whereas the ADWG
limit is 1 NTU.

DOC. The GAC treatment was capable of reducing the influent DOC
concentrations from an average of 0.42 mg/L to 0.12 mg/L (Figure 2.13,
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Figure 2.12. Turbidity results with GAC filter followed by membrane filter filtration.

DOC following sand filter not shown
Source: Kus et al. (2013a); reproduced with permission from IWA Publishing

Table 2.15). The ADWG limit for DOC is 0.2 mg/L. In the initial period, during
the first 30 days of operation, the DOC in the effluent was higher at approximately
0.4 mg/L. This corresponds to a period of the development of biofilms on the
GAC. Beyond this initial period, after 30 days of operation, the concentration of
DOC reduced to below detectable limits. The removal efficiency of DOC during
this period was at times more than 99%. The membrane filter system used as post-
treatment to the GAC filter indicated only a small improvement in the DOC
removal, particularly during the initial period of the first 30 days. DOC is known
to cause membrane fouling (especially organic and subsequently bio-fouling) and
reducing its concentration will improve membrane performance and prolong
membrane life in treatment systems that incorporate it. Further, organic matter in
the water caused membrane fouling and led to carcinogenic compounds upon
chlorination.

Heavy metals. The influent (raw rainwater) itself generally had low
concentrations of heavy metals (Table 2.15). There were even no traces of
cadmium, selenium, silver or mercury detected in the samples. The concentra-
tion of aluminium, arsenic, copper, iron, manganese, and nickel were below
ADWG limits. However, the concentration of lead was notably above the
ADWG limit.

The treatment system performed effectively with significant reductions in
most heavy metals. The lead concentration in the effluent was reduced to below
0.005 mg/L, which was below the ADWD limit of 0.01 mg/L. Aluminium,
iron and manganese were reduced to below detection limits. The concentration
of these heavy metals in the effluent was well within the ADWG limit
(Table 2.15).

It was observed that the levels of both copper and zinc were not improved by
filtration and actually increased from the initial raw rainwater samples taken from
the tank. This is due to the in-situ connections of the rainwater tank, and effluent
tap comprising of brass fittings which are a copper/zinc alloy. As brass is the
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Figure 2.13. DOC results with GAC filter followed by membrane filter filtration.

DOC following sand filter not shown
Source: Kus et al. (2013a); reproduced with permission from IWA Publishing

common material used for connections in domestic residential tanks in Australia,
and also copper for the internal plumbing of houses, it is expected that both higher
levels of copper and zinc is likely found in samples collected from a residential tap.
The concentration of copper and zinc in the effluent remained below ADWG
limits.

Organic matter characterization. Categorisation of organic matter was
conducted for raw rainwater and after treatment (Table 2.16). It was found that
the concentration of DOC of the raw rainwater was 1.74 mg/1 out of which 30.3%
was hydrophobic and remaining 69.7% was hydrophilic. In hydrophilic portion,
the majority of the substances was biopolymers (5.2%), humic substances (25.3%),
building blocks (12%) and lower molecules neutrals and acids (24.5 and 2.6
respectively).

After treatment of raw stormwater through GAC filtration followed by
membrane filtration, the concentration of DOC was found to be 1.14 mg/l which
represents a 34% removal. The majority of organic matter was hydrophilic (32.9%)
compared to 67.1% of hydrophobic organic matter. In hydrophilic portion, the
majority of the substances were biopolymers (3.8%), humic substances (43.3%),
building blocks (8.2%) and lower molecules neutrals and acids (9.7% and 2.1%
respectively). It was found that rainwater treated with the GAC filter had a
majority of organic substances removed. GAC filter removed all types of organics.
In general, membrane filtration can remove only the small amount of organics
that is associated with suspended particles.

Summary. This study reported the results of monitoring and evaluation of the
improvement in rainwater quality and quantified the flux decline from a gravity
fed GAC and membrane filter system during a 120 day pilot scale trial at a
residential household within the Sydney metropolitan area.
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This study followed a detailed water quality characterisation of rainwater
tanks within the Sydney metropolitan area (Kus et al. 2010a) which identified
turbidity, DOC and heavy metals and in particular lead, as these parameters did
not comply with the ADWG. A comparison with tap water showed a similar
result. A treatment system was configured to reduce the concentrations of these
parameters.

The treatment system of GAC filter and membrane filter was effective in
reducing turbidity, DOC and heavy metals. The system reduced the turbidity
by an average of 78% (0.6-0.41 NTU), below the ADWG limit of 1 NTU. The
concentration of DOC was reduced to below the ADWG limit of 0.2 mg/L. The
concentration of lead was reduced to an average of 0.005 mg/L and below
the ADWD limit of 0.01 mg/L. The concentration of all other heavy metals was
well within the ADWG limit. The GAC filter was necessary to reduce the turbidity,
lead and DOC. The use of micro-filtration was as a security filter is relevant to
achieve physical disinfection and removal of solids in emergency situations where
there is a high turbidity load. The micro-filtration will reduce the disinfectant dose
significantly. Further, the GAC filter removed a majority of the organic substances
from raw rainwater. After an initial flux decline, the stable flux achieved was
0.47 L/m? /hr over the final 60 days of the experiment.

2.4 PRACTICAL IMPLICATIONS

In urban areas, rainfall events and the stormwater arising from them do not last
for more than several hours. Stormwater discharge is relatively high and, therefore,
needs to be treated at a high rate. The alternative to a high rate treatment is to
collect and store the stormwater before treatment. Raw stormwater in storage will
degrade under anaerobic and anoxic condition while pretreatment of stormwater
adds value to the stored water and can be beneficially reused. When stormwater is
treated at a high rate the need to store stormwater before treatment is alleviated.
These high rate treatments include media filters, and these are given in Kus et al.
(2012a, b). The filters performed at a high rate (10 m/hr) and were able to remove
suspended solids, organic matter and heavy metals in a consistent manner despite
fluctuation in the influent concentration of these pollutants. The effluent was of
similar quality to raw rainwater and suitable for non-potable purposes such as
irrigation of gardens and lawns, car washing and so on (Kus et al. 2013a, b).
Stormwater, which can be typically collected from the property surrounding the
building, treated in this manner can be stored together with raw rainwater in a
manner shown in Figure 2.14.

The treated stormwater in storage may be augmented by roof rainwater
(Figure 2.14) which has commensurate quality, and both can be stored in the same
tank. In this way, the contributing catchment increases from just the building roof
to the whole site increasing the amount of water that can be captured and stored
for reuse. In medium-scale developments, rainwater tanks typically empty quite
quickly due to demand and often are augmented by town water.
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Figure 2.14. Possible prototype application of high rate media filtration followed
by membrane filtration membrane (operated under the gravitational head)

The stored water (both treated stormwater and rainwater) can be filtered
under gravity through membrane filters. Though the filtration rate is slow, the
water quality of the effluent is high, and for many parameters achieves drinking
water standard (Tables 2.16 to 2.17 and Figures 2.12 to 2.13). The volume of water
required for potable purposes is less compared to non-potable uses. This system
can be suitably configured to meet these different demands.

Concentrated pollutants remaining after treatment and sludge can be dis-
charged to the sewer alleviating sludge disposal problems and is attractive in
creating a low maintenance system. Further, it significantly reduces the storm-
water pollution leaving the site and transported downstream into the receiving
water. It is possible to create a sustainable development with a low demand for
town water, low stormwater pollution export and reduce stormwater discharges. It
is vital as such a system is ideal for inner city areas for application in medium scale
development such apartment complexes, business parks and so on. The benefits of
a successful harvesting scheme are reductions in (i) demand for town water;
(ii) stormwater pollution loads to downstream waterways and estuaries; and
(iii) stormwater volumes, flows and the frequency of run-off.

2.5 ACKNOWLEDGMENTS

The material presented in this chapter was developed from research funded by an
Australian Research Council grant (LP0776705) and by Kogarah Council.



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

74 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

References

Australian Bureau of Statistics. (2007). “Environmental issues, people’s views and current
practices.” Canberra.

Australian Government. (2004). Australian drinking water guidelines, National Health and
Medical Research Council, Australian Water Resources Council, Australia.

Australian Government. (2004). “Guidance on use of rainwater tanks.”
Government Dept. of Health and Ageing, Canberra.

Eaton, A., Clesceri, L., Rice, E., and Greenberg, A. (2005). Standard methods for the
examination of water ¢ wastewater, 21st Ed., American Public Health Association,
American Water Works Association, Water Environment Federation.

Edwards, M., Hidmi, L., and Gladwell, D. (2002). “Phosphate inhibition of soluble copper
corrosion by-product release.” Corros. Sci., 44(5), 1057-1071.

Kus, B., et al. (2012a). “Performance of granular medium filtration and membrane filtra-
tion in treating storm water for harvesting and reuse.” Desalin. Water Treat., 45(1-3),
120-127.

Kus, B., et al. (2012b). “T'wo stage filtration for stormwater treatment: A pilot scale study.”
Desalin. Water Treat., 45(1-3), 361-369.

Kus, B., Kandasamy, J., Vigneswaran, S., and Shon, H. K. (2010a). “Water quality
characterisation of rainwater in tanks at different times and locations.” Water Sci.
Technol., 61(2), 429-439.

Kus, B., Kandasamy, J., Vigneswaran, S., and Shon, H. K. (2010b). “Analysis of first flush to
improve the water quality in rainwater tanks.” Water Sci. Technol., 61(2), 421-428.
Kus, B., Kandasamy, J., Vigneswaran, S., Shon, H. K., and Moody, G. (2013a). “Household
rainwater harvesting system-Pilot scale gravity driven membrane-based filtration sys-

tem.” Water Sci. Technol. Water Supply, 13 (3), 790-797.

Kus, B., Kandasamy, J., Vigneswaran, S., Shon, H. K., and Moody, G. (2013b). “Gravity
driven membrane filtration system to improve the water quality in rainwater tanks.”
Water Sci. Technol. Water Supply, 13(2), 479-485.

Kus, B., Kandasamy, J., Vigneswaran, S., and Shon, H. (2011). “Water quality in rainwater
tanks in rural and metropolitan areas of New South Wales, Australia.” ]. Water
Sustainability, 1(1), 33-43.

Li, S., Ni, L., Sun, C., and Wang, L. (2004). “Influence of organic matter on orthophosphate
corrosion inhibition for copper pipe in soft water.” Corros. Sci., 46(1), 137-145.

Magyar, M. L, Mitchell, V. G, Ladson, A. R,, and Diaper, C. (2007). “An investigation of
rainwater tanks quality and sediment dynamics.” Water Sci. Technol., 56(9), 21-28.

Magyar, M. I, Mitchell, V. G, Ladson, A. R, and Diaper, C. (2008). “Lead and other heavy
metals common contaminants of rainwater tanks in Melbourne.” Water Down Under
2008, Adelaide, Australia, 409-417.

Shon, H. K., Kim, S. H,, Erdei, L., and Vigneswaran, S. (2006). “Analytical methods of size
distribution for organic matter in water and wastewater.” Korean J. Chem. Eng., 23(4),
581-591.

Australian


http://dx.doi.org/10.1016/S0010-938X(01)00112-3
http://dx.doi.org/10.1080/19443994.2012.692018
http://dx.doi.org/10.1080/19443994.2012.692018
http://dx.doi.org/10.1080/19443994.2012.692063
http://dx.doi.org/10.2166/wst.2010.824
http://dx.doi.org/10.2166/wst.2010.824
http://dx.doi.org/10.2166/wst.2010.823
http://dx.doi.org/10.2166/ws.2013.067
http://dx.doi.org/10.2166/ws.2013.046
http://dx.doi.org/10.1016/S0010-938X(03)00137-9
http://dx.doi.org/10.2166/wst.2007.738
http://dx.doi.org/10.1007/BF02706798
http://dx.doi.org/10.1007/BF02706798

Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

CHAPTER 3

Stormwater Treatment
Technology for Water Reuse

Olof J. Jonasson'
Jaya Kandasamy?
Saravanamuth Vigneswaran?

3.1 INTRODUCTION

With the world’s total population predicted to increase to 9.3 billion by 2050, the
majority of whom will live in urban areas (UNDESA 2012), pressure on urban
water resources will increase significantly. For example, water demand for
Australia’s five largest cities is projected to increase by over 40% by 2030 (Cook
et al. 2012) in a moderate growth scenario. These five cities have already
experienced severe water shortages resulting in water restrictions (e.g. Sydney
2000-2009). Managing scarce and unpredictable water resources will therefore be
a major challenge for policy makers, water resource managers, scientists and
engineers, noting that future climate change will also increase the variability of
both rainfall and runoff (Kamruzzaman et al. 2013). A key strategy is to shift from
conventionally derived water resources to alternative water supplies such as
recycled wastewater, seawater reverse osmosis and stormwater harvesting and
to build a diversified water supply portfolio that increases resilience. Here we will
focus on stormwater harvesting and reuse.

While roof water harvesting and reuse is common in many parts of the world,
local harvesting and reuse of stormwater from hard surfaces is a relatively new
practice. In many of Australia’s capital cities, the annual volume of stormwater
runoff is comparable to the total potable water demand (Mitchell et al. 1999),
hence harvesting of this resource can potentially provide a significant alternative
water supply (Philip et al. 2008). As only a fraction of water used needs to be of
drinking water standard (Mitchell 2004; DEC 2006), many water uses can be
supplied by water of a lesser quality. Community acceptance of using treated
stormwater is also higher than that using treated wastewater (DEC 2006), and a
number of government programs have aimed to encourage both roof water
harvesting and stormwater harvesting in Australia. The overall objective of these
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programs has been to relieve pressure on scarce water resources and the uptake by
local government organisations and other large water users has been significant.
Roof water often can be used without further treatment, especially for non-potable
purposes. In contrast, stormwater generally contains higher concentrations of
pollutants and in most cases, treatment is required.

In addition to helping relieve stress on the main water supply, stormwater
harvesting schemes can also have other benefits such as reducing the impact of
urban development on local waterways by improving water quality and helping
to maintain a natural flow regime and stream flows (Fletcher et al. 2007). The
practice of stormwater harvesting also has the potential to provide water at less
ongoing energy consumption per unit of water supplied than if mains water is
used (refer to Case Studies 3.1 and 3.2). While stormwater reuse can be
environmentally beneficial, impacts on local ecosystems in the receiving water
from which stormwater is extracted needs to be considered (Fletcher et al. 2007),
for example, the environmental impact of producing the infrastructure and
constructing the stormwater harvesting system. The overall result of a system
will be site-specific. Ongoing energy consumption will be influenced by the quality
of the source water, the level of treatment required and the treatment technology
implemented to achieve the specified management objectives.

A number of case studies of operating stormwater harvesting schemes are
used throughout this chapter to illustrate how currently operating schemes
compare to requirements and guidelines. These include:

o Turramurra stormwater harvesting scheme, refer Case Study 3.1. Stormwater
is treated using conventional stormwater treatment techniques (biofiltration)
and is used only for outdoor irrigation without disinfection.

o Greenway Park stormwater harvesting scheme, refer Case Study 3.2. Storm-
water is treated using conventional treatment methods (Gross pollutant trap)
and disinfected before reuse for outdoor irrigation.

o Blackmans Swamp Creek stormwater harvesting project, refer Case Study 3.3.
Stormwater is harvested to supplement potable water supply.

The literature reviewed has been sourced mainly from Australia as storm-
water harvesting is relatively common, and there is a large body of research in this
field. The literature on stormwater treatment technology associated with storm-
water harvesting has also been sourced mostly from Australia and the U.S. along
with data on stormwater quality augmented with literature from other parts of the
world.

3.2 SOURCES AND CHARACTERISTICS OF STORMWATER

Stormwater is surface runoff from both pervious and impervious surfaces,
predominantly in an urban environment from man-made hard surfaces such as
roads and carparks (Philip et al. 2008). As the runoff travels overland, it picks up
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pollutants that are ultimately transported to the receiving water. The catchment’s
characteristics will have a great impact on the chemical characteristics of the
stormwater (Eriksson et al. 2007). Stormwater can contain a wide range of
pollutants that can be physical, chemical and biological. These include gross
pollutants, suspended solids, nutrients, metals, chemicals of concern such as
pesticides/herbicides, alkyl phenols, pharmaceutical and personal care products,
surfactants, phenols, aromatic hydrocarbons, etc. (Aryal and Lee 2009; Kaczala
et al. 2012; Zgheib et al. 2012; Gasperi et al. 2013; Loganathan et al. 2013; Sidhu
et al. 2013; Tang et al. 2013).

While concentrations of pollutants in stormwater vary considerably between
storm events and between individual catchments, roads are generally a major
source of contaminants in urban runoff while agricultural catchments generate the
highest concentrations of suspended solids, total nitrogen and total phosphorus
(Duncan 1999). Table 3.1 for example shows mean concentrations with standard
deviation for suspended solids, total phosphorus, total nitrogen and copper
respectively for different catchments types from selected studies and is compared
to stormwater quality data from Case Study 3.1.

Critical to stormwater reuse is the ability of any treatment system to cope with
a highly variable pollutant concentration. At the same time, it must provide
treated water of a consistent and acceptable quality suitable for the end-user.
There is also growing evidence that stormwater drainage systems can be con-
taminated with sewage due to failing sewer infrastructure and cross-connections
between stormwater and sewage networks (Noble et al. 2006; Rajal et al. 2007;
Sercu et al. 2009). This can lead to an increased risk of pathogen exposure from
stormwater harvesting schemes (Sidhu et al. 2013).

3.3 WATER QUALITY TREATMENT CRITERIA

3.3.1 Non-Potable Water Guidelines

The most common application of stormwater reuse in Australia is for outdoor
irrigation (Hatt et al. 2006; NRMMC 2009), but treated stormwater can also be
used to supplement other non-potable uses such as flushing toilets, washing
clothes, firefighting and in cooling towers. More recently instances have emerged
where stormwater has been harvested for indirect potable reuse (see Case Study
3.3). The water quality criteria will depend on the application, and the treatment
required to meet these standards will be influenced by the source of the storm-
water. As noted in the previous section, stormwater quality can vary significantly
between different catchments and between different storm events.

The Australian Guidelines for Water Recycling, Stormwater Harvesting and
Reuse — Phase 2 (NRMMC 2009) include treatment criteria for a range of uses, and
has been developed on the basis that most stormwater reuse schemes in Australia
are relatively small and are operated by organisations rather than water utility
companies, for example, local councils and golf clubs (DEC 2006). If a
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stormwater-reuse scheme is for open-space irrigation only, the process of com-
plying with the guidelines is relatively straight forward. A more stringent assess-
ment is required where stormwater is plumbed into buildings for toilet flushing or
other indoor uses. This is due to the risk of cross-connection, as the potential
exposure due to such an accidental occurrence would be much higher than the
exposure from any intended use.

Water quality criteria will also vary for different elements of a stormwater
reuse scheme. For an outdoor irrigation system, the main pollutants of concern for
the irrigation infrastructure itself will be objects that can damage pipes and
sprinkler heads such as gross pollutants, coarse particles and suspended solids.
Excessive nutrient concentrations may also lead to biofilm growth that can block
irrigation lines. Hard water may cause calcification and blockage of irrigation lines
in the long term. Elevated iron levels may cause problems with iron bacteria that
can clog or damage irrigation infrastructure. Stormwater quality criteria for open
space irrigation infrastructure are presented in Table 3.2 along with data from
Case Study 3.1. As shown in Table 3.2, based on the parameters tested, stormwater
from the Turramurra scheme is unlikely to cause problems for the irrigation
system during the life of the infrastructure.

For the vegetation being irrigated, the main concerns will be environmental
health where the predominant environmental hazards from stormwater
irrigation are cadmium, hydraulic loading, iron, nitrogen and phosphorus
(NRMMC 2009). The primary pollutants of concern for people using the
facility and who could potentially be exposed to the irrigation water are
human-derived pathogens, mainly originating from sewer overflows or cross-
connections.

Where stormwater is used to substitute non-potable uses such as toilet
flushing or washing clothes and where water is returned to the sanitary sewer
after use, the main concern is also the exposure to pathogens. Aesthetic appear-
ance will also be important in such applications. While both metals and organic
chemicals could potentially pose a risk to human health even in non-potable reuse
schemes, it is likely that they will be present at such a low concentration that they
will not pose an acute risk to human health when pathogens have been removed
satisfactorily (NRMMC 2009; Page and Levett 2010). The risk of exposure to
pathogens from reused stormwater is based on a tolerable dose (maximum
number of infectious organisms per person per year) and is the product of
concentration multiplied by the volume of water consumed per year. Where no
site-specific data is available, standard values can be used, these being available in
NRMMC (2009).

As an example, the potential exposure (volume of water consumed) from
combined toilet flushing and laundry use is much lower than the potential
exposure from open-space irrigation (NRMMC 2006). This would suggest that
a lower level of treatment is required. However, the treatment requirements for
any use where stormwater is plumbed into a building are stringent. This is due to
the risk of cross-connection, as the potential exposure should an accidental cross-
connection occur would be much higher than the exposure from any intended use.



GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

80

(6002) DWWYN,

payodai JoN 1/bw 09-€€ 7/bw 9¢-¢| 7/bw oge> 1/bw oge> (foDeD) ssaupieH

1/6w £'v-100 1/6bw 60°0-50°0 1/6w $¥'0-£0°0 1/6bw 500> 1/bw 80> (lexoy) snioydsoyd

1/6w 8e-7Z°0 pa1s91 10N pa159] 10N 1/6w 70> 1/6w 01> (lexo1) uoy|

pauodal 10N pa1sa1 10N pa1s91 10N ww > ww > (@) so|d1ued asieod

7/6W 1yS'yL — 8T 1/bw 6-9 1/bw 06-8¢€ 1/bw 0> 1/6w 05> spijos papuadsng
(6661) uboung 131DMUWI0)S 131DMUWLIO)S siDak 001 siDak oz

pa1pai| Mpy 0] dn o] dn

asNal 12]bMWIO0])S blinwiblinj

941 ubisa@ 1uaWIDaI} JIPMUWIOIS

sysu [puonpiado buibpbupw 1oj uoivbll pds uado “2ignd Joj bLBIID JUBWIIDAI) JBIDMULIOLS dAIIDIIPU| ‘'€ 3|qQD]

‘pansesal siybu (e ‘Auo asn feuossed 104 3OSV yBLIADOD "9T/50/20 Uo A1sieniun aqol | e Aq 6o Akeliqipase wol) papeo jumod



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

STORMWATER TREATMENT TECHNOLOGY FOR WATER REUSE 81

Treatment requirements for a range of stormwater reuse applications are pre-
sented in Table 3.3, along with data from Case Study 3.2 where disinfection is
used. As shown, even though stormwater is only used for irrigation, the inclusion
of disinfection (ultraviolet (UV) light) in the design could potentially allow reuse
for other purposes as well.

The presence of Faecal Coliforms and specifically the indicator bacteria E. coli
may indicate sewerage contamination. However, E. coli can be present in storm-
water from sources other than sewerage such as animal droppings. No statistically
valid relationship has been found to exist between levels of pathogens and E. coli
(NRMMC 2009). Nevertheless, it is routinely measured for two reasons. Firstly, its
test is relatively cheap and easy. Secondly, guidelines often include recommended
maximum or median values on E. coli concentration for stormwater reuse.
Reduction in E. coli concentration may indicate the effectiveness of the disinfec-
tion systems in removing pathogens present in the treated water as well. Storm-
water treatment criteria for managing the public health risk for open-space
irrigation schemes are shown in Table 3.4 along with data from Case Study
3.2. The results show that, even though the design had complied with typical
requirements for outdoor irrigation, the measured effluent water does not meet
the water quality criteria. This may indicate a problem with the treatment system
or with ongoing maintenance.

It is worth noting that treatment requirements for public health are generally
expressed as a log,, reduction rather than as an absolute concentration, reflecting
the variable concentration of pathogens found in stormwater. The equivalent
reduction in exposure to pathogens can be achieved by both treatment and
control of on-site exposure. Table 3.5 includes a summary of the equivalent log
reduction from on-site exposure control measures along with information from
Case Study 3.1.

When determining a suitable treatment strategy, it is important to consider all
aspects of the system as the water quality requirements may be different. The risk
of accidental exposure and cross-connection with the potable water supply (and
hence, increased treatment requirements) must also be weighed against the
potential benefits derived from adding such uses to the reuse scheme. For example,
adding toilet flushing as a part of an outdoor irrigation scheme will require a
higher level of treatment whereas the potential volume of water saved is likely to be
small compared to the volumes used for irrigation. The cost, both capital and for
ongoing maintenance, of providing the additional treatment will have to be
weighed against the potential benefits to water conservation from adding toilet
flushing to the scheme.

3.3.2 Potable Water Guidelines

While most current stormwater harvesting systems are merely for outdoor
irrigation, with an increased population and pressure on water resources, storm-
water harvesting for indirect potable reuse is likely to become more common.
Indirect potable reuse refers to diverting previously treated stormwater to a raw
water source before it is later harvested for potable water. As such, treatment
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Table 3.4. Stormwater treatment criteria for public health, open-space irrigation
(no access control) for managing health risks

Greenway Park
harvested stormwater
after treatment and
Parameter Stormwater treatment criteria’ UV disinfection®

Disinfection  >1.5 log;, (96%) reduction of virus
and bacteria
>0.8 logo (82%) reduction of
protozoan parasites

E. coli <10 colony forming units E. coli
(CFU)/100 mL (median) 15 CFU/100 mL
(median)
Turbidity <25 NTU (median) 3.5 NTU (median)
100 NTU (95th percentile) 18 NTU

(80" percentile)
Provided the disinfection system is
designed for such water quality
that, during operation, the
disinfection system can
maintain an effective dose.
Iron <9.6 mg/L (median) 0.38 g/L (mean)?

'NRMMC (2009);> Water quality data from Greenway Park (Case study 6.2), UV treated stormwater in
header tank, monthly testing July 2011 to June 2012), HSC (2012); and® Based on four samples,
median not reported

techniques for stormwater harvesting are able to meet more stringent require-
ments. To date, there is only one indirect potable reuse scheme in NSW if not
Australia; this being the Blackmans Swamp Creek stormwater harvesting project
in Orange, NSW (see Case Study 3.3).

The Australian Drinking Water Guidelines (NHMRC 2011) listed 238
physical and chemical parameters for drinking water. Most of these are not
reported in the literature. Hence it is difficult to judge to what extent urban
stormwater meets the guidelines. Regularly tested pollutants in urban stormwater
are presented in Table 3.6, along with guideline values from NHMRC (2011), and
values reported in Case Study 3.1.

For the tested parameters, with the exception of turbidity and E. coli (as well
as marginally low pH), the stormwater from Turramurra, NSW, complies with the
drinking water guidelines. However, only four storm events were included in the
result. Therefore, further testing is required to ensure that other guideline values
are not exceeded. Toxicity of stormwater can be high due to the presence of
chemicals not regularly tested, originating either from urban runoff or from
sewerage contamination (Tang et al. 2013).
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Table 3.5. Indicative exposure reductions provided by on-site preventive measures
and design compliance from Turramurra stormwater harvesting scheme (Case
Study 3.1)

Reduction in Turramurra
exposure to stormwater
pathogens’ harvestings scheme

On-site’  Off-site>  On-site’  Off-site’

Control measure exposure exposure exposure exposure
Drip irrigation of crops 2 log
Subsurface irrigation of 4 log
above-ground crops
Withholding periods for 1 log 1 log

irrigation of parks/sports
grounds (1-4 hours)
Spray drift control (micro 1 log 1 log
sprinklers, anemometer
systems, inward-throwing
sprinklers, etc.)
Drip irrigation of plants/shrubs 4 log
Subsurface irrigation of plants/ 5-6 logs
shrubs or grassed areas
No public access during irrigation 2 log 2 log
No public access during irrigation 3 log
and limited contact following
irrigation (e.g. food crop
irrigation rather than public
open space)

Buffer zones (25-30 m) 1 log 1 log

Total 3 log 2 log

Design requirement Min 1.5  Min 1.5
(per Table 3.4): log log

'exposure for those present on the irrigated site NRMMC (2009); *exposure for those not present on
the irrigated site, i.e. exposure due to wind drift, etc,; >summary from NRMMC (2009)

While stormwater can meet the drinking water guidelines for many para-
meters that are regularly tested, high variability in values may pose a problem
because the guideline values (NHMRC 2011) are maximum concentrations.
Consequently, any treatment must be designed for the worst case scenario which
may increase requirements on the water treatment system. While stormwater
would be mixed with conventional water sources (e.g. groundwater, river water) in
an indirect potable water reuse scheme where the impact of fluctuating quality is
reduced, a subsequent treatment system may still be adjusted to account for a
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Table 3.6. Pollutants regularly tested for in urban stormwater along with guideline
values and values for local stormwater harvesting schemes in Sydney

Raw stormwater

Turramurra

stormwater reuse
Water quality parameter (case study 6.1) ADWG 20117
Traditional (physical & chemical)
pH Value 6.3-7.1 6.5-8.5
Sodium Adsorption Ratio 0.67-0.85
Electrical Conductivity at 25°C 80-119
Total Dissolved Solids (Calc.) 52-81 600
Suspended Solids (SS) 38-90
Turbidity 9.9-39.6 5
Total Hardness as CaCO; 15-36 200
Dissolved Salts
Sulfate as SO, - Turbidimetric 1-6 500
Chloride 11-20 250
Calcium 5-11
Magnesium 0-2
Sodium 6-8 180
Potassium 1-5
Metals
Arsenic 0 0.01
Cadmium 0 0.002
Chromium 0-0.002 0.05
Copper 0.011-0.041 2
Nickel 0-0.003 0.02
Lead 0.003-0.01 0.01
Zinc 0.051-0.146 3
Mercury 0-0 0.001
Fluoride 0-0 15
Nutrients
Ammonia as N 0-0.31 0.5
Nitrite as N 0-0.04 3
Nitrate as N 0-0.17 50
Total Nitrogen as N 0.7-2
Total Phosphorus as P 0.07-0.44
Bacteriological
Faecal Coliforms 2200-17000
Escherichia coli 2200-17000 0

Coliforms

15000-65000

"NHRMC (2011)
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broader range of pollutant concentrations. Treatment of stormwater, before it
reaches the water reservoir, is therefore recommended.

3.4 CONVENTIONAL STORMWATER TREATMENT TECHNOLOGIES
IN STORMWATER HARVESTING

Conventional stormwater treatment systems commonly utilized in harvesting
schemes include gross pollutant traps (GPTs), vegetated swales, sediment ponds,
constructed wetlands and biofiltration systems (Hatt et al. 2006; Burns and
Mitchell, 2008). Sand filters also have the potential to provide a high level of
treatment (Birch et al. 2005; Kandasamy et al. 2008). Conventional technologies
for treating stormwater are traditionally incorporated into a management strategy
to meet stormwater quality objectives for discharge to receiving water (e.g. rivers,
estuaries). As such, they are not designed to achieve a quality suitable for reuse.
Objectives for stormwater treatment alone in Australia are commonly based on a
minimum mass reduction of pollutants discharged to receiving waters such as
gross pollutants, total suspended solids and nutrients such as nitrogen and
phosphorus (calculated on an annual basis). For example Total Phosphorus (TP),
both dissolved and particulate has a goal of attaining the ambient receiving water
quality concentration objective but has an effluent water quality criteria of 45%
retention of the average annual load. In a similar manner total nitrogen (TN), both
dissolved and particulate has a similar goal as TP and has an effluent water quality
criteria of 45% retention of the average annual load, Singh et al (2009). This is
contradictory to stormwater reuse water quality requirements that are given as a
maximum or mean concentration of pollutants or in the case of pathogens, a log;,
reduction.

Conventional stormwater treatment systems are commonly combined in “a
treatment train”. A treatment train consists of a number of treatment devices, each
providing a different level of treatment. The standard treatment train would
include primary treatment, followed by secondary treatment and tertiary treat-
ment. A particular treatment device or system may overlap two or more treatment
levels, depending on its specific design feature. In most situations, a treatment
train combines treatment techniques that reduce pollutants through different
processes for the best overall treatment.

Stormwater treatment requirements are aimed at environmental protection
rather than reuse, Singh et al (2009). The focus is on capturing litter, sediments
and nutrients, whilst pollutants of concern for reuse schemes such as metals and
pathogens are commonly not adopted as treatment criteria. Nevertheless, as the
treatment system targets at smaller and smaller particles, these pollutants of
concern will be captured. Table 3.7 summarizes the typical treatment performance
of a number of stormwater treatment measures.

Of the conventional systems commonly used in harvesting applications,
biofiltration and constructed wetlands have the highest potential in terms of
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addressing pollutants relevant for risk management [i.e., pathogen, according to
the Australian guidelines (NRMMC 2006, 2009)] as well as operational risk
(nutrients and suspended solids). One of the benefits of adopting conventional
stormwater treatment techniques is that they typically rely on gravity for their
functions, which do not require pumps or electricity. They can, however, require
significant areas of land for their construction and can be difficult to retrofit into
an already developed area.

Constructed wetlands, Constructed wetlands are most commonly used for
large stormwater harvesting schemes. They can provide a cost-effective treatment
per unit of harvested stormwater (A. Deletic, unpublished data, 2011). A substan-
tial volume of water storage is available within the wetlands while other treatment
techniques, such as biofiltration, will require additional storage of treated water.
Wetlands have been shown to effectively remove nutrients, suspended solids
(Greenway 2010; Malaviya and Singh 2012), and metals (Malaviya and Singh
2012). Constructed wetlands can also provide reasonable reduction of faecal
coliforms concentrations. It should be noted, however, that their removal effi-
ciency is highly variable. For example in a brief summary of wetland systems
reviewed in Malaviya and Singh (2012) (Tampa, Florida, USA; Washington, USA;
Manassas, Virginia, USA; Port Jackson, Sydney, Australia; Putrajaya wetlands,
Malaysia; Crete, Greece; and Danshui River Basin, Taipei, Taiwan) the variation in
TP removal was between 16-90%, TN removal between 9-82% and TSS removal
between 57-94%. Overall, constructed wetlands function well as pre-treatment
systems for stormwater harvesting applications.

Vegetated Biofilter. Biofiltration is a common treatment technique in urban
areas as the amount of land involved is smaller than for constructed wetlands. It
also has greater potential to provide treatment for stormwater harvesting schemes
at a local scale. Laboratory studies have shown that biofilters have the potential to
remove a large proportion of TSS and metals from stormwater (Hatt et al. 2007;
Read et al. 2008; Hatt et al. 2008; Blecken et al. 2010). These results have been
largely confirmed by field studies (Hatt et al. 2009; Brown and Hunt 2011). While
the removal of nutrients can also be beneficial (Dietz and Clausen 2006; Davis
et al. 2006; Henderson et al. 2007; Zhang et al. 2011b), there are examples where
biofilters have been net producers of nutrients, especially nitrogen. This includes
both laboratory studies (Hatt et al. 2007; Hatt et al. 2008; Read et al. 2008; Blecken
et al. 2010; Kim et al. 2012) and field studies. A summary of field studies of
biofilters receiving natural stormwater is presented in Table 3.8.

Regarding the removal of pathogens in biofilters, less data is available. A pilot
study into the performance of vegetated biofilters using a number of different
plant species indicated 48-97% removal of E. coli (Kim et al. 2012). Another
laboratory testing of different biofilter configurations have shown log removal of
in excess of 3 log,, to a mean of 2 log,, for a number of different pathogens (Li
et al. 2012). Field testing of the Turramurra stormwater harvesting system in the
Ku-ring-gai Local Government Area, NSW (Case Study 3.1) using biofiltration as
pre-treatment demonstrated the reduction of Faecal Coliforms of around 1log,,
(refer to Table 3.9).
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Table 3.8. Stormwater biofilter field studies, receiving natural stormwater.
Negative values indicate an export of pollutants

TSS** TP TN
RMC MMR RMeC RMC  MMR RMeC RMC MMR
References (%) (LR) (%) (%) (%) (LR) (%) (%) (%) (LR) (%)
Hatt et al. 87.2 76 —214.3 —398 -182 -7
(2009) 89.1 93 82.5 86 185 37
80.0 50.0
Hunt et al. —409.1 —-2244
(2006) -170 —2900.0 —240 -311.8 40
65 40
Davis et al. 59 471 79 754
(2006) 54 618 77 721
Passeport et al. 62.8 53 543 56
(2009) 57.7 68 545 47
Brown and 71 53 12
Hunt (2012)* 79 12 35
Brown and 84 44 13
Hunt (2012)* 89 19 32
Brown and 58.9 -12.5 57.8

Hunt (2011)

“Systems tested pre- and post-restorative maintenance, pre-restorative presented first; ** RMC =
reduction in median concentration; MMR (LR) = mean mass removal (load reduction); and RMeC =
reduction in mean concentration

Table 3.9. Reduction of Faecal Coliforms and turbidity at stormwater biofilter in
Turramurra, NSW (Case Study 3.1)

Faecal Coliforms Turbidity

EMC  Removal Equivalent NTU NTU Reduction
Date EMC In Out conc. (%) log removal In  Out (%)

25/05/2012 ~17,000 ~350 97.94% 1.69 396 187 52.78%
29/01/2013" ~15,000 ~1,600 89.33% 0.97 99 166 —67.68%
11/11/2013 ~2,200 1,200 45.45% 0.26 129 17 -31.78%

*Samples out of holding time, applies equally to both in and out samples

Despite constructed wetlands and biofilters showing high potential for
reducing pathogens, they are not currently recommended as treatment techniques
for compliance with the Australian guidelines (NRMMC 2009). Unlike treatment
techniques specially developed for water supply systems such as media filters and
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disinfection systems, conventional stormwater treatment methods are not con-
tinuously monitored against a critical control point. It is worth noting that for the
Turramurra stormwater reuse system (case study 3.1), as a conservative measure,
the biofilter has not been included as a treatment strategy in the risk assessment
for people’s health. The biofilter does, however, provide one additional barrier for
public health protection. Specifically, the biofilter provides treatment that
(1) ensures that the storage and irrigation infrastructures are not subjected to
elevated sediment loads; and (2) protects the irrigated vegetation by removing
metals in the stormwater. It also provides additional protection for the harvesting
system against any accidental spills within the catchment such as chemicals or
fuel.

Other conventional treatment techniques in stormwater harvesting. GPTs,
sediment ponds and swales are commonly used as a pre-treatment for wetlands
and biofilters, but it is also common that stormwater is harvested after only
primary treatment by a GPT. Greenway Park (Case Study 3.2) is one such system.
In these cases, relatively dirty water is conveyed to a storage facility, commonly by
pumping due to the low elevation of the stormwater treatment infrastructure.
After storage, water is often treated by disc or media filters, sometimes followed by
activated carbon filters, and in most cases, disinfection before being used for
irrigation or toilet flushing. Little information is available in the public domain
regarding how efficient these systems are in removing target pollutants. Verifica-
tion testing after installation is recommended but there is little information
available on how often this is actually undertaken, nor if ongoing monitoring
is carried out.

Irrespective of whatever treatment technology is adopted, where treatment is
relied upon for risk management, additional pathogen removal through disinfec-
tion is required. Treatment by UV light is currently the most common treatment
technique used in stormwater harvesting. UV requires water of a relatively high
quality in order to provide the prescribed level of disinfection. This results in the
need for prior treatment, in addition to primary treatment. Wetlands and
biofilters, on the other hand, can provide a safe level of pre-treatment adequate
for effective UV disinfection with minimal or no further treatment.

It should also be noted that, in most cases, a stormwater treatment system is
implemented to meet environmental objectives or requirements rather than for
the sole purpose of water reuse. Harvesting of the treated water is then merely an
additional benefit to the environmental benefits, which are already provided by the
infrastructure through the reduction of stormwater flow-rate and associated
pollutants.

Operation and maintenance requirements of conventional stormwater
treatment systems and life cycle cost. The ongoing maintenance of any treatment
system forming part of a stormwater harvesting scheme is vital for their
continuous function. If not properly maintained, treatment devices may become
blocked, preventing stormwater from entering the harvesting system. In addition,
captured pollutants may be re-suspended, adversely affecting the harvested water
quality. The maintenance frequency and cost will be site-specific. Therefore, a
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thorough life cycle cost assessment should be carried out at the planning stage to
ensure all involved parties can make a sound decision. It is important to note,
however, that conventional stormwater treatment systems (that form part of a
stormwater harvesting scheme), if effective, will provide environmental benefits
beyond that of the harvesting component. It is important that any operational and
maintenance costs associated with the operation of the conventional stormwater
treatment devices are appropriately allocated among the harvesting components
and other environmental services.

As the vegetation forms a vital part of the treatment system for both
constructed wetlands and biofiltration systems, vegetation management is critical
and should include weed removal and replacement of any die-off. For biofilters,
the root activity of the plants ensures ongoing permeability of the filter media that
otherwise can become blocked, significantly reducing the treatment capacity. Plant
density and biological activity is likely to fluctuate over the life of the filter, which
will impact on its performance. Long-term data on the field performance of
biofiltration systems are not currently available since most systems are less than 10
years old, and very few systems in the area are monitored. From the systems that
have been monitored, it is clear that performance will vary, not only between
systems but performance is also likely to be impacted by other variables such as
temperature, as shown in laboratory studies (Blecken et al. 2010). Different plants
will also exert different influences on the removal of pollutants (Read et al. 2008).
Non-vegetated areas of a filter are likely to be less effective in capturing pollutants
than vegetated areas and may in some cases be a net exporter of some pollutants
(Hatt et al. 2007, 2008; Read et al. 2008). As vegetation cover and density vary, so
will the performance.

Where UV disinfection is relied upon for managing public health risk, weekly
E. coli testing to verify the performance of the disinfection system is recommended
in the Australian guidelines (NRMMC 2009). If its levels comply with the
guidelines over a three month period, the frequency can be reduced to a quarterly
basis. Such testing is labor-intensive and requires appropriate resource allocation.
Information on common frequencies for E. coli testing for operational systems is
not available.

Items to include in a life cycle cost analysis include: (i) concept development;
(ii) detailed design; (iii) construction and other capital costs; (iv) management
plans; (v) commissioning and verification testing; (vi) ongoing monitoring as
required by guidelines; (vii) vegetation management (if applicable); (viii) mainte-
nance of treatment devices/disposal of captured pollutants; (ix) desilting of
storage; (x) corrective maintenance; and (xi) decommissioning and disposal.

3.4.1 Case Studies

Case study 3.1. Turramurra stormwater harvesting scheme. Comenarra playing
field is a 0.9-ha sports field in Turramurra, NSW, used mainly for soccer and
cricket. The Comenarra stormwater harvesting scheme was constructed in 2008
and collected stormwater from an 8.9 ha residential catchment. The catchment
was sewered and there were no designed sewer overflow points within the
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catchment, and hence the land uses within it were not considered to pose any
significant risks in terms of water quality. All inlet pits have been fitted with pit
litter baskets. However, some of the baskets have been removed due to flooding
concerns and damage. The baskets are maintained under the local government
council’s stormwater quality improvement device maintenance contract. Regular
stormwater maintenance such as street cleaning and pit cleaning are important
preventative measures so that the scheme remains reliable.

Water is diverted from a 600 mm diameter pipe and passed through a 5 mm
screen before being treated in a terraced stormwater biofilter, which is located in
the car park adjacent to the sports field. Stormwater that has been treated through
the biofilter is conveyed to a 250 kL storage tank located underneath the playing
surface. Flows in excess of the capacity of the biofilter bypass the system and are
directed back to the drainage system. Stormwater stored in the tank is used to
irrigate the sports field. A process flow chart is provided in Figure 3.1.

Local monitoring has shown that the biofilter provides approximately 1 log,,
reduction in indicator bacteria (E. coli). However, as a conservative measure,
treatment was not included as a risk management strategy in the risk assessment
for public health. This is because such treatment is not amenable to validation and
process control against a continuously monitored critical control point. The public
health risk is managed through access control, including signage on site, spray
drift control and buffer zones and irrigating at night.

The system supplies approximately 2,000 kL of irrigation water per year. Since
its commissioning, the harvesting system has not had any problems concerning
the stormwater harvesting procedure. An ongoing maintenance has been provided
for the stormwater biofilter, but no additional maintenance of the irrigation
system was required. Sports field personnel are responsible for periodically
checking the irrigation program and ensuring that all signage is in accordance
with the management plan.

As the harvesting component is gravity-driven, no energy is required to
divert, treat and convey stormwater to storage. Once in storage, pumping is
needed to supply water to the irrigation system, which is still required even if
mains water is used. This is because the pressure and flow rate in the mains system
are not enough to drive the irrigation system. With an average energy intensity of

In-line gross  Stormwater biofilter to

pollutant remove sediment and Water i J
exclusion associated pollutants ater 1s pumpe
Stormwater from storage to
screen g
storage e 1
Storm 8 irrigate the field
water line
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Figure 3.1. Process flow chart, Turramurra stormwater harvesting system
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water supply of 0.65 kWh /KL (Cook et al. 2012), the project provides water with
less energy consumption compared to a scheme that relies on mains water supply.

Case study 3.2. Greenway Park, Hornsby, NSW, Greenway Park is located
in Cherrybrook and consists of two playing fields. Stormwater flows from an
8.0 ha catchment. The catchment is dominated by open space parklands, and
includes some residential and commercial areas. Surface runoff from the catch-
ment drains via the pit and pipe network to an off-take. The land-uses within the
catchment are not considered to pose any significant risks to water quality. A
regular stormwater maintenance such as street cleaning and pit cleaning is an
important preventative measure to retain the scheme’s reliability.

Water is drained through an existing 600 mm stormwater pipe. A gross
pollutant trap (GPT) has been installed on the pipe for the primary treatment of
harvest flows. Treated flows are diverted into a 5 kL sump where pumps transfer
stormwater to 4 X 110 kL underground concrete storage tanks. Stormwater is
delivered to a treatment room where it receives UV disinfection prior to
distribution for irrigation. Treated water is stored in a header tank before being
pumped to the irrigation system. The stormwater harvesting project was com-
pleted in 2009. The system was designed to supply up to 5,000 kL per year of
recycled stormwater. A process flow chart is provided in Figure 3.2 and identifies
the main elements of the scheme.

While supplying stormwater for irrigation, the system has experienced some
problems along the way. This often relates to issues of poor water quality causing
the system to shut down. In addition, sports field maintenance staff lack technical
skills to understand how the system operates. Often the system has been checked
in accordance with the management plan. It is also noted that alarms for pump
failure or issues with the disinfection have been triggered, yet no further action is
taken to rectify the problem. This has caused the system to be idle at times when
irrigation water must be supplied by the mains supply instead. There have also
been issues with the UV lamp. Its recommended replacement schedule of every
12 months was not followed. Consequently, the effectiveness of the disinfection
was doubtful. The council conducts monthly water quality tests in the irrigation
tank (treated water), which have resulted in variable outcomes.

Acknowledging that the sports field staff often do not have the technical skills
to assess maintenance requirements or to carry out maintenance of the storm-
water harvesting system, Council has placed the scheme on an external

Uv
Storm GPT Main stormwater  disinfection Irrigation of
water line storage 4x110kL sports field

O ! | i ! o A | %

= A Irrigation

header tank
Pump
Sump

Figure 3.2. Process Flow Chart, Cherrybrook stormwater harvesting system
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preventative maintenance contract. This has significantly improved the ongoing
function of the scheme.

Pumps are used for transferring water to the central storage and the header
tank. Once in the header tank, water is pumped to the irrigation system. This
would be the case even if mains water was used as the water source, as the pressure
and flow rate in the mains system are not enough to drive the irrigation system.
Furthermore, the overall power required for pumping is approximately
0.30 kWh/KL. Comparing to an average energy intensity of water supply of
0.65 kWh/KL (Cook et al. 2012), the project saved half of the energy consumption.

Case Study 3.3: Blackmans Swamp Creek stormwater harvesting project,
Orange, NSW. The Blackmans Swamp Creek Stormwater Harvesting Scheme is
one of the first large-scale, indirect-to-potable stormwater harvesting project in
NSW, Australia. This project provides Orange, a regional town in NSW, with up
to 1,300-2,100 ML of raw water or 40% of the city’s water demand (OCC 2009).

The basic concept of the Blackmans Swamp Creek Stormwater Harvesting
Scheme involves capturing a portion of the high flows in Blackmans Swamp Creek
during storm events, and transferring it to the main water supply reservoir at
Suma Park Dam for augmentation of the city’s bulk water supply. Blackmans
Swamp Creek lies in close proximity to Suma Park Dam. The stormwater
catchment supplying the scheme is approximately 3,417 ha, 24% of which is
impervious (Sidhu et al. 2012). The catchment’s large impervious area in the
catchment produces a significant runoff during rainfall events. The treatment
system includes gross pollutant traps, settling and chemically assisted sedimenta-
tion before pumping into Suma Park Dam. The water then passes through
Council’s central water filtration plant which includes ozonation and biologically
activated carbon and chlorination (Sidhu et al. 2012).

Summary. Harvesting and reuse of stormwater from hard surfaces is a
relatively new practice that can potentially provide a significant alternative water
supply. The stormwater characteristics are affected by the catchment and weather
patterns. For this reason, it is important that treatment systems are able to cope
with a highly variable concentration range while providing treated water of a
consistent and acceptable quality suitable for the end-user. The most common
application of stormwater reuse in Australia is outdoor irrigation. However,
stormwater can also be used to supplement other non-potable functions such
as flushing toilets, washing clothes, fire-fighting and in cooling towers. There are
also examples of stormwater being used to supplement potable water supplies. The
water quality criteria will depend on the applications, and the treatment required
to meet these standards will be affected by the source of the stormwater.

The conventional technologies for treating stormwater are traditionally
incorporated into a management strategy to meet stormwater quality objectives
aiming to protect estuaries and streams. As such, they are not designed to achieve
a stormwater quality suitable for reuse. While objectives for stormwater treatment
are commonly based on a minimum mass reduction of pollutants, typical
stormwater reuse water quality requirements are given as a maximum or mean
concentration of pollutants or in the case of pathogens, a log,, reduction.
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Criteria for stormwater reuse vary depending on the application and other
site-specific conditions (Table 3.3), and compliance with guidelines can be
achieved by limiting exposure to the reclaimed water as well as through treatment
(Table 3.5). For any use other than irrigation, however, stormwater must go
through a treatment system to manage risks to public health. Where stormwater is
used for supplementing potable supplies, even more stringent water quality
requirements will be imposed.

The great variability in both the quality and quantity of stormwater is a big
problem as any employed treatment system must be able to cope with these
fluctuating flows and water quality while delivering required volumes of water at a
consistent quality. This may lead to systems being over-designed in order to cope
with the worst possible scenario. For conventional treatment systems such as
constructed wetlands and biofiltration, a significantly large amount of land
required may pose a problem, especially in retrofit situations, unless stormwater
harvesting is added to systems designed mainly for pollutant reduction purposes.

Long-term data on field performance of biofiltration system is currently not
available, as most systems are less than a decade old and very few systems in the
field are being monitored. It is clear that performances of the monitored systems
vary greatly, not only between systems but also due to the impact of seasonality
and temperature. Different plant species, vegetation cover and density may affect
the removal of pollutants as well.

Currently, there are no specific design procedures for conventional storm-
water treatment techniques as a part of the harvesting system. As monitoring of
stormwater harvesting systems for non-potable purposes is not mandatory, data
on their performance is usually not collected due to budgetary constraints. The
variation in treatment performance is likely to be even more enormous than what
has been reported from monitored systems. Operational and maintenance pro-
cedures are also often inconsistent. There is anecdotal evidence from operators in
NSW that maintenance is not carried out in accordance with the Australian
guidelines. This may be a result of the fact that most organisations adopting
stormwater harvesting have not been involved in the water supply or water
treatment. Additionally, only limited resources have been allocated to train staff
members, who until then had only maintained assets such as sports fields but are
now required to maintain water treatment systems.

In a reuse application where minimum standards or treatment criteria are set
(such as those shown in Tables 3.2, 3.3 and 3.4), this variability in performance
and lack of a critical control point means that the conventional techniques should
not be used without further treatment in a stormwater harvesting scheme if
treatment is used to manage public health risk. Where other management
strategies are used to manage public health risk such as access control, conven-
tional stormwater treatment techniques can, however, provide treatment suitable
for managing operational risk. Constructed wetlands and biofilters can also
provide effective pretreatment for subsequent treatments. Stormwater harvesting
may be added to the existing treatment systems, which were mainly designed to
manage environmental impacts. In such cases, harvesting will help to improve the
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system’s environmental performance while the treatment will provide pre-treated
water at low cost for the harvesting scheme.

3.5 HIGH-RATE STORMWATER TREATMENT TECHNOLOGIES

Stormwater management treatment devices such as wetlands, bioretention, per-
meable pavement, etc., are widely used. According to Hatt et al. (2006), the current
stormwater management treatment systems employed in Australia for stormwater
pollution control do not provide the reliability of water quality necessary for
recycling. Furthermore, these systems include a storage component, which takes up
a considerable large amount of land that is not available in urban inner-city areas.

Stormwater discharge is relatively high and, therefore, needs to be treated at a
high rate. The alternative is to store the stormwater before treatment in a manner
similar to current stormwater management treatment systems. Raw stormwater in
storage has low value and will degrade under anaerobic and anoxic conditions
while pretreatment of stormwater adds value to the stored water, which can be
beneficially reused.

High rate treatment yields an effluent stormwater of similar quality to roof
rainwater, and both can be stored in the same tank. This raises the contributing
catchment from just the building roof to the whole site, thus increasing the
amount of water that can be captured and stored for reuse. In medium scale
developments, rainwater tanks empty quite quickly due to demand and often need
to be augmented by town water.

Physio-chemical treatment systems such as fibre filters, deep bed filters and
GAC (granular activated carbon) biofilters can achieve a relatively high pollutant
removal at a high rate (see Table 3.9). These high rate systems are targeted to
enhance water quality suitable for at least non-potable purposes. The details of
these systems are briefly described. Further details can be found elsewhere [fibre
filter (Lee et al. 2006, 2007; Johir et al. 2009a); deep bed filter (Vigneswaran et al.
1990; Johir et al. 2009b); membrane hybrid systems (Johir et al. 2009b); biofilters
(Mohammad et al. 2011)].

Fibre Filter. High rate fibre filters were successfully used in the tertiary
wastewater treatment. In fibre filter, instead of sand, fibre media consisting of
bundles of U-shaped fine polyamide fibres are used. Compared to the conven-
tional rapid sand filter, the filtration velocity of a fibre filter is more than 5 times
faster and the specific surface is more than twice as large (Lee et al. 2006, 2007).
The fibre packing combines two advantages of a large specific surface area and a
very large porosity (more than 90%) which results in high removal efficiency and
low pressure drop despite the high filtration velocity (Lee et al. 2007). In-line
additions of flocculants enhance the pollutant removal capacity for both dissolved
organics and trace metals.

Deep Bed Filter. Deep bed filtration is often referred to as media filtration or
rapid filtration. It has been widely used for water treatment as a final clarification
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unit to remove particles. Deep bed filtration is an effective process for removing
particles of various natures and sizes in water and wastewater. Deep bed filtration
finds its greatest application in the clarification of dilute suspensions of particles
(less than 500 mg/1) ranging in size from about 0.1 to about 50 pm (Vigneswaran
etal. 1990). Deep bed filter usually operates under pressure or gravity (Wilf 2007),
and its filtration velocity is between 5-20 m/h. Depending on the number of filter
media used, deep bed filters can be single media or dual media filters. In the latter
case, the influent passes through one media filter followed by another.

Membrane filtration and Membrane Hybrid systems. Advances in low
pressure-driven membrane technologies such as microfiltration (MF) and ultra-
filtration (UF) have encouraged their use in stormwater due to their high
efficiency, ease of operation and small footprint (Qin et al. 2006). MF that is
generally used has a pore size of 0.1-0.2 pm, although there are exceptions, as MF
membranes with pore sizes of up to 10 pm are available. For UF, pore sizes
generally range from 0.01-0.05 pm or less (Wagner, 2001). Again, with reference
to pore size, the lower cutoff for a UF membrane is approximately 0.005 pm
(Wagner 2001). MF typically remove particles, clay and bacteria. UF typically
remove macromolecules, proteins, polysaccharides, virus The operating pressure
for MF is 100-1000 KPa and UF is more than 200 KPa.

Membrane filtration is usually coupled with a pre-treatment of fibre filter or
deep bed filter, and such systems are called membrane hybrid systems. This
significantly improved the removal efficiency of the system yielding high-quality
reuse water.

GAC Biofilter. An adsorption biofilter typically comprises a column of
support media onto which microbes grow. In the initial stage of operating the
biofilter, adsorption of substances including micro-organisms is the dominant
process, while in the later stages, organic degradation by microbial activities
becomes more important. The activities of microbes determine the performance of
biological filtration in removing pollutants.

3.5.1 Treatment Systems for Stormwater Harvesting and Reuse in
Inner City Areas

These high rate systems can form a part of the stormwater filtration system
(Figure 3.3). Stormwater is collected in a stormwater pit and is diverted through a
gross pollutant screen to remove rubbish and coarse sediments. Following a pre-
treatment with high rate fibre filter or buoyant media flocculator/filter, the effluent
is stored in a storage tank. Water in this tank may be augmented by roof rainwater
which has a quality commensurate with the treated stormwater effluent, and the
storage tank will also serve as a rainwater tank (Figure 3.3). The rationale for
mixing of rainwater with treated stormwater (which may be high in organic
content and solids) is based on the potential use of the water and on cost
consideration.

Water from the storage tank passes through a submerged membrane filter
(SMF) placed inside the storage tank. The quality of permeate from the SMF
should be at least equivalent to potable level. The gravity driving head, or the
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Figure 3.3. Scheme of the stormwater harvesting treatment system (not to scale)

difference in water levels between the storage tank and the permeate tank will be
used to drive treated stormwater through the membrane filter, and eliminate the
need for pumping. The permeate tank need not be a separate tank as shown in
Figure 3.3 but may be a compartment within the storage water tank so long as
there is no mixing of water between compartments. The driving head will decrease
as water filters through the SMF into the permeate tank and raises the water level
there. This reduces the flow through the SMF until it stops. The flow resumes
when the water level in the permeate tank drops as water is pumped for domestic
use, or if there is more inflow to the storage tank. The innovative feature of the
system is that it naturally adapts its treatment capacity to the demand for treated
water.

3.5.2 Treatment Systems for Stormwater Harvesting and Reuse in
Sub-Urban Areas

The treatment system is a sand/GAC filter as an on-site treatment strategy for
removing pollutants for potential water recycling and reuse. The sand/GAC filter
(SED) is shown in Figure 3.4.

The SED consists of several components including a diversion pit on the main
stormwater pipeline, a gross pollutant trap located upstream of the SFD (not
shown), in-line coagulation, an above ground storage basin, sand filter compart-
ments, a porous pipe contain GAC and a monitoring pit at the filter outlet
(Figure 3.4). The diversion pit diverts stormwater discharges from rain events up
to the 6-month average recurrence interval (ARI) or return period to the sand
filtration compartments. An orifice plate within the diversion pit (not shown) will
regulate the flow diverted to the SFD. The gross pollutant trap is a litter basket and
provides pre-screening of stormwater to remove gross pollutants and gravel. This
helps prevent clogging of the SFD. The surcharge pit provides access to the
stormwater inflow for monitoring and directs the stormwater into the above
ground storage basin. An overflow weir diverts away inflow volumes greater than
this capacity.

The sand filtration unit consists of concrete masonry block walls on a
reinforced concrete slab. The filter bed will be divided into two compartments,
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Table 3.10. Indicative percentage of pollution retained in the treatment system
and indicative levels of pollutants in the outflow for a range of high rate
treatment measures

Submerged

Fibre Deep Membrane GAC
High rate system filter’ bedfilter’  hybrid systems  Biofilter
Suspended Solids 98% 99% 99% —
Heavy Metals 90% 40-54% -2 90%
Total Phosphorus 90% 50% -2 74%
Total Nitrogen 90% 38% -2 34%
Turbidity? 95% 95% 98% 75%
TOC 40% 30-45% 40% 100%
E. col? 93% 80% 99.9% —
Reference [11 [2] [2]

'in conjunction with in-line flocculent ferric chloride addition;? at least equal to fibre filter, deep bed
filter or biofilter depending on the system the membrane filter is coupled to. Usually, membrane
systems are combined with in-line flocculent or adsorbent addition;? influent and effluent pollutant
concentrations in mg/L except for turbidity (NTU) and E. coli (cfu/100 mL); and reference: [1] =
Johir et al. (2009a); [2] = Johir et al. (2009b)

which allows testing of two types of filter bed material. The sand filter bed overlays
an underdrain porous pipe system containing GAC (biofilter). The effluent from
the porous pipe drains into UPVC pipes. The entire sand filtration unit is covered
with removable aluminium grates.
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The downstream monitoring pit provides access for sampling of the treated
water. The pit is divided so that the discharge from each SFD compartment is kept
separate for monitoring purposes. The downstream monitoring pit can be drained
back into the main stormwater trunk line or to a storage pit to collect the
treated water for reuse. The indicative performance of this system is shown in
Table 3.10.

3.5.3 Applications of High Rate Systems and Performance

These high-rate treatment systems can be used to create a sustainable urban
development with a low demand on town water, low stormwater pollution and
reduced stormwater discharges. Residues of the treatment process (concentrated
pollutants and sludge) can be discharged to the sewer, thus alleviating sludge
disposal problems and is attractive in creating a low maintenance system. The use
of these treatment systems for water reuse can significantly reduce the transport of
stormwater pollution from a site to receiving water bodies.

Table 3.10 shows how high-rate treatment systems are suitable for treatment
for stormwater harvesting and reuse. They have relatively high removal rates of
nutrients (total nitrogen and total phosphorus), physical (suspended solids or
turbidity), heavy metals (such as iron, manganese and lead), and organic matter.

Raw water
"""""""""""" Dual media (v=10m/h, c=15 mg/L)
—————— Hollow fibre MF followed by flocculation (pore size=0.3 um,c=30mg/L)
——+—--  Hybrid filter (dual media filter followed by fibre filter, c=15mg/L)
— — —  Fibre filter (v=40m/h,c=15mg/L, p=1 15kg/m3)

101
MW: 1.5 kDa
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Figure 3.5. Effect of pre-treatments on organic matter (OM) removal (v = filtration
velocity; ¢ = flocculants dose; p = packing density; MF = microfilter)
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These systems are so compact that they do not require a significant land footprint
as there is no need to store water before pre-treatment.

Figure 3.5 illustrates the molecular weight distribution of organic matter of
raw stormwater and various forms of high rate treatment. Although not shown
here, biofilters are also effective in removing organic matter. The GAC biofilter, in
particular, is an environmentally friendly pre-treatment which can remove the
majority of organic matter in stormwater. This biofilter (1) removes the majority
of dissolved organic matter and reduces/eliminates the problem of biofouling in
the subsequent membrane process; (2) requires only a small amount of energy;
(3) does not require regeneration of GAC; (4) does not involve any chemical
requirement; (5) achieves significant removal of dissolved organics for a long
period of time with little operation and maintenance; and (6) is simple to construct
and operate.

3.6 CONCLUSION

Stormwater for harvesting and reuse should be assessed primarily for nutrients,
physical properties (suspended solids, turbidity), bacteriological properties (total
and faecal coliform), heavy metals (such as iron, manganese and lead), and organic
matter since it is more unlikely to meet these water parameters. Traditional
stormwater management measures alone are currently unsuitable for harvesting
and reuse. However they can provide adequate pre-treatment before disinfection.
These systems commonly do not have a high rate of treatment, and since
stormwater discharge from urban areas can be high at short durations, storm
flows will need to be temporarily stored before treatment (in, for example, a
biofilter or a wetland). This can require a large land footprint, often not available
in urban areas. The ability to treat water at a high rate means that a high volume of
storm flow can be captured over a short period of time without the need to store
flows. The treatment provided by high rate treatment systems have relatively high
removal rates of nutrients (total nitrogen and total phosphorus), suspended solids
or turbidity, heavy metals such as iron, manganese and lead, and dissolved organic
matter. These systems are compact and do not require a significant land footprint
as there is no need to store water before pre-treatment. For this reason, these
systems may be better suited for stormwater harvesting and reuse systems where
harvesting and reuse are the main objectives. Where conventional stormwater
treatment systems are constructed for other environmental reasons, harvesting
can provide additional benefits in addition to the treatment function, and
can do so at a very low energy demand where systems relies on gravity for their
function.
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CHAPTER 4

Sustainable Groundwater
Management:
Policy and Practice

William Milne-Home'

4.1 INTRODUCTION

Groundwater is the hidden phase of the global water cycle which is the framework
for describing the circulation of water, both in liquid and vapour form, over and
within the earth’s surface. Figure 4.1 is a graphic summary of the global water cycle
and illustrates how precipitation, runoff, streamflow and infiltration interact with
groundwater flow and storage. An estimate of proportional volumes of water
stored in each component shows that groundwater and soil moisture amount to
35% of the fresh water on the earth (Figure 4.2).

Sustainability is implicit in the concept of the water cycle. Shifts in the
distribution of water between the cycle’s phases create the requirement for
management to maintain this vital resource for the planet. Oki and Kanae
(2006) suggest that water resources assessment should concentrate on water
flows rather than storage in the global water cycle because climate sets an upper
limit to renewable freshwater resources that are unevenly distributed in space and
time. At present, more than two billion people live under conditions of high water
stress (Oki and Kanae 2006). The sustainability imperative is becoming increas-
ingly urgent as climate change is likely to further push the water cycle towards
uncertain outcomes by changes in seasonal rainfall distribution and the occur-
rence of extreme droughts and floods. GRACE (the Gravity Recovery and Climate
Experiment, a joint U.S.-German satellite deployment) (Famiglietti and Rodell
2013) provides data which can be interpreted to map the changing distribution of
water within the cycle (Tapley et al. 2004; Yeh et al. 2006; Famiglietti and Rodell
2013). GRACE was launched in 2002 and is comprised of two satellites, orbiting at
about 500 kilometres elevation. The distance between them varies temporally as
they traverse time-varying mass features of the earth’s surface with differential
gravitational attraction, often reflecting changes in water storage and flows in
surface water and groundwater (Moore 2012). More information on GRACE is
available at http://www.csr.utexas.edu/grace. Applications in Australian ground-
water management are discussed by Tregoning et al. (2012).
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Source: U.S. Geological Survey, http://ga.water.usgs.gov/edu/watercycle.html (accessed on 21
October, 2013)

Distribution of Earth’s Water
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Figure 4.2. Proportion of groundwater in the total global water storage inventory
Source: U.S. Geological Survey, http://ga.water.usgs.gov/edu/watercycle.html (accessed on 21
October, 2013); data from Shiklomanov (1993)

The prediction of these climate-change related outcomes is derived largely
from general circulation models (GCMs) which simulate the atmospheric and
surface phases of the global water cycle. GCMs have been developed as part of
major research programs investigating climate change scenarios. The output from
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some GCMs and associated data are available on the website of the Intergovern-
mental Panel on Climate Change (http://www.ipcc.ch). Some twenty-five GCMs
are available from various sources, and there is an increasing trend in their
application for the prediction of the groundwater component of the water cycle
through their generated emission scenarios. GCMs may be linked to land surface
models (LSMs) which simulate the fluxes of water, carbon (CO,, CH,), energy and
momentum between the land surface - including the soil and subsoil zones - and
the atmosphere (Jiménez et al. 2013). The LSM, Joint UK Land Environment
Simulator (JULES), is an example of such models (Best et al. 2011; Clark et al.
2011) (https://jules.jchmr.org). An increasingly common procedure for ground-
water is to apply the selected GCM scenarios of climate change in conjunction
with various data downscaling methods (Wilby and Wigley 1997) and ground-
water models (Allen et al. 2010).

Although GCMs are not designed to include the effects of climate change
specifically on groundwater resources, researchers have incorporated model
predictions under various scenarios of changing climate to investigate how the
sustainability of groundwater resources might be affected (Small 2005; D61l 2009;
Allen et al. 2010; McCallum et al. 2010; Jackson et al. 2011; Stoll et al. 2011; Taylor
et al. 2013). Sustainability has been defined in terms of the limitations of long-term
average groundwater recharge or renewable groundwater resources (Doll and
Fiedler 2008). They estimated the long-term average diffuse groundwater recharge
on the global scale using a modified version of the WaterGap Global Hydrology
Model WGHM which is set up on a spatial resolution of 0.5 degree square grids
and daily time steps. Groundwater recharge was calculated as a function of the
total runoff from the land area of each grid cell, topography, soil texture,
hydrogeology, permafrost and precipitation intensity (D61l and Fiedler 2008).
On this basis global groundwater recharge averaged 1.27E7 gigalitres for the
climate normal 1961-1990 and amounted to 32% of the total renewable water
resource (broadly comparable to the groundwater storage shown in Figure 4.2).

A recent study of renewable groundwater resources found large differences
between the outputs of five climate models using four greenhouse-gas scenarios in
the estimation of future groundwater recharge on a global scale (Portmann et al.
2013). Crosbie et al. (2012) used sixteen GCMs and three scenarios of global
warming to generate projections of aquifer recharge to 2050 across the Australian
continent. The range of results was enormous for the forty-eight future climate
variants generated and the authors indicated the difficulty of translating these
results into water allocations for practical water resource management policy.
However, on a regional scale, Almanaseer et al. (2014) showed that it was feasible
to estimate 6-months-ahead groundwater levels in a relatively pristine catchment
in Georgia, USA, from the ECHAM 4.5 General Circulation Model Forced with
Sea Surface Temperature precipitation forecasts. They noted that there was
significant conditional bias in their modelling schemes.

GCMs are useful for projecting potential changes in available water resources
across the time frame of the current century. Importantly, they allow the
consideration of uncertainty, for which definitions and applicable concepts are
available (e.g. Walker et al. 2003) so that water resources policy settings and
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management objectives can be planned in a framework for risk analysis. The
varying availability of water in semi-arid and monsoonal climates with a pro-
nounced dry season and periodic droughts leads to the utilisation of ground water.
Shah (2009) has shown that over the past 40 years India has transitioned to
dependence on large-scale, energy-intensive groundwater pumpage for irrigation,
which is becoming unsustainable. The resulting depletion of groundwater
resources has been mapped both by conventional groundwater monitoring
techniques and satellite monitoring (Tiwari et al. 2009). These data assist the
assessment of water resources into blue and green water, summarized by Falken-
mark and Rockstrom (2006), in which blue water is the water contained in rivers,
lakes and aquifers and green water is soil water, i.e. water in the vadose or
unsaturated zone above the water table. Reference to Fig. 4.1 suggests that this
terminology is a convenient vehicle for classifying the interconnected components
of the water cycle for management purposes, as expressed previously (e.g., Winter
et al. 1998; Alley et al. 1999; Sophocleous 2002, 2003). Green-blue analysis of
water availability with the LPJml dynamic vegetation and water balance model
(Rockstrom et al. 2009) has demonstrated that well-managed green water can
support food production in many countries which are currently water-short.

Globally, groundwater provides essential support to humanity for water
supply and irrigated agriculture to ensure food security and maintain the
environment through the provision of ecosystem services. This chapter provides
an overview of these issues and concepts such as the sustainable yield of aquifers
and groundwater depletion from the overexploitation of aquifers in sub-
chapter 4.2. Policy and methods for the sustainable management of these activities
and related ecosystem services are reviewed in the context of risk in sub-
chapter 4.3. The methods include various types of mathematical and socio-
economic models for ensuring the participation of all stakeholders in managing
a groundwater resource; modelling is discussed in sub-chapter 4.4. Also, there is
the considerable challenge of mitigating the impacts of coal mining and the
production of coal bed methane (coal seam gas) and shale gas on groundwater
resources — topics discussed in sub-chapter 4.5. Finally, sub-chapter 4.6 brings the
themes of groundwater management and mineral resource extraction together in
case studies of the Great Artesian Basin and the Murray-Darling Basin of
Australia.

4.2 GLOBAL GROUNDWATER RESOURCES IN A
CHANGING CLIMATE

The idea of the global water cycle was introduced previously to serve as a
framework within which blue and green water could be assessed, and policies
developed for their sustainable management. It was shown that monitoring on the
global scale by means of satellite observations combined with traditional methods
of hydrological and hydrogeological investigation had provided a baseline
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inventory from which climate change scenarios can be projected. The regions of
severe water stress noted by Oki and Kanae (2006) are predicted to shift
geographically as climate changes so collaborative approaches to policy and
management goals will be required. One such approach is unitization, borrowed
from the oil and gas industry for co-operation in the development and utilization
of a shared resource (Jarvis 2006, 2010a). Unitization also shares its provenance
with the concept of peak oil originally introduced by Hubbert (1969) to predict
(correctly) that oil production in the USA would peak in 1970. The peak oil
concept has been transferred to water to define the peak water as blue and green
water which is utilized beyond sustainable demand, leading to undesirable
consequences for water supply, irrigation, food production and ecosystems
(Gleick and Palaniappan 2010).

The availability of satellite data has demonstrated the spread of areas with
peak water and highlighted the necessity to evolve policy and management. The
well-established principles of integrated water resources management (IWRM)
have been used to allocate blue and green water to satisfy water supply, agriculture
and ecological requirements. In its current form, IWRM is implemented by
developing water policy, laws for water rights, water pricing for allocation and
participatory decision making on the scale of the drainage basin (Shah and Van
Koppen 2006). A similar framework was outlined by the International Association
of Hydrogeologists Australia (IAH Australia 2004). The adoption of IWRM
principles by unilateral and multilateral development assistance agencies and
donors ensures its widespread use. Giordano and Shah (2014) argue that IWRM
has become unduly prescriptive in its application and discourages alternative
solutions to local problems. The increase in peak water and its effect on food
security and related issues adds urgency to the debate.

4.2.1 The Role of Groundwater in Water Supply, Irrigation, Food
Security and Ecosystems Services

It is apparent from Figure 4.2 that groundwater represents a large part of the
earth’s freshwater. In arid and semi-arid areas, it is the main source of water
supply and supports irrigated agriculture globally to a significant extent, contrib-
uting to food security. It also has a major role in maintaining the surface phase of
the water cycle by flows to lakes and forming the base-flow of rivers (Bovolo et al.
2009). These connected surface water and groundwater systems are increasingly
being managed as a single resource (SKM 2011) but their exploitation can result in
unsustainable development (Alley et al. 1999).

Groundwater is a prime example of a common property resource which is
available for use by more than one person or entity and which can be degraded by
excessive use (Provencher and Burt 1993). In practice, the demands on ground-
water often are in mutual competition and various methods of optimal allocation
of a scarce resource have been applied to the problem. It is essential to develop
viable policies for management of the resource to prevent overuse in the peak
water sense, but they must be based on its accurate assessment, such as recharge
estimation (Healy and Cook 2002). The basic principle is the hydrologic budget or
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balance, defined as the difference over a long period between inflows and outflows;
if the budget is assessed on a seasonal or annual time period changes in storage
(which may be positive or negative) are included. Analogous to surface water
supply reservoirs a groundwater resource could be characterized by its safe yield or
perennial yield, the rate at which an aquifer could be pumped without exceeding
long-term recharge (zero depletion) considering all inflow and outflow factors,
including water quality degradation (Lee 1915; Conkling 1946; Mann 1963;
Domenico 1972; Linsley and Franzini 1972; ASCE 1987; Sophocleous 1998).
There has been an on-going debate of long standing on safe yield in the context of
the sustainable management of groundwater (Kazmann 1956; Bredehoeft et al.
1982; Bredehoeft 1997; Sophocleous 1997; Sophocleous 1998; Bredehoeft 2002).

The safe yield debate has shifted more recently to explicitly include the
broad definition of sustainable yield as the “safe yield” of a groundwater system.
Sustainable yield, therefore, is the volume which can be withdrawn in the
long-term without adverse environmental and socio-economic consequences
(Sophocleous 2000; Alley and Leake 2004; Maimone 2004; Kalf and Woolley
2005; Zhou 2009; Walton and McLane 2013). Gleeson et al. (2012) have extended
this discussion beyond the physical groundwater system to include groundwater
sustainability on global and regional scales and intergenerational equity concerns.
They propose an integrated, adaptive management approach which includes all
stakeholders and can be implemented locally, building on the discussion in
Gleeson et al. (2010). The discussion has been expanded further by Rudestam
and Langridge (2014) to include the conceptualisation and representation of
sustainable yield by resource managers, specifically water agencies in California.
They identified the differing understanding of sustainable yield by various
stakeholders as posing a problem. Nevertheless, knowledge can be advanced
through the use of GCMs, groundwater models and decision support systems in
the community-based management of blue and green water. Its implementation is
an example of how common property resources such as groundwater can be
managed sustainably at various levels. The broad common property approach is
applied in the coordinated international management of the transboundary
Guarani Aquifer in South America. Management of critical transboundary
aquifers is achieved within the growing applications of international law
(Dellapenna 2011; Eckstein 2011). The use of collaborative learning in sharing
the groundwater within the Umatilla Basin of the northwestern United States is
described in a second example.

The first case study involves the huge Guarani Aquifer System in South
America, shared by Brazil, Argentina, Paraguay and Uruguay and containing
45,000 km® of water (Wolf and Newton 2010). Some fifteen million people
depend on the blue and green water resources of the region for water supply,
irrigation and the sustainability of the region’s ecosystems. Projected future water
demands from population increase led to concern that uncontrolled groundwater
abstraction could result in contamination from irrigation runoff and untreated
municipal wastewater, and depletion of the resource. The four countries with
support from the World Bank and the Global Environment Facility (GEF) of
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UNDP (http://web.undp.org/gef/) established the Guarani Aquifer Sustainable
Development and Environmental Protection Program through the Organisation
of American States (OAS) in 2003. The project which ended in 2009 was to
obtain scientific information on the aquifer system through five on-going pilot
projects (Foster et al. 2009a). The information is compiled into a knowledge base
to improve stakeholder communications for future cooperative management of
this major groundwater resource. Amore (2011) describes the outcomes of the
project, which was implemented at all levels of government in the participating
countries and by collaborating stakeholder organisations. The current phase
involves the implementation of the approved Strategic Action Program. The
agreement is precautionary as there are no existing conflicts over the groundwater
resource (Villar and Ribeiro 2011). Agreements of this type are part of the
global groundwater governance framework being promoted by GEF with other
UN agencies and the World Bank (http://www.groundwatergovernance.org)
(Mechlem 2012).

In contrast to the Guarani Aquifer situation, the Umatilla River Basin in
Oregon, USA, is characterised by the competing demands for relatively limited
water resources by a large number of stakeholders. The primary user of surface
water is irrigated agriculture with supplies supplemented from the alluvial and
basalt aquifers in hydraulic connection with the Umatilla River (Jarvis 2010b).
Other uses are drinking water supply and environmental flows for maintaining
salmon fisheries as required by the 1855 treaty with the now Confederated Tribes
of the Umatilla Indian Reservation (CTUIR). Langford (2010) describes the
development of irrigation of grain crops and pasture in the latter part of the
nineteenth century, supported by the irrigation dams and channels of the Umatilla
Basin Project which eliminated the salmon runs. During the 1950s, there was
significant expansion of irrigation with groundwater resulting in water level
declines on the order of 150 m (Jarvis 2010b). The response of the Oregon Water
Resources Commission in the 1970s was to designate critical groundwater areas in
which groundwater pumping was severely restricted, leading to legal conflict
(Schlager 2007). More recently, the Oregon Water Resources Department has used
the estimates of sustainable annual yield to restrict use to 30% of issued
groundwater rights (Langford 2010). Although the salmon fishery has partially
recovered through the collaboration of irrigators and the CTUIR taking water
from the Columbia River and leaving the equivalent volume in the Umatilla River
(Langford 2010), the problem of declining groundwater levels still exists. The
proposal by the Umatilla County Planning Commission to impose a land-use
overlay zone within the critical groundwater areas was countered with a change of
policy suggested by the stakeholders. The policy change was to establish the
Umatilla County Critical Groundwater Taskforce (UCGT) with membership
drawn from the irrigators, the CTUIR, media, universities and state and federal
government agencies (Jarvis 2010b). Stakeholder and public participation is
included through the collaborative learning approach of Daniels and Walker
(2001) which increased knowledge of the groundwater management issues. This
approach facilitates the communication to stakeholders of the on-going
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hydrogeological and modelling investigations by the U.S. Geological Survey
(USGS Oregon Water Science Center 2013). GCMs are part of the modelling
effort to simulate projected future conditions (Vynne et al. 2010) and support
proposals for policy and sustainable management (UCGT 2008).

The case studies of the Guarani Aquifer and the Umatilla Basin represent
management policies with a major input from government technical, scientific
and regulatory agencies. These policies are not the only means by which
sustainable groundwater management can be achieved especially where large
numbers of small-scale users are involved. In these situations, the collaborative
learning approach can be extended to the idea of social learning (Pahl-Wostl et al.
2007) in which learning is not confined to particular groups of experts or
stakeholders. Instead, all parties collaborate in the learning process which is
embedded in the structure of governance of the resource. The village of Hivre
Bazaar in Maharashtra, India, is an example of the achievement of food security
through community self-regulation of groundwater use for irrigation and water
supply (Foster et al. 2009b). Following Shah (2008, 2009) it may be argued that
the principles described in Foster et al. (2009b) and demonstrated for Hivre
Bazaar can be upscaled to the national level in India. An obstacle identified by
Shah et al. (2012) is the extent of subsidies which tends to encourage groundwater
depletion. Policy changes must involve not only major government agencies for
their scientific and engineering expertise in groundwater recharge management
but also the millions of farmers and householders in their thousands of commu-
nities for an effective strategy (Shah 2009).

Garduiio and Foster (2010) develop these concepts further within the context
of sustainable irrigation on the global scale. The massive, world-wide increase in
irrigation has largely relied on groundwater in arid areas and those with long dry
seasons. In India, the area irrigated with groundwater has increased 500% since
1960; this area currently amounts to 39 million hectares, followed by China with
19 million hectares (Garduiio and Foster 2010). Figure 4.3 shows the proportion
by area and volume of groundwater used throughout the world. The preponder-
ance of South Asia (mainly India), East Asia (especially China) and the Middle
East is clear. The very low usage in sub-Saharan Africa may be due partly to
imprecise knowledge of groundwater reserves, but this gap is being remedied
(MacDonald et al. 2012). Globally the groundwater irrigation area amounts to
112.9 million hectares (38% of the total area) with annual usage of 545 cubic
kilometres (43% of the total usage) (Garduio and Foster 2010). In many areas, this
level of exploitation is unsustainable or is becoming so (Wada et al. 2012). Some of
these areas are in the peak green and blue water situation and according to Brown
(2013): “The world has quietly transitioned into a situation where water, not land,
has emerged as the principal constraint on expanding food supplies”. In this
context, Brauman et al. (2013) have shown that better management to improve
water productivity, defined as the food produced (kcal) for each litre of water
consumed, has the potential annually to feed ~110 million people (rainfed
agriculture) and reduce consumption (irrigated cropland) to supply ~1 billion
people. Although water for drinking supply, industry and irrigation are essential,
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environmental and ecological requirements, such as the maintenance of ecosys-
tems which rely on groundwater-groundwater dependent ecosystems (GDEs)—-are
equally critical. Policies which include these components through the concept of
ecosystem services are necessary for sustainable development.

Ecosystem services are defined as the benefits provided to human society by
ecosystems as services for: provisioning-water, timber, food; regulation-flood
and erosion control; support-formation of soil, recycling nutrients; and, culture-
recreation, spiritual experience (Millenium Ecosystem Assessment 2005;
Bergkamp and Cross 2006). Many of these services are interrelated with ground-
water as in the transport of nutrients and dilution of contaminants in green and
blue water storage, control of groundwater recharge and in the regulation of
streamflow by groundwater discharge as baseflow (Eamus and Froend 2006;
Eamus et al. 2006). Bergkamp and Cross (2006) show that the close linkages
between groundwater and ecosystem services are often not recognised and are not
valued adequately. They describe natural capital as the overall stock of material
and information that is the basis of ecosystem services which must be maintained
for sustainability. There is a range of economic instruments which can be applied
to estimating the worth of ecosystem services: concept that water is an economic
as well as a social good which can be regulated by legislation, taxes, tradeable
permits for its use, and planning strategies (Bergkamp and Cross 2006; Murray
et al. 2006).

The demand for increased food production may often conflict with the
provision of other ecosystem services and maintenance of biodiversity in a land
and water system (Maskell et al. 2013). Their work involved the spatial analysis
of multiple ecosystem service interactions throughout the United Kingdom but
did not include groundwater considerations. Nevertheless, it demonstrates the
interactions between the various ecological constraints on biodiversity which
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should be considered in development planning. Restricting consideration to
groundwater related ecosystem services reduces the complexity of the problem
but at the cost of lack of knowledge about biodiversity in groundwater ecosystems
populated by microbes and stygofauna (invertebrates in the aquifers). Boulton
et al. (2008) pose the question of the significance of the high biodiversity in
stygofauna in some aquifers and the possible effects on ecosystem services such as
bioremediation and water purification. These subsurface groundwater dependent
ecosystems (SGDEs) possess intrinsic scientific interest as well as a relatively
unknown influence and linkages with other ecosystems (Tomlinson and Boulton
2008, 2010). Recent sampling of stygofauna in the Border Rivers region of
southern Queensland, Australia has found their unexpected occurrence in saline
aquifers where the electrical conductivity is close to that of seawater (Schultz et al.
2013). There is pressing need of a governance framework for SGDEs and related
groundwater ecosystem services (GESs), possibly following the framework de-
scribed by Kniippe and Pahl-Wostl (2013) to include groundwater ecosystem
services in sustainable management while meeting water supply and irrigation
objectives.

4.2.2 The Challenges of Groundwater Depletion and
Resource Degradation

The concepts of peak blue and green water are becoming widely applied to global
groundwater resources as it is clear that plentiful supplies of groundwater are no
longer available at low socioeconomic and environmental cost. Data from satellite
mapping and modelling show that water tables are falling in aquifers in the USA,
China, India and elsewhere as groundwater volumes pumped exceed recharge
(Giordano 2009; Rodell et al. 2009; Hu et al. 2010; Famiglietti et al. 2011; Wada
et al. 2012; Voss et al. 2013). This blue/green groundwater resource is renewable
but is considered to be non-renewable when the continued excess pumping results
in groundwater depletion, leading to groundwater mining and ultimately, exhaus-
tion of the resource. There may be a component of non-local water from cross-
basin diversions, desalination plants and ancient groundwater (Wada et al. 2012).
The contribution of the various types of water resources to the gross irrigation
water demand in different countries is shown in Figure 4.4. India and China are
the largest users of blue and green water, but overall India uses the greatest volume
of non-renewable pumped groundwater and non-local resources. The relatively
large component of non-local water use in India and Pakistan may be related to
the continuing use of extensive canal distribution systems of surface- and
groundwater-derived irrigation water (Shah 2008). Although the actual use by
Saudi Arabia is comparatively small, its dominant water resource is the hoary,
non-renewable groundwater in deeply buried aquifers. Foster and Loucks (2006)
discuss the classification of non-renewable groundwater resources and supply
some useful definitions of groundwater depletion. They distinguish between non-
renewable and fossil groundwater. Non-renewable groundwater occurs in aquifers
with large storage capacity but very low renewal rates; fossil groundwater was
recharged in earlier millennia usually under more humid climates.
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The definitions of non-renewable and fossil groundwater are not entirely
mutually exclusive as both incorporate the time period of the water storage. Non-
renewability indicates that the turnover time - the time taken for water to transit
from recharge to discharge zones of an aquifer - is longer than the practical time
period for the exploitation of the aquifer. In contrast, fossil groundwater has a
much greater age or residence time - the length of time the water has remained in
the aquifer. Standard methods for characterising aquifers, described in textbooks
such as Todd and Mays (2005), are coupled with carbon dating and other isotopic
techniques for estimating groundwater age and recharge rates (Kazemi et al 2006;
McMabhon et al 2011). The major regional aquifer systems of North Africa, the
North Western Sahara Aquifer System-Libya, Algeria and Tunisia—and the
Nubian Sandstone Aquifer System—Chad, Sudan, Libya and Egypt, are examples
of mainly fossil groundwater resources, whereas the Great Artesian Basin of
Australia contains a large proportion of non-renewable resources (Ahmed 2013).

Some of the adverse quality side effects associated with groundwater depletion
are (1) salinization due to irrigation and seawater intrusion into coastal aquifers,
and (2) industrial pollution. Knapp and Baraenklau (2006) describe an economic-
hydrologic model of groundwater salinization induced by agricultural activity.
Typical industrial pollutants are nutrients, active ingredients of pesticides and
persistent organic contaminants. Recently, so-called emerging contaminants
derived from agriculture, pharmaceutical products, veterinary medicines and
nanomaterials have generated concern about their potential to contaminate the
environment. Boxall et al. (2007) have posed rhetorical questions addressing their
potential risk to human health. There is increasing use of nanomaterials in
cosmetics, pharmaceuticals and personal service products and studies of their
toxicity and fate in the aquatic and soil environments have been undertaken (Lam
et al. 2004; Dhawan et al. 2006; Liu et al. 2009). The transport in saturated,
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heterogeneous porous media has also been the subject of various studies (Tufenkji
et al. 2003; Mehrabi and Milne-Home 2012). Boxall (2012) observes that the
impact of these contaminants and their interactions will need to be considered in
terms of risk management.

4.3 RISK MANAGEMENT IN GROUNDWATER DEVELOPMENT

Risk management includes all the procedures and values which facilitate the
effective management of opportunities for gains while minimising losses. The risk
management process is defined by Australian Standard AS4360:1999 (now
Australian/New Zealand Standard AS/NZS ISO 31000) as “the systematic
application of management policies, procedures and practices to the tasks of
establishing the context, identifying, analysing, evaluating, treating, monitoring
and communicating risk.” Risk management can be applied to develop equitable
strategies for the assessment of sustainable yield through quantifying the uncer-
tainty in estimates of the long-term average annual recharge for input to
groundwater models (Merrick 2000). Other applications can focus on avoiding
or minimising the adverse effects of aquifer overexploitation, for instance,
seawater intrusion into coastal aquifers. Groundwater modelling is an integral
part of these management procedures, and the incorporation of risk management
will ensure that risks are known and measures are taken to mitigate those risks.
Also, it will allow stakeholders to make informed decisions about groundwater
management and reduce planning uncertainty around future development
(Staltari 2010).

A risk management strategy for the groundwater industry, including a three-
level risk assessment methodology, is described by Staltari et al. (2011). The
proposed risk management framework assesses a set of criteria and analyses risks
to develop a risk ranking. Next, management options are assessed to reduce the
risk, through a comprehensive study of the options and the activities associated
with them (Level 1). Stressors, such as climate change and land use changes, which
could affect management options are identified (Level 2); selected management
options are analysed in depth at Level 3. The tiered approach to risk management
allows the user to implement the appropriate level, ensuring that risks are
captured, analysed and transparent from the early stages of planning through
to more elaborate aquifer management. In order to adequately compare the risks
across criteria and demonstrate these graphically, an analysis section is included in
the risk assessment. A risk ranking score is calculated from the risk ranking and
used for graphical summaries of the data. The risk ranking score and graphical
summaries allow relationships between management options, risks, stressors and
impact criteria to be demonstrated. The graphical summaries organise risks in a
clear and concise manner, aiding in decision-making and prioritisation efforts.
The Level 2 assessment identified the key areas of risk to the water resource,
through the risk of sea water intrusion, social impacts from community concern as
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the water source is depleted, and environmental impacts from the risk to GDEs.
The groundwater and seawater intrusion models MODFLOW and SEAWAT were
used to estimate the risk of seawater intrusion and to evaluate sustainable
groundwater pumping regimes. The models were also used for scenario analysis
to examine future groundwater management options. The risk assessment frame-
work applies a holistic approach to the assessment of risks incorporating both
quantitative and qualitative assessment of risk. Groundwater modelling is an
essential component of risk assessment because it can provide an indication of the
uncertainty associated with each planning option by implementing a probabilistic
approach.

4.4 GROUNDWATER MODELS AS TOOLS FOR SUSTAINABLE
GROUNDWATER MANAGEMENT

The estimation of sustainable yield is an important part of groundwater manage-
ment especially in the typical situation of interconnected surface water and
groundwater systems. These systems can interact as gaining or losing and as
connected and disconnected (Figure 4.5) (Winter et al. 1998).

The management of water resources involves consideration of water rights,
entitlements and allocations. The definition of these terms in the Australian
context are: water right is the statutory right to use water from a water resource;
water entitlement is the water right issued to a person or entity; and, water
allocation is the volume of water that the holder of a water entitlement is

Flow diroction

Pl ’/
E—— E ;', l.w.,‘.n»-u Fore
W|l«lmlr

Flow diroction

R, B

Shallow aquifer

(a) (b)

Flow direction Flow direction
A . f - -,."' '/’ .wrnrur.:;u / /
S f

—r A e \- Y tughsiage
Unsaturatod T e
one 1 ] ]

Wator table

.-'I" Wator ‘_‘w L1 Bank storage J
/ during basa flow f.r

- -

(c) (d)
Figure. 4.5. Connection modes surface and groundwater systems, (a) connected
gaining stream; (b) connected losing stream; (c) disconnected losing stream; and
(d) fluctuating connected losing stream-high stage recharges bank storage which

partly discharges to the stream as baseflow during low stage
Source: Winter et al. (1998)




Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

120 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

authorised to extract from a particular resource for a defined period of time (SKM
2011). The estimation of the sustainable yield of a resource is the basis for the issue
of water allocations within existing rights and entitlements. In many instances, the
lack of an accurate estimate of sustainable yield has allowed the overallocation of
water with the result that the groundwater system has become stressed due to
overexploitation. There may be competition among holders of rights and entitle-
ments, including statutory allocations for environmental flows and maintenance
of GDEs and SGDEs. Overallocated groundwater in New South Wales, Australia is
being addressed by the State and Commonwealth (federal) governments to reduce
entitlements of irrigators to sustainable yield levels through various policy
instruments including cap and trade schemes (Goesch et al. 2007). The cap
provides a limit to extraction of the groundwater, and trading allows water to be
allocated to the usage of highest value. Application of these policies to the
connected systems shown in Figure 4.5 is complicated by their susceptibility to
‘double accounting’, where an allowed increase in groundwater abstraction may
affect surface water flows, i.e. the same volume of water has been allocated twice
(SKM 2011). A wide range of groundwater models is available for application to
resource management. Only a selection of commonly-used models will be
discussed in this sub-chapter.

Modelling of interconnected surface water and groundwater systems requires
the use of models that can simulate the behaviour of both systems based on a good
understanding of the interactions between them. The interactions can be handled
by the imposition of suitable boundary conditions in groundwater models but
fully coupled and integrated models will provide more precise estimates of flow
and mass balance in the systems. The increased precision comes at the cost of
larger data requirements and computational complexity. The issues of time and
space scales have to be considered: rainfall and streamflow event-based processes
operate on timescales of less than a day whereas groundwater flow as it impacts on
baseflow takes place over much longer periods. These considerations influence the
design of the spatial and temporal discretization grid of the model. In practice,
numerical simulation models are used to inform planners and stakeholders on
policy and management and there has to be a trade-off between the physically
detailed simulation of streams and aquifers and meeting management objectives.
Risk management and the inclusion of uncertainty both in the modelling process
and decision-making are also important Jakeman et al. (2006). Recommendations
for the suitable use of groundwater models have been developed worldwide; the
recently revised, comprehensive Australian groundwater modelling guidelines
document is a good example (Barnett et al. 2012).

There are a large number of open source and commercial software codes for
modelling surface and groundwater systems shown in Figure 4.5, and non-
renewable aquifers. The MODFLOW open source finite-difference based package
developed by the U.S. Geological Survey (USGS) has become an international
informal standard for simulating saturated groundwater flow. The modular
structure of the code has allowed the development of specialised packages for
modelling coupled surface water and groundwater systems, land subsidence,



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

SUSTAINABLE GROUNDWATER MANAGEMENT: POLICY AND PRACTICE 121

seawater intrusion and groundwater management. The current core version is
MODFLOW-2005 and a new version, MODFLOW-USG (for UnStructured Grid),
has been released which offers flexibility of the model grid beyond the original
rectangles to other shapes (USGS 2014; Panday et al. 2013). A commercially
available extension of MODFLOW is the package MODFLOW-SURFACT
which can simulate saturated and unsaturated flow as well as solute transport
(Panday and Huyakorn 2008). MODFLOW-SURFACT was found to yield
more accurate estimates of groundwater heads and unsaturated flow directly
above a longwall coal mine in the Sydney Basin, Australia, than MODFLOW
(Merrick 2009). MODHMS is an extended form of MODFLOW-SURFACT
and is a fully integrated code including simulating two-dimensional overland
flow and one-dimensional flow and solute transport in rivers (Panday and
Huyakorn 2004). Panday et al. (2009) describe the application of MODHMS to
the management of water flow and quality in a complex water resources system
that included water reclamation plants, dams and an underlying groundwater
basin in southern California. Other commercial software with broadly similar
capabilities are the finite element codes FEFLOW and Hydrogeosphere (Trefry
and Muffels 2007; Brunner and Simmons 2012; Sciuto and Diekkriiger 2010;
Diersch 2014).

4.5 GROUNDWATER MANAGEMENT AND MINERAL RESOURCE
DEVELOPMENT

Extractive mineral resource industries can have a significant environmental
impact from the initial exploration activities, through the mining development
and production stages to the final mine closure and rehabilitation. The entire
process can last for many years with tremendous implications for groundwater
and environmental management through the disruption of GDEs and SGDEs, and
the diversion of water resources for consumptive use by the mining operations.
Open cut coal and metals mines can change the regional groundwater flow
systems by creating extensive artificial discharge areas. There is also the potential
for contamination of surface water and groundwater by water produced during
the mining through the impacts of natural events such as severe storms and
flooding on water storages. Underground mining can cause subsidence that
reduces streamflow, is responsible for the decline in groundwater levels and
disruption of GDEs and SGDEs. The water quality resulting from the oxidation of
sulfide minerals in mine tailings dumps can be highly variable in salinity and pH.
The drainage produced as a byproduct of mining may be acid to slightly alkaline
(circumneutral in nature with a high sulphate content and may contain dissolved
heavy metals [International Network for Acid Prevention (INAP) 2009]. The
impacts on water quality can continue for decades or centuries after a mine has
closed and it is essential to implement procedures to minimise the formation of
acid mine drainage (INAP 2009).



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

122 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

The potential for environmental harm from mining activities has stimulated
monitoring agencies worldwide to establish policies for the regulation of the
industry to protect surface water and groundwater resources. In New South Wales,
Australia the main policy instrument is the NSW Aquifer Interference Policy
(NSWAIP) (NSW Department of Primary Industries Office of Water 2012) which
is implemented under the Water Management Act 2000 and related legislation.
Aquifer interference is defined under the Act as penetration of an aquifer,
interfering with its contained groundwater or obstructing the groundwater flow.
The Act also governs the taking and disposal of groundwater during mining (NSW
Department of Primary Industries Office of Water 2012) and includes coal seam
gas (coalbed methane) production, water injection and any other activities -
business, industry, agriculture, housing, quarrying of sand and gravel, construc-
tion dewatering — which penetrate or interfere with aquifers. GDEs are protected
even in the absence of groundwater production, and any disposal of water or waste
material may trigger provisions of the Protection of the Environment Operations
Act 1997.

The requirement for proper accounting of the water taken is addressed by the
issue of a water licence to ensure that the extraction limit of the applicable water
sharing plan-the allocations to existing users under the rights and entitlements for
the time period of validity of the policy—are not exceeded. Also, minimal impact
considerations are the assessment criteria applied by the NSW Office of Water to
examine the impacts on groundwater systems which may be affected by a
development proposal. Review by an independent Gateway Panel is included in
the application process to assess the potential impacts of a project on strategic
agricultural land and water resources. In practice, the NSWAIP is an attempt to
apply sustainable management principles to surface and groundwater systems in
areas subject to major development proposals.

4.5.1 Sustainable Groundwater Management and Coal Mining

Coal is extracted mainly by open-cut and longwall mining methods depending
on the depth of the coal resource. In the open-cut method, the coal is mined with
large excavators leaving a void which gradually increases in area and depth as the
mining proceeds and extends below the water table. Initially the overburden
topsoil and rock strata are removed by blasting to expose the coal seams and the
mine is initiated with a rectangular-shaped excavation in an area where the ratio
of the overburden thickness to that of the coal seam is relatively low. As the mine
develops, it is backfilled with mining spoil (waste rock) which is more permeable
and has a higher storage capacity than unmined rock material, allowing
infiltration of rainfall. A partially filled void remains on completion of mining
and has to be rehabilitated as part of the post-mining landscape and environ-
ment. The partially filled void forms a water body or pit lake which is filled by
direct void rainfall, spoil runoff and seepage, and groundwater inflow or through
flow (Bowell 2002; Hancock et al. 2005). Bowell (2002) indicates that water
quality can change from acid mine drainage type to circumneutral mine drainage
type over time. This opens the potential for obtaining recreational or ecological
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benefits from pit lakes (Gammons et al. 2009). Hancock et al. (2005) showed by
mass-balance modelling that the salinity of a pit lake in the Hunter Valley would
increase from 2452 to 8909 mg/litre over 500 years due to concentration by
evaporation and inflow of saline groundwater as the regional groundwater
system re-equilibrated to post-mining conditions. Mackie (2009) discussed the
evolution of the water chemistry of the leachate resulting from the re-saturation
of the mine spoil and demonstrated from batch reaction trials on core samples of
representative lithologies that a predominantly NaHCOj; type of water would
result. Younger and Robins (2002) provide a comprehensive review of mine
hydrogeology and water quality.

While the landscape footprint of longwall mining is less because the operation
takes place underground, the method has the potential to change the connectivity
of surface water and groundwater systems in the affected area. In longwall mining,
large, rectangular blocks—panels - up to several kilometres long and typically 150
to 400 metres wide are mined, leaving support only in the vicinity of the working
face. The excavation and removal of the coal as the panels are advanced in parallel
induces fracturing and subsidence above the unsupported mined area which can
extend gradually to the ground surface. The subsidence affects hydraulic gradients,
piezometric levels and groundwater flow paths (Booth 2002, 2006) and as confined
aquifers become unconfined there are changes in water quality (Booth 2007).
Adverse changes have been noted by McNally and Evans (2007) where ground-
water in areas downstream of mining in the Southern Coalfield of NSW are de-
oxygenated, more saline and contain high concentrations of total iron and
manganese. Madden and Merrick (2009) summarise the initial hydrogeological
effect of longwall mining as the formation of a collapsed and heavily fractured
zone directly above the mined area draining directly into the mine. Next, a
constrained zone develops, which subsides without much fracturing, remains
saturated and acts as a barrier to vertical drainage from the surface and shallow
aquifers to the mine. Finally, a surface zone characterised by fracturing is created
and which typically does not contribute drainage to the mine. A key parameter is
H, the height of complete groundwater drainage above subsided longwall panels
(Tammetta 2013), mainly from the collapsed zone. Tammetta presented a
generally applicable empirical expression for H (in metres):

H=1438 In(4.135 X 10~°u + 0.9818) + 26

where u=wt'4d%? and t are the width and height of the mine opening, and d is
the overburden thickness (all in metres). H defines the maximum height of the
collapsed zone which is unsaturated and acts as a drain while the mine void
remains dewatered (Tametta 2013). Although the fractured surface zone is
relatively disconnected from the mine void there are potentially far-reaching
effects on shallow hydrology: reduction in streamflow, increased infiltration
locally and decreased runoff for regional recharge as the connectivity between
surface and groundwater is enhanced due to the fracturing (Jankowski 2009).
These effects have been widely documented in mining areas, e.g. Shepley et al.
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Figure 4.6. Groundwater levels, rainfall and streambed elevations in the mining

area of the Southern Coalfield
Source: Figure 4.5 from Jankowski (2009); reproduced with permission from the author and
International Association of Hydrogeologists (IAH)

(2008) from central England, and Sidle et al. (2000) from Utah, USA. Figure 4.6
illustrates various aspects of this connectivity for the Southern Coalfield, NSW,
Australia.

The groundwater levels in Figure 4.6 were measured in shallow piezometers
near the river: downstream at the edge of the mining zone (GW1 and GW2); within
the mining area (GW3 and GW4); and, downstream in the area mined in 2003-
2004 (GW5 and GW6). The downstream area has partially recovered from the
mining but open fractures, joints and bedding planes still permit subsurface flow
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(Jankowski 2009). The area of active mining, GW3 and GW 4, is still in the
compression phase of subsidence with partially re-closed fractures; GW1 and GW2
are in an area yet to be mined and are above the heading at the edge of a mined
longwall panel, within the area influenced by the 35° angle of draw (the angle at
which the subsidence migrates to the surface subsidence limit) (Jankowski 2009).
The river is disconnected-losing because of the likelihood of the development of
high-capacity fractures capable of transmitting infiltrated water. Jankowski and
Madden (2009) describe the features of an ideal monitoring program for assessing
the ecohydrological impacts of longwall mining in hydrologic catchments. The
program must be designed to adequately monitor and interpret the changes in
groundwater, surface water and water quality in time and space and assess the post-
mining recovery of the groundwater systems (Jankowski and Madden 2009).
The overarching principles of sustainable management of groundwater and
the preservation of ecosystem services in regions subjected to open-cut and
longwall mining is that of comprehensive, long-term monitoring within an
effective regulatory framework. Historically, mines in Europe and elsewhere have
been active for periods considerably in excess of fifty years with a total time of
activity and recovery of centuries. In Australia the cumulative effect of existing
mines in the Hunter Valley, NSW, and the Galilee Basin, Queensland, combined
with the major proposed expansion of coal mining and coal seam gas production,
represents a significant challenge for sustainable management of groundwater.

4.5.2 Sustainable Groundwater Management in Areas of Coal
Seam and Shale Gas Development

Coal seam gas (CSG), also known as coal-bed methane (CBM), is the methane
generated when the coal was formed and is adsorbed on the surface of the coal
under hydrostatic pressure in the fractures and microstructures (cleats) of the coal
seam. CSG may also contain trace amounts of carbon dioxide and/or nitrogen.
The large internal surface area of a typical coal seam allows the storage of six or
seven times the volume of natural gas than exists in the equivalent volume of a
conventional natural gas reservoir (U.S. Geological Survey 2000a). When the
reservoir pressure is reduced by pumping the groundwater from a well drilled into
the coal seam, the methane is desorbed off the coal surfaces and flows into the well.
Current drilling and completion technology includes directional drilling laterally
into the target seam and hydraulic fracturing (“fracking”) - injecting fluid
containing additives and sand at high pressure to fracture the coal seam. Palmer
(2010) provides an overview of completion methods and their relationship with
permeability and well productivity. Water (co-produced water) is pumped from a
coal seam as an integral part of the CBM production process. If the well has been
fracked the fracking fluid is pumped to the surface via the well and is kept separate
from the co-produced formation water. The use of fracking for stimulating CBM
and shale gas wells has been the subject of heated debate because of perceived risks
to human health and the potential to contaminate groundwater and the environ-
ment through the chemicals used. The volumes of water produced and the water
quality are highly variable and depend on factors including the length of time the



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

126 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

«—Stable |
Dewatering Prggl;%ﬂon Decline

stage

stage "
Pane
Prog,, ..
“cr;o,,m
tes

M oo Water production rates

T e e m— —— — —

VOLUME

TIME

Figure 4.7. Schematic production profile of a typical CSG well
Source: Figure 4.2 in U.S. Geological Survey (2000a)

coal basin has been producing CBM, the coal depositional environment, depth of
burial and type of coal (U.S. Geological Survey 2000b). The schematic production
profile of a typical CBM (CSG) well, shown in Figure 4.7, illustrates the inverse
relationship between CSG and water production rates prior to the peak CSG rate
(the dewatering and early stable production stages), and the low yield of water in
the later life of the well (the decline stage). The time can range from months to
years.

The composition of co-produced water is mainly sodium bicarbonate and
sodium chloride type because the presence of methane (CH,) and carbon dioxide
(CO, favours the precipitation of magnesium and calcium carbonates; the water is
relatively low in sulphates (SO,) as the reducing conditions tend to convert
sulphates to sulphides. The averaged major ion composition of CBM water is
consistent with the water quality reported by Van Voast (2003) from the six main
producing basins in the USA. A similar composition of major ions was observed
by Kinnon et al. (2010) for CSG co-produced waters from the Bowen Basin in
Queensland, Australia. Dahm et al. (2011) compiled a geochemical database of
3000 CBM water samples from four basins in the Rocky Mountains region of the
USA. The database included physicochemical, organic and inorganic parameters,
and radionuclides; although individual constituents were in low to moderate
concentrations, the TDS ranged between 150 and 39,260 mg/L and the sodium
adsorption ratio (SAR) was between 0.2 and 452.8. The SAR of a water sample is
defined as the ratio of sodium ions [Na*] to the square root of half the ionic
concentration of the summed calcium [Ca®"] and magnesium [Mg?*] ions. SAR
values >9 pose a severe risk of increasing the sodicity of soils.

The variation in the volumes of co-produced water is illustrated by the
observations that CSG wells near Camden in the Sydney Basin southwest of
Sydney produced 4.8 megalitres (ML) of water in 2012 out of a maximum of
30 ML/a. In contrast, the range in the Surat basin of Queensland is 7 to
300 ML/a (NSW Department of Primary Industries Office of Water 2013). The
CSG industry is more developed in Queensland than in New South Wales-the
two major CSG producing States in Australia-and the Coal Seam Gas Water
Management Policy 2012, administered by the Queensland Department of
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Environment and Heritage Protection, to sustainably manage the produced water
may reflect its longer experience with the industry. The policy is operated under
the relevant Acts, e.g. Environmental Protection Act 1994, and provides strict
guidelines for the conduct of CSG production operations. In New South Wales,
CSG co-produced water is managed through the Petroleum (Onshore) Act 1991
and the Environmental Planning and Assessment Act 1979. The NSWAIP governs
potential impacts on surface water and groundwater, including the disposal of
CSG co-produced water. The use of evaporation ponds or basins is banned by both
jurisdictions, and the use of BTEX chemicals (benzene, toluene, ethyl benzene,
xylenes) in fracking is also banned by the NSW government. Khan and Kordek
(2013) discuss process engineering approaches to beneficial use, risk assessment
and risk management of CSG co-produced water as mandated by the regulations.

Unlike coal bed methane which occurs at relatively shallow depths, shale gas
is found in deeply buried shale formations hundreds to thousands of metres below
ground. Shale gas can be dry, consisting mostly of methane or wet, with small
amounts of ethane, propane, butane and other heavier hydrocarbon natural gas
liquids. There may also be significant amounts of carbon dioxide, helium, nitrogen
and hydrogen sulphide (Schlumberger 2014). The composition of gas from
individual shale formations can vary widely due to geological heterogeneity
(Bullin and Krouskop 2008). Previously gas-bearing shales had been considered
only as a source rock for natural gas and associated oil reservoirs, but the
development of fracking technology has made it possible to produce gas from
these extremely impermeable formations. Figure 4.8 is a schematic of the various
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Figure 4.8. Occurrence of natural gas reservoirs
Source: U.S. Energy Information Administration, http://www.eia.gov/oil_gas/special/ngresources/
ngresources.html (accessed on February 21, 2014)
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Figure 4.9. Historical trends and projected forecasts of dry natural gas production

in the U.S., 1990 to 2040
Source: U.S. Energy Information Administration, Annual Energy Outlook 2013: Early Release, http://
www.eia.gov/energy_in_brief/article/ about_shale_gas.cfm (accessed on February 20, 2014)

types of natural gas reservoirs and highlights the distinction between coalbed
methane and other gas resources. Tight gas refers to gas which is trapped in hard
rock formations of very low permeability and porosity.

Shale gas is one of the unconventional gas resources sketched in Figure 4.7,
together with tight gas and coalbed methane. The feasibility of producing shale
gas from “shale-gas plays” - regionally extensive structural basins in the United
States — has increased the proportion of shale gas in the production of dry
natural gas in the U.S since 2005 and is forecast to be the major source of supply
together with tight gas by 2040 (Figure 4.9). An overview of shale gas resources
and plays in the USA has been released by the U.S. Energy Information
Administration (EIA 2013).

A recent report commissioned by the U.S. Energy Information Administra-
tion outlined the estimated extent of shale oil and shale gas, including wet gas,
resources on a world-wide basis (U.S. Energy Information Administration 2013;
EIA/ARI 2013). Figure 4.10 indicates the geographic distribution of the survey.
With the exception of the United States and Canada, many of the shale gas and
shale oil resources identified are either undeveloped or in the initial stages of
development. Several countries are exploring their shale gas resources.

Based on the U.S. experience, one of the constraints on the development of
shale gas and shale oil is the large volume of water needed for fracking a deep gas
well, on the order of 4.5 to 13.2 megalitres with up to 19 megalitres for large
operations on a single well (Andrews et al. 2009). Freyman (2014) examined water
use data on fracking from almost 40,000 conventional oil and gas and shale gas
wells throughout the western United States and Canada and showed that intense
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competition with agricultural, municipal and industrial users for water was highly
likely. About half the number of wells were in regions of high water stress where
80% of available surface water and ground water was already allocated. Likewise,
shale gas developments in the Barnett Shale in Texas (U.S. Energy Information
Administration 2011) have the potential to significantly increase competition for
the groundwater contained in the regional Trinity and Woodbine aquifers
(Andrews et al. 2009). The cumulative fracking water use by approximately
18,000 Barnett Shale horizontal gas wells from 1981 to 2012 was about
210 Mm?® (Nicot et al. 2014). The water was sourced equally from surface water
and groundwater. An earlier study by Nicot and Scanlon (2012) showed that
annual use in the Barnett Shale, Texas-Haynesville Shale and Eagle Ford Shale
amounted to some 9% of the consumptive use by the city of Dallas (1.3 million
people), but was increasing rapidly. Jiang et al. (2014) analysed data from 500 wells
in the Marcellus Shale in Pennsylvania to assess the direct water consumption at
each well. They also applied economic input-output life cycle methodology to
assess the indirect water consumption and wastewater generation by the wells and
showed that an average Marcellus Shale gas well consumes 20,000 m? of fresh-
water over its life cycle and fracking was the largest contributor to the water
impacts.

The North American experience with constraints on shale gas development
due to unsustainable use of groundwater and surface water may be relevant
internationally for application to some of the shale gas and shale oil basins
mapped in Figure 4.10. The Neuquén Basin in western Patagonia, Argentina is one
of the basins where shale gas is being explored and developed (EIA/ARI 2013).
Existing oil and gas industry is one of the users of groundwater in this semi-arid

Basins with assessed shale oil and shale gas formations

P AN /
A L = "'.
\ ) g '-*,‘0
k™ W
b AR o )
i ! L —
R Ay
y L]
»
’* 5 S ¢ )
* - r
Legend 'S
-:‘ R in

cla ‘A S —
Figure 4.10. Distribution of World Shale Gas and Shale Oil Resource Assessments
Source: U.S. Energy Information Administration (2013)
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region. The Karoo region in South Africa is characterised by an arid climate as are
the shale gas prospective basins of Algeria and Libya in North Africa. Although
there are very large volumes of fossil and non-renewable groundwater contained
in the North African regional aquifer systems the extensive water demands of
fracking shale gas wells may lead locally to aquifer overexploitation and ultimately
to groundwater mining. Alternative methods of fracking which use recycled frack
water, naturally saline groundwater or no water can supplement the single-use,
water-based procedures. LeBlanc et al. (2011) describe a fracking operation using
gelled propane as the fracking fluid on a tight gas well in New Brunswick, Canada.
This waterless frack resulted in better production performance than previous
conventional fracks. The elimination of flowback - frack water returned to
surface-may also reduce the life cycle water impact of the well. U.S. experience
with other concerns about risks to human and animal health (Finkel and Hays
2013; Finkel et al. 2013; Korfmacher et al. 2013; Adgate et al. 2014) and water
supply (Fontenot et al. 2013; Jackson et al. 2013) would also need to be considered
in shale gas development.

4.6 CASE STUDIES OF AQUIFER MANAGEMENT POLICY AND
PRACTICE IN AUSTRALIA

The Great Artesian Basin (GAB) and the Murray-Darling Basin (MDB) are the
two major basins of Australia, which contain aquifers with productive ground-
water resources. The GAB is located mostly in Queensland but extends across the
state borders of New South Wales, South Australia and the Northern Territory,
making it a transboundary aquifer system. Its area of 1.7 million square kilometres
occupies one-fifth of the Australian continent (Reyenga et al. 1998). The GAB is a
confined groundwater basin with multi-layered aquifers recharged mainly from
the elevated eastern rim of the basin through the intake beds. The bulk of the
surface drainage network of the MDB is located in NSW but extends northwards
into Queensland and covers more than 1 million square kilometres, amounting to
one-seventh of the Australian mainland in Queensland, NSW, Victoria and South
Australia. Tributaries of the Murray River flow northwards from Victoria until the
drainage system discharges to the sea at the Coorong in South Australia.
Figure 4.11 shows the GAB and MBD groundwater basins.

Both the GAB and the MDB are crucial in the economy of Australia with the
GAB producing $3.5 billion worth of output annually (Austin 2010). Agriculture is
the major economic activity in the MDB in 80% of the basin and generating 40%
of the agricultural production in Australia with 60% of the country’s irrigation
water (CSIRO 2008). Coal mining and CSG production are significant, especially
in the GAB, but there are proposals for new mines and gasfields in the MDB.
Although both basins extend beyond the borders of individual States, the
management of mining, agriculture and water resources are the responsibility
of each State government, and the government of the Northern Territory, with the
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Great
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Murray-
Darling Basin

Figure. 4.11. Great Artesian Basin and Murray-Darling Basin
Source: Geoscience Australia (2013); reproduced courtesy of Commonwealth of Australia under
Creative Commons License (http://creativecommons.org/licenses/by/3.0/au/)

Australian Commonwealth Government coordinating their activities. In the case
of the GAB, the Great Artesian Basin Coordinating Committee (GABCC) under-
takes this role, and the Murray-Darling Basin Authority (MDBA) is its counter-
part for the MDB. The GABCC and the MDBA are the agencies for the liaison
between the State and Commonwealth levels of government in the policy
implementation and governance of the two basins.

4.6.1 The Great Artesian Basin

The aquifers of the GAB are the primary or sole source of water for towns,
agriculture and pastoral industries in the interior of central Queensland because of
the arid climate. The southeastern portion of the GAB, which underlies the MDB
in southeastern Queensland New South Wales, is drained by several significant
rivers. Natural discharge from numerous springs (mound springs) supports GDEs.
The GAB confined sandstone aquifers and shale/mudstone confining layers occur
within the Eromanga Basin which is one of the several depositional basins in the
folded and faulted sedimentary sequence. Surrounding basins which underly the
GAB are hosts to the coal mining and CSG industries in Queensland; also, there is
an existing approval and applications for major new mines in the Galilee Basin.
Some of these basins have been identified as having shale gas and shale oil
potential (EIA/ARI 2013).

Groundwater flows from the intake beds on the eastern margin mainly to
the west and southwest but the long travel distance at flow rates of 1 to 5 metres
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per year (Habermehl 1980; Habermehl and Lau 1997) leads to residence and
turnover times of up to millions of years (Torgerson et al. 1991). Many flowing
artesian and pumped wells (bores) are located in the central parts of the GAB and
produce from depths of 1200 to 2500 metres (Reyenga et al. 1998), so that
effectively the resource is non-renewable. The cumulative effect of the thousands
of bores drilled since 1878 has been to lower the regional piezometric surfaces of
the heavily exploited portions of the aquifers by tens of metres (Habermehl 1980;
Habermehl and Lau 1997). Bore water is allowed to flow in an uncontrolled
manner into open drains (bore drains) to provide water for livestock and it is
estimated that up to 90% of this water, amounting annually to 395,000 Ml per year
is wasted by evaporation (Austin 2010). A comprehensive study of the GAB,
implemented by the Commonwealth Scientific and Industrial Research Organi-
sation (CSIRO) and partners under the Great Artesian Basin Water Resource
Assessment program has revised earlier conceptual models of the groundwater
system and relationship to underlying basins (Ransley and Smerdon 2012). The
program also involved the development and review of a thoroughly extensive and
detailed ‘groundwater and scenario’ modelling of the GAB (Smerdon et al. 2012;
Welsh et al. 2012). This work and related investigations have provided input to
sustainable management policy for the GAB.

It had been realised since the mid-20th century that sustainable management
policy for the GAB required a whole-of-basin approach which was not achievable
with uncoordinated inputs from the individual States, Northern Territory and the
Commonwealth Government. Consequently, the Great Artesian Basin Consulta-
tive Council was established in 1997 and developed the Strategic Management
Plan (SMP) in 2000 which is the guide for the sustainable management of the
GAB. The GAB Consultative Council ceased operating in 2002 and was formally
replaced by the GABCC in 2004. The overall objective of the SMP is: “the
sustainable use of the GAB groundwater resource and optimum economic, envi-
ronmental and social benefits” (GAB Strategic Management Plan Summary,
September 2000, GAB Consultative Council). The GABCC has continued imple-
mentation of the SMP and has identified the primary issue as declining artesian
pressure (GABCC 2008).

The major issue is a continuation of the earlier Great Artesian Basin Bore
Rehabilitation Program (GABBRP) started in 1989 with funding from the
Commonwealth Government and the State governments of Queensland, New
South Wales and South Australia with landholder contributions (Rayenga et al.
1998). Currently the GAB Sustainability Initiative (GABSI) has controlled 1,124
bores, removed 18,756 kilometres of bore drains and installed 18,540 kilometres of
piping, saving 293 GL of water per year. The cost of the programs is 450M AUD
over 15 years, but groundwater pressures are recovering in many parts of the GAB
(Austin 2010). The extraction of coal and CSG from the geological basins
surrounding the GAB, especially from the Walloon Coal Measures in the Surat
and Clarence-Moreton Basins, poses challenges to the sustainable management of
its groundwater and other resources. Existing and proposed developments in
Queensland and New South Wales are regulated within the comprehensive
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framework of approval conditions which reflect the risk assessment and adaptive
management policy of the respective State governments. The GABCC has
emphasised the need to continue the successful GABSI program which should
not be put at risk by CSG extraction within the GAB (GABCC 2011a, b). CSG
operations and their regulation both utilise regional scale groundwater models,
such as MODFLOW. These models may not accurately represent the dual-phase
nature of fluid flow as coal seams are dewatered during the initial CSG production
phase (Howell et al. 2013; Schmid et al. 2013). The process of upscaling hydraulic
properties combined with the use of single-phase, MODFLOW packages to
represent the dual-phase regime of gas and water flow can introduce simulation
errors (Herckenrath et al. 2013; Moore et al. 2013). Herckenrath and Doherty
(2013) describe modifications to the MODFLOW-USG code to include gas
desorption resulting in a closer match with the hydrocarbon reservoir simulator
ECLIPSE.

4.6.2 The Murray-Darling Basin

The MDB, unlike the GAB to its north, is predominantly characterised by surface
water resources, but there are extensive alluvial aquifers comprising intercon-
nected surface water and groundwater systems. Groundwater occurs in fractured
rock aquifers around the rim of the Murray geological basin, and there are large
volumes of mostly brackish to highly saline groundwater in sedimentary aquifers
in the southwestern portion of the basin. Groundwater accounted for 16 percent of
the water used in the MDB up to 2008, but the proportion could rise to more than
25 percent by 2030 (CSIRO 2008). The study also showed that groundwater use in
seven of the twenty areas of high usage was unsustainable and would result in
significant depletion of the resource without changes in management. Extensive
water resource development has affected streamflow in the Murray River, so that
flow at its mouth in South Australia has been reduced by 61 percent: there is no
flow through the mouth 40 percent of the time, contrasting with 1 percent no-flow
under pre-development conditions (CSIRO 2008). Water sharing plans are used in
New South Wales to reduce entitlements in overallocated groundwater systems;
equivalent policy instruments are applied to achieve this objective in the other
States within the MDB. Water sharing plans developed by the individual States
need to be accredited by the Commonwealth Government to be consistent with
the Murray-Darling Basin Plan (the Plan).

The Plan is administered by the Murray-Darling Basin Authority (MDBA)
which was established by the Commonwealth Water Act 2007 and its amendment
the Commonwealth Water Amendment Act 2008. According to the Water Act
2007, the MDBA is required to monitor the Basin’s water resources, develop
knowledge of the Basin and educate stakeholders. These activities are implemen-
ted through Commonwealth agencies and those of the States of Queensland, New
South Wales, Victoria and South Australia in which the MDB occurs. Each State
has passed legislation to clarify how the Water Act 2007 is applied along with
related State water management policies. The Memorandum of Understanding on
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Murray Darling Basin Reform (March 2008) and the Intergovernmental Agreement
on Murray Darling Basin Reform (July 2008) describe the practical arrangements
for governance of the MDB. Major concerns were expressed in stakeholder
meetings during the drafting of the Plan that the provisions for environmental
water would adversely impact on irrigated agriculture, industries and communi-
ties in the MDB. The Plan includes setting long-term average sustainable diversion
limits (SDLs) for surface water and groundwater throughout the Basin.

SDLs are defined in terms of the volume of water for consumptive use while
retaining adequate amounts for sustaining environmental river flow and GDEs.
The procedure for establishing SDLs was to estimate water usage (baseline
diversion) and determine the environmentally sustainable level of take or water
usage (ESLT). The ESLT was obtained as the optimal balance of hydrologic,
socioeconomic and environmental outcomes from the available knowledge base.
Crase et al. (2012) provide the background to the policy and suggest that the water
buybacks to redistribute water from agriculture to the environment have had
positive outcomes. The long-term average Basin SDL was estimated at 10,873 GL
per year compared to the baseline of 13,623 GL per year at 2009 (MDBA 2010,
2013). Estimates of the ESLT were reviewed by the CSIRO (Young et al. 2011);
findings of the earlier CSIRO Murray-Darling Sustainable Yields Project (CSIRO
2008), surface water and ecosystem modelling (Podger et al. 2010a, b; Saintilan
and Overton 2010) and the science policy nexus (Ryder et al. 2010) were
incorporated and considered. SDLs will provide a basis for recovering the deficit
of 2,750 GL between the baseline and actual usage through water buybacks and
improving infrastructure efficiency. SDLs can be modified as information is
updated. The SDLs and recovery program will also apply to groundwater as
SDLs have been estimated for individual aquifers.

SDLs for aquifers are based on recharge rates, connectivity of the surface and
groundwater systems, depth of the aquifers, and water quality and salinity. The
distribution of groundwater pumping and the relation with State water sharing
plans is also considered. The SDLs were determined from an assessment of
the ESLT considering the risks of groundwater extraction (MDBA 2012a, b). The
knowledge base of the assessments included previous hydrogeological studies and
limited groundwater modelling by State and Commonwealth agencies and
universities. Kelly et al. (2013) showed how mapping the hydrogeological frame-
work of the semi-confined alluvial aquifers of the Namoi Valley coupled with
analysis of historical groundwater abstraction trends could assist the management
of irrigation and environmental demands. Their approach is applicable to similar
connected surface and groundwater systems in the MDB. Overall, 66 groundwater
SDL resource units were established by the MDBA, the large number reflecting the
complexity of the groundwater systems. The long-term average total SDL across
the Basin is estimated at 3,334 GL per year, compared with the actual baseline of
2,385 GL per year. Of the 66 units, 34 have an SDL equal to the baseline, 31 are less
than the baseline amount, and 1 (the Upper Condamine alluvial aquifer system in
southern Queensland) is overallocated. Locally, there may be difference between
these classifications and the allocations from State water sharing plans; the
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differences can be negotiated between the MDBA and the State involved using
State water legislation and the Water Act 2007 and the Water Amendment Act
2008.

Provisions of the Water Act 2007 may also be triggered in regard to CSG
developments underlying rivers and alluvial aquifers in the Queensland portion of
the MDB (Moran and Vink 2010). CSG development in the Walloon Coal
Measures which underlie the Central Condamine Alluvium in southern Queens-
land may create groundwater level drawdowns in the overlying and underlying
aquifers as groundwater is pumped from the coals seams to allow the production
of CSG. Subsequently, a study undertaken for the Queensland government
indicated that there was potential to recharge depleted alluvial aquifers with
suitable co-produced CSG water (Arup 2013). Recharge could have a positive
impact on MDB system inflows and depleted groundwater resources.

4.7 CONCLUSIONS

This review of groundwater management policy and practice in various parts of
the world has shown that many areas are subject to water stress as a consequence
of unsustainable management policies. The availability of satellite measurements,
such as data from the GRACE and other missions, has facilitated mapping water
stress at spatial scales, ranging from local to global. These data are input to models
which provide estimates of the impacts of blue and green water depletion on
irrigation and rainfed agriculture and assess the groundwater footprints of
aquifers. The implications for food security can be assessed with greater precision
with these techniques.

The use of GCMs in conjunction with conventional groundwater modelling is
a growing trend in the assessment of groundwater resources and adds the
precautionary dimension to the formulation of sustainable management policies.
Nevertheless, the necessity to feed information to these models from groundwater
investigations in the field for estimates of sustainable yield still remains. The
classification of groundwater into renewable and non-renewable resources is
essential for devising policies for their sustainable management and managing
the risks associated with their development.

The extraction of mineral resources, specifically coal and coal seam gas, shale
oil and shale gas present significant challenges worldwide for minimising their
impact on groundwater and surface water resources. In these respects, the
experience of countries like the U.S. and Australia may provide guidelines for
future policy development. In particular the Australian examples of collaboration
between government agencies and stakeholders in a horizontally and vertically
integrated framework for the governance of the Great Artesian Basin and the
Murray Darling Basin may be instructive.

Finally, although it is clear that groundwater resources are under considerable
stress worldwide, the capability exists for monitoring their status and assessing the
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potential transition to sustainable management. There are the political and
socioeconomic considerations which will play a part in determining whether the
transition can take place.
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CHAPTER 5

District Water Cycle
Management for

Wastewater Reuse

Xiaochang C. Wang'
Li Luo?

5.1 INTRODUCTION

We are living in a world where freshwater resources are not available everywhere,
or the available amount is not sufficient to sustain human lives and economic
activities. With climate change apparently induced by global warming and
population growth, water scarcity becomes a global problem and is getting more
and more serious in many regions (Hanasaki et al. 2012a). By definition, water
scarcity refers to the extent to which demand exceeds the available resources
(El-Kharraz et al. 2012). Any imbalance between the demand and the resource
availability may lead to water scarcity due to demographic, economic and climatic
drivers of change (Wiltshire et al. 2013).

The availability of water resources in a country or region can be evaluated
using Falkenmark Index (FI) which is defined as the average per capita water
available per year (Jury and Vaux 2007; Perveen and James 2011). According to FI,
the degree of water scarcity can be evaluated as below (Arnell 2004; Fekete 2010):

« Moderate water stress: IF=1000-1700 m% capita-yr.
« High water stress: IF=500-1000 m* capita-yr.
o Extreme water stress: IF < 500 m*/capita-yr.

Table 5.1 is a summary of the worldwide renewable freshwater availability and
countries experiencing water stress or scarcity according to FI (FAO 2012). It can
be seen that of the 27 countries with FI < 500, namely extreme water stress, 14 are
in Asia and eight are in Africa, indicating that many countries in these two
continents are under serious conditions of physical water shortage. However, the
FI data by continent or country may not always reflect the actual condition of
water shortage because of the uneven distribution of available water resources and
population within a country or a region (Jiang 2009; Fekete 2010; Wu and Tan

'Xi’an Univ. of Architecture and Technology, Xi’an, China.
*Xi’an Univ. of Architecture and Technology, Xi’an, China.
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2012; Fekete 2013). There are also the problems of timely scarcity of water
resources (Hanasaki et al. 2012b) in many countries and regions.

The worldwide problem of water shortage has much stimulated the require-
ment for wastewater reuse because many of our water uses may not be necessarily
supplied by freshwater resources, and the treated effluent from a wastewater
treatment plant can either be used straightforward for irrigation or for other non-
potable purposes after further treatment (Levine and Asano 2004; Adewumi et al.
2010; Meneses et al. 2010; Norton-Brandio et al. 2013). The NEWater reclaimed
from domestic wastewater in Singapore has already been proved ‘drinkable’ and is
now used as one of the ‘National Taps’ for enlargement of the source water for the
country’s water supply (Qin et al. 2006; Lee 2010).

It is widely recognized that freshwater resources are maintained by a natural
water cycle (Narasimhan 2009), and water resources management should follow
the principle of ‘water cycle management’ (Najia and Lustig 2006; Pouget et al.
2012). By definition (Imbe et al. 1997; Kundzewicz 2008a; Amores et al. 2013), the
so-called ‘water cycle’ describes the continuous movement of water within a
referential domain which can be as large as our earth (the global hydrological
cycle), a basin or watershed (the watershed hydrological cycle), or an area where
water is supplied and wastewater is discharged through engineering means and
related to part of the natural water realm (a water district or district water cycle).
The water cycle, no matter large or small, is, in fact, a metabolic system (Tambo
2002). Only when the metabolism, a set of life-sustaining actions, goes on
smoothly, can the system be sustained in a healthy condition (Wang 2010; Zhang
et al. 2010; Huang et al. 2013). With wastewater being used as a resource in a water
district, the movement of water, as well as the substances it carries, will be much
altered. Regarding this, Tambo (2006) and Tambo et al. (2012) has proposed the
concept of ‘urban water district’ which is a water metabolic space within the
hydrological cycle. It stressed the harmony of artificial facilities with water
environment in the urban area and drew a clear distinction between the water
areas that should be conserved and those to be utilized.

Unfortunately, the conventional water and wastewater systems in cities are
not always planned and designed by following the above-mentioned principle of
water cycle management. The systems are often managed in a centralized manner
with the intent of supply of high-quality drinking water, collection of sewage
and storm water and advanced treatment of the collected water prior to discharge
into natural water bodies to meet the needs of the public health, industrial
growth and prosperity of the society (Wilderer 2001). In such a system, all water
to be distributed in the urban area is purified at discrete locations, and the
wastewater collected in the area is sent to another discrete plant for treatment and
discharge. Therefore, the reuse of treated wastewater by such a system often
becomes difficult unless there are potential consumers near the wastewater
treatment plant (this may not always be the case), otherwise long distance
pipelines and large distribution networks have to be constructed. In contrast, a
water and wastewater system managed in a decentralized manner has drawn wide
attention (Gaulke et al. 2008; Chen and Wang 2009; Fujiwara 2012). The principle
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of decentralization can mainly be characterized as an independent collection
system covering a smaller service area, onsite treatment and onsite reuse to avoid a
long haulage distance for both the collected wastewater and the treated effluent
(Wang 2007). With the fast urbanization and/or expansion of existing cities, the
future tendency of urban water and wastewater system planning will be an
optimized combination of centralized and decentralized systems (Wang et al.
2008b). The principle for system optimization is to put water supply, wastewater
collection/treatment, wastewater reuse, and the urban water environment into a
district water cycle. The system will be designed in a manner that the best
management of the water cycle can be easily performed.

5.2 CONCEPTS OF WATER CYCLE MANAGEMENT

5.2.1 Natural Hydrological Cycle

At a global scale, all water is locked into a constant recycling process called the
hydrological cycle. The hydrological cycle is initially driven by solar energy
(Alavian et al. 2009; Narasimhan 2009). There are two basic processes involved
in the cycle, namely evaporation and condensation of water. Evaporation involves
adding energy to water molecules so that they become water vapor, while
condensation is the reverse process in which molecules of the water vapor give
up energy and return to the liquid form. The most intense evaporation occurs on
the ocean surface that covers more than 70% of the Earth surface. Moisture is also
evaporated from the bodies of freshwater, soil and the surfaces of plants (known as
evapotranspiration). The water vapor in the air moves across the surface of the
Earth as the atmosphere circulates. As moist air cools, it is condensed into droplets
that fall to the Earth as rain or snow. Water, flowing over the Earth as surface
water or through the soil as groundwater, returns to the oceans so the cycle starts
again. Such a recycling process of water volume is essential for keeping a dynamic
equilibrium of water in various water bodies such as rivers, lakes, and groundwater
aquifers (Kuchment 2004; Kundzewicz 2008a).

On the other hand, the hydrological cycle is also a process of water
purification that ensures the provision of fresh water resources in the cycle by
a series of physical, chemical, and biological reactions (Oki and Kanae 2006;
Kundzewicz 2008b). In the processes of evaporation and evapotranspiration, only
pure water molecules are evaporated so that the water precipitated back to the
Earth is ‘freshwater’ in nature though its origin is mostly the ocean where water
contains high concentration of salt. Therefore, desalination is the most important
function the nature performs for providing freshwater to sustain all flora and
fauna on the Earth. In the processes of water flow in rivers and streams and/or
storage in lakes and ponds, the impurities in water can be removed physically,
chemically, physiochemically, and biologically through what we know as self-
purification processes such as sedimentation, adsorption, oxidation, aerobic
degradation and so on (Vagnetti et al. 2003; Kuchment 2004). The groundwater
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in the underground aquifers can also be purified as it moves in the porous space by
natural filtration process.

5.2.2 Urban and District Water Cycle

The natural hydrological cycle discussed above is the fundamental water cycle
everywhere in the world. It can be analyzed at global scale, and also at continental,
water basin or sub-basin scale with clear boundary conditions (Tubiello et al. 1999;
Vorosmarty and Sahagian 2000; Henderson-Sellers et al. 2004; Molle and
Mamanpoush 2012). A water cycle at its primary state, i.e. without large-scale
human disturbance, is always under a dynamic equilibrium condition that can be
calculated according to water budget and material balance relations (Chikita et al.
2004; Kebede et al. 2006).

From ancient times, people located their homes near water and used water in
the simplest manner such as taking freshwater from a nearby clean stream and
then disposed the used water arbitrarily. As the scale of water withdrawal and its
final disposal was insignificant, it was unnecessary to worry about the water
availability and its quality deterioration. The scientific reason behind this, as we
know well nowadays, is the carrying capacity of the natural water cycle that could
greatly absorb human disturbance and sustain a ‘healthy’ condition for the water
bodies (Feng et al. 2008). People were also able to differentiate ‘good water’
(palatable water) from ‘bad water’ (non-palatable water) according to experiences
and tried to protect the safe water from being spoiled (Heathwaite 2010).

With population growth and the progress of civilization, individual dwellings
grew to villages or communities, villages and communities then grew to towns.
Towns became larger and larger and gradually formed cities, all accompanied with
growing scale of water applications such as transportation and irrigation in
addition to the primary purposes of drinking and washing (Postel et al. 1997;
Novotny and Brown 2007; Sobsey et al. 2008). However, it was until the industrial
revolution era when people realized the disturbance of human beings on the intact
of natural water cycle and began to suffer from the associated water problems
(Raskin et al. 1996). In order to protect human health, modern sanitation systems
were firstly provided in London and other fast developed European cities for
transferring human wastes swiftly out of the urban area and protecting the source
water from being polluted (Bracken et al. 2007; Lofrano and Brown 2010). As
clean water became less and less available quantitatively and qualitatively within or
near the growing cities, longer distance transfer of source water from remote
locations to cites and large scale drinking water purification and distribution
became indispensible infrastructures for cities (Botkin et al. 1995; Shannon et al.
2008). Meanwhile, as concentrated discharge of human wastes and various
wastewaters into receiving waters brought serious deterioration of their quality,
large scale wastewater treatments had also provided for reducing the pollutant
loading in the waste flows to a level that would not damage the receiving waters
(Larsen and Gujer 1997; Gogate and Pandit 2004).

It is not the purpose of this chapter to review the history of urban water and
wastewater system development. The message to be given to our readers is that in
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a modern city, there is already an artificial water cycle built by human beings to
supply a large amount of water to the city for various uses and then to discharge
the used water out of the city (Amores et al. 2013). The artificial water cycle is
connecting with the nature at two locations: one at the water intake where source
water is withdrawn from a natural water body with sufficient quantity to meet the
water demand, and another at the outlet(s) of treated and/or untreated urban
discharge where the used water returns to the natural water body. The water body
to provide source water and that to receive urban discharge may not be the same
one, but they often belong to the same water basin where the city is located. In
broad sense, within the water basin, the artificial water cycle is overlaid onto the
original natural water cycle (hydrological water cycle) and may strongly disturb
the natural water cycle (Bertrand-Krajewski et al. 2000).

For most cities, the available water resource is distant from the city, and if
a river basin is referred, it is often at the upstream side. Therefore, long transfer
pipelines are usually provided to send the source water (when water purifica-
tion plant is built within the city) or the purified water (when water purification
plant is built near its source) to the city. Likewise, long transfer pipelines may
also be required to send the collected wastewater to locations where wastewater
treatment plants are built. The locations are near the ultimate discharge point
which is also distant from the city and is at the downstream. Long distance
water and wastewater transfer may thus be the main characteristic of modern
urban water systems built in a centralized manner (Burian et al. 2000). As cities
grow larger, larger water systems have to be provided and the water and
wastewater transfer pipelines will also become longer and larger (Noll et al.
2000), not to mention the huge water distribution and wastewater collection
networks within urban areas. In addition to the current difficulties that large
cities face for the operation and maintenance of large centralized water and
wastewater systems and the anticipated difficulties for the systems’ upgrading
and/or replacement, another problem aroused when the reclaimed water
produced in wastewater treatment plants outside a city has to be sent back
to the city area again. This again needs the construction of another long
distance water transfer pipeline unless the consumers of the reclaimed water,
such as an industry or an agricultural farm, are near the location of its
production.

For these reasons, it is widely recognized that the centralized urban water and
wastewater system, though it is still the main type of urban infrastructure and with
a long history and rich engineering experiences for its design, construction,
operation and maintenance, is only suitable for water supply and wastewater
management in a conventional manner characterized by ‘end-of-the-pipe’ tech-
nology without water reuse (Somlyody 1995). With the needs for recovery of water
and other useful materials from wastewater, a decentralized system has shown its
advantages over the centralized system in integrated water, wastewater, reclaimed
water and even other useful materials’ recovery in smaller systems where long
distance transfer of any water flow can be left out (Mankad and Tapsuwan 2011;
Marlow et al. 2013).



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

DISTRICT WATER CYCLE MANAGEMENT FOR WASTEWATER REUSE 153

Although system scale may be an important factor when centralization and
decentralization are discussed, the essence of the concept of decentralization is not
merely the system scale but the principles of (Gunaratnam et al. 2005; Friedrich
et al. 2009; Ray et al. 2009):

o Minimization of fresh water supply and maximization of water recycling.
« Onsite treatment and onsite reuse.

« Harmonic integration of the subsystems of water supply, sewerage, water
reuse, and water environment in one framework.

The system designed following such principles can be as small as necessary
but as large as possible (Deniz et al. 2010). Terminologically, ‘semi-centralization’
(Cornel et al. 2007) is proposed to differentiate a system with moderate scale
designed following these principles from the conventional centralized system and
also from small size systems. In order to get rid of terminological confusions and
stress the relation between an engineered water/wastewater system and its related
natural waters, ‘district water cycle’ is used in this chapter to express a water cycle
involving both the artificial and natural elements of a water system for a whole or a
part of a city irrespective of the system scale.

5.2.3 Conceptual Models

Model of an urban/district water cycle. An urban or district water system usually
has four elements or subsystems, namely water resource subsystem, water supply
subsystem, water use subsystem, and wastewater subsystem (Mitchell et al. 2001;
Fane 2005; Friedrich et al. 2009; Lim et al. 2010). Figure 5.1 outlines the
relationships among these subsystems and the formation of an urban/district

Urban/district water system (artificial part of the water cycle)
Water
Water
Water use Wastewater
supply
resource subsystem subsystem
. subsystem T
subsystem (facilities for (facilities for
. (water X i
(water intake, . domestic, wastewater
. purification . . .
pumping, lants industrial, collection,
source water . P o municipal, treatment,
N distribution . .
transfer etc.) environmental discharge etc.)
network etc.)
water uses)

I (Natural part of the water cycle) 1

Related water basin
(surface water and/or groundwater, as source water and/or
receiver of urban discharge)

Figure 5.1. Composition of a conventional urban/district water system and the
formation of an urban/district water cycle that contains the artificial and
natural parts
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water cycle which contains the artificial part (the urban/district water system) and
the natural part (the related water basin as source water and/or receiver of urban
discharge).

Models of urban wastewater reuse. Through a conventional urban/district
water system, water uses are in an ‘end-of-the-pipe’ manner (Somlydédy 1995) in
which freshwater from a natural water body is supplied for various uses and the
used water is discharged back to the natural water body thus forming a water cycle
as indicated in Figure 5.1. In this case, the basic requirement for water supply is
that the total quantity of water withdrawal from the water source should meet the
demand of various water uses in the urban district.

As wastewater is to be used as a usable source, the composition of the urban/
district water system should be modified in either of the following two ways:

« Addition of an inner cycle to the urban/district water system where part of the
discharged water (after quality conversion) returns to the water use subsystem
to supply certain amount of the water for certain uses that do not necessarily
need freshwater. As a result, the quantity of water withdrawal from the water
resource (in the water resource subsystem) and the quantity of water supply
(in the subsequent water supply subsystem) are reduced. This can be called a
‘water saving model’ as shown in Figure 5.2a.

+ An enlargement of the water source by adding an amount of the reclaimable
wastewater to the source water (in the water resource subsystem). As a result,
the capacity of water supply (in the water supply subsystem) to various uses
(in the water use subsystem) is increased. This can then be called a ‘water
source enlargement model” as shown in Figure 5.2b.

Water Water Water

resource i supply ! use | Wastewater
>

fé‘bjéifg =% subsystem [* > subsystem [* +p{ subsystem
4 ; Inner cycle with equivalent flow of AQ
Qmguagl  Frrrmemmmmrees s 1
Related water basin
(a)
r:s%ﬁ?éc Water Water Wastewater
subsystem > supply m use g subsystem
(Q'=Q+AQ) subsystem subsystem
f 5. Recaimati vaervit equivalnt oy or s |
Q v

Related water basin
(b)
Figure 5.2. Models of wastewater reuse for (a) water saving, and (b) water resource

enlargement (AQ as the flow rate of the reclaimable water equivalent to that
of the source water saved or enlarged)




Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

DISTRICT WATER CYCLE MANAGEMENT FOR WASTEWATER REUSE 155

D, f Non-
N . it 1
Potable Domestic/municipal [ 4 collectable
Sl\:;ﬂ;le; use (potable) -
) D, 4
F Water |p Domestic/municipal ' 1
Frefshwater 0, purification ! use (non-potable) -iwo Wastewater
source plants D, i »| treatment |= -]1
Industrial use -1 plants H
(potable) My Iy
D, 18
T Water g 4 : 2
Reclaimable | %} o Jamation |-<l- ) Industrial use - ! J:f
water plants (non-potable) 4 Non 1 E
7y ~ . i
\ Reclaimed D ; collectable !
; g::vatler > Environmental use |
: SUpply (non-potable) -: I
. v Ry

Figure 5.3. Quantitative model of an urban/district water cycle with water reuse (in
many cases, a water reclamation plant may be part of the wastewater treatment
plant where reclaimed water is directly produced)

A quantitative model of an urban/district water cycle. When wastewater is
used as a resource either for water saving or water resource enlargement, a
quantitative model can be formulated as shown in Figure 5.3. From the viewpoint
of water supply, water from both the freshwater source (surface water and/or
groundwater as available) and reclaimable water source (from the urban and/or
district wastewater treatment plants), after proper treatment, should be with sufficient
quantities to meet the demands for the following potable and non-potable water uses
(Bixio et al. 2006; Gikas and Tchobanoglous 2009; Willis et al. 2011):

o Domestic use: household and community water uses for potable and non-
potable purposes.

 Municipal use: urban public water uses including those for public service and
commercial activities of potable and non-potable purposes.

o Industrial use: water uses in industries for industrial processes and related
activities of potable and non-potable purposes.

 Environmental use: water uses for environmental purposes including land-
scaping, gardening, urban irrigation etc. which can be considered as non-
potable water consumptions.

Agricultural irrigation is not put into Figure 5.3 because in most cases, urban
reuse is the main objective of water reclamation.

Materials balance model of an urban/district water cycle. In a conventional
urban/district water system, water from a freshwater source has to be treated to meet
the quality requirement for potable use but in fact it is supplied for various uses. The
collectable wastewater is then treated to meet the quality requirement for discharging
into a receiving water body (Bouwer 2000; Sarkar et al. 2007). In such a case, the mass
balance relationship is simple because the pollutant loading in the collectable



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

156 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

Cis AM,, ‘—> Loss,,

! AM,
Wt
Freshwater |F; Potable v Wﬁ Wastewater | _ __T ™
supply C,; water use 1 treatment
WI Cr,w!
—> W,-R,
AM,, R, (discharge)
|‘ v
Reclaimed |[R, | Non-potable | y Water | _ _
water supply | C,, water use reclamation 1
: YAM,,,
7Y I
R R,
Toss LOSS“I
Cr.l

Figure 5.4. Materials balance model of an urban/district water cycle with water
reuse regarding pollutant i

wastewater flow is only a factor to be considered in designing the wastewater
treatment facilities but not a factor to affect the quality for water supply. However, as
wastewater becomes a useful resource, there is an inner water cycle within the water
system as shown in Figures 5.2 and 5.3. In this case, in addition to the requirement of
reclaimed water quality for reuse purposes, there should be a requirement on
prevention of pollutant accumulation in the water system. Therefore, materials
balance analysis may become important for rational design of the system.

Figure 5.4 is the materials balance model of an urban/district water cycle with
water reuse. Attention is paid to the mass balance of pollutant i in the water cycle. In
the figure, |, Wy, W, Ry, Ry, Fi, and Ry, are quantities of potable water supply,
collected wastewater, treated wastewater, source water for reclamation, reclaimed
water supply, water lost during potable water use, and water lost during reclaimed
water use, respectively, all as m%d; C;, C;y, and C;, are concentrations of
pollutant i in potable water, treated wastewater, and reclaimed water, respectively,
all as mg/L or gm?; Fi,, and Ry, are quantities of water loss during potable and
non-potable water uses, respectively, all as m*/d; Loss,, and Loss,,, are quantities of
water loss in wastewater treatment and water reclamation, respectively, all as m?d;
AM;,, AM;;, AM; i, and AM;, are masses of pollutant i entered the water cycle or
removed from the water cycle through potable water use, reclaimed water use,
wastewater treatment, and water reclamation, respectively, all as g/d.

5.3 METHODS FOR WATER CYCLE ANALYSIS

5.3.1 Water Budget Analysis

Water budget analysis is usually an analysis of the relationship between various
water demands and the capacities of water supply which depend on the availability
of water resources. As shown in Figure 5.3, water demands for an urban district
may mainly include those for domestic/municipal, industrial, and environmental
uses. For conventional urban water supplies, where tap water with potable water
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quality is distributed to the whole service area with high quantity irrespective of
the purposes of water use, the water demand is calculated regarding the total
quantity based on population (for domestic use), population and/or service scale
(for municipal use), type and production capacity of industry (for industrial use)
and so on (Berger et al. 2007). However, when reclaimed water is also used for
water supply, more detailed analysis is required on both the demands for water
quantity and quality because of the qualitative difference between the reclaimed
water and ordinary tap water. Table 5.2 summarizes the main water usages and
corresponding requirements for potable water and/or reclaimed water as alter-
natives (Joksimovic et al. 2006; Berger et al. 2007).

Table 5.2. Urban water usages and corresponding requirements for water supply

Supply requirement

Potable  Reclaimed
Water usage water water Remarks®

Domestic water use

Drinking/cooking XX
Bathing/washing XX
Toilet flushing X X Dual pipe needed
Gardening X XX
Municipal water use
Drinking/dining services XX
Swimming pool XX
Commercial laundries X X High quality required
Toilet flushing X XX
Cleaning X XX
Fire protection X X High quality required
Urban irrigation X XX
Car washing X X High quality required
Construction work X XX
Industrial water use®
Cooling water X XX
Washing water X XX
Boiler water X X Special quality
Process water X X requirement
Environmental water use
River flow augmentation X XX
Recreational lake/pond X XX

Note: xx: preferential use; x: alternative use
*Remarks on reclaimed water use
PIndustrial water use may also include water for drinking and/or dining that requires potable water

supply
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For domestic or household water supply, reclaimed water may be preferen-
tially used for gardening. Toilet flushing may also use reclaimed water, but this
often needs the provision of dual pipe systems to supply potable and reclaimed
waters to each household (Jorgensen et al. 2009). For municipal water supply,
reclaimed water may be preferred for toilet flushing in public buildings, street
cleaning, urban irrigation, and construction work (Willis et al. 2011). Commercial
laundries, fire protection, and car washing may also be potential users of reclaimed
water (Kennedy and Tsuchihashi 2005), but higher water quality is often required
to ensure that clothes and cars may not be stained or scratched, and water quality
deterioration may not easily occur in fire water tanks. Reclaimed water is most
popularly used in industries for cooling and washing (Bixio et al. 2006). It can also
be used as boiler water and process water, but specific quality requirement often
has to be taken into account (Wintgens et al. 2005).

Taking both the quantitative and qualitative requirements into consideration,
a water budget analysis can be conducted regarding the relationship between
available water resources and various water demands. As shown in Figure 5.3, in
an urban/district water cycle with water reuse, the freshwater from surface and/or
underground sources is the primary source water with a quantity Fy, and the
reclaimable water as part of the effluent from the wastewater treatment plant is the
secondary source water with a quantity Ry. ‘Secondary’ here does not mean it is
less important but means it is derived from the primary source water after being
used. Another feature of water flow in the water cycle shown in Figure 5.3 is that
the reclaimed water, after being used for certain purposes, may also add to the
collectable wastewater flow which enters the wastewater treatment plant and thus
enlarges the potential for water reclamation. Therefore, the following relationships
can be established.

Supply-demand relationship for potable water. If the freshwater source is
only used for potable water supply, its quantity should meet the following
relationship:

where, F, is the quantity from freshwater source, F; is the quantity of total
potable water supply after water purification, D; and D; are demands of potable
water uses for domestic/municipal consumption and industrial consumption,
respectively.

Supply-demand relationship for water reclamation. If all non-potable
water uses are supplied by reclaimed water, the relationship between the quantity
of reclaimable water and the demands for reclaimed water supply should be
as below:

Wl > RO > Rl Z D2 + D4 + D5. (Eq. 5.2)
where, W, is the quantity of effluent from wastewater treatment plant, R, is the
quantity of reclaimable water, R, is the quantity of total reclaimed water supply,
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D,, D, and D; are demands of reclaimed water uses for domestic/municipal
consumption, industrial consumption, and environmental consumption,
respectively.

Reclaimable water source. After potable and reclaimed water uses, part of the
used water can be collected through the wastewater collection system, while others
are not collectable such as those lost due to evaporation into atmosphere or
penetration into soil, diverted out of the system, and carried away by consumers.
The quantity of the reclaimable water can thus be determined by the following
relationship:

Rl < RO < Wl < WO=(XF1 + BRI (Eq 53)

where, W is the quantity of collected wastewater as the influent to wastewater
treatment plant, a is the fraction of water collected after potable water use (o < 1),
B is the fraction of water collected after reclaimed water use (f < 1).

If the wastewater treatment and water reclamation units shown in Figure 5.3
are combined to one treatment unit as in the case of reclaimed water production
directly from collected wastewater and the recovery ratio of reclaimed water
production (the quantity ratio of reclaimed water to collected wastewater) is
written as y (y < 1), then Eq. 5.3 can be rewritten as

R
W, = 71 =aF, + BR, (Eq. 5.4)

The relationship between R, the quantity of reclaimed water supply, and F,,
the quantity of potable water supply, can then be written as

R, oy
— = (Eq. 5.5)
Fy  1-Py

where, 2L can be called ‘recycling ratio’ in an urban/district water cycle. If the

reclaimclﬂf3 "water is only used once but not recycled again, then p=0 and the
recycling ratio is oy which is the product of o, the fraction of water collected after
potable water use, and v, the recovery ratio of reclaimed water production. The
latter is mainly determined by the fraction of the collected wastewater to be used
for water reclamation, in addition to the loss of water in the reclaimed water
production process.

5.3.2 Materials Balance Analysis

Materials balance analysis principally follows the law of conservation of mass
(Chikita et al. 2004) which can be expressed as

Inputs — Reacted = Outputs + Accumulated (Eq. 5.6)

For materials flow in an urban/district water cycle shown in Figure 5.4, each
of the items in Eq. 5.6 can be evaluated regarding pollutant i as followings.
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Inputs of pollutant i to the water cycle. The inputs of pollutant i
include those entering the water cycle with freshwater and reclaimed water
supplies, and those adding to the water cycle due to freshwater and reclaimed
water uses.

Inputs=F,C;s + R,C;, + AM;, + AM;, (Eq. 5.7)

Pollutant i reacted (removed). The masses of pollutant i reacted include
those removed in the processes of wastewater treatment and water reclamation.

Reacted=AM,,,, + AM;,,, (Eq. 5.8)

Outputs of pollutant i from the water cycle. The outputs of pollutant
i are those contained in the waters which are used and cannot be collected
along with potable water use, reclaimed water use and treated wastewater
discharge.

Outputs = Flossci,f + RipssCir + (Wl - RO)Ci,wt (Eq 5.9)

Accumulation of pollutant i in the water system. As discussed in Sec-
tion 5.2.3, because there is a closed loop of reclaimed water in the water cycle,
pollutant accumulation may occur in the water system. By substituting Eqs. 5.7-
5.9 into Eq. 5.6, pollutant accumulation item can be solved as

Accumulated = (Fl - Floss)ci,f + (Rl - Rloss)ci,r - (Wl - RO)Ci,wt
+(AM;, + AM;, — AM;,,, — AM;,,,) (Eq. 5.10)

All items on the right sides of Eqs. 5.7-5.10 are those indicated in Figure 5.4.

5.3.3 Requirement for Water Quality Conversion

For water reuse, there is basically a requirement for the reclaimed water quality to
meet the needs for various reuse purposes. This often requires considerations on
the qualities of the wastewater as the source water for reclamation (Deniz et al.
2010) and the objectives of water reuse. Standards, regulations, and guidelines are
put forward by international organizations (WHO 2006) and governmental
agencies in many countries (U.S. EPA 2004; UNEP 2005; JISM 2006; Ministry
of Water Resources, PRC 2006) to provide criteria for setting targets of water
quality conversion for safety use of reclaimed water. This relates to a careful
selection of suitable treatment technologies which will be discussed in detail in
Section 5.4.

On the other hand, for a water cycle discussed in this chapter, attention
should also be paid to the prevention of pollutant accumulation in the water cycle.



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

DISTRICT WATER CYCLE MANAGEMENT FOR WASTEWATER REUSE 161

Based on the materials balance relationship discussed in 5.3.2, the limit condition
for zero-accumulation of pollutant i can be extrapolated from Eq. 5.10 as

(Fl - Floss)ci,f + (Rl - Rloss)ci,r - (Wl - RO)Ci,wt
+ (AMLP + AMI",, - AMi,Wt - AMi,Wr) =0 (Eq 511)

5.4 WATER CYCLE MANAGEMENT FOR QUALITY CONTROL

5.4.1 Treatment Technologies for Wastewater Reuse

General stages of wastewater treatment. At present time, unit operations and
processes are grouped together to provide various levels of treatment known as
preliminary, primary, advanced primary, secondary, tertiary, and advanced
treatment, each has the following characteristics (Asano et al. 2007).

Preliminary treatment: mainly by screening for removal of wastewater
constituents such as rags, sticks, floatables, grits, and grease.

Primary treatment: mainly by sedimentation (and flotation sometimes) for
removal of a portion of the suspended solids and organic matter from
wastewater.

Enhanced primary treatment: enhanced removal of suspended solids and
organic matter from the wastewater, typically accomplished by chemical
addition or filtration.

Secondary treatment: biological and chemical processes for removal of
suspended solids, biodegradable organic matter (in solution or suspension),
and microorganisms (by disinfection usually as the final step).

Secondary treatment with nutrients removal: enhanced biological and chem-
ical processes for removal of biodegradable organics, suspended solids, and
nutrients (nitrogen, phosphorus, or both nitrogen and phosphorus).

Tertiary treatment: additional removal of residual suspended solids (after
secondary treatment), usually by granular medium filtration, surface filtra-
tion, and membranes (nutrients removal is often included).

Advanced treatment: additional combinations of unit operations and pro-
cesses for removal of constituents that are not reduced significantly by
conventional secondary and tertiary treatment for specific water reuse
applications.

Although primary and/or enhanced primary treatments are still used in some

countries and regions, secondary treatment (including secondary treatment with
nutrients removal) has become the minimum required process before urban
wastewater is discharged into receiving water bodies in most cities all over the
world (Sonune and Ghate 2004). The quality of the secondary effluent can
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marginally meet the requirement for certain reuse purposes such as gardening and
urban irrigation, but in most cases, tertiary and/or advanced treatment are
required for reclaimed water production for broader range of purposes including
industrial and most domestic/municipal uses (de Koning et al. 2008). The
selection of unit processes for tertiary and/or advanced treatments depends on
the treatability of various pollutants in wastewater. Table 5.3 summarizes the
treatability of a spectrum of pollutants usually encountered by a series of unit
operations typically used for water reclamation (Asano et al. 2007; Tansel 2008).

Conventional tertiary treatment. Among the unit operations listed in
Table 5.3, coagulation, depth filtration, surface filtration, dissolved flotation, and
disinfection belong to the category of conventional tertiary treatment processes
because they are the processes conventionally used for drinking water purification
(Tansel 2008). By a combination of these unit operations, suspended particles,
particulate organic matter, and microorganisms can be well removed. However,
most of the dissolved matters (organics and inorganic salts), nutrients, and trace
pollutants are not removable by these operations except for coagulation which can
effectively remove phosphorus through the action of chemical precipitation
(Omoike and Vanloon 1999; Sonune and Ghate 2004).

Advanced treatment. Carbon adsorption, ion exchange, electrodialysis, and
advanced oxidation can be taken as unit operations for advanced treatment for
water reclamation, because, as shown in Table 5.3, the main target of treatment is
to remove dissolved organic matter, trace pollutants, TDS etc. which are hardly
removable by conventional tertiary treatment. Of these unit operations, ion
exchange and electrodialysis are widely used in industrial water treatment for
the reduction of salt content for water supply to boilers, textile industries and
pulp/paper processes etc. which often need TDS concentrations as low as
100 mg/L or still lower level (Cavaco et al. 2007). For water reclamation, ion
exchange and electrodialysis are also used mainly in industries but not for other
reuse purposes. Carbon adsorption and advanced oxidation are widely used for the
removal of the dissolved organic substances especially the non-biodegradable
fraction. A combination of these two processes is also a common practice in many
cases by placing a carbon adsorption unit after oxidation for an effective removal
of the oxidized products including the trace oxidation byproducts (Ince and
Apikyan 2000). When ozone is used as the oxidant, it can partially oxidize the
organic molecules and improve their biodegradability (Ledakowicz et al. 2001). In
this case, ozonation is often followed by biofiltration with quartz sand or granular
activated carbon as biofilm carriers. The latter treatment is called a biological
activated carbon process (Zhang et al. 1991).

Membrane filtration. Although membrane filtration is sometimes regarded
as tertiary or advanced treatment, due to its unique properties for pollutant
removal all the pressure-driven membranes can be put into one group in Table 5.3.
It is noticeable that all pollutants listed in Table 5.3 can be removed by membranes
because the cutoffs of MF, UF, NF, and RO range from micrometers to molecule
sizes, irrespective of the physical, chemical, and biological properties of the
pollutants in the water to be treated (Deniz et al. 2010). Therefore, direct filtration
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using one and/or several stages of membranes is considered to be an effective way
for water reclamation (de Koning et al. 2008). Taking advantage of physical
cutoffs, the low-pressure membranes such as MF or UF can also be combined with
other physicochemical operations such as coagulation and adsorption. Specific
pollutants which can easily coagulate and/or adsorb onto particle surfaces can
attach to the flocs and/or adsorbents and then be removed by membrane filtration
even though the pore size of the membrane is not fine enough for direct removal of
these pollutants (Asano et al. 2007; Fujioka et al. 2012).

Another combined process for wastewater treatment and reuse is a membrane
bioreactor (MBR) which combines biological treatment with an integrated
membrane system to provide enhanced organics and suspended solids removal
(Alturki et al. 2010). In a MBR system, membranes (usually MF or UF) replace
both sedimentation and depth filtration for separating the biomass in the
suspended liquor in the biological unit. The biomass concentration in the reactor
can be several folds higher than that in conventional activated sludge tanks so that
biological degradation can be performed more effectively. Due to the good
separation capacity of the membranes, solid/liquid separation can be performed
effectively as well. Therefore, the treated water is often of high quality to meet the
requirement for various reuse purposes (Santasmasas et al. 2013). MBR is widely
recognized as the most promising technology in water reuse systems.

5.4.2 Water Quality Control during Storage

To supply reclaimed water for reuse in an urban district, water storage is often
required. Similar to conventional water systems for supplying potable water to a
service area, the objective of reclaimed water storage is for providing a storage
capacity which can equalise the imbalance between its inflow (supply) and outflow
(demands). An optimized design of the storage facilities may require a careful
analysis of the supply (usually a constant flow)—demand (usually a varied or even
intermittent flow) relationship (Keller et al. 2000). Another simpler but commonly
used method is to provide a storage capacity of 25 to 50 percent of the maximum
day demand (Majozi 2005, 2006). The storage facilities can be reservoirs (open
storage) or tanks (enclosed storage). According to the elevation, water can be sent to
the consuming points by gravity (elevated tank) or pumping (ground level tank). In
an urban/district water cycle when landscaping lakes or ponds are replenished by
reclaimed water, the lakes/ponds can also be utilized as storage facilities.

General water quality problems during storage. Water quality deterioration
may occur during storage due to climatic conditions (solar radiation, temperature
etc.), microbial actions (microorganisms and algae growth), physical features of
storage reservoirs (capacity, open surface, depth etc.), and operation modalities
(continuous flow or batch storage) (Cirelli et al. 2008). The issues of concern
include physical, chemical, microbiological and aesthetic water quality problems
(Asano et al. 2007).

Water temperature, turbidity and suspended solids are typically physical
water quality parameters. Water temperature can increase significantly when
reclaimed water is stored in open reservoirs or aboveground storage tanks,
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particularly under hot and arid climates. Although water temperature may not
directly affect the uses of reclaimed water, an elevated water temperature can
accelerate changes in water quality such as bacterial and algae growth, and
chlorine residual reduction (Kirmeyer et al. 2001). In open reservoirs, plankton
and algae growth and local runoff may also result in significant increases in
turbidity and suspended solids concentrations (Geldreich 1996).

Parameters related to chemical water quality include pH, alkalinity, and
disinfectant residual (residual chlorine in most cases). As water is stored,
biological oxidation of residual organic matter may happen. This releases carbon
dioxide as a byproduct and thus lowers the pH of the water stored. On the other
hand, biological nitrification of residual ammonia to nitrate may also release
hydrogen ions that lower the water pH as well. Residual chlorine concentration
may decrease as the residence time of water in the storage facilities increases.
Bacterial re-growth can easily occur if residual chlorine drops to low concentra-
tions (Jjemba et al. 2010).

Microbiological problems during storage are mainly caused by algae growth.
When sunlight is available as energy source, algae growth consumes CO, in water
and produces dissolved oxygen (DO), while when sunlight is not available algae
use DO in water for respiration and releases more CO, to water (Robertson et al.
2003). Excessive algae growth in open storage reservoirs can lead to operation and
maintenance problems for irrigation water reuse. The presence of algae in the
stored water is also aesthetically unacceptable for many reuse applications.

The physical, chemical, and microbiological problems discussed above may
all result in the generation of color and turbidity in the reclaimed water stored.
This strongly influences the aesthetic property of water for its uses. Another
aesthetic issue is the generation of offensive odor as a result of the accumulation of
ammonia and hydrogen sulfide under a condition of low DO concentration
(Keller et al. 2000). Loss of oxygen and odor formation often happen in stagnant
water in underutilized enclosed storage tanks or in the bottom layer of stratified
open reservoirs where anaerobic zones are in existence. Due to depleted DO
concentration, nitrification of ammonia cannot proceed smoothly so that ammo-
nia gas can accumulate. When the reclaimed water contains dissolved sulfates,
they can be biologically reduced to hydrogen sulfide by facultative bacteria under
anaerobic conditions (Wilkie et al. 1995).

Water quality control for open storage reservoirs. The strategic counter-
measure for preventing water quality deterioration in open storage reservoirs is to
use aeration for providing oxygen and eliminating stratification (Asano et al.
2007). The commonly used aeration facilities include surface aerators with high
pumping capacity, brush aerators, static tube aerators, and diffused aeration
devices (Gonzalez 1995). In order to prevent planktons from uncontrolled growth,
copper sulfate and other selective algaecides can be used. This often needs a careful
examination of the number and type of microorganisms to be controlled
(Geldreich 1996). It is not recommended to use chlorine for plankton control
in open reservoirs because chlorine may combine with odor-causing compounds
present in the reservoirs to intensify odors (Robertson et al. 2003).
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( Aeration: eliminate thermal stratification

Alum precipitaiton: remove SS and phosphorus
Copper sulfate addition: control algae growth
Destratification: use submerged or aspirating mixers
Open storage Dilution: blended with clean water

reservoirs < Dredging: limit the formation of deposits and the
generation of hydrogen sulfide

Filtration: remove algae, improve the clarity of water
Management Photooxidation: manage the water quality

strategies . .
Wetlands treatment: improve the clarity, remove algae

K Withdrawal from selected depths: obtain varying water
quality

Aeration: eliminate the formation of odors

\_ Enclosed storage

B Chlorination: control microorganisms growth
reservoirs

Recirculation: limit the growth of microorganisms and

the formation of odors
Figure 5.5. Management strategies for open and enclosed reservoirs used for the
storage of reclaimed water

Water quality control for enclosed storage reservoirs. For enclosed reser-
voirs, the main strategic measures include providing facilities to re-circulate the
contents of the storage volume and to dose additional chlorine to maintain a
residual at sufficient high level (Robertson et al. 2003). Aeration devices or pumps
are widely used to circulate the stored water in most cases, while for enclosed
storage tanks of smaller scale, the inlet and withdrawal piping can be configured in
a manner to secure water circulation without additional device (Singleton and
Little 2006). Chlorine addition is usually limited to small off-line storage reservoirs
typically used for landscape irrigation and some industrial reuse applications.

The management strategies for open and enclosed storage reservoirs are
summarized in Figure 5.5. Regardless of whether open or enclosed storages are
used, to ensure that the reclaimed water is produced with good quality is the most
effective countermeasure, especially for a system where long-term water storage is
required.

5.4.3 Enhancement of Natural Purification

In a broad sense, water reuse is not a new idea but a long-lasting practice since
human beings began to withdraw water from natural water bodies for various uses
(Raskin et al. 1996). No matter how simple the way of water use is, the used water,
if not completely evaporates into the atmosphere, will return to natural water
bodies through different routes. Therefore, people living in the downstream side of
a river basin will inevitably use the water blended with the treated or untreated
wastewater from the upstream (Postel et al. 1997). The larger the scale of water use
in the upstream area, the higher percent of wastewater blended in the source water
at downstream. However, people do not refuse such a manner of water use because
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Figure 5.6. A water district with an environmental lake as a quality and quantity
buffer

Source: Figure 13 in Tambo et al. (2012); reproduced with permission from Journal of Water
Sustainability

they perceive that the water, even at the most downstream section of a long river, is
from the natural source but not somewhere else. Scientifically, the water is safe for
use in most cases because it has been purified naturally while flowing through the
river channel, although a part of it has been used many times. The natural
purification or self-purification mechanism is well illustrated by Streeter and
Phelps (1925) who formulated a model to describe the consumption of oxygen in
an idealized river that is proportional to the biochemical oxygen demand (BOD).
Numerous studies have indicated that a natural water body can perform the roles
of removing organic and inorganic pollutants, and even micro pollutants through
physical, chemical, physiochemical, biological, and ecological actions (Gijzen
2006; Karaouzas et al. 2011). The function of natural purification can also be
called water metabolism (Tambo 2002; Wang and Chen 2010; Tambo et al. 2012).
It is recommended that water reuse can be integrated into a water district as shown
in Figure 5.6 where an environmental lake, either natural or artificial, can be
utilized as a quality and quantity buffer in the district water cycle.

If water reuse is practiced in such a natural or semi-natural manner, the
reclaimed water quality can be controlled or even improved by enhancing natural
purification in the water bodies via the following ways (Karaouzas et al. 2011):

o Optimization of hydraulic/hydrological conditions: making water flowing but
not stagnating in any part of the water body, usually by rational control of
hydraulic retention time (HRT), careful selection of locations for its inflow
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and outflow, modification of flow path etc. For large lakes receiving local
runoff, hydrological calculation is needed.

o Enhancement of reaeration: improvement of the reaeration condition in the
water body, usually by the installation of aerators or utilization of hydraulic
potential to form waterfalls, etc. Water entertainment facilities over a
landscaping lake often need water pumping to create water scenes. They
can also be utilized for enhancing reaeration.

o Vegetation management: utilizing aquatic plants to improve the ecological
condition and assist nutrients removal in the water body. Aquatic planting
can often combine with wetland systems adjacent to the water body. Floating
beds of the plantation are also used in many cases.

5.5 A CASE STUDY

5.5.1 Case Description

The project site is Xi’an Siyuan University located in the southeast suburban area
of Xi’an, a megacity in northwest China where low annual precipitation and dry
climate result in serious water shortage problems. The university campus is on a
hill with an average elevation about 200 m higher than the surroundings and about
13 km from the central city. As this area is not covered by the centralized urban
water supply system, the university has depended on groundwater wells for
obtaining water for various uses since it was established in 2001. The maximum
capacity of groundwater withdrawal is 3000 m*/d which could meet the demand
for potable and non-potable water uses years ago when the number of students
was small. However, with the fast development of higher education in China, the
university expanded its scale rapidly and began to face a water shortage problem.
Currently, the number of students living in the campus amounts to about 25000,
and the campus area covers an area about 80 ha of which about 50 ha are green
belts. The university also plans to increase the total number of students to 35000 in
five years. By taking into account the limited amount of groundwater as the source
for water supply and the students as the main users of water, the available water is
merely 120 1/d per capita at present and will be 85-100 L/d in the near future,
which can marginally meet the lowest requirement for potable consumption but
insufficient at all for non-potable consumptions as irrigating the large green belt in
such a dry area often needs large amount of water. In order to solve the water
shortage problem, the university had two options: one was to enlarge the water
source such as to apply to the municipal government for access to the urban water
supply network; another was to practice on campus wastewater treatment and
non-potable water reuse. As water reclamation and reuse has been encouraged and
supported by local authorities, the university decided to choose the later option. A
project was thus implemented for building a wastewater treatment and reuse
system to meet the present and future requirements.
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Figure 5.7. Relationship between water demands, available sources, and
categories of water supply for water budget analysis

5.5.2 System Design and Implementation

Water demand and availability. Water demand and availability were evaluated
by water budget analysis basically following the method described in Section 5.3.1
and taking into account the practical condition as shown in Figure 5.7, where Dy,
D,, D3, Dy, D5 are demands for direct drinking, bathing/washing, toilet flushing,
gardening, and waterfront landscaping, respectively; F, and R, are sources
from groundwater and collectable used-water, respectively; F; and R; are quanti-
ties of fresh water supply and reclaimed water supply, respectively. All quantities
are as m¥/d.
The water budget relationship should meet the following conditions:

D, 4+ D, + D; =R, + (water loss during water use) (Eq. 5.13)
Ry > R; + (water loss during wastewater treatment) (Eq. 5.14)

If the currently used groundwater was taken as the sole source for potable
water supply at the present time (population as 25,000) and in the near future
(population as 35,000), the first question was whether or not the groundwater
supply could meet the needs for potable water use. Through a survey on the service
level and water consumptions for potable uses at various locations [such as
washing at the students dormitories, bathing or showering at the bath center (very
common in China for collective life on campus), students canteens, and educa-
tional facilities that needed fresh water supply], it was estimated that the per capita
water consumption only for potable purposes was between 70 and 80 L/d. By
taking 80 L/d as the demand for per capita potable water use, the current total
water demand for potable water supply would be 2,000 m*/d while that for the
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future would be 2,800 m?*/d. The conclusion was that the maximum capacity of
groundwater withdrawal of 3,000 m>/d could meet the current and future needs
for potable water supply while all non-potable uses were impossible to be covered
by groundwater supply.

The second question was about the non-potable water demand. To answer
this question, a projection was conducted as shown in Table 5.4 for various
purposes of non-potable water supply. The projection was based on an assump-
tion that in the near future (in 5 years) there would be an increase in the
population from 25,000 to 35,000 persons while the campus area would not
change. As a result, the total non-potable water demand at current time was
projected as 3,450 m%d, a value much higher than the demand for potable water
supply. With the increase of population in the future, the demand for toilet
flushing would increase and the total demand would become 3,750 m?/d.

For landscaping lakes, the requirement of 20% daily replacement was mainly
for controlling the hydraulic retention time so that water stagnation or eutrophi-
cation could be easily prevented. This would not physically consume water. In
order to improve the efficiency of water utilization, one possible way would be to
place the landscaping lakes in mid of a water cycle but not as an end-user of the
reclaimed water. As the demand for gardening and toilet flushing was larger than
that for lake replenishment, it would be plausible to let water flow through the lake
before it was used for other purposes. In this way, the total non-potable water
demand would be greatly decreased as shown in the last row of Table 5.4.

System configuration. Following the discussion on the relationship between
water demands, available sources, and categories of water supply, the water system
was configured in a form as shown in Figure 5.7. Under the assumption of future
population as 35000 persons and groundwater supply as 2800 m%d, the collect-
able used-water would be 80% of the total potable water supply as 2240 m%d. As
the reclaimed water used for toilet flushing would flow into to the collection
system, the additional flow to the wastewater treatment and reclamation unit
could be estimated as 90% of the used-water as 945 m%d so that the total inflow to
the treatment unit would become 3185 m%d, a much enlarged source for water
reclamation. If 90% of the inflow could be reclaimed for non-potable water supply,
the potential of reclaimed water production would become 2867 m%d which
could cover the water demand of toilet flushing, gardening, and evaporation and
other losses from the landscaping lakes. According to the distribution of non-
potable water users, a part of the reclaimed water would be sent directly to some of
the locations for toilet flushing and gardening. However, more than half quantity
of the reclaimed water could be injected to the lakes for a replacement of the water
stored. As water could be pumped from the lake to various locations for toilet
flushing and gardening, a dynamic equilibrium state could be maintained between
the inflow (from the treatment unit) and outflow (to downstream reuse) so that
the lake water replacement could be realized without additional water consump-
tion. As shown in Figure 5.8, there could be a surplus (117 m*/d) between the
water supply and demand for gardening, indicating that through the system with a
partially closed water loop and water regulation by the landscaping lakes, the total
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Figure 5.8. Configuration of the on-campus water system

capacity of water supply could be enlarged to more than 5600 m%d including that
for potable and non-potable water supply which is a doubled scale of the original
groundwater supply.

Selection of treatment process for water reclamation. The materials balance
relationship for the on campus water system could take a form as shown in
Figure 5.9. By utilizing Eq. 5.11 in this case for evaluating the required removal of
mass of pollutant i by used water treatment and reclamation, the following
equation was obtained.

AM;, =F,C;; + AM;; + AM;5 — AM;, — (R, — D;)C;;,  (Eq. 5.15)

In Figure 5.9 and Eq. 5.11, Fy, Ry, and Dj; are as indicated in Figure 5.7; C;;
and C;, are concentrations of pollutant i in the groundwater and reclaimed water,

l—> Loss,

Fresh water F Drinking &
supply c, Bathing/washing | |

— A,

777777777777 Uncollectable Ri-D;
after use C,

Figure 5.9. Materials balance relationship for pollutant i in the water cycle



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

DISTRICT WATER CYCLE MANAGEMENT FOR WASTEWATER REUSE 173

Table 5.5. Chinese water quality criteria for different reuse purposes

Reuse purpose

Toilet Landscaping

Parameter Unit flushing lake Gardening
BOD mg/L 10 6

SS (Turbidity”) mg/L (NTU) 5 10 10°
TDS mg/L 1500 - 1000

TP mg/L - 0.5 -

N mqg/L - 15 -
NH;5-N mg/L 10 5 20
Fecal coliform 1/L 3 2000 3
Residual chlorine mg/L 1.0 0.5 1.0

“Turbidity values

respectively, as mg/L or gm’; AM;,;, AM,,,, AM,,3, and AM;,,, are masses of
pollutant 7 input due to bathing and washing, removed by treatment, input due to
toilet flushing using reclaimed water, and removed by septic tank, respectively, all
as g/d; Loss,, Loss,, and Loss; are uncollectable water after drinking and bathing/
washing, water lost in the treatment process, and water lost for desludging the
septic tank, respectively, all as m¥d. Because C;, is the concentration of substance
i in the reclaimed water that meets the requirement for reuse purposes, it could be
decided according to the Chinese standards on water reuse as shown in Table 5.5
for toilet flushing, landscaping lake and gardening (Standardization Administra-
tion of China 2002a, b).

It can be seen that water reuse for lake landscaping demands certain levels of
organic and nutrient contents, while toilet flushing requires specific values of
turbidity, fecal coliform, and residual chlorine. For gardening, the requirement for
salt content (TDS) is high. Therefore, the bold figures in Table 5.5 were taken as
the targets for reclaimed water quality control, i.e. C;, in this case.

On the other hand, the total mass of pollutant i entering the wastewater
treatment unit would be

M;;, =F,Ciy + AM;; + AM; 5 — AM; 4 + D;Cip (Eq. 5.16)
and the mass of pollutant i remaining in the reclaimed water could be

M; o =R, Cip (Eq. 5.17)

Then the required removal of pollutant i by the wastewater treatment unit
equals:

Mi,in -M

Removal (%) = B0 5 100% (Eq. 5.18)

i,in
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Table 5.6. Estimation of organic and nutrients loading

Unit Calculated loading (kg/d)*
loading® Population
Parameter  (g/d/person) (persons) Total Fecal  Miscellaneous
CoD 42 35000 1470.0 558.6 911.4
BOD® 25.2 882.0 335.2 546.8
TN 14 490.0 401.8 88.2
TP 0.8 28.00 19.04 8.96

Note: “Unit loadings were estimated according to experiences in China regarding COD, TN, and TP
(Wang et al. 2008a; Feng et al. 2009). ®BOD/COD ratio as 0.6 in wastewater from domestic source
according to experiences in China. ‘Percents of fecal and miscellaneous loadings were estimated as
38% and 62% for COD, 82% and 18% for TN, 68% and 32% for TP (Feng et al. 2009)

Table 5.6 shows the estimated organic and nutrients loading discharged daily
to the wastewater flowing to the treatment system. By substituting the calculated
miscellaneous loading AMi,1, fecal loading AMi,3 into Egs. 5.16-5.18 and taking
into account the fecal loading reduction by the septic tank, and the target quality
for reclaimed water (bold figures in Table 5.5), the required removals for BOD,
TN, and TP by the wastewater treatment unit were evaluated as 97.7%, 89.1%, and
93.7%, respectively. In order to achieve such a high removal for the production of
high quality reclaimed water and prevention of organic and nutrients accumula-
tion in the water cycle, a sophisticated treatment process as a combination of
anerobic-anoxic-oxic (A*0) and membrane bioreactor (MBR) as shown in
Figure 5.10 was implemented (Hu et al. 2013).

Stepwise water use and enhancement of water quality improvement by the
landscaping lakes. As can be seen from Figure 5.11, the landscaping lakes in the
water cycle have performed several important roles. Firstly, they act as a receiver of
the reclaimed water after being used for a series of on-campus water landscapes
from the upstream side and a provider of water for further uses in the downstream
side so that stepwise water use was realized. Secondly, with a total storage volume
of 5000 m?, the lakes also perform the role of storage reservoirs in the water cycle

MBR
. . tank NaClO
Anaerobic  Oxic
Uﬁ%d % tank tank | 1 i Reclaimed
water 7 water supply
— . < mll
Fine
g;g:]e Regulating screen L L S Permeate
l tank Anoxic } tank
tank
n Desludge

Figure 5.10. Schematic diagram of the anaerobic-anoxic-oxic (A*0) biological
unit followed by a submerged membrane bioreactor (MBR) for reclaimed water

production (full capacity of treatment as 4000 m>/d)
Source: Redrawn from Hu et al. (2013); reproduced with permission from Elsevier
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Reclaimed water
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Figure 5.11. Landscaping lakes in the water cycle for stepwise water use, water
storage and water quality improvement

for equalizing quantitative fluctuation between reclaimed water production and
consumption. Thirdly, their hydraulic and ecological conditions are favorable for
preventing water quality deterioration and even for water quality improvement
because the lake water is always circulating and the waterfalls, fountains and water
plants in the lakes can assist aeration and natural purification in addition to their
landscaping effects (Figure 5.12).

5.5.3 Effects of System Operation

Water source augmentation for various water uses. The system has been put
into full operation since April 2011 after the completion of all construction,
installation and rehabilitation works. With most of the non-potable water uses
shifted from the groundwater supply to the reclaimed water supply, as the
groundwater withdrawal was kept at 2000 m’d on average. Even in the hottest
periods of summer, the groundwater supply did not exceed 2500 m%d. The
condition of water supply was completely changed and over-pumping of ground-
water did not happen again. At the current population level, the daily production
of reclaimed water was about 2500 m*/d which could meet the needs for toilet
flushing and gardening in the whole campus area. As the lakes could store a water
volume for two days’ non-potable water consumption, the contradiction between
the constant reclaimed water production rate and timely fluctuation of water use
was well solved.

The A20-MBR treatment system was partitioned into multiple trains in
parallel to cope with the seasonal fluctuation of inflow because there would be a
substantial decrease in water users on weekends and school holidays. The lakes
could provide a buffer zone in the reclaimed water application system to absorb
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' T )
Figure 5.12. Enhancement of natural purification in the lakes utilizing (a) rockwork
with falling water, (b) fountains, (c) water falls, and (d) water plants

this variation. In the past two years, the system worked well under a dynamic
equilibrium state for effective water use. Lake water overflow only occurred in
heavily rainy days. However, as will be discussed later, because the lakes are almost
in a mimic natural state and with favorable water quality, the occasional overflow
may not result in adverse impacts on the environment.

On the other hand, if Eq. 5.5 is used to evaluate the recycling ratio of water in
the water cycle, referring to Figure 5.7 it can be estimated that the fraction of water
collected after potable water use is o =0.8, the fraction of water collected after
reclaimed water use is $=0.33, and the quantity ratio of reclaimed water to
collected wastewater is y=0.9. It can then be calculated that under the current
condition of water uses, the recycling ratio is

R o
S M 024 (Eq. 5.19)
Fi 1-fy

indicating that in the on campus system the quantity of total reclaimed water
supply (R;) is over the quantity of total potable water supply (F;) and maximized
water reclamation and reuse is realized.
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Figure 5.13. Comparison of the reclaimed water and lake water for conventional
water quality parameters and salt contents (Error bars are based on weekly water
quality monitoring in 2012)

Water quality in the landscaping lakes. The reclaimed water produced by
the A,O-MBR treatment process has provided high-quality water to meet the
prescribed requirements (Table 5.5). Although in the process design, attentions
were mainly paid to BOD, TN, and TP control, with the high performance of the
membrane for effective separation and the provision of final chlorination, the
requirements for turbidity, fecal coliform, residual chlorine were also well satisfied.
As the lakes are not only used for landscaping purpose but also as a storage
reservoir for non-potable water supply, attention should be paid on the variation
of water quality during its storage in the lakes.

Figure 5.13 compares the lake water with the reclaimed water from the
A?0-MBR system regarding conventional water quality parameters and salt
contents based on the weekly water quality monitoring in 2012. It can be seen
from the figures that COD and NHj;-N concentrations became slightly higher in
the lakes than the reclaimed water. This is believed to be due to non-point source
contamination during water storage because COD and ammonia can be from
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various sources relating to human activities. However, it is noticeable that TN and
TP concentrations tended to be lower in the lakes than the reclaimed water,
indicating that the lakes can assimilate nutrient salts through natural processes.
The similar tendency can also be seen from the total salt contents, because both
EC and TDS of the lake water showed lower values than that of the reclaimed
water. Salt accumulation is usually a concern for a water cycle through water
evaporation and continuous input of salt substances such as through toilet
flushing. However, in comparison with the TDS of the groundwater as 320 mg/L,
the TDS of the reclaimed water was maintained at a level just about 100 mg/'L
higher. After storage in the lakes, the TDS almost returned to the original level
of the groundwater. Although the mechanism of salt reduction in the lake is a
topic for investigation, natural actions such as adsorption, ion exchange, plant
absorption, and natural water replacement during rainy days may have played
important roles.

Socioeconomic benefits. The social and environmental benefits of the project
are obvious. Through its implementation, fresh water resource is only used for
potable purposes whereas all non-potable water uses are covered by the reclaimed
water. In other words, the efficiency of water utilization has been doubled and the
precious freshwater resource is saved. Along with the collection and reclamation
of all collectable used waters, wastewater discharge has almost been eliminated,
except for the overflow of excess water from the landscaping lakes in rainy days.
For a university with a large campus area and high green coverage with water
landscapes, water is indispensable for its maintenance. By using the reclaimed
water, a green campus has been well sustained without additional freshwater
supply. The lakes and the surrounding greenbelts have become the central water
landscapes in the university campus (Figure 5.14). The mimic natural beauty has
completely changed human perception on wastewater reuse.

Figure 5.14. Central scenery area in front of the university main buildings with
lakes and green belts maintained by reclaimed water
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For a partially closed water cycle where black water after toilet flushing
returns to the system, sophisticated treatment, such as the A20-MBR process, has
to be applied for obtaining a high removal of pollutants and production of high
quality reclaimed water. This inevitably results in higher unit cost for reclaimed
water production than conventional wastewater treatment and reuse (usually by
biological treatment + coagulation and sand filtration) due to power consumption
(about 1 kWh/m?®) for membrane operation and additional cost for membrane
installation, renewal, and maintenance. However, the average unit cost of
2.02 Yuarvm?® (or 0.22 Euro/m? including all direct and indirect costs) is about
half of the local water tariff for tap water. If the sewage fee of 0.7 Yuan/m?
exempted due to the elimination of wastewater discharge into the public sewer
system is also counted, the economic benefit is more significant.

5.6 SUMMARY

In this chapter, the concepts of water cycle management were discussed with
attentions paid to the relationships between natural hydrological cycle and
artificial water cycle of water uses for various purposes which need water supply
from freshwater sources and water reclamation. From the beginning of civiliza-
tion, human beings on one hand have depended on the hydrological cycle to
obtain available water sources, and on the other hand have learnt from the nature
the ways to purify water when it is deteriorated and to make it qualitatively
suitable for use. In the whole world, water reuse has in fact been practiced for long
on basin scales with a full utilization of the natural purification capacity so that the
discharged wastewater from cities at the upstream can become part of the source
water for cities at the downstream without much concern of water quality
problems. Nowadays as natural water resources are no longer sufficient, and
people have realized that wastewater is a resource, we have to consider how to
utilize this resource in a more efficient and environment-friendly way. The best
answer to this question, as discussed in this chapter, should be to integrate urban
wastewater reuse and other components such as urban water supply, urban
sewerage, and urban water environment into one system characterized by a
district water cycle of semi-natural features. A series of conceptual models were
proposed to describe the urban/district water cycle without or with water reuse,
and the related water budget and materials balance relationships. The fundamental
methods to analyze a water cycle are water budget and materials balance analyses
from which the requirements for water quality conversion through engineering
means can be determined. In addition to the integrated design of urban/district
water systems following the concepts of water cycle management, control of
reclaimed water quality in the water cycle is also important. This needs a careful
selection of treatment technologies based on the treatability of target pollutants in
the wastewater, technologies for water quality control during reclaimed water
storage, and technologies for enhancing natural purification in the water cycle.
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A case study was introduced in this chapter as an example of application of
the water cycle management principles. The system implemented in Xi’an Siyuan
University, China has integrated water supply, used-water collection and recla-
mation, water landscaping in one framework characterized by a local water cycle,
where maximized water reclamation and reuse was realized and the efficiency of
water utilization was more than doubled. With landscaping lakes with sufficient
storage capacity but frequent replenishment by reclaimed water inflow and
outflow as a buffer zone in the water cycle, remarkable effects were obtained in
improving the lake water quality, especially regarding TN, TP, and TDS.
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CHAPTER 6

Green and Sustainable Natural
Wastewater Treatment/
Disposal Technologies

Anushuya Ramakrishnan'
Tian C. Zhang?®
Rao Y. Surampalli®

6.1 INTRODUCTION

The most critical issues in the world today are water scarcity and water pollution
associated with it. An important part of urban development is effective wastewater
treatments (WWT). Urban areas of the world face increasing immigration and
rapid expansion. As one of the major drawbacks, urbanization creates extensive
air, water and solids pollution. Moreover, future demands on potable water in
residential areas would lead to increased wastewater reuse (U.S. EPA 1997). On
the other hand, half of the populations in the world live in rural areas where a
complete sewerage system may never be possible or desirable (NAE 2011). Sewage
contamination has reached dangerous levels. “The greatest challenge in the water
and sanitation sector over the next two decades will be the implementation of low
cost sewage treatment that will at the same time permit selective reuse of treated
effluents for agricultural and industrial purposes” (Green Arth 2012). It is
imperative for us to transform the situations to a sustainable, close-loop urban
wastewater management system that is geared towards the conservation of water
and resources (e.g., nutrient, energy).

Historically, the primary focus of wastewater management activities has been
on community point-source wastewater discharges. Since 1980s, non-point source
pollution control has gained more and more attention. Later, best management
practices (BMPs) have been practiced everywhere (e.g., formally introduced in the
Clean Water Act amended in the 1999). Meaning while, new technologies and
hardware were introduced for small treatment systems (i.e., wastewater flow <
3,785 m?/d), making the implementation of small and decentralized wastewater
management (DWM) be possible. In 1998, Crites and Tchobanoglous (1998)
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published the textbook “Small and Decentralized Wastewater Management
Systems,” symbolizing the significant advance of the movement of DWM. In the
2000s, the concept of low impact development (LID) became popular and is used
for 1) land-use planning, 2) stormwater runoff management (e.g., in the US and
Canada), and 3) any type of development that either enhances or does not
significantly diminish environmental quality (as in the U.K.). All over the world,
people are continuously searching for systems that are appropriate in scale, cost,
and flexibility, and in harmony with the principles of sustainability. Since the
2010s, Green and Sustainable Natural WWT and Disposal Technologies
(GSNWWTDTs) are gradually realized by the public as the key to achieve
sustainability in WWT and resource management in the world.

This chapter focuses on GSNWWTDTs. The chapter first introduces the
concepts and major categories of GSNWWTDTs, and then focuses on a few
selected GSNWWTDTs. Through critical but non-exhausted literature review and
analysis of current issues of these technologies, this chapter may reach its purpose
of introducing the principles, advantages, applications and considerations of
GSNWWTDTs when dealing with sustainable WWT systems. Finally, the chapter
describes the strategies to implement these GSNWWTDTs along with future
trends and brief conclusions.

6.2 GSNWWTDTS: CONCEPTS AND MAJOR CATEGORIES

Nowadays, funding for large-scale infrastructure systems is difficult to obtain.
In addition, the relevance of projects that involve high energy consumption, large
pipes, tons of concrete, steel, and other structural impacts is highly questionable.
Currently, it is widely accepted that we need to reduce water pollution and
implement measures to expand water resources and waste reuse. WWT goals
should include the recovery of nutrient and resources for reuse in different
sections and reduction of the overall user-demand for water resources. The
wastewater management team needs to create a strategy that will recover resources
from industrial wastewaters and reduce pollution, thus contributing to improve
public health. Wastewater treatment designers should select a suitable technology
for site-specific conditions and financial resources of individual communities. In
addition to, there should be a particular focus on meeting sustainable treatment.
Van Lier et al. (1998) summarized the criteria for sustainable technology that
should be considered in the treatment of wastewater as follows:

o Do not dilute high strength wastes with clean water;

o Focus on maximum recovery and reuse of treated water or by-products
obtained from the pollutants (e.g., irrigation, fertilization);

o Focus on low-cost technologies that are simple in their construction,
operation and maintenance with a long-term efficiency, robustness, and
reliability;
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o Pay attention to the degree of applicability on a wider scale;
« Lead to a higher degree of self-sufficiency; and
« Be highly acceptable to the local community.

One approach to sustainability is through the application of “decentraliza-
tion” in WWT systems (DWM). DWM is defined as the collection, treatment and
reuse of wastewater at or near its source of generation. Significant improvements
in recent decentralized technologies have led it to integrate seamlessly and
efficiently with water-carriage waste removal. Essentially, the core components
of DWM are similar to the centralized collection and treatment systems, but the
applied technologies are different. Table 6.1 shows some representative technolo-
gies used in DWM and non-point source (NSP) pollution control, most of which
belong to GSNWWTDTs. Table 6.2 shows a comparison of some major natural
WWT technologies.

Decentralized systems currently serve approximately 25% of the U.S. popu-
lation, and they have been shown to save money and promote a better watershed
management. They are suited to a wide variety of site conditions (U.S.EPA 1997).
Decentralized systems with GSNWWTDTs offer higher flexibility and can adapt
quickly to match the local conditions of the urban area, and they are reported to
suit well to the requirements of the local community and its population as it
increases with time (Wendland et al. 2003). Usually, DWM with applications of
GSNWWTDTs need the participation of the entire community and often requires
a strong administrative capability for the community to move forward. For
example, Palo Alto, California developed a Water Reclamation Master Plan which
intended for a dual distribution system for large turf areas (such as golf courses
and parks) that used a blend of treated and reclaimed water. This system saves
millions of gallons of treated and reclaimed water per year, and the reclaimed
water also helps to serve irrigation needs (SWRCB 2003). New York City’s 2004
Comprehensive Water Reuse Program (CWRP) provides a 25 percent reduction
in water service rates for property owners who treat and reuse water on-site for
non-potable uses (NYCDEP 2004).

There are endless opportunities to optimize our water, wastewater and
stormwater management systems for sustainable development. For example,
black and gray water can be treated or reused separately from the excreta. Energy
in gray or black water can be recovered with heat-pump systems, and treated gray
water can be used for water supply sources or industrial water use. Gray/rain water
can be treated and stored in retention ponds for fire protection, landscape
irrigation, or groundwater recharge, wetlands creation, and urban non-potable
uses such as toilet flushing, car washing and decorative lakes and fountains. All
these are currently being practiced in Florida (SFWMD 2004). Continued research
has improved the operation and management of these GSNWWTDTs and has
resulted in innovative and improved on-site treatment technologies, e.g. intermit-
tent and recirculating packed-bed filtration. This has resulted in an increased
implementation of GSNWWTDTs in developing urban fringe areas with growing
populations.
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6.3 SELECTED GSNWWTDTS: APPLICATIONS AND CURRENT ISSUES

There are many options of GSNWWTDTs for one to choose to find the most
appropriate technology for a particular site/scenario. Here, we describe a few
selected GSNWWTDTs. Instead of providing an exhausted review on the selected
technologies, we organize the material as i) types and applicability, ii) removal of
pollutants, and iii) current issues related to the technologies to better achieve the
purpose of the section. For some technologies, case studies also are introduced to
illustrate the applications and concerns related to these technologies.

6.3.1 Lagoon Treatment Systems

Types and Applicability. Lagoon treatment systems are earthen basins or reservoirs
that are constructed to use natural forces (chemical, physical, biological and solar)
and energy-efficient processes to provide a low-cost WWT. Lagoon systems can
consist of a single pond or a series of ponds. In most cases, two or more small
lagoons can provide better quality treatment than one large lagoon. In systems that
employ more than one lagoon, each lagoon cell has a different function to perform,
so different forms of lagoon design may even be used for each cell (pond).

As shown in Table 6.1, there are four major types of lagoons with regards to
their dissolved oxygen concentration status (Crites and Tchobnoglous 1998).
Anaerobic lagoons are most often used to treat animal wastes from concentrated
animal feed operations (CAFOs), commercial or industrial wastes, or as the first
treatment step in systems using two or more lagoons in a series. Aerated lagoons
are very common in small communities (Piper 1997). Partial-mix aerated lagoons
are sometimes called facultative lagoons that have been adapted and upgraded to
receive more wastewater.

Lagoons are often used for treating wastewater directly or after pretreatment
(category 1 in Table 6.1). Lagoons can provide preliminary treatment or secondary
treatment, depending on its design. When used for preliminary treatment of
wastewater, a lagoon’s effluent needs to be refined by different processes, such as
intermittent sand filters, wetlands, aquatic treatment systems, and land treatment
systems (category 3 in Table 6.1).

Lagoons are one of the most cost-effective WWT options for many homes
and communities. In the U.S., most WWT lagoons are found in small and rural
communities. Lagoons are especially well-suited to small communities because
they cost less to construct, operate, and maintain than other systems. However, the
availability of land becomes a challenge in an urban setting (Van Lier et al. 1998).
Lagoon systems use less energy than most wastewater treatment methods, and
they are simple to operate and maintain. Lagoons’ capability of handling inter-
mittent use and shock loading is much better than many treatment systems.
Moreover, they are effective at removing pathogens from wastewater. Due to its
high nutrient and low-pathogen content, this effluent can be suitable for irrigation.

Performance and Removal of Pollutants. So far, little has been reported on
metal removal from anaerobic lagoons (Mara and Mills 1994). Metal removal has
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been assumed to occur by precipitation and microbiological activity (Reed et al.
1988). An important parameter that affects the solubility of the metal hydroxides
and the kinetics of the oxidation and hydrolysis process is the pH of the water. At
high pH values, metal ions tend to precipitate as hydroxides (Moshe et al. 1972).
The complex relationship between pH and metal removal varies with metal types
and process natures (biotic/abiotic). It is also affected by the availability of
dissolved oxygen and microbial activities. Surface adsorption through suspended
solids may also play a role in the removal of heavy metals.

Pano and Middlebrooks (1982) analyzed results from three pond systems and
reported that more than 90 percent of ammonia (NH;) removal occurs at pH of
7-8. At low temperatures, as biological activities decrease, ammonia volatilization
will be the primary nitrogen removal mechanism in a well- mixed lagoon. At
temperatures slightly above 20°C, thermal stratification and poor mixing condi-
tions lead to decreased ammonia volatilization. This was in contrast to the earlier
reports by other researchers (McKinney 1976; McKinney 1977; Ferrara and Avci
1982) who concluded that volatilization is not the primary pathway for nitrogen
removal from lagoons. Ferrara and Avci (1982) applied an entirely mixed flow
model and reported the main mechanism of nitrogen removal to be sedimentation
of organic nitrogen via biological uptake. Reed (1985) also employed data from the
same three pond systems to develop a model for the fate of nitrogen. However, he
could not conclude if it was sedimentation or volatilization to be the main route
for nitrogen removal due to complex interactions in the biochemical pathways.
Volatilization was believed to be the major mechanism for nitrogen removal in
summer months and deposition during the winter months.

Toms et al. (1975) reported that about 80 percent of phosphorus removal
could be attributed to the precipitation of hydroxyapatite (Cas(PO,);OH), which
will not re-dissolve. The authors found this to occur in communities with very soft
water containing very low calcium concentrations. Mara and Pearson (1987)
reported that sedimentation of organic phosphorus as algal biomass played an
important role in phosphorus removal from lagoons. Houng and Gloyna (1984)
found that an increase in the number of tertiary lagoons provided an effective
treatment for phosphorus removal and recycling as more phosphorus was immo-
bilized in the oxidized surface layers of sediments in the lagoons. The authors also
reported that phosphorus release rates from the sediments of anaerobic and
facultative lagoons were 25-50 times faster than that from the tertiary lagoons.
Grizzard et al. (1982) stated that aerobic conditions in the sediment decreased the
amount of phosphorus released back to the water column. Another study revealed
that the amount of soluble phosphorus released into the water from the sediment is
governed by the capacity of the sediment to adsorb and desorb inorganic phos-
phorus from the solution, the mineralization of organic phosphorus and the simple
diffusion of phosphate (Reed et al. 1988). These authors also found that the release
of phosphorus from the sediment will occur at high pH values under anaerobic
conditions when the concentration of phosphorus in the water is lower than that of
the sediment. The presence of iron, aluminum and calcium at high concentrations
will play a role in enhancing the adsorption of phosphorus.
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Current Issues Related to Pond Systems. One of the problems that pond
systems have is its low performance during the winter time. For every 10°F
temperature drop, there is a log,, growth decrease in biological activity. Therefore,
in the winter, pond systems would even produce more nutrients than they remove.
One way to overcome the problem is to supplement with bacterial products (called
bioaugmentation). Many studies focused on these microbial products.

Currently, in developing countries where priorities other than environmental
conservation exist, older and well-known threats to biodiversity continue to
increase, including eutrophication, acidification and contamination by toxic
substances (e.g., heavy metals and organochlorines). However, new threats such
as global warming, ultraviolet radiation, emerging contaminants (e.g., endocrine
disruptors) and, especially, invasion by exotic species including transgenic organ-
isms are most likely increase in importance for the pond systems in developed
countries.

One good example is the ammonia issue that link pond systems with air
pollution. Nowadays, it is commonly known that ammonia is generated from the
breakdown of manure and urine, as well as wasted animal feed. Ammonia
becomes volatilized. Ammonia is a precursor to fine particulate matter
(PM,5). It reacts with sulfuric acid and nitric acid to form ammonium sulfate
and ammonium nitrate. Ammonium sulfate formation is preferential under most
conditions, though ammonium nitrate is favored by low temperature and high
humidity (Figure 6.1). Mensink and Deutsch (2008) studied the formation and
composition of PM, 5 using the EUROS model, and reported that ammonia can

/ Compounds >¢ Organic Particles

Organic Semivolatile
Compounds f<_ 7|  Compounds OH _
Secondary Organic
Semivolatile and HO?—F i
Gaseous Compounds & -

l Chemical Deposition ‘

/

OH
NO | 4

e ey N,O.
I NO | | NO, | Nitrates t
o | HNO, |
\M /%\ "
Ozone Ammonium

Nitrate
—
i I-Im::rrgamc
SOE %L' H-’SO*_" Sullate ‘\\‘

0, #,0..0, [ Chemical Depo_silio_nJ

Ammonium
Sullates

Figure 6.1. Relationships among organic compounds, NOx, ozone, NH; and SO, in

formation of fine particles (PM,s and PM;,) in the atmosphere
Source: Damberg (2007)



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

GREEN AND SUSTAINABLE NATURAL WASTEWATER TREATMENT/DISPOSAL 197

provide an abundant amount of condensation nuclei in the form of ammonium
nitrate and ammonium sulfate which, under favorable meteorological conditions,
attract hygroscopic water, leading to rapid increase in the PM, s mass fraction.
Agricultural activities, livestock productions in particular, have been reported to
be the largest contributor of ammonia emissions into the atmosphere. Therefore,
for CAFOs, emission inventories of ammonia contain uncertainties; and, moni-
toring of ammonia gas and nitric acid from these ponds (or in the nearby
environment) is a future trend. In some states in the US, plans for lagoon and
sprayfield conversion are implemented. For example, in North Carolina, 20% of
nitrogen is emitted by Swine CAFOs via NH; emission. All swine facilities will be
rated to determine their risks to public health and the environment. Facilities that
fail to protect public health or the environment will be required to convert to new
technologies or close out their lagoon and/or sprayfield systems (HA 2014).

Case Studies. Three case studies are described below to demonstrate how
pond systems (simple or complicated) can be used by small communities to solve
real world problems.

Located on Flathead Lake in northwest Montana, Polson was incorporated in
1910 and has experienced slow, steady growth over the years. Before 1962, when
Polson built its first lagoon system, the city used a series of septic tanks and
chlorination to treat its wastewater. The disinfected septic tank effluent was
discharged directly into Polson Bay and the Flathead River. Lagoons were an
improvement then, and they still work well today. The system built in 1962
consisted of two facultative lagoons. Flows were merely diverted from one lagoon
to the other every six months. Recently, the population growth rate has increased
to about five percent per year, bringing the current population to about 4,300. To
accommodate this population growth, the city built a new system in 1981 with
three aerated lagoons and one polishing lagoon. Polson also began to operate its
own lab to monitor the system. The system was aerated, based on the recom-
mendations from the engineers, public hearings as well as from the viewpoint of
low operation and maintenance costs. They are still using the same system today,
with some improvements such as an addition of a wind-powered aerator and
mixer, and three floating aerators. The only weak point in the system is the
original fine bubble aerators, which lie on the bottom and are very prone to
clogging. The residents seem happy with the lack of odor from the system and its
low cost. Sewer rates are around $6.50 a month per household, but of that actual
treatment costs are only $8.25 per person per year. The system received 1989 U.S.
Environmental Protection Agency Region 8 award for operation and mainte-
nance. Since January 1995, effluent biochemical oxygen demand (BOD) levels
have an average of 16 mg/L, and total suspended solids (TSS) levels have been
38 mg/L. Currently, Polson is considering ways to upgrade its facilities again,
because the system is getting very close to meeting its design flows. Some of the
options being considered are replacing the current system with a fully mechanized
plant, or expanding the system and adding land application and disinfection. The
city will continue to upgrade its collection system. Its goal for the future is to
construct the most efficient and long-lasting system (Piper 1997).
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The City of St. Helena, located in the Napa Valley, California installed an
integrated wastewater lagoon system in 1966 to treat 1890 m®/d of municipal
wastewater. The system consists of a primary lagoon (with three shallow floating
aerators) and a second high-rate aerobic lagoon (algae-laden) for WWT, a third
lagoon for settling, and the fourth and fifth lagoons for maturation or storage. The
water from lagoon 2 is partially recycled to the primary lagoon, and serves to
provide an aerobic cap on the primary lagoon. The advantage of these lagoons
systems is that it has little accumulation of sludge in the primary lagoon (Crites
and Tchobanoglous 1998).

Denham Springs, Louisiana runs its processed sewage through two shallow
16-hectare (40-acre) ponds that have been lined, carpeted with stones, filled with
water and planted with lilies and other plants. Although it looks like a flower farm
in summer, the biological sewage treatment facility can treat over 11 million liters
(3 million gallons) of sewage per day. Compared with conventional processing, the
city saved $1 million in initial construction costs and saved approximately $60,000
per year in operation and maintenance (MacLeish 1990; Marinelli 1990).

6.3.2 Wetlands and Aquatic Treatment Systems

Types and Applicability. Natural wetlands (NWs) act as transitional areas
between land and water and are distinguished by the availability of wet soils,
plants that are adapted to wet soils and available water depth that enhances these
characteristics. On the basis of the dominant plants, wetlands can be classified into
three groups: salt and freshwater swamps, marshes and bogs. Swamps are flooded
areas dominated by water-tolerant woody plants and trees. Marshes are domi-
nated by soft-stemmed plants, and bogs are dominated by mosses and acid-loving
plants (Hammer and Bastian 1989; Kadlec and Knight 1996). Being characterized
by high organic matter accumulation, wetlands experience a high rate of primary
productivity and a reduced rate of decomposition due to anaerobic conditions
(Hammer and Bastian 1989). Many natural and constructed tropical wetlands
have a net primary productivity of more than 1000 g C/m?-yr, which is greater
than most other ecosystems (Neue et al. 1997). Incoming nutrients enhance the
growth of vegetation, which converts inorganic chemicals into organic materials,
the basis of the wetland food chain.

As shown in Table 6.1, constructed wetlands (CWs) and aquatic treatment
systems (ATSs) are those using aquatic plants and animals for WWT. These
systems are classified according to the dominant life form of the large aquatic plant
or macrophyte in the system. CWs and ATSs present a competitive advantage over
conventional treatment systems due to a higher degree of self-sufficiency, eco-
logical balance and economic viability offered by them. A major advantage offered
by these treatment systems are that they allow the total resource recovery (Rose
1999). Watson et al. (1989) and Kadlec and Knight (1996) have reported the
advantages of using wetland technology for WWT include (1) minimization in
fossil fuel requirement, (2) no chemical addition required and (3) multi-purpose
sustainable utilization of swamp fisheries, biomass production facilities, and
seasonal agriculture (Santer 1989; U.S. EPA 1993; Knight 1997). In addition,
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they are more easily operated and more efficient to maintain. Due to their low-cost
and low-technology requirements, wetlands are potential alternative or supple-
mentary systems for WWT in developing countries.

The first experiments on the use of wetland plants to treat wastewaters were
carried out in the early 1950s by Dr. Kithe Seidel in Germany. The first full-scale
systems were put into operation during the late 1960s. Since then, the subsurface
systems have been commonly used in Europe while free water surface systems
have been more popular in North America and Australia (Vymazal 2011).
However, between the 1970s and 1980s, information on CWs spread very slowly.
In the 1990s, CWs and ATSs are widely employed for WWT in Europe and North
America (Kadlec and Knight 1996). Vymazal (1998) reviewed various designs for
emergent macrophyte CWs and were categorized according to surface (SF) or sub-
surface (SSF) wastewater flow patterns. Because of the need for more efficient
removal of ammonia and total nitrogen, during the 1990s and 2000s, vertical and
horizontal flow constructed wetlands were combined to achieve higher treatment
efficiency (Vymazal 2011). Meanwhile, ATSs containing free-floating macro-
phytes with well-developed submerged roots such as water hyacinth (WH), or
small surface floating plants with little or no roots such as duckweed have been
utilized for WWT (reviewed by Greenway 1997). WH has been extensively
experimented due to its higher potential for nutrient removal. The plant has
been reported to double its biomass content in 6 days and result in a yield of
88-106 Mg/ha-yr (Reddy and Sutton 1984). More descriptions about CWs and
CWs with WH for WWT are as follows.

CWs for WWT. CWs for WWT involve the use of engineered CWs that
are designed and constructed to utilize NW processes for the removal of
contaminants. These systems are designed to mimic NWs, and they utilize wetland
plants, soil and associated microorganisms to remove contaminants from waste-
water effluents (U.S. EPA 1993). Most CWs emulate marshes as the soft-stemmed
plants in them and require the shortest time compared to plants in bogs and
swamps for full development and operational performance (Hammer and
Bastian 1989).

CWs have been employed for treating various types of wastewaters in
developed countries, e.g. domestic wastewater (Cooper et al. 1997; Schreijer et al.
1997), acid mine drainage (Kleinmann and Girts 1987; Brodie et al. 1989; Howard
et al. 1989; Wenerick et al. 1989), agricultural wastewater (DuBowry and Reaves
1994; Rivera et al. 1997), landfill leachate (Dombush 1989; Trautmann et al. 1989;
Staubitz et al. 1989), urban storm-water (U.S. EPA 1993), and for polishing
advanced treated wastewater effluents for return to freshwater resources (Schwartz
et al. 1994; Gschlofil et al. 1998). CWs are also used for treating eutrophic lake
waters (D’Angelo and Reddy 1994b) and for the conservation of nature (Worrall
et al. 1997). CWs have also been suggested as alternative for treating nitrate-
contaminated aquifers, denitrification of nitrified sewage effluents and irrigation
return flow (Baker 1998). Denitrification efficiency in CWs for treating high-
nitrate waters with low organic carbon has been shown to depend on the
C:N ratio, with peak efficiencies occurring at C:Nratios > 5:1 (Baker 1998).
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In Thailand, CWs have been employed for improving effluents of lagoons treating
industrial wastewater (Panswad and Chavalparit 1997). At a retention time of 3
days and a hydraulic loading of 30 cm/d, the copper-rich effluent (5.7 mg/1) and
difficult to degrade (COD: BOD = 17) was treated in a Typha latifolia and Ipomes
species beds. While BOD removal was inadequate, TN removal was 29%, TP
removal of 30% and copper removal of 61%. Since 1994, Mexico has investigated a
two-stage system consisting of an anaerobic digester followed by a gravel bed HF
wetland system (600 m?) at a hydraulic retention time (HRT) of 1.7 days with
P. australis and T. latifolia is used for abattoir wastewater in Pachuca. The system
was reported to obtain 88.5% BOD, 87.4% COD, 89% TSS, 73.6% organic nitrogen
and 99% faecal coliforms. Though the system was suitable for irrigation, it started
accumulating phosphorus with time (Rivera et al. 1997).

CWs with WH. Application of WH for the purification of wastewater has
been well documented (Reddy and Sutton 1984; Reddy and DeBusk 1985; DeBusk
et al. 1989; Reddy and D’Angelo 1990; Vymazal 1998). A large surface area for the
attachment of microorganisms is provided by an extensive root system, thus
increasing the potential for decomposition of organic matter. Major processes for
nutrient removal from wastewater systems involve with WH plants. The system
performance is closely related to the nutrient loadings, because plant uptake of
nutrient is the process control factor (Reddy and Sutton 1984). Nitrogen removal
is accomplished through plant uptake (with harvesting), ammonia removal
through volatilization and nitrification/ denitrification, and phosphorus removal
through plant uptake. CW systems with water hyacinth have been sufficiently
developed to be successfully applied in the tropics and sub-tropics (Vymazal 1998)
at climatic conditions that favor luxurious and continuous growth of macrophytes
for the entire year. Table 6.3 lists recommendations for their applications.

The WH system removed 81% of BOD; and 80% of suspended solids at a
sewage loading of 440 kg/ha-day and a hydraulic retention time of 3 days.
A biomass production of 680 mg/ha-year was achieved from a pond area of 0.75 ha.
Methane yield of 0.47 m?®/kg VS was obtained in the anaerobic digester. These
systems have been recommended for use in the tropics and subtropics (Vymazal
1998). E. crassipes, a WH species was tested in CWs for purification of domestic
wastewater for reuse in Morocco under semi-arid conditions (Mandi 1998).

Table 6.3. Recommendations for application of water hyacinth systems

Total detention Depth Hydraulic
Treatment time (days) (m) load (cm/d)
Secondary advanced >40 <15 >2
Secondary 6 >0.9 8
Tertiary 6 <0.9 8

?Plant density (loosely packed plants, 80% coverage) 12-22 kg/m?
Source: Data from Vymazal (1998)
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At a hydraulic retention time of 7 days, a higher reduction of organic load COD,
78%; TSS, 90% and a parasitic load (helminthes eggs 100%) was achieved. The
effluent met the WHO (1989) standards for reuse to irrigate cereal crops, fodder
crops, pasture, and trees. Application of an integrated rural WWT with WH has also
been demonstrated in Brazil for a small community (Roquette et al. 1998). The
system has been employed for the treatment of stream water for domestic use, and
partly for treating domestic wastewater, piggery, cattle-pen and poultry wastewater.
Treated water is returned to the stream. Biogas production (60% methane) was
obtained using excess plant biomass. Then, it was used for electricity generation. The
excess biomass is used for animal feed and horticulture after composting.

WWT systems with WH produced large amounts of excess biomass due to the
rapid growth rate of the plant. For sustaining an efficient treatment system based on
WH, a management plan must have provisions for harvesting and use of the excess
plant materials. Frequent harvesting for maintaining moderately high plant densi-
ties has been recommended for an optimization of productivity of WH wastewater
systems which are integrated with methane production or animal feed production.
This practice is suitable for the maximum removal of phosphorus but not for the
maximum removal of nitrogen (DeBusk and Reddy 1987). Depending on the scale,
the cost factor must be considered for harvesting extra biomass. The use of WH on
the field scale in developed countries has not been extensively pursued, in spite of its
enormous potential for large-scale WWT and biomass production. This may be
attributed to the poor performance in Northern Hemisphere winters, given the
optimum growing temperature of WH ranging between 20 and 30°C (Reddy and
Sutton 1984). Economic feasibility of the system is another likely reason for this.

Hayes et al. (1987) reported the successful integration of WH-systems for
WWT into methane/carbon dioxide production projects as means of using excess
WH biomass. Three components involved in the cost for the WH systems
integrated with energy production included (1) the purchase of land and
construction, (2) periodic harvesting and (3) construction, operation and main-
tenance of integrated methane production system.

Performance and Removal of Pollutants in CWs and ATSs. Wetland
systems reduce contaminants including trace metals, organic and inorganic matter
and pathogens. Diverse treatment mechanisms such as sedimentation, filtration,
chemical precipitation and adsorption, microbial interactions and uptake by
vegetation, all act to accomplish contaminant removal (Watson et al. 1989).
However, these mechanisms are complex and not yet entirely understood. Main
factors influencing the water quality of wetlands include the hydrology of the place,
type of vegetation, and soil. Hydrological cycles also affect the type of vegetation,
microbial activity and biogeochemical cycling of nutrients in soil (Mitsch and
Gosselink 1993). Many authors have documented the role played by wetland plants
(macrophytes) in influencing the treatment processes in wetlands (Reddy and
DeBusk 1985; DeBusk and Reddy 1987; Brix 1994, 1997; Greenway 1997; Koottatep
and Polprasert 1997; Mars et al. 1999; Greenway and Wooley 1999). Table 6.4
summarizes the nutrient uptake capacities of commonly used macrophytes in
wetlands.
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Table 6.4. Nutrient uptake capacities of some wetland macrophytes

Uptake Capabilities (kg/ha-yr)

Macrophyte Nitrogen Phosphorus
Cyperus papyrus 1100 50
Phragmites australis 2500 120
Typha latifolia 1000 180
Eichhornia crassipes 2400 350
Pistia stratiotes 900 40
Potamogeton pectinatus 500 40
Ceratophyllum demersum 100 10

Source: Brix (1994)

Microorganisms play a central role in the biogeochemical transformation of
nutrients (Hoppe et al. 1988; Madigan et al. 1997). Many authors have reported
their ability towards the removal of toxic organic compounds in wetlands (Pitter
and Chudoba 1990; Kadlec and Knight 1996; Fliermans et al. 1997; Orshanky and
Narkis 1997; Reddy and D’Angelo 1990; Suyama et al. 1998; Savin and Amador
1998). A recent report (McLatchey and Reddy 1998) found that organic matter
turnover and nutrient cycling appears to be strongly correlated with electron
acceptor availability and redox conditions in wetland soil.

Current Issues Related to CWs and ATSs. There are several misconceptions
about CMs and ATSs; discussions about them and the reality are as follows
(U.S. EPA 2000Db):

1. Wetland design has been well-characterized by the published design equa-
tions. The reality is that it is often a) lack of quality data both temporally and
spatially on full-sized CWs; b) lack of paired influent-effluent samples
(i.e., taking samples at inlet and outlet at the same time does not provide
the paired samples as hydraulic retention time will affect the results); ¢) lack
of reliable information on flow or detention time; d) lack of necessary
weathery information (e.g., temperature, precipitation, etc.); and e) limited
information on treatability of more concentrated municipal WW.

2. Significant aerobic micro-sites exist in all wetland systems. The reality is that
the small amount of O, leaked from plant roots is insignificant compared
with the BOD in the WW. In SFCWs, most parts are in anaerobic conditions.
Usually, If 1.0 g of carbon is fixed as cell mass, plants may produce 2.5 gO,.In
CWs, if we assume the carbon fixing rate is 1.0 g C/m?-d (a high productive
condition), still we can only obtain 2.5 g O,/m?-d, which is insignificant.

3. CWs can remove significant amount of N and P. Nitrification and denitrifi-
cation are the primary removal mechanisms for N removal (e.g., ~30%),
while harvesting removes <20% of influent N (and very limited P) even
though plant assimilation may take ~30% of N. This is because when plants
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grow, most of biomass is accumulated in the roots (even 90% for some
plants). In addition, in winter, ammonium increases in the effluent.

4) The root areas of SFCWs help to remove suspended solids efficiently.
The reality is that the solidification may occur in the root areas of SFCWs
after plants are mature (in 5-6 years), which would completely block the
WW flow.

One critical issue for subsurface flow CWs (SSFCWs) is medium clogging.
Wavy subsurface- and vertical-flow CWs (WSVFCWs) are the modified forms of
SECWs. By adding several baffles in WSVFCWs, the wastewater flow direction
changes; the contact between wastewater and wetland media increases; and the
short circuiting of wastewater reduces (Ren et al., 2008). Recently, a direct aeration
process has been applied in WSVFCWs for enhanced COD removal and
nitrification (Nivala et al. 2007; Ren et al., 2008). Ren et al. (2015) evaluated the
effects of aeration and wastewater composition on the clogging process in four
laboratory-scale WSVFCWs used for secondary and tertiary treatment. They
found that the clogging mainly occurred in the upper 0-40 cm layer, and the
accumulated material decreased with filter depth (along the flow direction). The
dominant particle size contributing to clogging was ~40 pm in the WSVFCWs for
secondary treatment and >110 pm in those for tertiary treatment. The accumu-
lated material had 30-40% of organic matter. The clogging mechanisms varied if
the composition of influent and aeration conditions are different in WSVFCWs.
Aeration promoted the growth of biofilm and mineralization of the accumulated
material as well as provided shear force in the WSVFCWs. Aeration has a good
effect in extending the operational time in the tertiary WSVFCW, but has a mild
effect in the secondary WSVFCWs because of high organic loading rate there.
Both the organic and suspended solids (SS) loading rate are important factors and
should be controlled to mitigate the clogging problem in WSVFCWs.

Another critical issue is how to use CWs and ATSs for WWT, reducing GHG
emissions and simultaneously producing cellulosic biomass as raw material for
renewable biofuel or for production of value-added products (e.g., extracting
proteins from duckweeds). For example, algae can convert carbon dioxide to
biomass and oxygen under sufficient supply of nutrients, photons, and water
through photosynthesis (Eq. 6.1):

CO, + H,0 + Nutrients + Photons — Algaebiomass + O, (Eq. 6.1)

If using CH; gNj ;70056 (Zhang et al. 2014) to represent the composition of
typical algae, every 44 g of CO, can produce 25 g of algae biomass through algae
photosynthesis, which is a rather efficient way to fix carbon dioxide. As shown in
Figure 6.2, CWs and ATSs can be combined with algae or other aquatic vegetation
for produce valuable substances. Zhang et al. (2014) provided an overview of these
applications.

Liu et al. (2012) reported that the net life-cycle energy output of CWs is higher
than that of corn, soybean, switchgrass, low-input high-diversity grassland and
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algae systems. Energy output from existing CWs is ~237% of the input for biofuel
production and can be enhanced by optimizing the nitrogen supply, hydrologic
flow patterns and plant species selection. Assuming that all waste nitrogen in
China could be used by CWs, biofuel production can account for 6.7% of national
gasoline consumption. They also reported that CWs have a greater GHG reduc-
tion than the existing biofuel production systems in a full life-cycle analysis. This
warrants future studies because of CWs’ straightforward operation, economic
competitiveness, and many ecological benefits.

Case Studies. Jillson et al. (2011) examined the performance of two hori-
zontal SFCWs in the removal of pathogen and pathogen indicators under variable
loading and operating conditions. The two CWs are located near Lincoln, NE,
USA. Firethorn CW system had four CW cells and a two-cell sand filter. It was
used to treat wastewater (pretreated by gravity sedimentation) from a small
housing community at a typical flow of 115-125 m?®/d. Rogers Farm CW located
at a rural single-family dwelling was used to treat wastewater after septic tank
treatment at a typical flow of 1.51 m?/d. The research focused on pathogenic-
related organisms by monitoring fecal coliform and Salmonella spp. and their
removal effectiveness by the two CWs. Samples at Firethorn were collected at the
wetland cell influent and effluent, as well as sand filter effluent (system effluent)
from June 1996 through April 2000 and at the influent and effluent points from
Rogers Farm from June 1999 through April 2000. The main monitoring para-
meters were fecal coliform at both sites and Salmonella spp. (from August 1999
through January 2000) at Firethorn. Firethorn demonstrated an effective removal
of fecal coliforms with 96.3% removal in the wetland cell and 98% by the wetland
system, which included a sand filter. Rogers Farm had an average fecal coliform
removal of 99.3%. Although Salmonella spp. was not detected at Firethorn,
reduction of other bacteria was observed through the wetland system. In general,
the fecal coliform removal was excellent through the wetland system. No distinct
difference in removal efficiency was observed with changes in season and
temperature at either facility.
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6.3.3 Anaerobic Digestion

Types and Applicability. Anaerobic digestion is a treatment option when the
available land is limited. Anaerobic bacteria degrade organic materials in waste-
water in the absence of oxygen and produce methane and carbon dioxide.
Methane can be used as an alternative energy source (biogas). Additional benefits
include a reduction of total biosolids at a volume of 50-80% and a final waste
sludge that is biologically stable to serve as humus for agriculture.

Conventional anaerobic digestion requires longer retention time and pro-
duces lower biogas. In the 1960s, the conventional anaerobic digestion process
has been extended into two-stage (in some papers, also called two-phase)
anaerobic digestion (Ghosh et al. 1974). In two-stage anaerobic digestion,
hydrolysis, acidification, and liquefaction are performed in the first stage
(i.e., acid-forming phase), and methane production via acetate and hydrogen/
carbon dioxide in the second stage (i.e., methane-forming phase) (Pilli et al
2014). It should be noted that the two-stage anaerobic digestion is different from
the temperature-wise two-stage anaerobic digestion, e.g., a mesophilic anaerobic
stage (digester) followed by a thermophilic anaerobic stage (digester), which was
developed to eradicate the pathogen and to obtain Class A solids. Considerable
studies have been conducted to understand the two-stage anaerobic digestion
and its applications since 1970s (Chartrain et al. 1987; Zhang and Noike 1991,
1993). While their principles, design, process behavior as well as operation and
maintenances (O/M) are well known, the two-stage anaerobic digestion pro-
cesses have almost never been used for sludge treatment in full-scale WWT
plants (WWTPs). Since the 1990s, more and more high rate anaerobic processes
have been developed for treatment of not only all kinds of wastewater but also
solid waste (e.g., garbage) (Pilli et al. 2014). Table 6.1 shows general types of
anaerobic digesters. Table 6.5 summarizes some of the important features of
these reactors.

All modern high-rate anaerobic processes are based on the concept of
retaining high viable biomass by some modes of bacterial sludge immobilization.
Following methods have been recommended by Hulshoff and Lettinga (1996)
towards achieving the same: (1) formation of highly settleable sludge aggregates
combined with gas separation and sludge settling (e.g. UASB reactor and
anaerobic baffled reactor); (2) bacterial attachment to high density particulate
carrier materials (e.g. fluidized bed reactors and anaerobic expanded bed reactors);
(3) entrapment of sludge aggregates between packing material supplied to the
reactor (e.g. downflow anaerobic filter and upflow anaerobic filter). Some of the
high rate anaerobic processes are briefly discussed below.

Fixed Film Reactor. In stationary fixed film reactors (Figure 6.3), the reactor
has a biofilm support texture (media) such as activated coal, PVC (polyvinyl
chloride) reinforces, firm rock fragments or clay circles for biomass immobiliza-
tion. Fixed film reactors avails of simplicity of structure, elimination of perfunc-
tory mixing, meliorate toughness at superior loading ranks, further skill to
withstand huge shock loads (Van den Berg et al. 1985) and organic shock loads
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Table 6.5. Characteristics of anaerobic reactors

Loading
Start- Gas solid rate
Reactor up Channelling Effluent separation Carrier (kg COD/ HRT
type period effect recycle device packing m3-d) (d)
CSTR - Not Not Not Not 0.25-3 10-60
present required required essential
Contact - Non- Not Not Not 0.25-4 12-15
existent required required essential
UASB 4-16  Low Not Essential Not 10-30 0.5-7
required essential
Anaerobic 3-4  High Not Beneficial  Essential 1-40 0.5-12
filter required
AAFEB 3-4 Less Required Not Essential 1-50 0.2-5
required
AFB 3-4  Non- Required Beneficial ~ Essential 1-100 0.2-5
existent

Source: Stronach et al. (1986); Kaul and Nandy (1997)

Sl hapily

Figure 6.3. Schematic of a fixed film anaerobic reactor

(Droste and Frost 1985). The reactors can redeem quite rapidly later after an
interval of starvation (van den Berg et al. 1985). The primary limitation of this
design is that the reactor quantity is comparatively high compared to other high
rate processes owing to the size busy by the media. Further confinement is
clogging of the reactor.

UASB Reactor. An UASB reactor (Figure 6.4) primarily consists of a gas-
solids separator (to withhold the anaerobic waste interior the reactor), an influent
distribution system, and an effluent collection system. Effluent recycle (to fluidize
the sludge bed) is not necessary as sufficient contact between wastewater and
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Figure 6.4. Schematic of an UASB reactor

sludge is guaranteed even at low organic loads with the influent distribution
system (Lettinga 1982). Furthermore, a noticeably superior loading rate can be
accommodated in the granular portion of UASB reactors as compared to
flocculent sludge foundation reactors.

UASB technology has been extensively employed for effluents from industries
such as distilleries, food processing, tanneries and urban wastewater. A higher
quantity of biomass is retained in the reactor by achieving higher mean cell
residence time (MCRT) thereby achieving highly cost-efficient designs. An
important account is that the technology has relatively less investments compared
to an anaerobic filter or a fluidized-bed reactor. Long start-up period along with
the requirement for a sufficient amount of granular seed sludge for a faster startup
is a notable disadvantage of this system. Also, high sludge wash-out during the
start-up process is likely, and the reactor needs skilled operation.

Hybrid UASB Reactor. A modified version of the UASB reactor incorpo-
rates an anaerobic filter to make up one-third of the reactor volume. The hybrid
UASB has been successful in treating a wide variety of industrial wastewaters.
Elmitwalli et al. (1999) compared the performances of a hybrid UASB-filter and a
classical UASB reactor at 13°C. The hybrid UASB-filter reactor reached 64%
COD removal, a 4% better removal than the classical UASB. A better colloidal
fraction removal was attributed to the attached biomass on the filter. The
performance of an UASB reactor and an anaerobic hybrid reactor (AHR) was
investigated for the treatment of simulated coal wastewater containing toxic
phenolics at different hydraulic retention times (0.75-0.33 d) (Ramakrishnan
and Gupta 2008). Energy economic estimate shows that for a coal gasification
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Figure 6.5. Schematic of a fluidized-bed reactor

plant of 50 KLD capacity, AHR can result in an additional COD reduction of
1700 kg and produce a further amount of 30.1 mol of methane per day. Using
AHR technology would save 12,159 MJ/d energy compared with the UASB
reactor (Ramakrishnan and Surampalli, 2012).

Anaerobic Fluidized-bed Reactor. Anaerobic fluidized bed reactors
(Figure 6.5) employ media for bacterial adhesion and development. They are kept
in the fluidized state by drag forces exerted by the upflowing wastewater. Different
materials (i.e. sand, silica, activated carbon and plastic rings) are used as support
for adhesion to facilitate bacterial growth. Under the fluidized state, the media
provide a large surface area for biofilm growth and attachment, and thus, enable
the attainment of higher reactor biomass and greater system efficiency and
stability. This provides higher resistance to inhibition as well as higher organic
load attainment. Fluidized bed technology is more effective than anaerobic filter
technology as it favors the transport of microbial cells from the bulk to the surface
and thus enhances the contact between the microorganisms and the substrate
(Peres et al. 1998). In addition, it may eliminate bed clogging whilst provide a low
hydraulic head loss, better hydraulic circulation (Collivingnarelli et al. 1991) and a
greater surface area per unit of reactor volume. Finally, the capital cost is lower due
to the reduction in reactor volumes. However, the recycling of effluent is necessary
to achieve bed expansion as in the case of expanded bed reactor. In the expanded
bed anaerobic digesters, microorganisms are attached to an inert support medium
such as sand, gravel or plastics as in fluidized bed reactor. However, the diameter
of the particles is slightly bigger as compared to that used in fluidized beds. The
principle used for the expansion is also similar to that for the fluidized bed, i.e. by a
high up-flow velocity and recycling.
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So far anaerobic treatment has been successfully employed in many countries
(e.g., Colombia, Brazil, India and China) in order to replace the costly activated
sludge processes or diminishing the required pond areas. Various cities in Brazil
have employed decentralized treatment systems for poor, suburban districts.
A wide application range from a subtle to an enormous scale is the advantage
of anaerobic treatment technology. This makes it a sustainable option for a
growing community.

Performance and Removal of Pollutants. The performance of anaerobic
digestion processes is affected by different parameters. As shown in Table 6.6,
these parameters are pH, ammonia, VFA/alkalinity ratio, C/N ratio, nutrient,
retention time and mixing (Pilli et al. 2014). Increases in ammonia concentration,
VFA/alkalinity, C/N ratio, nutrient concentration, mixing and pH will inhibit the
growth of methanogens, and thus, decrease the methane production as the
concentrations or levels of the parameters are directly related to methanogenic
activity.

High-rate anaerobic digesters can handle wastes at a high organic loading
rate of ~24 kgCOD/m? day and high upflow velocity of 2-3 m/h at a low
hydraulic retention time (Lettinga 1995). An improvement in the efficiency of
anaerobic digestion can be brought about by either suitably modifying the
existing digester design or by incorporating advanced techniques. Thus, a plug
flow reactor or UASB reactor is superior to the conventional processes due to
low concentrations of volatile fatty acids (VFAs) in the effluent, a high degree
of sludge retention and stable reactor performance (Van Lier et al. 1994).
Another common problem encountered in the industrial anaerobic plants is
biomass washout. This can be addressed, for instance, by the use of membranes
coupled with the anaerobic digester for biomass retention (Ross and Strogwald
1994).

Current Issues Related to Anaerobic Digestion. All the current issues
related to anaerobic digestion are originated from using anaerobic digestion to
treat different feedstocks (e.g., WW, biosolids, MSW, WAB) for energy recovery
or production of value-added products. For example, it is not fully understood
how to design, operate, and optimize different anaerobic digesters according to
different feedstock (Table 6.7). Currently, there are still major gaps to be filled,
especially due to its “not in sight and not in mind” phenomenon. To manage
solid and aqueous wastes and to convert them into a material resource,
considerable efforts still are needed. Some of the major current issues are as
follows:

« How to enhance pretreatment of different feedstock for anaerobic digestion;
« How to enhance the biogas generation of the different waste materials;

o How to enhance the production of value-added products from different waste
materials; and

« How to efficiently collect/separate the biogases for the energy generation and
value-added products from anaerobic digesters.
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Table 6.7. Classification of feedstock and types of digester used

Feedstock
Parameters Low solids Medium solids High solids
Classified  <3% total solids by 3 to 12% total solids Up to 25% total

weight, low
suspended solids,

by weight, slurry
phase but can be

solids by weight,
solid processing

readily mixed mixed with system requires
traditional sophisticated
methods mixing
methods.

Feed stocks Secondary WWT,

spent beverages

oils/grease (FOG),

Dairy manure, fats/ Organic fraction of

MSW, agriculture

& expired paunch manure, residues, food
products, “Scraped” swine processing
hydraulic flush manure, waste, food
manure systems industrial DAF residuals,
(swine), sludge, used clarifier sludge
commercial WW, restaurant (pulp/paper),
whey and cheese  cooking oil green and yard
wastes. waste
Anaerobic  Completely mixed Plug flow reactors, Dry continuous
digesters reactors, filter CSTR slurry (plug flow,

used reactors, sludge
blanket reactors,

reactors, slurry-
loop reactors,

complete mix),
dry batch with

fixed-film packed acid-phased or permeate

bed reactors. temperature recycle,
phased, contact sequencing
reactors. batch reactors.

Source: Adapted from Pilli et al. (2014); copyright ASCE

Recently, anaerobic digestion facilities have been recognized by the United
Nations Development Programme (UNDP) as one of the most useful decentra-
lized sources of energy supply, as they are less capital intensive than large power
plants. The energy recovery from anaerobic processes could take the following
alternate courses (Banerji et al. 2010):

o Alternative 1. Conversion of wastewater organic matter to mostly methane.
The energy recovery from methane can have the following options: 1a) meth-
ane combusted in an internal combustion engine to produce heat and
electricity (cogeneration engines); 1b) methane combusted in a micro-turbine
to produce heat and electricity; and 1c) methane after processing used in a
fuel cell (FC) system to produce electricity directly.
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o Alternative 2. Conversion of wastewater organic compounds to hydrogen
using selective environmental conditions, which can be used in a fuel cell to
produce electricity directly.

o Alternative 3. The wastewater after pretreatment can be used in a microbial
fuel cell (MFC) to produce electricity directly.

The methane production from anaerobic processes can be combusted in
internal combustion engines or microturbines or fuel cells (FCs) to cogenerate
heat and electricity. In many instances, a major portion of energy needs for the
wastewater treatment plant can be satisfied from the cogeneration process.
Microturbines have been successfully tried at several locations to produce energy
from APGs. However, FCs for energy production from APGs are still in the
experimental stage and are presently not cost-effective as compared to other
options.

Microbial processes to form hydrogen directly from wastewater organic
matter are successful but are still in the developmental stage. More applied
research needs to be conducted to determine the performance under differing
operating conditions with different types of wastewater. The low environmental
impact of hydrogen combustion is a significant advantage for the system. Some
wastewater, rich in carbohydrates (food processing), have successfully produced
hydrogen in dark fermentation reactions, but the rates are slow. The wastewater
effluent after the fermentation process still has a high organic content (mainly
organic acids). A photo-fermentation process succeeding the dark fermentation
process may increase the hydrogen yield. The hydrogen produced can be
combusted or used in an FC to produce electricity. Perhaps in the future,
wastewater treatment technology will use hydrogen production as an essential
goal followed by conversion of the produced hydrogen to electricity using FCs.

The use of microbial FC (MFC) is a promising technology for treating
wastewater to produce electricity, but it is still in its infancy and needs more
research and development. It can be used in conjunction with an anaerobic
treatment process for some industrial wastewater to cogenerate energy and treat
the wastewater. It appears that lot of research work needs to be done to manage
industrial high strength wastewater in a sustainable way and to make the process
energy sufficient.

Case Studies on Anaerobic Digestion Treatment Processes. While this
chapter focused on using anaerobic digestion for WWT, the current trend of using
anaerobic digestion for municipal solid waste (MSW) treatment should not be
ignored. In fact, feasibility of using anaerobic digestion for garbage treatment was
studied as early as the 1930s, with different digesters (e.g., bench-scale batch
digester, standard Imhoff digester, large continuous stirred-tank digesters or even
medium-scale two-stage anaerobic digesters) (CIWMB 2008). Pilot-scale tests
were conducted between the 1970s and 1990s in the U.S. and Europe to
experiment the feasibility of using anaerobic processes for solid waste treatment,
particularly to i) reduce the amount of material being landfilled, ii) stabilize
organic material before disposal in order to reduce future environmental impacts
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from air and water emissions, and iii) recover energy (CIWMB 2008). Today, AD
and aerobic composting of MSW have been well established in Europe, largely due
to waste and energy policies in Europe (e.g., The Landfill Directive). By the end of
2006, there were some 124 anaerobic digester plants with capacity greater than
3,000 MT/y (3,300 tons/y) treating feedstock composed of at least 10% MSW
(CIWMB 2008). Therefore, as case studies, we introduced several different
anaerobic digestion treatment processes as follows.

Wassa Process. The main reactor in the Waasa Process is divided into various
zones in a simple way. The first zone is made up of a pre-chamber inside the main
reactor. The mixing in the reactor is by pneumatic stirring, where biogas is
pumped through the base of the reactor. A small part of the digestate is mixed into
the recycled to the influent to speed up the process by inoculation (Angelidaki
et al. 2003). The Waasa plant in the city of Vaasa, Finland has tested the following
types of wastes since its start-up in 1989: mechanically or source-separated
municipal solid wastes (MSW), sewage sludge, slaughterhouse waste, fish waste,
and animal manure. At the Waasa plant, both mesophilic and thermophilic
treatment methods are operated in two parallel reactors with a total solids content
of 10-15%. Waasa process is also in operation in Kil, Sweden and outside Tokyo,
Japan today. Another plant in Groningen, the Netherlands is under construction.

The Dranco Process. The Dranco (Dry Anaerobic Composting) process is a
true dry-process for the treatment of organic fraction of MSW (Figure 6.6). This
process requires high solids content in the reactor in order to reach an optimal
performance. Therefore, it is highly recommended to mix non-recyclable paper or
garden waste to enhance the solids content into the MSW in order to achieve high
total solids content. The Dranco process is a thermophilic process. Treatment
occurs after the waste is pretreated, screened and mixed with recirculating material
from the reactor. About three-fourths of the reactor content is recyclable. Mixing
of the waste with a large amount of digested material provides an environment for
a higher degree of inoculation of incoming material. The biomass paste is
conveyed using piston pumps. The reactor is a downward plug-flow type reactor.
No significant mixing occurs in this reactor. Today, there are several DRANCO
plants in operation, such as the one in Brecht, Belgium (12,000 ton/year);

Pretreatment 2
Biogas

MSW-input —

“ Plug-flow
Reject

|

MSW-output
Figure 6.6. Schematic of a Dranco process
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Figure 6.7. Schematic of a Valorga process

Salzburg, Austria (20,000 ton/year); Bassum, Germany (13,500 ton/year), and
Kaiserslautern, Germany (20,000 ton/year) (Angelidaki et al. 2003).

The Valorga Process. The Valorga process was developed in France and is a
semi-dry process (Figure 6.7). It is a mesophilic process and treatment occurs after
the pretreatment of the waste by mixing with recycled process water. Process water
is obtained from the separation of reactor effluent by centrifugation, filtration or
other types of separation. The influent is pumped into the reactor after mixing
with the process water. It is a fully mixed reactor type. Mixing occurs by
pneumatic stirring of the biogas produced by the process and recycled to the
reactor. Only a small amount of water is recirculated, and a high total
solids content is maintained in the reactor. The Valorga process is a relatively
widely used process. There are several full-scale plants worldwide, such as in
Amiens, France (85,000 ton/year); Grenoble, France (16,000 ton/year); Tilburg,
Netherlands (52,000 ton/year); Papeete, Tahiti (90,000 tons/year); and Tamara
in French Polynesia (92,000 tons/year) (Angelidaki et al. 2003).

The Kompogas Process. The Kompogas process is a dry process developed in
Switzerland. The process operates in the thermophilic range with a hydraulic
retention time of ~15 days. The reactor is a horizontal cylinder and the flow
through the reactor is plug flow. In the reactor, a stirrer provides some mixing of
the waste. Recirculation of a part of the effluent to the incoming substrate ensures
inoculation (Angelidaki et al. 2003).

6.3.4 Geo-purification Systems

Types and Applications. Table 6.1 shows the types of geo-purification systems,
which depend on soil/aquifer/riverbank (called SAT hereafter) for WWT. The
SAT systems are different from rapid and slow-rate land treatment systems
because in a SAT system, partially treated sewage effluent artificially recharges
the aquifers and is then withdrawn for future use, while land treatment systems
usually only focus on WWT without more consideration of WW reuse in the
future. The SAT system is a reliable, low-cost and easily operated system for water
storage and reuse. Recharge through unsaturated soil layers provides additional
purification for the effluent before it is mixed with natural ground water. This
treated effluent becomes a considerable resource for improved ground water
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resource. The Gaza Coastal Aquifer management program incorporates treated
effluent to the influent to strengthen the groundwater both in terms of quantity
and quality (Jhansi and Mishra 2013). The recharged effluent has the potential to
eliminate and reduce the concentration of nitrates in the aquifer. This treatment
has become a valuable asset in water scarce areas such as in the Middle East and
parts of Southern Africa, where wastewater after appropriate treatment is a
valuable resource that becomes commercially realistic alternative for groundwater
recharge, agriculture and urban use. The SAT can be used efficiently as a WWT
plant. It should be recognized as a modern approach to the old method of WWT
and reuse. Wherever feasible, SAT should be adopted and regarded as the core of
the WWT plant and reuse scheme to be complemented when necessary by suitable
pretreatment and post-treatment.

The most well-known SAT systems have been thoroughly investigated since
the late 1960s include the Flushing Meadows and the 23rd Avenue projects in
Phoenix, Arizona (Bouwer et al. 1980; Bouwer et al. 1983). In these systems, the
recharge basins are located in two parallel rows along the river bank, and the
recovery wells are drilled in the riverbed. Observation wells are at the outer side of
the recharge basin, permitting the monitoring of the recharge basins that are not
rising above the general groundwater level (Figure 6.8, top left).

In other rapid infiltration SAT systems, where the groundwater table is
shallow, the effluent is collected by underdrains (Carlson et al. 1982). Under this
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Figure 6.8. Other SAT Systems. Top Left: Rapid Infiltration Wells (Phoenix, Arizona),
Bottom left: Rapid infiltration Underdrains (Boulder, Colorado); Top right: River
bank Filtration (Germany, Holland); Bottom right: Treatment of polluted ground
water (Germany)
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situation, the depth of the unsaturated zone and the thickness of the groundwater
layer for the treatment process are much smaller (Figure 6.8, bottom left). In
Germany and Holland, the water source for many cities is polluted river water
after bank filtration-a concept similar to that of SAT systems (Sontheimer 1980).
Advanced water treatment is usually provided after bank filtration (Figure 6.8,
top right).

In Germany, the SAT systems are used to remove pollutants from ground-
water, especially for the removal of organics from groundwater contaminated by
oil spills as well as for iron and manganese removal (Figure 6.8, bottom right).
Pretreatment methods applied to enhance the purification in the soil-aquifer
treatment system include (1) ozonation for oxidation of iron and manganese, and
(2) the addition of organic carbon for denitrification.

Performance and Removal of Pollutants. SAT systems are efficient for
pathogen removal whilst are not highly technical to operate. SAT treatment has
capacity to remove >99.5% of suspended soilds, 98.5% of phosphorus, >67%
cadmium, >70% chromium, >72% copper, >67% Molybdenum, 74% Nickel and
>75% Selenium. A majority of the cost associated with SAT system is diverted
towards the pumping of water from recovery wells, which is approximately $20-
$50 USD per cubic meter. SAT typically removes all BOD, TSS and pathogenic
organisms from the waste, and the wastewater is treated to a standard that would
permit unrestricted irrigation. The most important advantage associated with the
SAT system is that it breaks the pipe-to-pipe connection of directly reusing the
treated wastewater from the treatment plant (Jhansi and Mishra 2013).

Current Issues Related to SAT Technologies. The major problem with the
implementation of SAT technologies is the high cost of wastewater treatment and
management associated with the SAT projects. The requirement of a large area for
the infiltration basin for surface soil-aquifer treatment adds to the cost of the
project. Reclaimed water needs to be sufficiently pre-treated. Insufficient pretreat-
ment will lead to the discharge of nutrient and micropollutants in natural water
bodies and in drinking water. The budget also needs to be allocated for periodic
cleaning of the top soil surface of the SAT plant as filtration of suspended and
colloidal matter in SAT takes place in the top soil layer similar to slow sand filters.
Clogging is a problem that affects the treatment capacity of these systems. To
achieve maximum efficiency even with the most state-of-the-art technology,
proper institutional support and suitably enforced legislations are required.
Though financial funding can be organized with the support of international
organizations, local conditions need to be favorable for the successful implemen-
tation of any SAT technology. Failure to take into consideration of the local
conditions of the targeted community would result in a failed project. It is often
perceived as the lack of technical knowledge and financial resources. The capacity
and efficiency of SAT to remove pollutants from the effluent is governed by the
maintenance of the conditions necessary for the development and survival of
bacterial populations. Biological processes (e.g., breakdown of organic substances,
nitrification and denitrification) occur both in the unsaturated zone and in the
aquifer, while recarbonation of high-pH effluent by bacterial activity occurs
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mainly in the upper soil, but can break down if optimal operating conditions do
not persist. Also, there is a long term negative impact that might occur in
groundwater due to the discharge of pollutants to aquifers. While millions of
dollars are spent on construction, few dollars are allocated for gathering reliable
design and operation data. Though, replication of successful projects is possible,
each system should be adjusted to the local environmental conditions, especially
the climate and hydrology. Choice of SAT without pre-thought on environmental
and climatic conditions would lead to the alteration of soil and groundwater
hydrological properties (Surampalli et al. 2013).

Case Studies. Two case studies are presented here to illustrate the
technologies.

SAT System in Dan Region Project, Israel. Data gathered during the 7 years
of operation of the Dan Region Project provide information on the SAT system
adopted based on the actual field experience (Idelovitch 1980). The partially
treated effluent percolates and travels through the unsaturated soil zone until it
reaches the ground water and moves in the radial direction in the aquifer until it
reaches the recovery wells that are specially designed to pump the recharged water
supply (Figure 6.9).

The recharged effluent gradually displaces the natural groundwater toward
the recovery wells. Thus, at the initial stage of operation, the wells pump native
groundwater; later they pump a mixture of native groundwater toward and
increasing amounts of recharged water. At the steady state, the wells pump
mostly recharged water from the inner basin where groundwater flow gradients
are higher and small amounts of native groundwater from the outer basin. The
reclaimed water can be traced and monitored by means of observation wells
between the recharge basins and the recovery wells, and is usually of high quality.

Partially Treated Effluent

Recovery Well Observation well
[ Recharge Basin &> To Supply network
e — S
= Original Water Table =

Zone Dedicated To Effluent Storage
&
Treatment

ﬁ Impermeable 0
Figure 6.9. SAT System in the Dan Region Project, Israel



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

GREEN AND SUSTAINABLE NATURAL WASTEWATER TREATMENT/DISPOSAL 219

Hence it is most appropriate for industrial uses, unrestricted agricultural uses and
non-potable municipal use (lawn irrigation and toilet flushing) and recreational
use. The reclaimed water could also be used as a raw source for drinking water
supply (Idelovitch 1980). The effluent recharge must be done with spreading
basins in order to take advantage of the purification capability of both the
unsaturated zone and the aquifer. Continuous flooding of recharge basins should
be avoided to obtain steady infiltration rates. Otherwise, the infiltration rates
would reach low levels such that the operation of the system at the same capacity
would require increasing amounts of land. Although significant purification of the
effluent takes place during vertical flow through the upper soil layer and the whole
unsaturated zone, it is important to allow the recharged water to flow horizontally
in the aquifer for additional purification and for regaining aerobic properties in
the areas where anoxic conditions prevail below the recharge basins.

Land Treatment Systems in Muskegon, MI, USA. The Muskegon County
wastewater land treatment system is one of the largest land treatment systems in
the U.S and has been operated since 1974. The system consists of 5200 acres slow
rate SATs and 150 acres rapid infiltration SATs (see Table 6.8). The wastewater
consists of paper mills (50%), other industrial WW (25%) and domestic WW
(25%) with flowrate being about 34 million gallon/d (MGD) in 1974 and 25 MGD
in 2003. The pretreatment has two phases: Phase 1 has 2 aeration tanks (each 42
million gallon in volume with an HRT =1.5 d), and Phase 2 has 2 settling tanks
(HRT =3 d). The system has two storage lagoons (each 850 acres, HRT =187 d).

Table 6.8. Some parameters of the Muskegon system

Soil types Rubicon, Roscommon, AuGres, and Granby
Avg. wastewater (WW) Q=98410 m3/d (26 MGD) in 2004
flow (design capacity = 158 970 m3/d, 42 MGD)
WW applied in Rubicon soil = 12055; Roscommon = 8666;
1974-2001 (cm) AuGres = 9601; Granby = not available
P loading (kg/m?) Rubicon soil =0.12; Roscommon = 0.03;
AuGres = 0.09; Granby = not available
Crop type corn Corn, soybean, and alfalfa, rotated yearly in each
irrigation field
Irrigation systems Sprinkler (center pivot), time on/off varies;
usually, the sprinkler will rotate one circle
per day
WW application rate Rubicon soil (best) and Roscommon (2nd best) )

2.5 cm/d for ~180 d; AuGres ) 0.8-1.5 cm/d
for 180 d; whole site avg. weekly rate = 7.6 cm

for ~180 d
Annual precipitation/ Avg. rainfall in 1974-2001 = 85.1 ¢cm; annual
evaporation evaporation =76.2 cm

Source: Data from Hu et al. (2005)
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After disinfection, the WW is spread via sprinklers, infiltrates into the land (sandy
soils), and then collected by perforated pipes at ~6 ft underneath the ground
surface. The finished WW is discharged into Lake Michigan via two creeks.

The build-up of phosphorus (P) in soil is a major factor limiting the operating
life of a wastewater land treatment system. In 2003-2005, studies were conducted
to evaluate 1) the remaining useful life of the land treatment system and 2) the
performance of P removal in a long-term operation period. The performance of
the system during the operation period of 1973-2001 was evaluated. The records
show that the land treatment system has been successful in generating high-
quality effluent, with total P and 5-day biochemical oxygen demand (BODs)
consistently lower than 0.03 mg/L and 5 mg/L, respectively. The fate of P was
evaluated by profiling the P distribution in the soil and conducting mass balance
on soil adsorption and crop assimilation. Changes in chemical properties, P
profiles, and adsorption isotherms in the soils of the system also were determined.
While P removal by plant assimilation accounts for less than 25% of total P
applied, much of the P have been retained on the top layer of the soil. It was found
that the pH in the 15-cm topsoil increased from ~5-6 in 1973 to ~7.4-7.8 in 2003;
a large amount of salt (e.g., Ca, Mg) in wastewater was adsorbed by the soil; the soil
Al content (either exchangeable or oxalate extractable) decreased, while the
oxalate-extractable Fe content remained at the same level. Ca-bound P accounted
for > 70% of the total P adsorbed in the soil. The soil P adsorption capacity
increased and was positively correlated with the concentration of exchangeable Ca
in the soil. A higher concentration of exchangeable Ca was found in the 15-cm
topsoil, where a higher total organic carbon was present. More P was accumulated
in the upper soil than in the deeper soil (Hu et al. 2005). Later, Zhang et al. (2007)
did column tests by using soil sampled from Muskegon site to evaluate phospho-
rus fate and transport in soil. The results indicated that the height of the mass
transfer zone, solvent pore velocity, and soil’s life expectancy for phosphorus
removal increased with depth, while the retained phosphorus per kilogram of soil
and the linear adsorption equilibrium coefficient, R, decreased with depth. The
results of X-ray diffraction and washout tests indicate that calcium-phosphorus
precipitation and/or crystal growth occurred in the columns. Therefore, the
adsorption of Ca in wastewater by the soil has extended the life expectancy of
the Muskegon land treatment system (Hu et al. 2005; Zhang et al. 2007).

6.4 IMPLEMENTATION STRATEGIES AND FUTURE PERSPECTIVES

Management strategies for sustainable GSNWWTDTS and DWM systems should
be site-specific, considering the local social, cultural, environmental and economic
conditions. Choice of the “most appropriate technology” for the local conditions is
an important management strategy. The technology should be economically
affordable, environmentally sustainable and socially acceptable for the local
community. Sufficient funds should be available in the community to finance
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Table 6.9. Force analysis for implementation of advanced integrated urban water

and wastewater management systems

Advancing forces

Restraining forces

Water scarcity

Resource constraints

Population growth/aging and
extended life span

A myriad of inventions/innovations

Increased demand/standard of living

Global climate change

Multi-purpose and functional Unban

A rapid change in social paradigms*

Stove-piped professional thinking
Institutional constraints
Existing practices

Lack of public acceptance
Economic evaluation procedures
Efficient communications among
planners/politicians/the public
Lack of tools for day-to-day multiple
criteria decision making
Differences and unbalance between

different countries and regions

*such as networking, flatter organizations, decentralization, conservation, and less authoritarianism
Source: Daigger (2009); NAE (2011)

the implementation of the system, including the operation and maintenance, as
well as additional capital improvement costs, long term repairs, and replacement
costs. There should be a comprehensive site evaluation and a detailed research/
development plan for the selection of a suitable technology for understanding the
receiving environment.

Suitable guidelines need to be developed for the selection of small community
wastewater treatment systems, and it needs to facilitate a decision. Centralized
management of the decentralized wastewater treatment plants needs to be planned
to ensure proper inspection and regular maintenance. Educating the local
community by providing them with access to resource and information for
decision-making is a crucial step towards the sustainable management of
wastewater.

Daigger (2009) analyzed the driving- and restraining- forces for implemen-
tation of advanced integrated urban water and wastewater management systems.
To implement GSNWWTDTs and DWM, one should consider promoting the
driving forces and depressing the restraining forces (Table 6.9), such as:

« Providing thorough analysis of the economics of alternative GSNWWTDTs
and DWM systems. Usually, life-cycle assessment of the is desired;

o Addressing institutional barriers, such as overcoming the key barrier of the
water management profession;

« Developing new communities and retrofitting the existing communities with
higher performing DWM systems and/or GSNWWTDTs-to create more
efficient and effective models for demonstration; and
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o Communicating effectively with the public and coupling people with mea-
sures that can help individuals to change their behavior concerning water
consumption and resource recovery.

It is difficult to predict how our society will be evolving in the future.
However, security, economic, environmental, health, and quality of life are
essential for evaluating the sustainability of our society. While the optimization
of technological systems can have profound biosocial implications, it is more
important for our society to shift from the traditional liner “take, make, waste”
approach to the more closed-loop water and resource management approach
(Daigger 2009). To this end, the future trends are anticipated as follows:

« A more sophisticated toolkit consisting of storm/rain water management,
water conservation, water reclamation/reuse, and energy/resource recovery/
management will be developed;

« Hybrid modern alternative systems that can incorporate both centralized and
decentralized elements to water and resource management systems will be
developed;

« Proper approaches to economic analysis and decision making for selecting
alternative modern systems and utilizing the toolkit will be developed; and

o More projects will be conducted to demonstrate the practicality, economics,
and sustainability of different modern systems.

The knowledge base of environmental problems related to the sustainable
wastewater treatment systems need to be strengthened, and solutions for the
problems need to be derived from scientific thought and empirical experience of
the local conditions. Training programs need to be devised for the municipality
employees for the proper operation and maintenance of equipment and facilities
including monitoring of wastewater quality. Institutional strengthening and
administrative reforms through reduced government involvement and bureau-
cratic control along with user participation should be in place to ensure the
sustainable management of wastewater.

6.5 CONCLUSIONS

There is a demand to make drastic changes in how we manage storm and
wastewater utilizing sustainable technologies. DWM promote better watershed
management and suited to a wide variety of site conditions. GSNWWTDTs like
lagoons and wetlands can be utilized in areas where land is not scarce. For areas of
limited land availability, anaerobic reactor technologies could be implemented. For
agricultural areas and small communities, SAT technologies can be implemented to
treat and utilize treated wastewater (e.g., for irrigation and recreational purposes).

There is a need for consistent, institutional, legislative, economic and social
arrangements to apply for sustainable wastewater treatment and management.
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Choice of the “most appropriate technology” for the local conditions is imperative,
and it should be economically affordable, environmentally sustainable and socially
acceptable for the local community. Centralized management of the decentralized
wastewater treatment plants needs to be planned to ensure proper inspection and
regular maintenance. Also, knowledge of local community needs to be enhanced
by providing them with access to resource and information for decision making on
environmental planning, including site selection. Also, a comprehensive site
evaluation and a detailed research/development plan for the selection of a suitable
technology for understanding the receiving environment need to be in place.
Usually, life-cycle assessment of the technology and system are encouraged. In
addition, the recommendation of new highly performing DWM systems and/or
GSNWWTDTs needs to be strengthened i to create more efficient and effective
models for demonstration. Moreover, effective communication with the public
can help individuals to change their behavior concerning water consumption and
resource recovery. Effective programs for wastewater management and reclama-
tion, including education and information programs, laws and standards, waste-
water reclamation and reuse programs coupled with public involvement in
decision-making, would ensure sustainable urban wastewater management for

communities.

6.6 ABBREVIATIONS

AAFEB  Anaerobic Attached Microbial Expanded Bed Reactor

AFB  Anaerobic Fluidized Bed Reactor

AHR  Anaerobic Hybrid Reactor
ATS  Aquatic Treatment Systems
BOD  Biochemical oxygen Demand
BUD  Bellevue Utilities Department

COD  Chemical Oxygen Demand

CSTR  Continuous Stirred Tank Reactor
CW  Constructed Wetlands

CWA  Clean Water Act

CWRP  Comprehensive Water Reuse Program

DWM  Decentralized wastewater management

FC  Fuel Cell
GSNWWTDT  Green and Sustainable Wastewater Treatment and Disposal
Technologies
GVS & DD Greater Vancouver Sewerage & Drainage District
HF  Hybrid Filter

HRT  Hydraulic Retention Time
LID Low Impact Development

MCR  TMean cell residence time

MGD  Million Gallon/Day
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MFC  Microbial Fuel Cell
MSW  Municipal Solid Waste
MS4  Municipal Separate Storm Sewer System
MT  Matric Ton
NPS  Non-point Source
NYCDCP  New York City DUSEPArtment of City Planning
NWs  Natural Wetlands
PVC  Polyvinyl chloride
SAT  Soil Aquifer Treatment
SFCW  Subsurface-flow Constructed Wetland
SFWMD  South Florida Water Management District
SWRCB  California Water Resources Council
TN  Total Nitrogen
TSS  Total Suspended Solids
UASB  Up-flow Anaerobic Sludge Blanket
US USEPA  United States Environmental Protection Agency
VFA  Volatile Fatty Acid
VSS  Volatile Suspended Solids
WAB  Waste Agricultural Biomass
WH  Water Hyacinth
WSUD  Water Sensitive Urban Design
WSVFCW  Wavy subsurface- and vertical-flow Constructed Wetland
WW  Wastewater
WWT  Wastewater Treatment
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CHAPTER 7

Green Technologies for
Industrial Wastewater
Treatment: Sustainable
Attributes and Prospects of
Anaerobic Granulation

Kuan Yeow Show'
Yue Gen Yan?
Duu Jong Lee®
Joo Hwa Tay”

7.1 INTRODUCTION

As the world’s population has reached over seven billion people, sustainable
wastewater treatment is critical to ensuring clean water and energy availability for
future generations. Anaerobic granular sludge technology is now perceived to be
the most promising and favorable wastewater treatment process as it fulfills the
desired criteria for future technology in sustainable green development. Achieving
an effective prevention and control of pollution requires an integrated manage-
ment of emissions to air, water and land, as well as the efficient use of energy and
raw materials. Anaerobic granular sludge technology appears to meet these criteria
well. The main reason is that treatment through anaerobic granular sludge is an
efficient natural process in which a variety of microbial species work together to
convert organic wastes into an excellent source of energy in the form of methane
gas. Methane can be used to heat the waste stream for a higher rate of stabilization
or to supplement in-plant power requirements. Pathogenic microorganisms are
reduced, and the objectionable organic matter is eliminated through anaerobic
decomposition. The nutrient-rich digestate after anaerobic digestion can be used
as fertilizer. The net result is the production of biosolids that are also widely used
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*National Taiwan Univ., Taipei, Taiwan.
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as soil conditioner. Additionally, with industrial wastewater treatment, the
amount of biosolids produced is far less than that with aerobic treatment while
the biosolids are already anaerobically stabilized for the final land application.
Moreover, nutrient requirements for anaerobic treatment are much lower than
that of aerobic treatment.

Biosolids agglomeration in which microbial cells are organized into dense and
compact granules has been extensively investigated in biological wastewater
treatment. In light of the development in biogranulation work, advanced anaero-
bic processes integrating granular biomass as predominant waste degraders appear
to be desirable technologies for industrial wastewater treatment. As a result of
increasing acceptance towards the anaerobic granular processes, a growing
interest in the technology has resulted in a remarkable increase of full-scale
plants installed worldwide over the last three decades.

An anaerobic granule is composed of diverse bacterial populations striving
upon a microbial syntrophic relationship. Complete degradation of industrial
xenobiotic compounds involves complex interactions between the syntrophic
species thrived within the granule matrix. There are likelihoods for microorgan-
isms to form granules in the process of microbial evolution (Fitzpatrick et al.
1989). In a microbiological sense, granulation is able to support heterogeneous
ordered populations of syntrophic communities in the form of a multi-cellular
association under favorable physiological conditions. While syntrophic interac-
tions between adjacent organisms can facilitate genetic exchange, granulation may
protect cells from predators such as anaerobic ciliates. In consideration of
thermodynamics, the diffusion distance for fermentation intermediates is mini-
mized within closely structured granules, which is a very efficient means to
conserve energy available in the degradation system. Moreover, for microbes to
thrive under adverse environment that is not favorable for microbial growth (e.g.
extreme pH and/or toxicity), a more favorable micro-environment can be main-
tained within the granules so that metabolism can be sustained.

In view of the current granulation R&D, processes based on anaerobic
granular sludge are emerging as the most promising technologies. Dense and
sturdy granules lead to rapid settling of biomass, thereby enhancing separation of
purified liquid from the mixed liquor in granular sludge reactors (Noyola and
Mereno 1994; Batstone and Keller 2001). Because of the effective retention of fast
settling granules leading to high biomass inventory and rich microbial diversity,
these reactor systems provide efficient and stable plant operation with remarkable
performance. Two most popular granular reactor systems, namely the upflow
anaerobic sludge blanket (UASB) and the expanded granular sludge blanket
(EGSB) technologies, have respectively acquired predominant shares of full-scale
industrial applications. They have been used in treating high organic strength
industrial wastewaters from brewery, food processing, distillations and fermenta-
tion, sugar processing, chemical industry, and so forth (Frankin 2001).

A major problem associated with granular sludge systems is the prolonged
startup required for successful development of granules. In cases where inocula-
tion is seeded with flocculent sludge, it usually takes several months or longer
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before the sludge develops into granules. In order to reduce the long startup of
granular sludge systems, technologies for enhanced and rapid production of
anaerobic granules are desirable. This chapter reviews current research work
encompassing salient features, which include merits and limitations of anaerobic
granulation. In comparison with aerobic processes, outstanding advantages of
treatment by anaerobic granular sludge systems are discussed. Energy production
and assessment associated with anaerobic granulation are delineated in the
perspective of the water-energy nexus. Lastly, anaerobic reactor systems integrat-
ing granular sludge for waste degradation and the prospects of anaerobic
granulation are also outlined.

7.2 MERITS AND LIMITATIONS OF ANAEROBIC GRANULATION

Biosolids agglomeration in which microbial cells are structured into dense and
rapid settling granular biomass has been extensively studied due to its practical
significance in biological wastewater treatment. As shown in Figure 7.1, an
anaerobic granule is consisting of closely aggregated microbial cells thriving
within the granule matrix. This enhances complex interactions between the
syntrophic bacterial species leading to efficient degradation of pollutants. This
section discusses principal advantages and limitations of anaerobic granular
sludge and its comparison with aerobic and/or conventional anaerobic treatment.

It was calculated that the distance between acetogenic and hydrogenotrophic
microorganisms ranged between 5 and 11 pm at a hydrogen turnover rate of

Figure 7.1. Anaerobic granules developed in a full-scale bioreactor treating
chemical wastewater
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320 sec™! (McCarty and Smith 1986). Subsequently, maximum distances of 4, 9.3
and 660 pm for propionate, butyrate and ethanol turnover, respectively were
deliberated (Stams et al. 1989). These results indicated that it is favorable for the
microorganisms to be very close to each other in order to achieve high substrate
conversion rate. On the other hand, it was found that syntrophic relations in flocs
or granules are not only of significance for interspecies hydrogen transfer, but also
for interspecies transfer of formate (Thiele and Zeikus 1988).

Significant limitations of non-granular anaerobic processes encompass a
better understanding of refractory contaminant degradation and process reliabili-
ty, as loose and flufty biomass is susceptible to environmental factors such as pH,
temperatures, changing organic loadings and toxicity in the feed. Successful
cultivation and retention of biomass in a bioreactor appeared to be the key to
developing a more reliable treatment. Such operational requirements are achieved
via cell immobilization or granulation, and proper attention to satisfying trace
metal requirements for granule formation.

There are several advantages of granules over other forms of biomass growth
(Wiegant 1988; Fitzpatrick et al. 1989), which are summarized in Table 7.1:

In granular sludge reactors, development of cells into larger and dense
granules results in rapid settling of the biomass thus improving separation of
treated effluent from mixed liquor (Noyola and Mereno 1994; Batstone and Keller
2001). As good liquid-solid separation leads to better effluent quality, it also
increases biomass concentration and enriches microbial diversity in the system. In
applications of cell-immobilization technology, anaerobic granular sludge reactor
systems appear to be the most promising in terms of treatment and plant
operation. These reactor systems provide efficient waste degradation and stable
operational performance, attributable to its effective retention of the biomass in
the form of granules. Two popular granular reactor systems, namely the sludge-
based upflow anaerobic sludge blanket (UASB) and expanded granular sludge

Table 7.1. Advantages of granules over other forms of biomass growth

1. Development of heterogeneous ordered populations of syntrophic
microorganisms in the form of multi-cellular association under
favorable physiological conditions

2. Symbiosis interactions between adjacent organisms and facilitation
of microbial genetic exchange

3. Increase in nutrient uptake to support microbial growth within
granules

4, Protection of cells from predators such as anaerobic ciliates

5. Minimization of diffusion distance for fermentation intermediates in
enhancing syntrophic biochemical reaction within a granule.

6. Maintaining a favorable micro-environment within the granules to

sustain metabolism under adverse conditions for growth such as
extreme pH and toxic feed
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blanket (EGSB) technologies dominate a predominant share of industrial applica-
tions so far. They have been used in treating high organic strength industrial
wastewaters from brewery, chemicals, food processing, distillations and fermen-
tation, sugar processing, and so forth (Frankin 2001).

Nonetheless, there are some drawbacks of the anaerobic granular processes.
A large shortfall associated with the granular sludge systems is the low cell-yield
and long doubling times of the methane-producing microbes, which results in
long operating time for a complete development of anaerobic granules. The time
required depends primarily on the source and type of seed sludge used to start up
the bioreactor. In cases where inoculation is seeded with flocculant sludge
obtained from municipal wastewater sludge digesters, it usually takes several
months or much longer before the bioreactor can be operated.

In order to reduce the lengthy startup of granular sludge systems, technolo-
gies for enhanced and rapid production of anaerobic granules are desirable. One
effective way for a fast startup is by using granular sludge from operating reactors
as the seed inoculum. The availability of granular seed sludge, however, is often
limited, and the costs for purchase and transportation of the inoculum can be
high. Other possible ways of rapid startup are by dosing coagulant polymer (Show
et al. 2004a; Wang et al. 2004) or stressing the volumetric loading rate (Show et al.
2004b) during the startup. These studies indicated that the startup times were
significantly reduced by as much as 46%.

7.3 ADVANTAGES OVER AEROBIC TREATMENT

Increasing restrictions on sludge landfill, air pollution, hazardous waste disposal,
odor control, energy use and other limitations have exerted a considerable impact
on applicability of aerobic wastewater treatment. In order to manage a successful
and sustainable scheme for wastewater treatment, development of technologies
combining high waste removal efficiency, low construction and maintenance
costs, low energy use and greenhouse gas emissions has become a major priority.
In this respect, anaerobic granular sludge treatment processes are becoming
increasingly popular worldwide. In comparison with conventional aerobic treat-
ment, main advantages of anaerobic granular sludge systems include high loading,
smaller footprint, high flexibility in applications, lower treatment costs and lower
sludge production.

It should be noted that a comparison between aerobic and anaerobic
processes should be made with caution, as each individual case has peculiarities
that may make only certain processes feasible. In many cases especially in treating
high strength industrial effluents, both anaerobic and aerobic processes should be
used in stages for best possible performance. Key aspects of the comparison, such
as sludge production, feed loading rate, process stability, degradation of recalci-
trant and toxic xenobiotics, VOC emissions, surfactant foaming, chemical require-
ments, and energy efficiency are discussed in the following subsections.
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7.3.1 Sludge Production

Life cycle analysis of wastewater treatment systems has been used as a holistic
approach to the evaluation of competing technologies and consistently identifying
the strong influence that energy consumption and emissions has on the overall
environmental impact. It follows that the strong influence that sludge handling
and disposal process have on the overall environmental impact arising from
wastewater treatment has to be considered. One of the intrinsic features of aerobic
processes is that, the growth rate of the aerobes is considerably faster as much
energy can be derived from the oxidation of organic contaminants. Consequently,
a large portion of the organic matter is used in the synthesis of new cells. The
organics converted to biomass have not actually been stabilized, but are just
changed in form. The vast bulk of biological solids generated in the aerobic process
requires further sludge treatment for ultimate waste stabilization.

More free energy is available to the organisms when oxygen is the electron
acceptor. Abundant free energy in aerobic processes is reflected in the greater
amount of excess biomass produced, which must be removed from the system to
prevent clarifier failure and excess oxygen consumption. A crucial attribute of
anaerobic granular sludge technology is the markedly reduced production of
excess sludge (typically 5-15%) comparing with aerobic-based counterparts.
Under anaerobic conditions, more than 90% of the wastewater COD is converted
to methane gas as an end product. The combustible end product of methane
represents an additional source of energy for other operations such as heating and
generating electricity. Reuse of methane can also warrant claim of carbon credits
in the form of Certified Emission Reductions (CERs) as incentives awarded to
countries or businesses for reducing emissions of greenhouses gases (GHG) under
the Kyoto Protocol (Show and Lee 2008; Show et al. 2011; Show and Wong 2013).
In addition, there is notable saving in the energy needed for aeration. This energy
equivalent is not available for biomass synthesis, thereby considerably lessening
both financial and waste biomass disposal site requirements. Presently, landfills for
organic wastes are near the point of closure due to land scarcity and pricing,
technologies such as anaerobic biogranulation producing smaller amounts of
waste sludges will put landfills in a better situation.

With anaerobic biogranulation innovation and the combined advantages of
significant energy production and decreased excess sludge production, anaerobic
granular sludge processes have gained in credibility among industrial manage-
ment and consulting engineers.

7.3.2 Feed Loading Rate

As the rates of anaerobic reaction are not limited by oxygen transfer, it does not
require oxygen in anaerobic waste decomposition. Anaerobic granular-sludge
systems are also characterized by higher loading rates commonly varying from 5 to
20 kg chemical oxygen demand (COD)/m?ed, whereas the usual loads to aerobic
systems are much lower at 0.5-3 kg/m’ed (Hu et al. 1999). This implies a
substantial reduction in the reactor volume and the land space required for the
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treatment plant, and, therefore, lower construction and overall investment costs
can be derived.

On the other hand, more and more industries are practicing reuse of process
water because of escalating water pricing, which results in reduced flow of
concentrated wastewaters of high pollutant concentrations. And, treatment
processes based on anaerobic granulation are preferred as they can handle
high-strength wastewaters with satisfactory performance. The robust granular
sludge systems can offer an efficient treatment for a wide range of industrial
effluents including concentrated industrial wastewater feedstocks from chemical
plants, food processing, palm oil mills, pharmaceutical, pulp and paper industry,
distillery, brewery and industries producing high strength organic effluents
(Hu et al. 1999).

It has been a notion that a wastewater must be of high BOD concentration in
order to be a viable candidate for anaerobic treatment. While anaerobic treatment
can accommodate very strong industrial wastewaters, primarily because there are
no limitations on oxygen transfer and solids flux thickening, the minimum feed
strength is not controlled by BOD concentration but rather by a number of very
important design considerations. These include the provisions of the following
requirements:

1. Biomass accumulation by means of settling, granulation, adhesion to
biofilm, entrapment within the system, or recirculation for longer mean
cell retention time;

2. Good contact between biomass and wastewater in overcoming problems
of diffusion of substrates and products from the liquid to biofilm or
granules; and

3. Maintenance of an environment suitable for bacterial growth.

7.3.3 Process Stability

Biomass washout and sludge bulking of many aerobic processes based on
suspended biomass are common operational issues faced by wastewater treatment
plants. However, anaerobic processes based on cell-immobilization such as
granulation would minimize these problems. Successful cultivation and retention
of biomass via granulation or other forms of immobilization appeared to be the
key to developing a more reliable system. Process stability, which reflects the
capacity to achieve efficient pollutant reduction under varying environmental
conditions, is enhanced when an anaerobic facility is designed for efficient
biomass retention.

7.3.4 Degradation of Recalcitrant and Toxic Xenobiotics

Recent research indicates that certain organic compounds which cannot be
degraded under aerobic conditions can be anaerobically decomposed. For in-
stance, anaerobic processes can successfully dehalogenate highly chlorinated
organic compounds from the pulp and paper industry (Parker et al. 1993).
Dehalogenation was demonstrated in a non-methanogenic anaerobic granular
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process for pulp and paper mill wastewaters containing organic substances which
were chlorinated during the chlorine-bleaching operations. The similar demon-
stration has since often been repeatedly observed in methanogenic systems.
Surprisingly, even certain anaerobes derive energy for cell growth from the
dehalogenation process (Mohn and Tiedje 1992).

Scientific findings have reviewed that anaerobic granular sludge process is
capable of removing most chlorinated hazardous compounds, including pesticides
and chlorinated solvents, and converting polychlorobiphenyls (PCBs) to less
detrimental substances. As chlorinated organics are transformed anaerobically,
their toxicity is dramatically dampened or nullified. Aerobic processes that have
been so widely used do not possess this nullifying capability (Macarie 1999).
Wastewaters with high levels of formaldehyde can be effectively detoxified in an
anaerobic granular bioreactor through conversion into methanol and then into
methane. An operational condition must be fulfilled such that an adequate
hydraulic residence time is maintained for stable operation (Omil et al. 1999).

Such detoxifying capability offers a vital consideration for many industries to
select anaerobic biogranulation technology. Moreover, granular sludge anaerobic
wastewater treatment has successfully achieved complete mineralization of dif-
ferent anthropogenic compounds. Aromatic compounds such as phenols and
methylated phenols (cresols) are commonly encountered pollutants in complex
effluents, such as those generated by petrochemical industries, which have been
reported to be degraded anaerobically (Charest et al. 1999; Kennes et al. 1997).

A review of the development and applications of anaerobic granular sludge
technologies for complex industrial effluents containing terephthalic acid, syn-
thetic resins, carboxymethylcellulose, maleic acid, etc., has been reported by
Macarie (1999). In many cases, these effluents lack of nutrients required to
enhance the growth of anaerobic granules. The small quantity of nutrients makes
the economic impact of such nutrients addition negligible.

7.3.5 VOC Emissions

Increasingly stringent controls are now being legislated on air emissions of volatile
organic compounds (VOCs) from industrial production, including fugitive emis-
sions from aerobic treatment plants. Many volatile organic contaminants such as
acrylic acid and chlorinated solvents tend to be air stripped from the wastewater
during aeration. The fact that they are stripped before being degraded would
contribute to VOC air pollution (Speece 1996). This environmental drawback
cannot be omitted from the design of aerobic systems but is eliminated in
anaerobic treatment. Emissions of hazardous volatile organic compounds are
not a concern of aeration-free anaerobic granular sludge process, as there is no
stripping of air from the reactor liquid.

7.3.6 Surfactant Foaming

Foaming in the aerobic treatment process is a common operational problem in
many wastewater treatment plants. Sticky, viscous and brown foam floats and
accumulates on top of the tanks, and can take up a large fraction of solids
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inventory and reactor volume, thus decreasing the effluent quality and control of
solids retention time (SRT). The foam can also overflow onto walkways and
surrounding areas, posting severe difficulties and risk to operation and
environment.

Air bubbles provided in an aeration tank is often a primary factor associated
with foaming. The issue of foaming of surfactant wastewaters caused by the
hydraulic turbulence and/or bubbling of air attributed to the aeration in the
aerobic treatment may actually preclude the use of air as the basis of the treatment.
Biodegradation free of foaming is possible via anaerobic granular sludge processes
and is thus seen to be of advantage in tackling operational problems due to
foaming. In comparison, approximately 70 volumes of air are added per volume of
wastewater having 2,000 mg/L of BOD for aerobic processes, while only about 1.6
volumes of biogas produced per volume of 2,000 mg/L wastewater treated
anaerobically.

7.3.7 Chemical Requirements

Alkalinity or acidity for pH adjustment and buffer capacity and nutrient addition
to satisfying synthesis needs of the microorganisms are usual chemical inputs for
any biological process. Alkalinity is the most common requirement for pH
control. Alkalinity addition is quite often the most expensive operation cost of
anaerobic granular sludge systems. In anaerobic degradation, the volatile acids to
alkalinity ratio should be in the range of 0.3-0.4. The most economical way of
minimizing alkalinity additions may be to install a pH control system to avoid
adding excess alkalinity to the influent. Anaerobic granular processes treating
industrial wastes or sludges commonly produce 200-500 mg/L of volatile acids.
For the range given, 570-1430 mg/L of alkalinity as CaCOj; is required. Aerobic
processes do not generally require pH adjustment unless they are designed to
convert ammonia to nitrate (nitrification).

As discussed earlier, the nutrient requirement for a given amount of substrate
is greater for an aerobic process than for an anaerobic process. Many wastes will
contain an adequate amount of nutrients for treatment in either the anaerobic or
aerobic mode. The ratio of carbohydrates and fats to protein is the primary
controlling factor. The latter contains significant amounts of nitrogen and
phosphorus.

7.3.8 Energy Efficiency

Aeration is a tremendous operating cost for most treatment plants adopting
aerobic processes. Aerobic treatment generally requires the energy of
0.5-2 kWh/kg O, for the aerobic microorganisms to thrive (Speece 1996). On
the other hand, anaerobic treatment produces as much as 12.7 MJ of biogas energy
per kg of COD removed. The biogas can be used to heat the reactor up to a
mesophilic operating temperature. Some countries implement feed-in tariffs
incentive scheme whereby electricity derived from biogas can be fed onto the
grid. This electricity supply offers additional revenues while promoting green
energy production. It can be deduced that energy conservation and consequent
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ecological and economic benefits are possible with the energy-efficient anaerobic
granular processes. Further assessment of energy is discussed in the following
Section 7.4.

7.4 ENERGY GENERATION

7.4.1 Generation of Bioenergy

Most studies on anaerobic granulation were conducted whereby methane is
produced as the major gaseous product. Not only is anaerobic treatment of value
for wastewater treatment, but it is also the process used in solid waste landfills that
results in the stabilization of organic wastes, converting them to methane gas,
which is increasingly valued as an energy source. Some opponents would cap
landfills to prevent water from infiltrating and the natural anaerobic bioconver-
sion into methane to occur, but this practice is questionable. Methane is
undoubtedly a powerful greenhouse gas, but if designed and captured for use,
it serves instead as a good renewable biomass energy source.

Anaerobic degradation of wastewater produces 1.27 X 107 J of energy in the
form of biogas with every kg COD degraded by microbes. This methane-
producing feature leads to energy conservation and the concomitant ecological
and economic benefits. Part of the energy may be used to heat up the digester to
enable a higher rate of anaerobic degradation, while surplus energy can be
converted into electricity to supplement in-plant power requirements, or feed
into the power grid earning additional revenues from feed-in tariffs. With every
kWh of electricity generated from biogas, approximately 1.05 X 107 ] of energy
can be saved that would be otherwise used to generate the same amount of
electricity from fossil fuel. With global concerns over energy shortages and
greenhouse gas emissions through combustion of fossil fuels, effort towards
renewable energy supply from anaerobic waste treatment clearly fits into the
much sought after sustainable development.

Potential of hydrogen as an ideal replacement energy has attracted worldwide
attention in the last two decades. Use of hydrogen energy was mooted out of the
concerns of energy sustainability and environmental impact such as global
warming arising from the combustion of depleting fossil fuels. Hydrogen derived
from renewable resources is considered one of the promising alternatives to fossil
fuels in the future, since hydrogen releases energy explosively to produce water as
the only byproduct. Biological means such as anaerobic fermentation, biophoto-
synthesis and photo-decomposition to harness hydrogen from renewable sources
like water or organic compounds have been gaining considerable interest (Das and
Veziroglu 2001).

Biohydrogen production via fermentative, photosynthetic bacteria or algae is
an environmentally-friendly and energy-saving development, which appears to be
a promising alternative to the conventional (fossil-fuels based) hydrogen produc-
tion processes. Among the biological processes, anaerobic hydrogen fermentation
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appears favorable, as hydrogen can be generated at higher rates from renewable
organic materials with a concomitant reduction in environmental organic pollu-
tants. Feasibility of anaerobic hydrogen production from organic wastes has been
demonstrated by some research groups in different countries all over the world
(Fang and Liu 2002; Chang and Lin 2004; Wu et al. 2006; Zhang et al. 2006).
Nevertheless, application of granular sludge processes for anaerobic hydrogen
production has began only in recent years. The formation mechanism of hydro-
gen-producing granules is yet to be established. While the process is still being
developed, it has shown a good potential in hydrogen production as compared to
the suspended sludge systems (Liu and Fang 2003; Kotsopoulos et al. 2006).

The physical, physicochemical and hydraulic characteristics of hydrogen-
producing granules, such as bioparticle morphology, extracellular polymeric
(ECP) substances, and settling velocity, have been investigated by several research
groups (Fang et al. 2002; Zhang et al. 2004; Mu and Yu 2006). A novel approach to
the rapidly initiate granulation of hydrogen-producing sludge was developed in an
anaerobic continuous stirred tank reactor (Zhang et al. 2007a). By applying
acidification in culture incubation, granulation was initiated within 5 days which
was much shorter than that usually required 2 to 4.5 months (Fang et al. 2002).
Formation of granular sludge significantly increased the reactor biomass, which in
turn improved the hydrogen production rate.

Although the role of ECP bonding in initiating microbial aggregation remains
unclear, associated increases in ECP production with the development of granules
indicate that the function of ECP is more likely to maintain structural integrity of
microbial granules. Notably, besides the microbial surface physicochemical prop-
erties, the hydrodynamic, biological and other forces may also influence or
contribute to microbial adhesion and aggregation. It has been reported that
microbial aggregation could be initiated and accelerated via different approaches
to altering bacterial surface charges. Reducing electrical repulsion between cell and
solid surface could improve the microbial adhesion performance (Bonet et al.
1993; Tsuneda et al. 2003). Moreover, microbial granulation is accelerated by
introducing multi-valence positive ions and cationic polymers to reduce electro-
static repulsion between negatively charged bacteria (Mahoney et al. 1987; Show
et al. 2004a, b; Wang et al. 2004).

7.4.2 Energy Assessment

An energy assessment is important since energy comprises one of the major
operating expenses of wastewater treatment plants. Temperature has a significant
effect on the rate of reaction by anaerobic microbes. The systems perform better at
elevated temperatures in the thermophilic range from 45 to 65°C. Heating the
influent, when required, is usually the significant energy input into an anaerobic
reactor. Although waste degradation proceeds more rapidly at elevated tempera-
tures, the costs associated with maintaining such temperatures may offset the
benefits of higher reaction rates. Treatment by anaerobic granular sludge can be
performed at temperature below 20°C in the psychrophilic range. However,
operation of the system in this low temperature range is disadvantageous, owing
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to the extremely lethargic microbial degradation and the resulting longer solids
retention times. Therefore, most anaerobic granular sludge systems are designed to
operate in the mesophilic range from 20°C to 45°C with the most optimum
temperatures of around 33-40°C. For a reactor operating at 35°C, degradable
wastes typically produce 1 cubic meter of methane for every cubic meter of
wastewater treated daily. Methane derived from anaerobic digestion usually satisfies
heating requirements of the feed. Non-granular sludge reactors such as the
conventional and contact reactors also require energy for mixing the reactor content.

The need to recycle, which requires pumping energy, is dependent on the
aerobic or anaerobic process. Granular sludge EGSB reactors undoubtedly need
recycle and incur a more significant energy penalty to keep the bed fluidized.
Other granular sludge reactors such as UASB typically do not require recycling.
All aerobic processes require recycling of sludge or liquid to activate the biomass.

The other significant energy input into a treatment process is for sludge
processing. Less energy is consumed for sludge processing in anaerobic granular
systems compared to aerobic systems because of lower sludge production in
anaerobic granular sludge systems.

Aerobic treatment, except in the case of trickling filters, always requires
energy input to pump air or oxygen into the system. Trickling filters use more
energy for pumping but, in general, require less energy input than suspended
growth aerobic processes. Trickling filters can provide little treatment during
winter if they are not enclosed and heated.

The net energy available from an anaerobic granular sludge process is equal to
the chemical energy (methane) produced by the process minus the thermal energy
required to heat the wastewater to digester operating temperature. The methane
yield depends on a number of factors, including waste composition, temperature,
hydraulic retention time, and solids retention time. These factors also dictate the
organic and volatile solids loadings.

Calculation of energy consumption and the influent COD concentrations
needed for energy self-sufficient for several anaerobic processes has been reported
(Speece 1996). The study indicated that granular sludge reactor (UASB) exhibits
the lowest feed COD concentration for energy self-sufficiency because of its least
energy consumption for heat, mixing and pumping. It should be noted that the
data for this assessment are derived from an influent temperature of 15°C and a
reactor operating temperature of 30°C. It was assumed that the methane yield has
been 0.25 m?/kg COD removed and that COD removals of 80% have been
attained for each process. Use of heat exchangers was not considered for heating
energy consumption. They could significantly reduce energy consumption in
some circumstances.

It is observed that energy consumption of anaerobic treatment is dependent
on the type of process used and therefore on the type of waste treated. Mixing and
pumping energy is the most variable item. Heating energy is directly related to the
temperature difference between the reactor and the influent. In addition to the
energy consumption factors given, there will be energy costs associated with
sludge dewatering and transport to the ultimate disposal site.



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

GREEN TECHNOLOGIES FOR INDUSTRIAL WASTEWATER TREATMENT 243

Substantial energy cost benefits can be accrued when proper design criteria of
anaerobic granular sludge system are met. The methane production is a positive
cost benefit. The anaerobic treatment produces 12 X 10° BTU as CH, per tonne of
COD converted to CH,. In many smaller installations, the methane production is
merely flared off because it is uneconomical to invest for its utilization. Because no
oxygen transfer is required, the need for the 500-2,000 kWh of energy per tonne of
oxygen transfer frequently required for aerobic treatment is negated, making
energy conservation possible with its concomitant ecological and economic
benefits. Since approximately 10,000 BTU are consumed in the generation of 1
kWh of electricity, the expenses incurred in generating the 5 to 20X
10° BTU/tonne of COD treated which is necessary for oxygen transfer are
eliminated, providing even further energy saving.

7.5 GRANULAR SLUDGE REACTORS

For anaerobic treatment to compete with alternative technologies such as aerobic
or physicochemical treatment, not only it has to be efficient and reliable but also
cost-effective in terms of investment and operating costs. Extensive full-scale
applications indicated that overall economic benefits derived from the granulation
technology include low operating costs, compact reactor construction, production
of energy in the form of biogas, low waste sludge production, which translate into
overall economic benefits.

Extensive effort is now being made in exploring broader applications of
anaerobic granulation technology for conversion of high strength and recalcitrant
organic wastewaters into a renewable energy source. The key to successful use of
the anaerobic treatment is to separate the liquid and the solids (biomass) retention
times in the reactor system. To achieve high feed-loading rates, short hydraulic
retention times are essential whilst maintaining positive net biomass retention.
A variety of reactor designs in retaining biomass within the reactor system have
been developed over the past two decades. Anaerobic reactor systems integrating
granular sludge such as the Upflow Anaerobic Sludge Blanket (UASB) reactor,
Expanded Granular Sludge Bed (EGSB) reactor, Hybrid Reactor (HR), Anaerobic
Continuous Stirred Tank Reactor (CSTR), Anaerobic Baffled Reactor (ABR),
Internal Circulation (IC) reactor, Anaerobic Sequencing Batch Reactor (ASBR),
and Anaerobic Migrating Blanket Reactor (AMBR) are briefly discussed in the
following section.

7.5.1 Upflow Anaerobic Sludge Blanket Reactor

Upflow Anaerobic Sludge Blanket (UASB) was developed with a remarkable
design of a 3-phase separator which serves two key functions using just one single
reactor, namely maximizing biomass retention without the need of an external
clarifier. The unique gas-solid-liquid separator was designed for the separation of
biogas from sludge granules and treated effluent. The UASB technology is well
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accepted because of its high organic removal efficiency, simplicity, low capital and
operating costs and low footprint requirement.

UASB has been used in treating food industry wastewaters and a variety of
wastewaters including those from piggery, alcohols, fatty acids, slaughterhouse,
milk fat, distillery and fermentation, pulp and paper wastes, brewery, food
processing, chemicals, pharmaceuticals and so on. Recent studies showed that
UASB can be applied in treating wastewaters containing concentrated proteins
(Fang 1994) and aromatic compounds such as phenol (Wen et al. 1995). Effluent
recirculation is widely used to avoid toxic impact to the microorganisms.

Supplement glucose improves the anaerobic degradation of phenol (Tay et al.
2001). Phenol can be degraded to methane and carbon dioxide through phenol
degraders and hydrogen utilizing and acetotrophic methanogens. The phenol
removal efficiency was also the best at 98%, compared with 88% without glucose
supplement. Moreover, it also exhibited better resistance to adverse environmental
conditions and the system recovered faster than the other system without glucose
supplement.

Removal of chlorinated phenols is possible in UASB reactors (Droste et al.
1998). Halogenated organic pollutants are labeled as toxic and recalcitrant in the
environment. Effluents containing chlorinated phenols and related compounds
are especially problematic to treat due to their persistence and their high solubility
in fat. Chlorinated phenolic compounds were able to be metabolized to mineral
end products, to a large extent of loading rates where the reactor’s performance
was not hindered. There was no accumulation of phenol in any of the reactors in
the experimental conditions.

Treatment of polyethylene terephthalate wastewater with UASB is proven
feasible in a full-scale application (Fdz-Polanco et al. 1999). The wastewater from
the esterification process consists of mainly unreacted raw material, largely
ethylene glycol, and products of the secondary or degradation reactions, such
as terephthalic acid esters, methanol, acetaldehyde and crotonaldehyde being the
major part. There is also another wastewater stream, viz., the second stream, from
the melt spinning process where a bath of chemicals is showered to improve the
physical characteristics of the fibre. It was reported that the anaerobic biodegrad-
ability was 90% and 75% for esterification wastewater and second stream
wastewater respectively.

A main problem associated with the granular sludge UASB systems is the
inherent long startup required for the development of anaerobic granules. In cases
where inoculation is seeded with flocculant sludge obtained from municipal
wastewater sludge digesters, it usually takes several months or even a much
longer period before the system can be fully functional. In order to reduce the
prolonged startup of granular sludge-based UASB systems, technologies for
enhanced and rapid production of anaerobic granules are highly sought after.
Much research work has been carried out to address these issues.

An unconventional approach to accelerate startup and granulation processes
in UASB reactors by stressing the organic loading rate (OLR) had been developed
(Show et al. 2004a). The results indicated that the startup of reactors could be
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significantly accelerated under stressed loading conditions. Startup times of the
moderately and severely stressed reactors for operating at OLRs of 1 to
16 gCOD/L.d ranged from 10 to 80 days and 13 to 90 days, respectively. In
comparison with 17 to 120 days needed for the control reactor to reach the same
OLRs, the startup times were shortened by 25-41%. Applying stress did not seem
to reduce the reactor loading capacity, as all the reactors reached a similar
maximum OLR of 16 g/L.d.

Show et al. (2004a) also explored the possibility of accelerating biogranulation
process with stressed loadings. The researchers found that under stressed loading
conditions, the sludge particles formed granules earlier in both the stressed
reactors after 24 and 30 days of startup. The times taken to form granule were
reduced by 45% and 32% in the severely and moderately stressed units, respec-
tively, in comparison with the control reactor without applying stress. The granule
formation occurred earlier in the severely stressed reactor than the moderately
stressed unit. Characterisation of bioparticles revealed that the granules developed
in the moderately stressed reactor exhibited superior characteristics in terms of
settleability, strength, microbial activity and morphology, and granular sludge
growth, as compared with both the control reactor (without stress) and the over-
stressed unit (Show et al. 2004a). The results indicated that the unconventional
startup approach could offer a practical solution for the inherent long startup in
UASB systems with concomitant saving in time and cost.

A different approach to rapid startup is to adjust the Microbial Load Index
(MLI) values (Tay and Yan 1997). Research findings show that under high MLIs of
0.8 and 0.6, granulation developed well in 3 to 4 months of operation, enabling a
fast startup. With low MLIs of 0.3 and 0.2, no granulation was observed after 6
months.

Polymers have been used in enhancing anaerobic granulation process (EI-
Mamouni et al. 1998). Chitosan, a natural polymer, out-performed a synthetic
polymer Percol 763 in terms of granules formation rate. Chitosan yielded a
granulation rate as high as 56 pm/d as comparing with a lower rate of 35 pm/d
with Percol 763 in acidic pH. It has been reported that adding polymer in the
seeding stage markedly accelerated the startup time by as much as 50% and the
granule formation by 30% (Show et al. 2004b). Granules developed in polymer-
assisted reactor exhibited better settleability, strength and methanogenic activity at
all organic loading rates tested. Organic loading capacities of the polymer-assisted
reactor were also increased significantly from 24 to 40 g COD/L-d. It was
hypothesized that the cationic polymer was able to form bridges between the
negatively charged bacterial cells, thus enables greater interaction between bio-
solids resulting in preferential development and enhancement of biogranulation in
UASB reactors.

7.5.2 Expanded Granular Sludge Bed Reactor

Developed based on the UASB reactor, the Expanded Granular Sludge Bed
(EGSB) reactor is able to overcome shortcomings of the UASB reactor in treating
chemical wastewaters (Zoutberg and de Been 1997). The EGSB is able to promote
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the growth of biomass in a granular form similar to the UASB granules. The
process is especially suitable to treat wastewater containing compounds that are
toxic in high concentrations and that only can be degraded in low concentrations
(chemical industry). It is also possible to operate the reactor as an ultra-high
loaded anaerobic reactor (to 30 kg COD/m?-d) for applications in other sectors of
industry (e.g. brewery, distillery, yeast, sugar, corn ethanol production, etc.).

Mesophilic conditions at 35°C to treat slaughterhouse wastewater in an EGSB
system appear to be a feasible option (Nunez and Martinez 1999). The average
removal efficiency was 67% for COD, 90% for total suspended solids, and 85% for
fats with no accumulation of fats on the sludge being observed. The specific
methanogenic activity of the sludge was about 3 times higher than that of the
sludge inoculated into the reactor. The sludge activity did not change significantly
after one year of operation.

Thermophilic sulfite and sulfate reduction offers good prospects as part of an
alternative technology to conventional off-gas desulfurization technologies (Weijma
et al. 2000). Methanol can be efficiently used as electron and carbon source to obtain
high sulfite and sulfate elimination rates in thermophilic bioreactors.

A comparison of the behaviour of EGSB and UASB reactors in diluted (e.g.
ethanol, diluted beer) and concentrated (e.g. coffee) wastewater treatment has
been made. There were no major differences in the removal rates during the
operation with coffee wastewater. It was likely that for this effluent, the process is
limited by the reaction kinetics instead of by the mass transfer due to the complex
nature of the waste. With diluted beer, the EGSB reactor indicated a better
performance than the UASB (Jeison and Chamy 1999). The granular sludge-based
UASB and EGSB processes gradually take a significant portion of commercial
applications. Although UASB remains as the predominant technology in use,
ESGB type processes are increasingly gaining more popularity (Frankin 2001).

7.5.3 Hybrid Reactor

A Hybrid Reactor (HR) is mainly designed with a combination of an UASB and a
biofilter. The designs include either randomly-packed or corrugated sheet media
in the upper portion of the reactor to trap biomass and support biofilm growth.
This results in a hybrid sludge blanket-fixed film reactor. The HR has both
suspended granular biomass and immobilized biofilm. Evaluation of the respective
roles of these two types of biomass with a mathematical model was developed and
experimentally verified. It was found that the granular biomass plays a key role in
removing both substances in the substrate. This was due to complete coexistence
of both trichlorfon-degrading and glucose-removing bacteria in each type of the
granules. Such a system is applicable to the treatment of complex industrial
wastewaters that contain readily biodegradable organics, as well as refractory
pollutants. Simultaneous removal of trichlorfon, with glucose added as a carbon
source for degradation requirement of trichlorfon in a hybrid bioreactor, was
reported (Chen et al. 1998).

Anaerobic thermophilic (55°C) treatment of thermomechanical pulping
whitewater in reactors based on biomass attachment (biofilm) and entrapment
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(granules) was studied (Jahren et al. 1999). Up to 70% COD removals were
achieved in all HRs. Degradation rates of up to 10 kg COD/m?>-d were reported.
The anaerobic multi-stage reactor (consisting of three compartments, each packed
with granular sludge and carrier elements) showed degradation rates up to 9 kg
COD/m?.d. Clogging and short-circuiting eventually became a problem in the
multi-stage reactor, probably caused by too high packing of the carriers.

Pentachlorophenol (PCP) was efficiently degraded in a HR supplied treating
a mixture of volatile fatty acids (VFAs) and methanol (Montenegro et al. 2001).
A COD reduction of 97% was achieved and biogas composition was found to
contain 86% of methane. The removal of VFAs was 93%, 64%, and 74%,
respectively for butyric, propionic and acetic. More than 99% of the PCP was
removed by granular sludge activities throughout the 21 months of reactor
operation. Specific removal rate was 1.07 mg PCP /g volatile solids (VS)-d during
the highest PCP concentration dosing.

7.5.4 Anaerobic Continuous Stirred Tank Reactor

Anaerobic Continuous Stirred Tank Reactor (CSTR) is a conventional bioreactor
used for anaerobic digestion of sludge. It was found that anaerobic granules
cultivated in a CSTR disappeared within three weeks when the reactors were
incubated statically instead of being shaken (Vanderhaegen et al. 1992). Hydro-
dynamic shear force appeared to be necessary for maintaining the integrity of
granules, and that anaerobic granulation may not be reactor type-dependent but
associate with the way the reactor is operated. It should be pointed out that the
hydrodynamics in UASB and CSTR are quite different. In CSTR, the bacteria
move in a stochastic way, i.e. there is no regular liquid upflow pattern unlike that
of the UASB. The study challenged the general belief that liquid upflow pattern is
essential for the development of granular sludge.

It is generally believed that spontaneous granulation of hydrogen-producing
bacteria can occur with shortened HRT in CSTRs (Fang et al. 2002). Zhang and his
co-workers (Zhang et al. 2007a) reported that formation of granules in an
anaerobic CSTR was accomplished within a very short cultivation (3-5 days)
after the acclimated sludge was subject to 24 hours acid incubation by reducing the
culture pH from 5.5 to 2.0. Granules were formed much faster than other studies
with several months under normal conditions (Fang et al. 2002). Formation of
hydrogen-producing granules was not observed without acid incubation.

Subsequently it was found that microbial granulation is attributed to im-
provement in surface physicochemical properties such as reduced electrostatic
repulsion, improved hydrophobic surface, more ECP secretion and a higher ratio
of proteins/polysaccharides (Zhang et al. 2007a, b, 2008a, b). It was reported that
changing the culture pH would result in improvement in surface physicochemical
properties.

Show et al. (2007) and Zhang et al. (2007b) investigated the influence of HRT,
substrate concentration and OLR on hydrogen production of granular sludge in a
CSTR. The study revealed that reducing the OLR at a given amount of biomass,
i.e. reducing the sludge loading rate (SLR) might result in the culture underfed and
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hence metabolic shift. It was deduced that relatively low hydrogen yield obtained
at an OLR of 2.5 gglucose/L-h was possibly attributed to the metabolic shift
induced by the reduced SLR. Formation of granular sludge significantly increased
the overall reactor biomass concentration to as much as 16.0 g VSS/L, enabling
the CSTR to operate at an OLR of up to 20 gglucose/L-h thus enhancing the
hydrogen production.

7.5.5 Anaerobic Baffled Reactor

Split-feed Anaerobic Baffled Reactor (ABR) was introduced to shorten the startup
and to achieve higher process performance for the treatment of ice-cream
wastewater (Uyanik et al. 2002). A scanning electron microscopy analysis revealed
that granulation progressed rapidly in the ABR compared with other reactor
configurations and that the reactor contained a highly mixed population of
methanogens in all compartments. The use of polymer-conditioned anaerobic
sludge and granular sludge as the inocula proved to be advantageous over the use
of suspended anaerobic sludge. The improved ABR consequently performed more
efficiently and also showed greater stability than the conventional ABR.

7.5.6 Internal Circulation Reactor

Internal Circulation (IC) reactor was designed to overcome operational problems
due to biomass washout in conventional UASB process (Pereboom and Vereijken
1994). The IC reactor consists of two inter-connected UASB compartments on top
of each other. It seems that the high turbulence and adequate mixing character-
istics make the IC reactor more attractive for reducing clogging and handling high
strength organic wastewater. It was reported that the added external circulation
could enhance biomass granulation, accelerate granule development and improve
sludge characteristics in the IC reactor (Ding and Wang 2005).

7.5.7 Anaerobic Sequencing Batch Reactor

Anaerobic Sequencing Batch Reactor (ASBR) was developed with a much simpler
configuration than UASB. The major differences of ASBR comparing with the
UASB are that there is no 3-phase separator and upflow hydraulic pattern. It does
not require feed distribution with a modified design of batch feeding mode.
However, the non-continuous operation mode of ASBR poses to be a major
disadvantage from the viewpoint of investment, as storage of influent feed might
be needed if receiving large-flow wastewater.

Granular sludge blanket was successfully cultivated in an ASBR in 5 months
after seeding the reactor with non-granular primary digester sludge (Wirtz and
Dague 1996). It was found that MLVSS retained in ASBR was 2.5-fold higher than
that in UASB, and the COD removal in ASBR is comparable to that of UASB
(Angenent and Sung 2001). In a separate study, it was reported that at low OLRs,
the performance of continuous UASB and anaerobic SBR were quite similar, but
continuous UASB reactors performed better than the anaerobic SBR at high OLRs
(Kennedy and Lentz 2000).
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7.5.8 Anaerobic Migrating Blanket Reactor

Anaerobic Migrating Blanket Reactor (AMBR) was designed with a continuous
feed and compartmentalized reactor without the requirement of elaborate gas-
solid-separation and feed-distribution systems (Angenent and Sung 2001). Oper-
ated under identical conditions, granules developed in an AMBR tended to be
darker in color, smaller and denser than that in an UASB reactor. The internal
structure of AMBR is more complex than that of UASB, especially the multiple-
point mechanic mixing to overcome sludge clogging as well as to improve feed
distribution. As compared to an UASB system, the possible advantages of an
AMBR with more than three compartments include smaller biomass migration
rates, less chance of short-circuiting, operation in a step feed mode for high-
strength wastewater during shock loads, and difficult-to-degrade compounds
would be degraded more efficiently.

7.6 PROSPECTS

Global concerns over energy shortages and greenhouse gas formation arising from
the combustion of fossil fuels have prompted more efforts in the conversion of
wastes into renewable energy. While anaerobic granular systems have been known
for its unique ability to treat high strength wastewaters, greater efforts are needed for
broader applications of anaerobic granulation system for ridding the unwanted
pollutants by converting them into biogas—a renewable energy source. Research
towards efficient methane and hydrogen production from wastewaters converted by
anaerobic granular sludge is extensively carried out. Problems that need addressing
are a long startup, process reliability, toxicity causes and effects, odor production
and control, and better understanding of refractory organic degradation.

Anaerobic granulation has become an established technology for a variety of
industrial applications. The technology is accepted in the developed nations as
well as in less developed countries. Granular sludge-based anaerobic processes
such as the UASB and EGSB systems are gradually commanding a large share of
full-scale industrial applications. Although UASB still is the predominant tech-
nology in use, ESGB type processes are gaining more popularity driven by
economics (Frankin 2001). Development of EGSB and Staged Multi-Phase
Anaerobic (SMPA) reactor systems could lead to very promising new generations
of the anaerobic treatment system (Lettinga et al. 1997).

New insights into the anaerobic degradation of very different categories of
compounds such as fine and specialty chemicals from the chemical industry, coal
and petrochemicals, textile and dyeing stuff, and into process and reactor
technology will lead to very promising new generations of anaerobic treatment
systems (Lettinga et al. 1997). These concepts will provide a better efficiency at
higher loading rates, are applicable to extreme environmental conditions (e.g. low
and high temperatures) and to inhibitory or toxic compounds. Moreover, by
integrating the anaerobic process with other biological methods (effluent polishing
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by aerobic activated sludge and/or biofilm, sulphate reduction, microaerophilic
organisms) and with physical-chemical methods, a complete treatment of the
wastewater can be accomplished at very low costs, while at the same time valuable
resources can be recovered for reuse.

In the fields of psychrophilic and thermophilic anaerobic treatment, a
particular reactor development may contribute to further enhancement of volu-
metric conversion capacities. Due to reduced water usage, both COD and salt
concentrations tend to increase for industrial effluents. As a consequence, there is
a need for the development of anaerobic reactors retaining flocculant or granular
biomass. The membrane bioreactors (MBR) offer a solution for certain niches in
wastewater treatment (Mulder et al. 2001). However, poor oxygen transfer
economy and membrane fouling are major operating problems of MBR. Mem-
brane bioreactors coupled with granular-based anaerobic processes are worth
exploring into.

A promising application of anaerobic granular sludge processes lies with its
markedly reduced production of excess sludge. Increasingly stricter environmental
regulations have called for a more stringent sludge disposal in many municipali-
ties; some even has implemented drastic measure such as zero sludge discharge
policy to tackle dwindling landfills and rampant illegal sludge dumping. With the
significant advantage of decreased excess sludge production, applications of
anaerobic granular sludge processes will be further boosted.

An emerging application of anaerobic granular systems is associated with
Certified Emission Reduction or Carbon Credit set under the Kyoto Protocol. In
addition to the contribution to sustainable development with energy recovery in
the form of methane, carbon credits can be claimed by application of advanced
anaerobic processes in wastewater treatment for mitigating emissions of green-
house gases. As anaerobic granular systems are capable of handling high organic
loadings concomitant with high-strength wastewater and short hydraulic reten-
tion time, they could render much more Carbon Credits than other conventional
anaerobic systems. Looking at the prospects of carbon trading, it may not be an
unreasonable expectation that, in the future, wastewater treatment will experience
a global shift towards employment of highly efficient granular sludge-based
anaerobic processes in maximising energy production and minimizing greenhouse
gas emissions.
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CHAPTER 8

Value-Added Products
from Sludge
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8.1 INTRODUCTION

Biodegradation of organic compounds in wastewater is a key process in both
natural and engineered systems. Microorganisms are the mainstay for organic
pollutant removal in a typical engineered biological wastewater treatment system.
While conventional aerobic treatment (e.g., activated sludge process) mineralizes
organic compounds in wastewater, it generates a huge amount of biosolids
(sludge) at the same time. On average, the activated sludge process produces
about 0.4 g biomass per gram chemical oxygen demand (COD) removed (Metcalf
and Eddy 2003). Anaerobic treatment is usually used for reducing excess sludge
volumes in wastewater treatment plants (WWTPs). This treatment process is
energy efficient with lower biomass production and partially converts wastewater
organics into methane, which can be used as a gaseous fuel. However, conven-
tional anaerobic processes do not produce high-value by-products and are capital
intensive. Therefore, sludge processing, treatment, and disposal constitute one of
the major challenges in many WWTPs (Weemaes and Verstraete 1998). In fact,
the cost associated with treatment and disposal of excess sludge accounts for up to
60% of the total costs in conventional WWTPs (Canales et al. 1994).

From the sustainability perspective, sludge management must explore the
options of recovering or reuse of valuable products from the sludge. Sludge is a
very complex mixture of different chemicals, biological components and varying
percentages of moisture content. The composition of sewage sludge makes it a
potential source for the recovery or production of value-added products. Recently, a
large number of value-added products are being investigated extensively at the lab-
and/or pilot-scale or commercialized in a large scale, such as construction aggregates,
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adsorbents, fuels and particularly biotechnological products (e.g., bioplastics, bio-
pesticides, bioflocculants and enzymes). This chapter concentrates on the recent
advances in the use of activated sludge for 1) polyhydroxyalkanoates (PHA)
production 2) Bacillus thuringiensis (Bt) based bio-pesticides production/ formula-
tions, 3) vermicomposting biotechnology, and 4) production of different enzymes.

8.2 PHA PRODUCTION

Population growth has led to the accumulation of a massive volume of non-
degradable waste materials across our planet. The accumulation of plastic waste
has become a major concern in terms of the environment (Saharan and Badoni
2007). Conventional plastics not only take many decades for decomposition, but
also produce toxins while in degradation. Hence, there is a need to produce
plastics from materials that can be readily eliminated from our biosphere in an
“eco-friendly” fashion (Gross and Kalra 2002). Bioplastics are natural biopolymers
synthesized and catabolized by various organisms (Saharan et al. 2007). These get
accumulated as storage materials in microbial cells under stress conditions
(Berlanga et al. 2006). However, the high production cost and the availability
of low-cost petrochemical-derived plastics led to bioplastics being ignored for a
long time. Currently, different types of biodegradable polymers are being studied
for various applications including PHAs, polylactide (PLA), poly(e-caprolactone)
(PCL), poly(p-dioxanone) (PPDO) and poly(butylene succinate) (PBS). The
most extensively produced microbial bioplastics are PHAs and their derivatives
(Witholt and Kessler 2002). PHAs are one of the relatively newer families of
biodegradable polymers that have great potential in the future due to their
properties. Currently, intensive research has been conducted on bacterial produc-
tion of PHAs and improvement of the related technologies (Khanna and
Srivastava 2005). However, the PHA production price is still far above the price
of conventional plastics (Salehizadeh and Van Loosdrecht 2004).

The new approach involves the use of renewable carbon resources derived
from agricultural and industrial waste and/or excess activated sludge from
WWTPs as a substrate for PHA accumulation (Chua et al. 2003). These
approaches have the advantages of saving cost on PHA production and volume
reduction of wastewater sludge. The objectives of this section are to: 1) introduce
various types of microorganisms that produce bioplastics; 2) describe the fermen-
tation technology and processes and systems for bioplastics production; and
3) evaluate feasibility of using genetically engineered microorganisms for the
production of bioplastics.

8.2.1 Microorganisms Involved

PHAs are produced by many different bacterial cultures. Cupriavidus necator
(formerly known as Ralstonia eutropha or Alcaligenes eutrophus) is the one that
has been most extensively studied (Vaneechoutte et al. 2004). Other important
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strains that were recently studied included Bacillus sp., Alcaligenes sp., Pseudo-
monas spp, Aeromonas hydrophila, Rhodopseudomonas palustris, Escherichia coli,
Burkholderia sacchari and Halomonas boliviensis. Table 8.1 summarized the
bioplastics produced by microorganisms along with their substrate.

Many species of bacteria, which are members of the family Halobactericeae of
the Archaea, synthesize PHAs. The list of such microorganisms is increasing and
currently contains more than 300 organisms (Berlanga et al. 2006). The chemical
diversity of PHAs is large, of which the most well-known and widely produced
form is Poly-3-hydroxybutyrate (PHB) (Kim and Lenz 2001). Synthesis of PHB is
considered through the simplest biosynthetic pathway. The process involves three

Table 8.1. List of bioplastics produced by various organisms along with their
substrates

Polymer(s)/Bcateria Carbon source Reference
PHB
Alcaligenes eutrophus Gluconate Liebergesell et al. (1994)
Propionate
Octanoate
Bacillus megaterium Glucose Mirtha et al. (1995)
Klebsiella aerogenes Molasses
recombinants
Methylobacterium Fructose/ Borque et al. (1995)
rhodesianum Methanol
M. extorquens Methanol Liebergesell et al. (1994)
P. putida
Octanoate
Sphaerotilus natans Glucose Takeda et al. (1995)
PHA
Psuedomonas aeruginosa Euphorbia Eggink et al. (1995)
Castor Qil
P. putida Palm kernel oil Tan et al. (1997)
Lauric acid
Myristic acid
Oleic acid
P(3HV)
P. denitrificans Methanol Yamane et al. (1996)
Pentanol
P. oleovorans Gluconoate Liebergesell et al. (1994)
5POHV Octanoate
P. putida 11-Phenoxyun- Song and Yoon (1996)

decanoic acid
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enzymes and their encoding genes (Reddy et al. 2003). All these genes are clustered
and organised in one operon phbCAB. phaA gene encodes p-ketothiolase, the
first enzyme for the condensation of two acetyl-CoA molecules to form acet-
oacetyl-CoA to (R)-3-hydroxybutyryl-CoA catalyzed by the acetoacetyl-CoA
reductase (Steinbuchel and Schlegel 1991). The enzyme is encoded by the
phaB gene and is NADPH-dependent. The last reaction is the polymerization
of (R)-3-hydroxybutyryl-CoA monomers catalyzed by PHA synthase encoded by
the phaC gene (Rehm 2003).

8.2.2 Media Used

The choice of media is critical not only to supply optimal conditions for
production but also to do so with high volumetric productivity so that a final
product is economically competitive with the traditional plastics. As the major
cost in production of PHAs is the medium (Saharan and Badoni 2007), efforts are
focused on finding cheap media (Ojumu et al. 2004). Cheap sources for fermen-
tation include media containing molasses (Solaiman et al. 2006), corn steep liquor
(Nikel et al. 2006), whey (Koller et al. 2008), wheat and rice bran (Van-Thouc et al.
2008) starch and starchy wastewaters (Halami 2008;), effluents from olive mill and
palm oil mill (Bhubalan et al. 2007), activated sludge (Jiang et al. 2009) and swine
waste (Cho et al. 1997). The choice of media, partly, depends on whether the
microorganism is wild-type or recombinant and whether it needs nutrient limiting
conditions (Reddy et al. 2003). Production of homopolymer or copolymer is
another factor in the choice of media ingredients.

8.2.3 Fermentation Processes

Widespread and comprehensive studies have been carried out to develop efficient
fermentations for the desired PHAs. Batch and particularly fed-batch (Kim et al.
1997) and continuous fermentations have been investigated (Zinn and Hany
2005). Most PHAs fermentations are operated as a two-stage process (Tsuge
2002). The main aim is to produce a high cell density culture in the first stage
(growth) and then to increase PHAs concentration during the second stage which
is usually a nutrient limited fermentation (Madison and Huisman 1999). Fer-
mentation conditions depend on the demands of the microbes. A typical
temperature range of 30 to 37°C along with low stirrer speeds, resulting in
low dissolved oxygen tension, is adopted. pH is either left uncontrolled or is
regulated linking to substrate (e.g. glucose) addition (Chung et al. 1997). PHAs
production in pure cultures is limited by an external nutrient whereas production
in mixed cultures is induced by an intracellular limitation. The use of open
mixed cultures, such as activated sludge (Lemos et al. 2006) assist in the decrease
of PHAs cost, thus enhancing their market potential (Patnaik 2005). It also
increases the efficiency of fermentation (Tanaka et al. 1995). When cells are
exposed to a medium with very little amounts of nutrient for a long time, the
bacteria are altered physiologically (Daigger and Grady 1982). A sudden increase
in carbon substrate concentrations causes the cell to change their physiology
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again. As PHA-synthesis requires less adaptation than growth, the culture starts
producing polymer. This kind of fermentation is referred to as “feast and famine”
(Lemos et al. 2006).

8.2.4 Various Systems for Production of Bioplastics

Individual Bacterial System for Production of Bioplastics. PHAs producing
bacteria can be divided into two groups according to the culture conditions
required for PHA synthesis. The first group requires the limitation of an essential
nutrient(s) for the production of PHAs. Bacteria in this group include Cupriavidus
necator, Rhodopseudomonas palustris and Methylobacterium organophilum. The
second group synthesises PHAs alongside growth in the cultivation medium.
Bacteria in this group include Alcaligenes latus and recombinant E. coli containing
the PHA biosynthetic genes.

Due to the high production cost of PHA, much effort has been made in
reduction of the production cost, such as development of fermentation strategies
for high PHA productivity and isolation and development of microbial strains
which overproduce PHAs from cheap carbon source.

Cupriavidus necator has been widely studied because of its potential for
producing significant amounts of PHB from simple carbon substrates such as
glucose, lactic acid and acetic acid (Ryu et al. 1997). Olive oil, corn oil and palm oil
also have been used to produce approximately 80% dry cell weight (dcw) PHB of
dry cell mass from the organism (Futui and Doi 1998). Methylobacterium
organophilum uses only methanol as cheap carbon source to produce PHAs
whereas Rhodopseudomonas palustris, a non-sulphur photosynthetic bacterium,
has potential to produce PHB and poly(hydroxybutyrate-hydroxyvalerate)
[P(3HB-co-3HV)] using different carbon and nitrogen sources. Rhodospirilium
and Rhodobacter are two other non-sulphur photosynthetic bacterial genera that
have been found to be particularly versatile in the production of the copolymer,
P(3HB-co-3HV), using various carbon sources such as malate, acetic acid and
n-alkanoic acid (Carlozzi and Sacchi 2001).

Alcaligenes latus is another organism that produces PHAs using carbon
sources such as glucose, molasses and sucrose with good yields. Investigations with
different nitrogen sources have proven that A. latus is able to grow and produce
PHAs with ammonium chloride and ammonium sulphate as nitrogen sources.
Ammonium nitrate and urea could not support PHA production in the organism
(Grothe et al. 1999). It requires a temperature of 35°C, which makes PHB
production from the organism economical by lowering the demand for cooling
during fermentation. Optimum biomass and PHA accumulation can be further
enhanced by feeding the organism with enriched medium.

Despite these efforts, the current cost of PHA is still much higher than that of
conventional plastics. For this reason, many researchers have demonstrated that
high PHA production cost can be possibly lowered by using unpurified, low-cost
organic wastes from agriculture and food processing. Azobacter vinelandii
UUWD, a new bacterial strain for PHA production was reported to produce
PHA without nutrient limitation and appears to be the best strain for PHA
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production from unpurified substrate (Page 1992). Production of PHA from swine
waste liquor by employing A. vinelandii has been demonstrated (Cho et al. 1997).
When swine waste liquor medium was diluted twofold with distilled water, A
vinlandii UWD grew to 2 g dry cell weight/L with 34wt% of copolymer p(3HB-co-
3HV) containing 7.9 mol% of 3 HV units. When 30 g/L glucose was supple-
mented, dry cell weight and P(3HB-co-3HV) content reached 9.4 g1 and 58.3%,
respectively.

Waste edible oils generated by the food industry and the food service industry
are largely destroyed by incineration or lost into the environment — both routes
being unacceptable from a green chemistry perspectives. PHA production was
conducted by Ralstonia eutropha with waste edible oils and fats being carbon
sources (Taniguchi et al. 2003). The efficiency of this fascinating process is high,
and the polymer can be easily extracted. Thus, a waste is converted by an
environmentally benign method to a valuable product (Taniguchi et al. 2003).

Plant oils and fats are renewable and inexpensive agricultural co-products,
and thus, they would be one of the most suitable candidates for microbial
production of PHAs. Several pseudomonades produce PHA from plant oils
and tallow, and Aeromonas caviae also accumulates (3hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBHHXx) from olive oil, although their productivities are
quite low in all the cases (Doi et al. 1995). By using R. eutrophia, renewable and
inexpensive agricultural fats/oils and their potentially useful feedstocks can be
used for the PHA fermentation processes.

Agro-industrial oily wastes were also used for the production of poly
(3-hydroxyalkaonates) by Pseudomona aeroginesae 42A2 (Fernandez et al.
2005). A 54.6% of cell dry weight PHA accumulation was obtained when technical
oleic acid (TOA) was used as a carbon source. PHA accumulation was 66.1% of
the cell dry weight when waste free fatty acids (WFFA) from soybean oil were used
as carbon substrate, 29.4% of that when waste frying oil (WFO) was used, and
16.8% of that when glucose was used. Depending on the substrate supplied, a wide
range of components was observed (Fernandez et al. 2005). It was found that the
residual waste frying and other oily wastes are suitable substrates for PHA
production (Fernandez et al. 2005). Production of PHAs by strain H23 using
alpechin looks promising, as the use of a cheap substrate for the production of
these materials is essential if bioplastics are to become competitive products (Pozo
et al. 2002). The polymer content (88.6% of dry cell mass) reported in this study is
the highest one obtained from organic wastes and is comparable with the PHA
content from pure sucrose fermentation (Wang and Lee 1997).

Khardenavis et al. (2007) evaluated the waste activated sludge generated
from a combined dairy and food processing industry WWTP for its potential to
produce biodegradable plastics, PHB. Deproteinized jowar grain-based distillery
spentwash yielded 42.3% (w/w) PHB production, followed by filtered rice grain-
based distillery spentwash (40% PHB) when used as substrates. The addition of
di-ammonium hydrogen phosphate (DAHP) resulted in an increase in PHB
production to 67% when raw rice grain-based spentwash was used. Sae
wastewater, after removal of suspended solids by filtration and with DAHP,
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supplementation resulted in lower PHB production (57.9% for cell dry weight).
However, supplementing other waste with DAHP led to a substantial decrease
in the PHB content in comparison to what was observed in the absence of
DAHP.

Yu et al. (2001) studied the production of PHA from starchy wastewater in a
two-step process of microbial acidogenesis and acid polymerization. The starchy
organic waste was first digested in a thermophilic upflow anaerobic sludge blanket
(UASB) reactor to form acetic (60-80%), propionic (10-30%) and butyric (5-40%)
acids. The acid effluent, after microfiltration, was introduced to a second reactor
where bacterium A. eutrophus used the acid to form PHA. PHB was formed from
butyric acid and P(3HB-co-3HV) formed from propionic acid with 38% hydro-
xyvalerate (Yu et al. 2001). In further studies by Lee et al. (1997), PHA were
produced from municipal sludge in a two-stage bioprocess (i.e., anaerobic digestion
of sludge by thermophilic bacteria in the first stage and production of PHAs from
soluble organic compounds in the supernatant of digested sludge by A eutrophus)
accounted for 34% of cell mass, comparable to the amount of PHAs produced from
pure volatile fatty acids (33% of cell mass). About 78% of the total organics carbon
in the supernatant was consumed by A. eutrophus. The conversions of four major
acids in the supernatant by A. eutrophus were found to be 87.6% (acetic acid), 62.6%
(propionic acid), 56.8% (butyric acid) and 32.0% (valeric acid), respectively.

Mixed or Co-culture Systems. Mixed or co-culture systems have also been
shown to be effective for PHA production (Tanaka et al. 1995). Cupriavidus
necator is unable to metabolize sugars, molasses, whey or starchy waste.
Consequently, mixed cultures of lactic acid producing bacteria such as Lactoba-
cillus lactis (Tanaka et al. 1995), Propionibacterium (Tohyama et al. 2002) and
L. delbrueckii (Patnaik 2005) and C. necator have been used in a single-stage
fermentation system. The original sugar substrates are converted into lactic acid
first, which is later taken up by C. necator to produce PHAs (Patnaik 2005). In a
two-stage system, xylose is first converted to lactate using Lacticoccus lactis. The
lactate is further converted to PHB by C. necator. Lactobacillus delbrueckii can
also be used to convert glucose to lactate which is later converted to PHB by
C. necator (Tohyama et al. 2000).

Use of an anaerobic-aerobic sludge system could enhance PHA production
(Satoh et al. 1992). It can be further enhanced by microaerophilic-aerobic
conditions, by introducing a limited amount of oxygen into the anaerobic zone
of the anaerobic-aerobic system. Hence, it is concluded that the cost of PHA
production can be reduced by using open or mixed cultures along with the
activated sludge system (Liu et al. 2008). In this case, many researchers have
shown that the activated sludge could produce bioplastics using a novel PHA
production strategy which is to utilize the mixed bacterial culture. Acetate is one of
the well-studied substrates for PHA production by mixed cultures or activated
sludge. When acetate is the only carbon source available in the anaerobic phase,
the 3-hydroxybutyrate unit is the major unit in the PHA formed (Satoh et al.
1992). 3 hydroxyvalerate (PHV) is formed by conversion of glycogen to propionyl
COA via the succinate propionate pathway and subsequent reaction with acety
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CoA (Pereira et al. 1996). Activated sludge from a full scale pulp-paper industry
wastewater treatment plant was used as a source of microorganisms to produce
biodegradable plastics, PHA at 25°C, pH 7 and with different initial sludge
suspended solids (SS) concentration (5 10 15, or 20 g/L) in computer controlled
fermenters (Yan et al. 2008). Acetate was used as the sole carbon source at varying
concentrations (5 to 20 g’L). The freshly-sampled sewage sludge was found to
contain PHA and the amount varied with the sampling date. The PHA produc-
tivity and concentration varied with the initial sludge SS and acetate concentra-
tions. Maximum accumulation of PHA (39% w/w of dry sludge SS) was observed
at 15 gL SS and 10 gL acetate concentration. The sludge biomass increased
during the process; however the net amount of the sludge residual solids after
extraction of PHA was decreased to varying degrees, depending on the sludge SS
and acetate concentration (5.5% to 36.9% w/w). An acetate concentration above
10 /L was found to be inhibitory to PHA accumulation and biomass growth.
Copolymers (PHB and PHV) were produced by the sludge whose molar compo-
sition varied with the batch process time (Yan et al. 2008). Furthermore,
Takabatake et al. (2002) conducted the studies with activated sludge from the
municipal WWTPs in Tokyo, Japan in batch experiments using acetate as the
carbon source to evaluate their potential for PHA production at pH 7 to 7.2.
The activate sludge samples tested had the capability to accumulate PHA up to
18.8% w/w of dry cell weight on average, with the range of 6 to 29.5%. The results
showed that the maximum PHA content was more dependent on the influent of
wastewater than on the operational conditions of the activated sludge process, and
that conventional activated sludge produced PHA as much as anaerobic-aerobic
activated sludge did.

In the other case, Md Din et al. (2006) studied the production of PHA by
using single fed-batch mixed cultures and renewable resources. An SBR was used
in the study. The initial mixed culture was developed using 10% activated sludge
from a WWTP and 90% from palm oil mill effluent (POME). The cultivation was
maintained in a single fed-batch reactor and operated in two steps: the growth and
accumulation stage. First, the system will allow for an extensive growth (using a
nutrient medium), and then a feed with limited nutrients (no nutrient medium
adaptation) will be inoculated in the weight. The average production of PHA could
only reach up to 44% of cell dry weight. However, the favourable factors
(temperature and harvesting time) have been made in the next stage to induce
the PHA production (Md Din et al. 2006).

8.2.5 Genetically Engineered Bacteria

Recombinant organisms have been developed for enhancing PHA production.
E. coli has been one of the most favoured hosts since growth-related PHA
production is possible. Also, the ability to grow fast, to achieve high cell density
from several inexpensive carbon sources (molasses and whey), and easy purifica-
tion of the polymer from E. coli contribute to its popularity (Hahn et al. 1995).
Owing to the massive acquaintance regarding E. coli genetics and its metabolic
pathways, it plays a significant role in the commercial production of PHAs.
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Recombinant E. coli harbouring the C. necator PHA biosynthetic genes is able to
accumulate PHB with a yield of 80-90% dry cell weight in fed-batch cultivation
while a P(3HB) content of 76% dry cell weight can be obtained in a pH-stat
fed-batch culture (Kim et al. 1992). Liu and coworkers, obtained a P(3HB)
concentration of 80% dry cell weight by growing recombinant E. coli containing
the C. necator PHA biosynthetic genes on molasses (Liu et al. 2008).

Genetically engineered cyanobacteria that accumulated PHB were trans-
formed with the genes encoding PHB synthesis (3-ketothiolase, aceto acetyl-CoA
reductase and PHB synthase) (Zhang et al. 1995). Metabolic engineering is being
intensely explored to introduce new metabolic pathways to broaden the utilizable
substrate range, to enhance PHB synthesis and to produce novel PHB in
cyanobacteria. However, this area is totally new as far as cyanobacteria for PHB
production and only several reports are published in this field. Various species of
cyanobacteria accumulate considerable amounts of PHB, and the non PHB
accumulating cyanobacteria have recently been genetically engineered by heter-
ologous transformation with genes involved in the PHB pathway of R. eutropha,
leading to the accumulation of the polymer. To develop an efficient system for
PHB production by cyanobacteria, the genetic characterization of PHB accumu-
lating cyanobacteria was studied in detail (Lee et al. 1994). The production of
pigment free PHB granules by genetically engineered cyanobacteria was isolated
from the species R. eutropha. Bacteria such as Escherichia coli are incapable of
synthesizing or degrading PHB (Steinbukel et al. 1991). However, E. coli grows
fast, even at higher temperature and is easy to lyse. Faster growth will enable it to
accumulate a large amount of polymer. The easy lysis of the cells saves the cost of
the purification of PHB granules (Kars et al. 2008). Hence, E. coli has been used to
transfer PHB genes. PHB production has been studied mostly in recombinant E.
coli cells harboring PHB synthesizing genes from R. eutropha in the study of Wang
et al. (2008) and genetically engineered (recombinant) E. coli with the Aeromonas
hydrophila biosynthetic genes (orfl) from Aeromonas hydrophila (orfl) using
decanoate and odd-chain fatty acids as carbon sources (Park and Damodaran
1994). In the same context, Lee et al. (1997) examined various recombinants E. coli
strains or their ability to accumulate a large amount of PHB in a whey-based
medium. The highest PHB concentration and PHB content obtained were 5.2 g/'L
and 81% of dry cell weight respectively.

8.3 BIO-PESTICIDES PRODUCTION

One of the most insurgent contributions of science to the plant disease manage-
ment is the development of Bt-based biopesticides and thereafter transgenic Bt
crops. The growth and development of Bt-based biopesticides in the past and
future has covered an extensive research area from dual culture to the spacious
arena of omics, i.e., molecule to functional genomics. The genomic constitution of
Bt conveys enthralling properties, such as an array of entomotoxin active against
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diverse insects, root dwelling pests, or larvae that after hatching rapidly burrow or
bore into plant tissues. More to the point, the crops are frequently affected by
different pests that are unable to be controlled by a Bt product alone. Bt crystal
proteins are UV sensitive and degrade rapidly thereby losing their activity.
Therefore, several applications are required through the entire growing season
that invariably increases the cost of application. Technological advancements have
led to the development of advanced Bt formulations that are more adaptive to
harsh environmental conditions.

The key success of biopesticides lies in its impact on the target pest, market
size, and variability of field performance, cost effectiveness, and end-user feedback.
Technological challenges such as fermentation, formulation development and
efficient delivery systems also affect the success of any biopesticide. In spite of the
fact that Bt biopesticides have undergone extensive research, several formulations
do not deliver effectively under field conditions. An integrated approach,
i.e., development of biopesticides that also supports sustainable agriculture can
further strengthen its role in plant disease management. Adopting cost-effective
fermentations, using conventional and simple adjuvants/additives, and efficient
harvesting processes might lead to the development of high potent, efficacious
formulations that are also widely accepted. Activity spectrum, persistence, recy-
cling and cost-effective formulation needs to be addressed to establish the
biopesticides in an international market particularly for the farming community.

Bt is commercially used to control forests and agriculture insects; however,
the utilization of Bt has been restricted due to its high cost of production through
fermentation. Safe and evocative insects control actually comes with a hefty price
tag. The raw materials used for the production of Bt-based biopesticides represent
a substantial part of the overall production cost. Stanbury et al. (1995) estimated
that 35-59% of the production cost was related to the fermentation medium.
Therefore, for commercial purposes, there is an urgent need to find high yielding,
low-cost and year-round available raw materials for Bt production. Various
reports have been published recently on cost reduction of Bt production processes
through substitution of high-cost medium ingredients of soy flour and fish meal
with complex agro-industrial wastes (e.g., cassava starch, maize starch, rice straw,
wheat bran, corn steep liquor, sugarcane molasses, cheese whey and coconut
waste) (Adams et al. 1999; Abdel-Hameed 2001) and wastewater sludge (Tirado-
Montiel et al. 2001). Recently, the concept and theories for using wastewater,
wastewater sludge and other agro-wastes as a potential cost-effective technique for
Bt formulations have become widely accepted, and extensive research has been
carried out in the past decade. Different WWTPs were used as raw materials for
the production of Bt-based biopesticides. Details are described as follows.

8.3.1 Fermentation

Bt fermentation of wastewater and/or wastewater sludge has been conventionally
carried out by using submerged fermentation (Burges 1998), which is more
extensively studied and well documented in the literature. Preliminary



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

VALUE-ADDED PRODUCTS FROM SLUDGE 265

experiments on the utilization of wastewater sludge as a raw material for Bt
biopesticides production were carried out by Tirado-Montiel et al. (2001). Sludge
from various WWTPs, with or without hydrolysis, was tested for Bt growth,
sporulation, and entomotoxicity production. The entomotoxicity (Tx) level
reported was very low to the tune of 3,000—4,000 SBU/pl, (spruce budworm
units per micro liters) as the sludge solids concentration was not yet optimized.
However, the wastewater and wastewater sludge did show encouraging signs of
growth support for the production of Bt biopesticides. Spruce budworm units refer
to the toxicity of Bt crystal proteins when measured against spruce budworm
larvae. Tirado- Montiel et al. (2001) also noted a low spores concentration of
1.0 X 10° — 1.3 x 107 CFU/mL (colony forming units/ mL) with non-hydrolyse
sludge 1.6 X 10° — 1.8 X 107 with hydrolysis sludge under acidic conditions and
1.2 X 10°—2.0 X 10° CFU/mL with sludge supernatant in wastewater sludge when
compared to a soya medium (1.5 X 103 CFU/mL). This research laid the founda-
tion to the fact that the wastewater sludge does contain the necessary nutrients to
support the growth, sporulation and crystal formation by Bt. Later, Tirado-
Montiel et al. (2003) optimized different fermentation process parameters in a
shake flask, namely, pH (7), temperature (30°C) and agitation rate (200-250 rpm).
The results showed an increasing in the spore concentration to 1.2 X 108 CFU/mL
and entomotoxixty (Tx) of 7000 SBU/pl. A linear relation was established between
Tx and the maximum specific growth rate, overall Tx increased with the spore
count, but specific entomotoxicity (sp Tx) to Tx per 1000 spores decreased with an
increase in the spore count.

Yezza et al. (2006) probed Bt production using starch industry wastewater,
slaughterhouse wastewater, and secondary sludge as raw materials in a 100-ml
fermentor. The Tx of Bt fermented secondary sludge (12 — 16 x 10° SBU/mL and
starch wastewater (18 x 10° SBU/mL) was higher than the soybean-based syn-
thetic medium (10 x 10° SBU/mL). Secondary sludge and starch industry waste-
water proved to be highly effective media for cultivation of Bt at the pilot scale.
Furthermore, there was a 30% increase in entomotoxicity in pilot plant fermenters
(Yezza et al. 2004). The performance and reproductibility of the Bt fermentation
process at the bench and pilot scale proved the versatility of Bt production in the
wastewater and /or wastewater sludge medium. In fact, employment of the fed-
batch strategy in a bench scale fermenter (10 L) increased the spore concentration
from 5.62 X 10® to 8.6 X 108 CFU/mL and Tx from 13 X 10° to 18 X 10° SBU/mL
(Yezza et al. 2005a). A lower spore concentration in wastewater sludge resulted in
higher Tx whereas low Tx was reported at a high spore concentration in a
synthetic medium. Yezza et al. (2005b) also tested the possibility of increasing
entomotoxicity by using alternative pH control agents, NH,OH/CH;COOH as
compared to conventionally used NaOH/H,SO, for Bt fermented secondary
sludge wastewater sludge in pilot scale fermenters. Irrespective of the fermentation
medium, a sizeable increase in total cell count, spore count, protease activity and
entomotoxicity was achieved when pH of the culture was controlled using
NH,OH/CH;COOH. Entomotoxicity potency was improved by 22% and 14%
in secondary sludge and a soybean medium, respectively, as compared to results



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

266 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

obtained with conventional pH control agents combination of NaOH/H,SO,. The
improvement of the entomotoxicity was an outcome of the addition of rapidly
utilizable carbon (CH;COOH) and nitrogen (NH,OH) source through pH
control, which stimulated crystal protein production and enhanced sporulation.

The pre-treatment conditions, namely thermal hydrolysis and oxidative
hydrolysis optimized by Bernabé et al. (2005) were also tested for their viability
in bench scale fermenters by Yezza et al. (2005a). The results proved thermal
alkaline treatment to be an effective process in order to enhance the entomo-
toxicity. On the contrary, oxidatively, pre-treated sludge did not improve the
entomotoxicity when compared to raw sludge. This could be due to the complete
breakdown of biodegradable organic matter, especially various carbon and
nitrogen sources, to innocuous forms. It is well known that H,0, is a strong
oxidizing agent and has strong ability to mineralize organic matter completely to
carbon dioxide and water (Neyens et al. 2003). The total cell and spores count for
Bt fermented thermal alkaline wastewater sludge were increased by 40 and 46%,
respectively, as compared to Bt fermented raw wastewater sludge, the entomo-
toxicity increased from 12.0 X 10° SBU/mL (raw sludge) to 17 x 10° SBUmL
(thermal alkaline pre-treated sludge).

According to many studies, wastewater sludge seems to be a very good source
of carbon, nitrogen, phosphorus, and other nutrient for many microbial processes
that could add value to sludge by producing certain valuable products, such as
endotoxins, and spores of Bt as well as certain others compounds (vegetative
insecticidal proteins-Vips, chitinases, proteases, and others) (Kaur et al. 2001),
which contribute to the mortality of insects defined with the term of entomo-
toxicity (or potential biopesticides). A higher level of entomotoxicity is desired to
reduce the production cost of biopesticieds further. Higher entomotoxicity
depends on the type of raw material, assimilation of nutrients by Bt production
of different synergistic factors in the fermented broth and post fermentation by
adding additives, which synergize the crystal proteins. In this context, many
studies were conducted to evaluate the effect of many factors on spore formation
and entomotoxicity yield by Bt, such as the C:N ratio, oxygen transfer, sludge solid
concentration and inoculum, foam formation (Pearson and Ward 1988).

A low C:N ratio in the secondary sludge and a high C:N ratio in the mixed
sludge resulted in a higher entomotoxicity. The optimum value of the C:N ratio in
combined sludge for Bt production was found to be 7.9-9.9. A higher specific
sporulation rate and hence higher entomotoxicity were observed in sludge
(10,000—12,000 SBU/ml) than the synthetic medium (9,500 SBU/mL). The ento-
motoxicity value increased linearly with the maximum specific growth rate. The
specific sporulation rate (0.55 h™!) exhibited an optimum value for maximum
entomotoxicity.

Oxygen mass transfer is essential for any aerobic bioprocess. Maintaining the
appropriate concentration of dissolved oxygen has been pointed out as an
important factor in the fermentation of Bt (Flores et al. 1997). As the oxygen
was supplied to meet the oxygen demand of Bt culture, the spore and toxin yields
increased. However, beyond a certain stage of excess oxygen supply, the cell and
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spore yield decreased and the entomotoxicity remained constant suggesting the
possible inhibitory effect of oxygen on metabolic activity of the bacterium,
especially on its growth (Avignone-Rossa et al. 1992). Additionally, it is economical
to avoid a higher air supply rate.

Increased cell growth, sporulation, and endotoxin production by Bt requires
higher aeration rates which cause foaming. It is a serious disadvantage to the
industry which can cause (1) loss of biopesticide spores and other metabolites
that stick to the wall of the vessel after foams are broken, (2) mass transfer
problems in the fermenter and (3) fouling of the gas outlet condenser and as a
consequence, (4) compromising the aseptic operation of the vessel. Foam
formation in biopesticides production is controlled externally by the addition
of polypropylene glycol (PPG) and silicone-based antifoam agents (Pearson and
Ward 1988). These antifoam agents affect nutrient and oxygen transport across
the Bt cell membranes. In this context, Vidyarthia et al. (2000) studied the effect
of various anti-foam agents including PPG, silicone, canola, olive on wastewater
sludge and soya medium fermentation in bench-scale fermenters. They observed
that the chemical anti-foam decreased the entomotoxicity by 25 to 40% whereas
the vegetative oils did not cause any inhibitory effect. In fact, the synergistic effect
of vegetable oils increased with the monounsaturated fat content supporting Bt
growth. Foam formation in sludge medium depends on sludge solids differing
with the type of sludge (primary, mixed and secondary) and sludge composition,
Thus, foam control plays an important role in wastewater sludge- based Bt
fermentation, which needs to be carried out prudently to enhance the biopesti-
cide potential.

Bt fermentation is oxygen transfer limited and largely influenced by the
rheology of the medium. It was reported that an increase in the oxygen mass
transfer rate resulted in a concomitant increase in yield efficiency of the biopes-
ticides (Vidyarthi et al. 2002). The rheological properties (mainly viscosity) of the
sludge are determined by many factors, including total solids concentration and
particle size distribution.

Viscosities studies performed on raw, pre-treated (sterilized and thermal
alkaline hydrolysed or both types of treatment) and Bt fermented secondary
sludge at different solid concentrations (10—40 g/’L) have established correlations
between rheological parameter (viscosity), solids (total and dissolved) concentra-
tion and entomotoxicity (Brar et al. 2005b). Changes in viscosity with total solids
concentrations were represented by the exponential law and sludges, in general,
were thixotropic and pseudo-plastic. Moreover, Tx was higher for the hydrolyzed
fermented sludge in comparison to the raw ferment sludge, owing to increased
availability of nutrients and lower viscosity that improved oxygen transfer in the
former case. Interestingly, the shake flask results were reproducible in the
fermenter. Similar rheological (viscosity and particle size) studies carried out in
all three types of sludge (primer, secondary and mixed) showed exponential
correlation with solids concentrations (Brar et al. 2004). The correlation with
particle sizes could not be drawn directly, except for the primary sludge where the
particle size (50-70 pm) increased proportionally with an increase in viscosity and
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solids concentrations in comparison to the secondary (42-55 pm) and the mixed
sludge (27-32 pm). The contribution to non-Newtonian behaviour was a cumu-
lative effect of viscosity and particle size, which were further influenced by the
treatment processes, namely, sterilization, hydrolysis, and fermentation. Rheology
was mainly influenced by the three factors: solids concentration, type of sludge
and type of treatment processes. It is clearly evident from these studies that
viscosity and particle size distribution of the fermented broths can have tridentate
influence on the selection of growth substrate for fermentation to formulate
biopesticides (Chappele et al. 2000).

The biodegradability and bioavailability of wastewater sludge are limiting
factors in their efficient utilization in mass scale processes. It is known that, due to
the presence of a large amount of bioavailable substrate in wastewater sludge, the
microbial fermentation will be enhanced, resulting in a higher concentration of
desired end-product biopesticides. However, Bt biopesticides production from
wastewater sludge is challenging at higher solids which would provide more
nutritive elements to produce higher Tx. Thus, Barnabé et al. (2005a) explored
pre-treatment strategies to improve the entomotoxicity by Bt in wastewater sludge.
The developed strategy consisted of hydrolysis (alkaline or thermo-alkaline) alone
or in combination with partial oxidation using H,0,. After preliminary tests,
alkaline hydrolysis, thermal alkaline hydrolysis and the combination of thermo-
alkaline hydrolysis with partial oxidation were selected as they increased the
entomotoxicity by 50% in mixed and/or secondary sludge. Principal factors
contributing to the increase in Tx were: solubilisation of proteins and organic
carbon, the presence of high sodium content after the hydrolysis as well as
decrease in viscosity. The treatments were then optimized in Erlenmeyer flasks by
employing surface response methodology. Finally, when the optimal conditions
for alkaline and thermo-alkaline hydrolysis were tested in bench scale fermenters,
entomotoxicities between 17 and 19 x 10° SBU/L were obtained in pre-treated
sludge containing up to 38 g/L suspended solids. The entomotoxicities were 37 to
49% higher than the untreated /raw sludge (25 g’L SS) and 1.7 to 1.9 times higher
than the semi-synthetic conventional medium, soya. Secondary sludge, hydro-
lyzed or non-hydrolyzed, yielded higher specific entomotoxicity as compared to
the soya medium. Further, Barnabé et al. (2005a) showed that the ratio of Tx to
purified spores was 0.03-0.048 in the sludge as compared to soymeal (0.013).
Thus, the spores of Btk HD-1 produced in the wastewater sludge were more
entomotoxic than those produced in the conventional medium containing soya.
The improvement of nutrient assimilation by the pre-treatment technologies open
doors for utilization of higher solids of sludge as well as the possibility of
eliminating the sterilization step in the Bt fermentation process so as to compen-
sate for the economics. Meanwhile, Leblanc (2003) also tested the possibilities of
increasing entomotoxicity by the addition of nutrients (e.g., glucose, ammonium,
sulfate and yeast extract) and mixing of sludge. The result were encouraging as
addition of glucose (2 g'L) increased Tx from 11 X 10° SBU/L to 13 x 10° SBU/L
in non-hydrolyzed sludge and a minor increase from 14 X 10° SBU/L to 15 X
10° SBU/L in hydrolyzed sludge.
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Bt entomotoxicity is a sum of various factors crystal proteins, spores, enzymes
(chitinase, protease), vegetative insecticidal proteins (Vips) and antibiotics. In the
case of enzymes, Bt strains produce intracellular and extracellular chitinases and
protease. Brar et al. (2005a) investigated the production of biopesticides, protease
and chitinase activity by Bacillus thuringiensis grown in raw wastewater sludge at a
high solids concentration (30 g’L). The rheology of wastewater sludge was
modified with the addition of Tween-80 (0.2% v/v). This addition resulted in
1.6 and 1.3-fold increase in cell and spore count, respectively. The maximum
specific growth rate augmented from 0.17 to 0.22 h™! and entomotoxicity
increased by 29.7%. Meanwhile, volumetric mass transfer coefficient (k; a) showed
marked variations during fermentation, and oxygen uptake rate (OUR) increased
2-fold. The proteolytic activity increased while chitinase decreased for Tween
amended wastewater sludge, but the entomotoxicity increased. The specific
entomotoxicity followed power law when plotted against spore concentration
and the relation between Tx and protease activity was linear. The vip3 class is the
most widely studied Vips. Estruch et al. (1996) reported that the gene coding for
Vip3A persists until sporulation. It is secreted in a soluble form by Bt with
possibility of adsorbing to spores or crystal proteins. It could also be synthesized
after the ingestion of spores of Bt by an insect (Donovan et al. 2001).

8.3.2 Formulation

Wastewater and wastewater sludge formulations could affect the application
strategy as the rheology will be entirely different from conventional formulations.
Formulation plays a significant role in determining the final efficacy of a Bacillus-
based product, as do the processes of discovery, production, and stabilization of
the biomass of the bio-control agent. If a Bacillus strain reaches the stage of
formulation development via poorly conceived discovery, production, or stabili-
zation protocols, the bio-control and, therefore, commercial potential of this agent
will be compromised. Useful formulations of biomass of Bacillus spp. for bio-
control of plant diseases are currently in the marketplace but this in no way
indicates that improvements in formulation technology are not needed. The
formulations of commercial products containing B. thuringiensis have undergone
a wide range of transitions over the years, including aqueous suspensions, wettable
powders, oil flowables, insect pellet baits, dry flowable-fluidized bed agglomerates,
and dry flowable low pressure extrusion granules. With continued research,
similar improvements in formulations can be anticipated for plant disease
biocontrol products.

Main factors to be taken into account during formulation development are
biopesticides stability, physicochemical proprieties of ingredients, biological ac-
tivity, mode of action, formulations costs and market preference. Many studies
(Brar et al. 2004), focuses on the development of formulation and specifically,
development of aqueous flowable (suspension) formulations for Bt-based bio-
pesticides from wastewater sludge. Different inserts like sorbitol, sodium mono-
phosphate, sodium metabisulphite, sorbic acid, propionic acid, Tween-80, Triton
X-100 and glycerol were tested for formulations. Five different formulations for



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

270 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

non-hydrolyzed (NH) secondary sludge were tried, and the best combination
selected on the basis of various physical parameters like viscosity, particle size,
suspendibility, entomotoxicity, and microbiological purity tests. F5 formulations
(for secondary sludge) comprising sorbitol, sodium monophosphate and sodium
metabisulphite gave better physical and biological characteristics with a small
effect on entomotoxicity and spore concentration after 120 days at pH 6, 6.5 and
temperatures 40 and 50°C and viscosity change at 40 and 50°C. The formulations
were more stable at pH 4.0 to 5.0 and temperatures 4 to 30 degrees C whereas at
pH 6.0 and 6.5 and temperatures 40 and 50°C, there was degeneration of the
product. Lower proteolytic activity and physical factors like ionic strength and
surface group changes at pH 6 and 6.5 were responsible for the instability of the
formulation.

Screening of different adjuvants, namely, suspending agents, phagostimu-
lants, stickers, antimicrobial agents, and UV screens to develop aqueous biopes-
ticidal suspensions of Bt variety kurstaki HD-1 fermented broths, specifically,
nonhydrolyzed sludge, hydrolyzed sludge, starch industry wastewater, and soya
(commercial medium), were investigated (Brar et al., 2006). The selected suspend-
ing agents [20% (wt:vol)] included sorbitol, sodium monophosphate, and sodium
metabisulfite with corresponding suspendibility of 74-92, 69-85, and 71-82%,
respectively. Molasses [0.2% (wt:vol)] increased adherence by 84-90% for all
fermented broths. The optimal phagostimulants [0.5% (wt:vol)], namely, soya and
molasses, caused entomotoxicity increase of 3-13 and 7-13%, respectively. Sorbic
and propionic acids showed high antimicrobial action [0.5% (wt:vol)], irrespective
of fermentation medium. Sodium lignosulfonate, molasses, and Congo red, when
used as UV screens [0.2% (wt:vol)], showed percent corresponding entomotoxi-
city losses of 3-5, 0.5-5 and 2-16%, respectively. The Bt formulations, when
exposed to UV radiation, showed higher half-lives (with and without UV screens)
than the fermented broths or semisynthetic soya medium and commercial Bt
formulation. UV screen-amended nonhydrolyzed, hydrolyzed, and starch indus-
try wastewater formulations showed 1.3-1.5-fold higher half-lives than commer-
cial Bt formulation. Thus, the recommended formulation comprises sorbitol,
sodium monophosphate, sodium metabisulfite (suspending agents); molasses,
soya flour (phagostimulants); molasses and skimmed milk powder (rainfasteners);
sorbic and propionic acids (antimicrobial agents) and sodium lignosulfate; and
molasses and Congo red (UV screens). These waste-based Bt formulations offer
better UV resistance in comparison with commercial formulation.

8.4 VERMICOMPOSTING BIOTECHNOLOGY

Municipal sewage sludge from domestic wastewater treatment is generated in
large quantities, which is hazardous and creates problems for safe disposal due to
the presence of certain environmental contaminants, such as organic compounds,
heavy metals, and pathogens. Raw sewage sludge generated in vast quantities, with
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its nutrient content, has been used in an indiscriminate and inappropriately-timed
manner for fertilizing agricultural fields. The problem of sludge disposal and
management exists in developing countries and probably in other parts of the
world. The indiscriminate disposal of sewage sludge on agricultural fields induces
soil and plant toxicity, which creates depressive effects on the metabolism of soil
microorganisms by drastically modifying the soil’s physicochemical and biological
environments. Therefore, it is absolutely essential for sewage sludge to undergo
additional stabilization treatment prior to agricultural use (Hait and Tare 2011).

Heavy metals in domestic and industrial wastewater are concentrated in
sewage sludge at high levels with the total content ranging from 0.5 to 2% on a dry
weight basis and at 6% in extreme conditions (Gupta and Garg 2008). Therefore,
concerns for the safe application of sewage sludge are mainly focused on the heavy
metal contamination that can arise. Copper and cadmium often have high
concentrations in sewage sludge and may affect the health of people and animals
through the food chain if sludge is applied improperly. Methods for decreasing the
contents and bioavailability of these elements in sewage sludge are worthy of
research. Unlike organic compounds, metals cannot be degraded (Lasat 2000),
rather they must be removed. Such an approach can be prohibitively expensive.
Also, the metal removing process often employs stringent physicochemical agents,
which can dramatically inhibit soil fertility with subsequent adverse impacts on
the ecosystem. Another method is to use chemical immobilization amendments to
reduce metal bioavailability. The addition of chemical immobilization amend-
ments may only immobilize lethal levels for restricted periods of time and
introduce other harmful chemicals. Phytoremediation is recognized as the most
commercially and environmentally friendly technology available (Lasat 2000), but
up to now, only a limited number of plants have been found to have the
phytoaccumulation ability and much less can be used for field phytoremediation
because of low biomass production.

There is a need for ecologically as well as economically sustainable technologies
enabling recovery of recyclable constituents from sewage sludge as it is rich in
nutrients and has high organic matter content. Vermicompost technology is ecolog-
ically and economically sustainable and has been widely used for processing of sewage
sludge over the years (Sinha et al. 2010). Details of vermicompost are described below.

8.4.1 Wastewater Sludge as Biofertilizer

The recovery of nutrients by modification of wastes, like municipal solid waste,
industrial solid waste, agricultural residues, and animal wastes, etc. is necessary for
their management and for reducing environmental degradation. Recycling of
organic wastes through vermicomposting biotechnology is an emerging trend as
an “environmentally sustainable,” “economically viable” and “socially acceptable”
technology all over the world. In this context, many studies reported on the
feasibility of utilization of vermicomposting technology using the earthworm
Eudrilus eugeniae for managing municipal sewage sludge by conversion into
beneficial bio-fertilizer. According to Iwai et al. (2013), sewage sludge was used at
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various concentrations of 1, 5, 10, 15, 20, and 25% to test for avoidance behavior of
the earthworm. The mix of sewage sludge with cassava wastes and cow dung was
subjected to compost treatment with and without earthworm treatment for
30 days. During the study period, data was collected on the surviving earthworms’
biomass, together with chemical analysis of wastes before and after treatment. The
results indicate that the 5% concentration of sludge mixed with cassava waste was
ideal for Eudrilus eugeniae to treat. There was a decrease in pH, organic carbon
concentration, C:N ratio, and increase in electrical conductivity (EC), nitrogen,
potassium and phosphorus concentrations in all the vermireactors. Total Kjeldahl
nitrogen (TKN), available phosphorus and potassium concentrations were in-
creased compared to compost without earthworm treatment at 50 24, and 10%,
respectively. The heavy metal concentrations (Cr, Cu, Cd, Pb, and Hg) in final
vermicomposts were lower than in the initial feed mixtures. Vermicompost with
cassava pulp could increase nutrients and reduce Cr, Cu, Pb and Hg concentra-
tions in sewage sludge by 2.31 14.03 1.80 and 33.75%, respectively and vermicom-
post with cassava peel could reduce Cu and Hg by 34.3 and 14.5%, respectively.
The earthworm biomass was increased by 40-90% and could survive 60% from the
beginning.

Zularisum et al. (2010) reported the potential of tiger worms (Eiseniafetida) in
vermiculturing Municipal Sewage Sludge (MSS) into beneficial vermicompost or
biofertiliser. The results showed that vermicomposts produced by tiger worms
gradually possessing higher nutrient contents as the composting process progressed.
Total nitrogen was found to increase from 19.6 to 35.7 mgL™, total phosphorus
from 9.45 to 10.87 mgL™! and total potassium from 3.44 to 4.80 mgL™!, respec-
tively. In addition, conversion of MSS to vermicompost was found to be 93% by
weight, and worm biomass showed 30% increment from its initial weight within
21 days. Thus, the study shows that vermicomposting of MSS into organic fertiliser
is feasible besides providing a safe and practical disposal method for sewage sludge.

8.4.2 Types of Wastes and Earthworm Species Used

The use of different organic substrates and species of earthworms employed and
their suitability in vermicomposting is presented in Table 8.2 (Thomas and
Trivedy 2002). Substrates, especially agricultural residues, have been tested
extensively in combination with a readily biodegradable substrate such as Cow
Dung (CD). Kale et al. (1986) reported the suitability of neem cake as an additive
in earthworm feed and its significance in the establishment of the micro flora.
E. eugeniae was tolerant to the neem cake in the culture medium up to a
concentration of 1.6-6.4% and had a positive effect on earthworm biomass
production. E. eugeniae was mass cultured on 6 different feed formulate prepared
by mixing CD, sheep and horse dung with other organic wastes such as rice polish,
wheat barn and green gram bran vegetable waste and eggshell powder in various
combinations (Bano et al. 1987). A laboratory-scale study was conducted to access
the suitability of powdered rubber leaf litter as vermiculture substrate for
P. excavatus, E. eugeniae, and E. fetida.
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Table 8.2. Earthworm species employed for vermicomposting of solid organic

wastes

Solid organic waste

Species employed

References

Press mud

Canteen waste
Tomato skin seed
Onion residue

Sericulture waste

Board mill sludge
Sericulture waste

Sugar cane residues

Pheretima elongate
Eudrilus eugeniae,
Eisenia fetida

Megascolex megascolex

Eisenia fetida

Pheretima elongate

Eisenia fetida/Eudrilus
eugeniae

Perionyx excavates

Lumbricus terrestris

Phanerochaete
chrysosporium

Pheretima elongate

Singh (1997)
Munnoli (2007)

Hand et al. (1988)
Kale (1994)

Singh (1997)
White (1996)

Gunthilingaraj and
Ravignanam (1996)

Butt et al. (2005)

Kallimani (1998)

Bhawalkar (1989)

Gaur gum Eudrilus eugeniae Suthar (2006)

Agricultural residues Eudrilus eugeniae Kale (1994)

Sago waste Lampito mauritii Rajesh et al. (2008)

Sago waste Eisenia fetida Subramanium et al.
(2010)

Onion waste Eudrilus eugeniae Mishra et al. (2009)

Garlic waste Eisenia fetida Mishra et al. (2009)

Kaur et al. (2010)
Kumar et al. (2010)

Eisenia fetida
Drawida willsi

Paper mill sludge

Press mud, bagassi,
sugar

Press mud

Perionyx ceylanensis Mani and Karmegam

(2010)

8.4.3 Some Important Studies on Vermicomposting Biotechnology

Visvanathan et al. (2005) studied vermicomposting in great details and found that
most earthworms consume, at the best, half their body weight of organics in the
waste in a day. Eisenia fetida can consume organic matter at the rate equal to their
body weight every day. Earthworm participation enhances natural biodegradation
and decomposition of organic waste from 60 to 80% over the conventional
aerobic & anaerobic composting. Given the optimum conditions of temperature
(20-30°C) and moisture (60-70%), about 5 kg of worms (numbering ~10,000) can
vermiprocess 1 ton of waste into vermicompost in just 30 days. Upon vermi-
composting the volume of solid waste is significantly reduced from approximately
1 cum to 0.5 cum of vermi-compost indicating a 50% conversion rate; the rest is
converted into worm biomass.
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Kale (1998), Seenappa et al. (1995), Gunathilagraj and Ravignanam (1996),
and Lakshmi and Vizaylakshmi (2000) studied the degradation and composting of
“wastewater sludge” from paper pulp and cardboard industry, brewery and
distillery, sericulture industry, vegetable oil factory, potato and corn chips
manufacturing industry, sugarcane industry, aromatic oil extraction industry,
and logging and carpentry industry by earthworms. These organic wastes offer
excellent feed materials for vermicomposting by earthworms. Kale and Sunitha
(1995) also studied the vermicomposting of waste from the mining industry which
contains sulfur residues and creates disposal problems. They can also be fed to the
worms mixed with organic matter. The optimum mixing ratio of the sulfur waste
residues to the organic matter was 4%.

Saxena et al. (1998) studied the vermicomposting of “fly-ash” from the coal
power plants, which is considered as a hazardous waste and poses serious disposal
problems due to heavy metal contents. As it is also rich in nitrogen and microbial
biomass, it can be vermicomposted by earthworms. They found that 25% of fly-
ash mixed with sisal green pulp, parthenium and green grass cuttings formed
excellent feed for Eisenia fetida and the vermicompost was higher in NKP
(Nitrogen, Potassium, and Phosphorus) contents than other commercial manures.
The earthworms ingest the heavy metals from the fly-ash while converting them
into vermicompost.

8.4.4 Effects of Different Parameters in Vermicomposting

pH. Earthworms are very sensitive to pH, and thus, pH of soil or waste is
sometimes a factor that limits the distribution, numbers and species of earth-
worms. In a vermicomposting experiment with different soil proportions (1:3 1:4
1:5 1:6) of CD, the earthworms reduced the pH: E. fetida, 6.7 to 6.1; E. eugeniae,
6.7 to 6.0 and M. megascolex, 6.7 to 6.4 (Munoli and Bhosle 2009). Several
researchers have stated that most species of earthworms prefer a pH of about 7.0
(Nayaran et al. 2000). Edwards (2004) reported a wide pH range (5.0-9.0) for
maximizing the productivity of earthworms in solid organic waste (SOW)
management. Bhawalkar (1989) suggested a neutral substrate pH for vermi-
composting using deep burrower species Pheritima elongata. Satchell (1955)
reported that Bimastos eiseni, Dendrobaena octaedra and Dendrobaena rubida
were acid-tolerant species, while Allolobophora caliginosa, Allolobophora noc-
turna, Allolobophora longa were acid tolerant. Singh et al. (2005) reported that P.
excavatus performs well in a wide range of substrate pHs. The decrease in pH
values when press mud was treated with M. megascolex, E. eugeniae and E. fetida
showed a decreasing trend in pH from 8.6 to 6.7 during vermicomposting over a
period of 60 days (Munnoli 2007). A decrease in pH was recorded in CD
vermicomposting using E. fetida and L. mauritti (Suthar 2006) and Pheritima
elongate using tomato skin seed waste as substrate (Singh 1997) or kitchen waste
(Nayaran et al. 2000).

Moisture. In the natural soil-earthworms interaction, when there is a loss of
soil moisture, earthworms tend to move to a safer area with more moisture. When
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the whole area is dry, the earthworms adjust themselves and survive through large
water loss from the body. L. terrestris can lose up to 70% and A. caliginosa 75%
(Edwards and Lofty 1977). Experiments conducted using P. elongata showed an
optimum moisture of 70% for the treatments of potato peel waste (Munnoli 1998),
whereas press mud required 60-70%. Trials for vermicomposting CD showed the
optimum moisture of 60-70% with a higher number of E. eugeniae, E. fetida and
M. megascolex earthworms (Munoli 2007). Strains associated with endospore-
forming Bacillus survive extreme weather conditions and become active when
favorable soil moisture conditions are regained (Munoli 2007). Evans and Guild
(1948) reported that A. chlorotica produced more cocoons at moisture contents of
28 to 48%. Juveniles, who show high tolerance to low moisture, when transferred
to a new environment with favorable moisture, adjust faster than adult worms
(Singh 1997). Such experiments were also carried out with the cocoons of E. fetida
and E. eugeniae, which were transferred to culture boxes containing CD while
adult earthworms were separately transferred. More juveniles were found in
culture boxes with cocoons than in culture boxes with adults (Munoli 1998).
Therefore, moisture level is a significant factor in the set-up of a vermicomposting
unit (Scheu 1987) in village environments units and needs to be carefully designed
to hold water without causing water logging.

Temperature. Evans and Guild (1948) reported that the activity, metabolism,
growth, respiration, reproduction, fecundity and growth period from hatching to
sexual maturity of earthworms are greatly influenced by temperature. Cocoons
hatch sooner at higher temperatures. A temperature range of 20-30°C for
vermibeds was suggested using E. fetida, E. eugeniae and P. excavatus (Bhiday
1994).

Organic Matter. Earthworms use a wide variety of organic materials for food,
and even in adverse conditions, they extract sufficient nourishment from the waste
or soil to survive. The kind and amount of food available influences not only the
size of an earthworm population but also the species present as well as their rate of
growth and fecundity. Zezonc and Sedor (1990) reported that greatest weight
increase in E. fetida was obtained when 50 g of soil was mixed with 150 g cellulose
waste. Nayak and Rath (1996) claimed that organic residues comprising city,
industrial, agricultural farms, household and kitchen wastes with dead or decaying
materials can be used as bedding materials for vermicomposting. Joshi (1997)
suggested that animal manure, dairy and poultry waste, food industry waste,
slaughterhouse waste or biogas sludge could be used for recycling through
vermicomposting. The best results of vermicomposting were obtained from paper
and food manufacturing industries when treated with E. fetida, E. andrei and
P. excavatus (Piccone et al. 1986).

Micro- and Macro-nutrients and Microbial Population in Vermicasts
(VCs). There are varying reports on the nutrient contents of VCs (Narayan et al.
2000) whereas Ranganath et al. (2001) ascertained nutrient values for a good VC,
based on their study on urban wastes, also suggested the rate of application of VC.
Ghilarov (1963) claimed that the number of microorganisms in VCs was 1.64 1.35
and 1.97 fold higher than in regular soil in three different fields, namely oak forest,
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rye and grass, respectively. A 5 and 40 fold higher level of bacterial counts was
reported in VC more than the surrounding soil in the case of potato peel waste
(Munnoli et al. 1998) and paper industry sludge (Kavian and Ghatnekar 1996),
respectively. An increase in hydrolytic microflora in vermicomposting of SOWs
was reported by Singh (1997) and Munnoli (2007). Monson et al. (2007) reported
an increase in nutrients in kitchen waste vermicomposted by E. eugeniae: in N,
from 1.31 to 2.12%; in P, from 0.121 to 0.7%; in K, from 0.45 to 0.48% and the C:N
ratio decreased from 32.45 to 13.66%. A higher microbial load was also observed
in paddy fields to which VC was applied (Kale 1994). An increase in the microbial
population was recorded with potato waste using Pheretima elongata (Munoli
1998) and with press mud waste using E. fetida, E. eugeniae and Megascolex
megascolex when compared with the surrounding soil (Munnoli 2007). Kavian
and Ghatnekar (1996) reported an increase in nutrients when press mud was
blended with saw dust and treated using three different earthworm species
E. fetida, E. eugeniae and P. excavatus individually (Monocultures) and in
combination (Polycultures). Kale et al. (1986) reported that earthworm’s burrows
lined with VCs are an excellent medium for harbouring N-fixing bacteria. Loquet
et al. (1977) and Bhattacharya et al. (2000) also recorded an increase in the
microbial count of VCs compared to traditional compost. Kumar et al. (2010)
reported the contents of VCs. E. fetida VCs from sheep manure alone or mixed
with cotton wastes were analyzed for their properties and chemical composition
every 2 weeks for 3 months and compared with the same manure without earth-
worms. Earthworms accelerated the mineralization rate and resulted in castings
with a higher nutritional value and degree of humification, suggesting that this kind
of industrial wastes can be used in vermicomposting (Alabanell et al. 1988).
Madhukeshwar et al. (1996) claimed that any kind of organic waste generated in
an agro-based industry or biotechnology unit when treated with earthworms would
be resourceful VC. When E. fetida was used for vermicomposting, it resulted in an
increase in P, Ca, Mg and a decreased of K (Orozco et al. 1996).

Giraddi and Tippanavar (2000) studied the biodegradation of waste from the
fruit-pulp, biscuit and sugar industries were bio-degradable in field designs using
E. eugeniae, E. fetida and Perionyx excavatus, for waste management. The wastes
were bio-converted to compost in 40-90 days. The quality of compost obtained
had increased micro and macro nutrients. Butt (1993) explored the possibility of
treating paper mill sludge with spent yeast from the brewery industry using
L. terrestris whereas the same industrial waste was treated with E. andrei by Elvira
et al. (1998). They also investigated the vermicomposting of sludge from paper
mill and dairy industries mixed with cattle manure using E. Andrei in 6-months
pilot-scale experiments where the number of earthworms and biomass increased
significantly. The VCs were rich in N, P, and K and had a good structure, a low
level of heavy metals, lower conductivity, high humic acid contents and good
stability and maturity. They also reported the growth of E. andrei by using the
paper mill and dairy mill sludge in pure wastes by mixing with different
proportions of cattle manure (Elvira 1998). Studies on the possible use of paper
and dairy mill sludge during vermicomposting confirmed that such material might
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be a valuable component of breeding media for E. fetida earthworms. But the
content of mineral N and total K were low (Zablocki et al. 1999).

8.4.5 Applications of Vermicomposting Biotechnology

Carbon Mineralization during Vermicomposting. Like the other members of
the organic matter decomposing community, earthworms can assimilate carbon
from the most recently deposited organic matter fractions, consisting mainly of
readily degradable substances. In all cases, the degradation process resulted in
carbon losses by mineralization, which decreases the amounts of total organic
carbon, and thus, reduces the carbon contributions to the organic matter
(Dominguez et al. 2000). Although earthworms consume and process large
amounts of organic matter, their contributions to the total heterotrophic respira-
tion is very low due to their poor assimilation efficiency and only when there are
large active earthworm populations, as in vermicomposting systems, can they
contribute to an appreciable extent to the heterotrophic respiration.

Role in Nitrogen Cycle. Earthworms had a significant impact on nitrogen
transformations in the pig manure by enhancing nitrogen mineralization, so that
most mineral nitrogen was retained as nitrate. The net total nitrogen, in all
treatments and times, decreased with N losses being more marked during the final
stages when earthworm activity was higher. The different nitrogen fractions
followed trends similar to the total nitrogen. In all treatments, during the final
stages of the process, when the earthworm population was bigger and more active,
important reductions in organic nitrogen content and a high nitrification rate
were noted (Dominguez et al. 2000). This implies that earthworm (Eisenia andrei
in this case) modified conditions in the manure that favoured nitrification,
resulting in the rapid conversion of ammonium into nitrates. Similar results
have been reported by Hand et al. (1988) who found that Eisenia fetida in cow
slurry increased the nitrate concentration of the substrate.

Vermicomposting and Heavy Metal Availability. It is important to know
the changes in total and available contents of heavy metals in the organic matter
during the vermicomposting process, because they may cause problems in some
animal manures, sewage sludge, and industrial organic wastes. Dominguez et al.
(2000) reported that, as a consequence of carbon losses by mineralization during
vermicomposting, the total amounts of heavy metals increased (between 25 and
30%) and the amounts of bioavailable heavy metals tended to decrease with a
decrease of between 35 and 55% in the bioavailable metals in two months. Similar
results were reported in other studies for both composting and vermicomposting,
implying a lower availability of these elements for plants from vermicomposts.
During vermicomposting, heavy metals tend to form complex aggregates with the
humic acids and the most polymerized organic fractions.

Vermicomposting biotechnology used for waste and land management and for
improving soil fertility to promote crop productivity and production of valuable
bioactive compounds of great medicinal values has grown considerably in recent
years all over the world and has been scientifically improved (UNSW 2002). It is like
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getting “gold from garbage” (e.g., from SOWs to highly nutritive biofertilizer). The
three versatile species E. fetida, E. euginae and P. excavatus performing extensive
social, economic & environmental functions occur almost everywhere.

8.5 ENZYMES PRODUCTION

Macromolecular organic substrates must be enzymatically hydrolyzed to smaller
subunits before they can be taken up and metabolized by the microbial cell
(Gessese et al. 2003). The initial hydrolytic reaction is believed to be the rate-
limiting step in the overall process of organic matter degradation (Dueholm et al.
2000). Several studies have indicated that enzymatic hydrolysis of organic
compounds by activated sludge microorganisms under aerobic conditions are
distinguishably more efficient than under anaerobic and/or anoxic conditions
(Henze et al. 1995). In recent years, there has been growing interest in the study of
enzymatic activities in wastewater treatment (Goel et al. 1998; Watson et al. 2004).
Particularly, there has been a growing interest in the study of exoenzymes in
natural water bodies and wastewater treatment plants (Gessesse et al. 2003).
Knowledge of the spatial and temporal variation of enzymes in such ecosystems,
the organisms producing the different enzymes, and factors affecting enzyme
activity, are essential to understand and optimise organic matter removal in
wastewater treatment plants. It is strongly believed that the enzymatic approach
will significantly contribute to knowledge of the biochemical factors controlling
the treatability of wastewater and sludge, and may greatly help the optimization of
the process of hydrolyzing and mineralizing organic pollutants. In addition, it may
yield technological information on the production of a variety of exogenous
enzymes, which can be applied to improve wastewater purification systems (Kibret
et al. 2000).

8.5.1 Enzymatic Sludge Hydrolysis

In the activated sludge process, bacteria tend to aggregate and form sludge flocs,
which consist of microbial, prokaryotic (bacteria, archaea), and eukaryotic (algae,
fungi) microorganisms kept together by extracellular polymeric substances (EPS).
Various studies reported that sludge flocs constitute 60-70% of the organic
fraction (Xu 2003). In fact, microbial cells undergo lysis or death, during which
the cell contents (substrates and nutrients) are released into the medium and
provide an autochthonous substrate that is subsequently used in microbial
metabolism. Microbial metabolism and a portion of the carbon are released as
products of respiration, resulting in a reduced overall biomass production. This
process is known as lysis-cryptic growth, which was first introduced by Ryan (Guo
et al. 2007). Lysis-cryptic growth involves two stages: lysis and biodegradation. As
the first step in cell fractionation, cell lysis refers to the cell destruction of
microbial cells as catalyzed by a hydrolytic enzyme (mainly protease). During
this process, the cell contents (substrates and nutrients) are released into the
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medium and provide an autochthonous substrate that is used in microbial
metabolism. The biomass then grows on an organic lysate; however, this growth
is different from that on the original substrate and is therefore termed as cryptic.
The rate-limiting step of lysis-cryptic growth is the lysis stage (Guo et al. 2007) An
increase in the lysis efficiency can, therefore, lead to an overall reduction in sludge
production and play an important role in reducing investment and operational
costs as well as in optimizing the existing sewage treatment system.

Hydrolase can enhance the sludge hydrolysis. Previous studies have shown
that some microbial strains exhibit extracellular hydrolytic enzyme secretion,
and other commercial hydrolytic enzymes are often directly used in reactors to
promote sludge lysis. Table 8.3 lists some enzymes that the hydrolysis of
complex organic structures in the degradation of biodegradable particulate
organic matters heavily depends on hydrolytic enzymes. Hydrolases, including
protease, amylase, and lipase enzymes, are produced by a large number of mixed
flora. Hydrolysis is the primary agent of deflocculation, hydrolysis, and oxida-
tion of sludge flocs. It is also the first step in breaking down big molecules. The
large, insoluble organic molecules in activated sludge flocs can be broken down
into simpler carbohydrate molecules by the action of hydrolytic enzymes. The
first step in protein degradation involves breaking the protein down into
peptides, or into two peptides and amino acids. Amino acids can be further
converted into some low-molecular-weight organic acids, ammonia, and carbon
dioxide.

Sludge floc hydrolysis heavily depends on hydrolytic enzymes. Furthermore,
this process can be enhanced by the combination of enzymes, as demonstrated by
Roman et al. (2006). The combination of protease, lipase, and endoglycanases can
accelerate the solubilization of municipal sludge. According to Molla et al. (2001)
and Fleury (2007), mixed fungal cultures can enhance substrate utilization

Table 8.3. Enzymes with enhancement in the hydrolysis of sludge microbial
hydrolases

Material Enzyme Source References
Cellulose Cellulose RutC Roman et al.
materials (2008)
Chitin Chitinase Actinobacteria Metcalfe et al.
(2002)
Keratin Keratinase Chysosporium Sngh et al. (2002)
keratinophilum
Sewage sludge muramidase  BaZcillusstearotherm Xu et al. (2003)
ophilus
Starch materials Amylase Bacillus Zhang et al.
licheniformis (1995)

Protein Protease Raoultella Azize et al. (2005)
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through the combination of enzymes, and that the symbiotic association of a
mixed fungal culture can improve the fungal colonization of the substrate. The
mixed fungal culture of Aspergillus niger and Penicillium corylophilum reportedly
degraded sludge more efficiently (COD, 92%) compared with the control (unin-
oculated) after six days of sludge fungal treatment (TSS, 4% w/w) (Alam et al.
2003). Wawrzynczyk et al. (2003) confirmed the enhancement of sludge floc
hydrolysis through a combination of enzymes in batch experiments, and a direct
correlation between the hydrolase dose and the sludge dissolution efficiency was
found. Although hydrolytic enzymes play an important role in sludge dissolution,
the organisms in the traditional activated sludge secrete smaller amounts of
enzymes that can enhance the sludge dissolution efficiency. Therefore, sludge
minimization technologies are typically accomplished by adding bacteria with
hydrolytic enzyme secretory function, commercial enzymes, or antibiotics, among
others. However, such an approach is relatively expensive. Therefore, an effective
and inexpensive solution for sludge minimization in water treatment facilities is
needed.

An appropriate and effective way of addressing this problem is to culture
microorganisms with hydrolytic enzyme secretory function. Filamentous fungi,
which are naturally present in sewage sludge either as spores or vegetative cells,
were the selected species. Filamentous fungi have an exceptionally high capacity to
express and secrete proteins, enzymes, organic acids, and other metabolites and
can produce secondary metabolites in large quantities. Furthermore, the degra-
dation of the refractory organic substrate in sludge can be enhanced by some
enzyme excretion of these fungi (Wawrzynczyk et al. 2003). Alam et al. (2003)
offered a similar conclusion using liquid state bioconversion, which can be used to
treat domestic wastewater sludge using fungal biomass to reduce the amount of
organic materials. Many academics supported this finding, and a number of
studies were conducted. According to Fleury et al. (2007), the amount of dry
matter in the sludge treated with the microfungi is reduced by approximately 10%
to 50%, typically by approximately 20% to 30%, compared with that of the
untreated sludge. Depending on the control parameters, this degradation can be
greater. According to Alam et al. (2003), a mixed culture leads to higher enzyme
production with comparatively little increase in their cell biomass. Cameron et al.
(2003) reported that the white rot fungus Phanerochaete chrysosporium degrades a
variety of persistent environmental pollutants. Mannan et al. (2005) reported that
the filamentous fungi P. corylophilum and A. niger comprised almost 95-98% of
the existing microorganisms in the sludge treatment process, with 10 15, and 20%
of the inoculum treatment dose in two days. However, at the 5% fungal inoculum
treatment dose, no significant fungus dominance over other existing microorgan-
isms was observed. The 5% fungal inoculum dose was insufficient to adapt in the
sludge under natural conditions. The filamentous fungi Mucor hiemalis broth
reportedly removed 87% of the COD in treated sludge, with a 98% removal of
suspended solids after six days (Fakhru et al. 2002). Mannan et al. (2005) reported
that P. corylophilum is suitable for the biodegradation of domestic activated
sludge. In general, the extracellular enzyme of filamentous fungi has a potent
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capacity to degrade domestic activated sludge. Thus, a filamentous fungus culture
can enhance the biodegradation of sludge floc as well as cryptic growth.

8.5.2 Using Sludge to Produce Useful Enzymes

Enzymes in activated sludge have been used as indicators of specific microbial
populations and measures of active biomass and specific process indicators such as
phosphorus and COD removal. Similarly, the presence of redox enzyme activity in
activated sludge is a direct indicator of efficient treatment plant operation
and sludge composition. The presence of enzymatic (esterase, dehydrogenate,
a-glycosidase and alanine-aminopeptidase) activity in activated sludge confirmed
the microbial abundance and their heterotrophic activity in sludge. The waste-
water sludge can be used as a cost effective raw material to produce useful enzymes
for industrial applications. Details are described as follows.

Lysozyme. The key to lysis-cryptic growth is lysis as well as the disruption of
the microorganism cell structure because the major components of activated
sludge are the microbial cells bound in the sludge flocs. Lysozyme, which is an
enzyme that can dissolve polysaccharides as substrates in the bacterial cell wall, is
also known as muramidase or N-acetylmuramide glycanhydrolase. Its mechanism
of action involves the lysis of pB-1,4 glycosidic that bonds between N-acetyl
glucosamine and N-acetylmuramic acid in the bacterial cell wall. The insoluble
mucopolysaccharide in the bacterial cell wall can then be dissolved into a soluble
glycopeptide. The bacterial cell wall is then ruptured and dissolved, and the
cytoplasm is released. Lysozyme not only affects lysis, but it can also degrade
organic molecules. Yasunori et al. (1994) compared the difference between the
removal of volatile suspended solids (VSS) in a concentrated excess sludge with or
without inoculation of slime bacteria that secrete lysozyme. They found that the
removal of VSS in the inoculated sludge reached 62%, whereas that in concen-
trated excess sludge without inoculation was only 9.8% after five days of shake
cultivation. Masahiko et al. (1997) isolated a new thermophilic bacterium, Bacillus
stearotherm ophilus SPT2-1 [FERM P-15395], which can secrete lysozyme. They
applied it to the liquefaction of the sludge floc and obtained highly desirable
results. Ogawa et al. (2003) activated the bacterial strain B. stearotherm ophilus
SPT2-1 [FERM P-15395] and inoculated four batches of excess sludge after
sterilization. The average VSS removal in the concentrated excess sludge reached
30-50% with the bacterial strain, whereas that without the bacterial strain was
11.9% after five days of shake cultivation at 30°C, 40°C, 50°C, and 60°C. At
present, bacterial strains that secrete lysozymes belong to major fungal classifica-
tions or are parts of viruses. Ogawa et al. (2003) found that aside from the Bacillus
species, the B. Brevis, B. Cereus, B. Circulans, B. Coagulans, B. Firmus,
B. Licheniformis, B. Macerans, B. Megaterium, B. Mycoides, B. Pumilu, B. sphaer-
icus, B. Subtilis, and B. Thuringiensis species all had the ability to secrete lysozymes.

Lipase. Lipids are essential components of sludge with larger molecular
weights and are also important materials in microorganisms. There is an
extremely high lipid content present in the wastewater sludge of some specific
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industries, particularly those of oil refineries and restaurants. Thus, lipid hydro-
lysis in the sludge using lipase plays an important role in sludge degradation
(Parmar et al. 2001). Concurrently, lipase has a relevant function in sludge
digestion. It is one of the earliest known enzymes and has some catalytic activities.
It can catalyze triacylglycerols and other water-insoluble esters of hydrolysis,
esterification, and alcoholysis, as well as transesterification and the contrary
synthetic of the ester. Lipase is widely distributed in microorganisms, and the
primary producing strains are mildew and bacteria. Fungoids, which are known to
secrete lipase, comprise 33 kinds, 18 of which are filamentous fungi, and 7 are
bacteria. Dharmsthiti and Kuhasuntisuk (1998) used Pseudomonas aeruginos,
which has the lipase secretion capacity, to treat restaurant wastewater and
obtained good results. Felice et al. (1997) used tame Yarrowia lipolytica ATCC
20255 to treat wastewater from an olive oil factory, and the COD was significantly
reduced. Palma et al. (2000) studied P. Restrictum and found that it not only has
the ability to secrete lipase, but it also secretes proteinase and amylase. Therefore,
Restrictum has high potential in sludge reduction. Leal Marcia et al. (2006) also
studied the optimization parameters for P. restrictum. Other researchers (Sunil
et al. 2009) investigated Mucor, Aspergillus, Rhizopus, and Penicillium, all of which
have the ability to secrete lipase.

Cellulase. The chemical structure of cellulose was first confirmed in 1930
(Palma et al. 2000). It is composed of high-molecular-weight linear polymers
mainly polymerized by p-p-glucose monomers through p-1- and p-4-glycosidic
bonds. Its polymers vary significantly. The molecular weight of cotton polymers
and other plants can reach 10,000 or more, whereas those of some industrial
material handlings are only about 500 (Leal Marcia et al. 2006). Cellulose does not
dissolve in water and in common organic solvents. It is widely distributed in plants
and some microorganisms and is the most abundant type of polysaccharide in
nature. In urban sewage treatment plants, particularly in the paper and textile
industries, the activated sludge contains large amounts of cellulose and other
organic substances. Meanwhile, cellulase can efficiently enhance sludge hydrolysis
(Parmar et al. 2001). The use of cellulase to hydrolyze cellulose in sludge floc
treatment is a significant development. Cellulase is a highly efficient recombina-
tion enzyme, and filamentous fungi are considered as its primary source. At
present, cellulase is believed to be mainly composed of endoglucanase (EG,
Ee3.2.1.4.), exoglucanase (CBH), and p-glucosidase (glucosidase, Ee3.2.1.21)
(Warren et al. 1996). Domingues et al. (2000) studied the RutC-30 cellulase
production and mycelial morphology of Trichoderma reesei as influenced by the
composition of the culture medium and the inoculum size using shake flask
experiments. Svetlana et al. (1997) investigated the cellulase produced by T. reesei
RutC-30 under environmental conditions and established the enzyme kinetic
model for batch fermentation. In addition, studies have been made on Aspergillus,
Penicillium, Rhizopus, Myrothecium, and others, all of which have the ability to
produce cellulose (Hageskal et al. 2009).

Protease. Proteases are large molecules in a living organism, and their basic
structural unit is the aminophenol. Proteases, which primarily exist in the
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intracellular space and the external EPS of living microorganisms, are abundant in
activated sludge. Hong et al. (2002) reported that proteins and carbohydrates are
the main components of activated sludge and that their proportions vary with the
sludge sample. Meanwhile, proteins and carbohydrates are still the main compo-
nents of EPS in activated sludge (Houghton et al. 2001). However, which
component has the higher proportion remains to be determined (Hong et al.
2002). Some studies reported that the highest proportion was that of carbohy-
drates, whereas others suggested that the protein content was the highest (Flem-
ming and Wingender 2001). Pei et al. (2010) reported that the protein content was
the highest at 70.78%, whereas that of polysaccharides was only 8.04%. Protease
activities are the primary factors affecting protein hydration and translation.
Protease has the peculiarity of catalyzing the hydrolysis of peptide bonds in
proteins to produce peptide chains and amino acids, which is prepared for
microorganism use. Azize et al. (2005) reported that the recombination action
of protease, lipase, and endoglucanase can significantly enhance the efficiency of
sludge lysis. At the same time, Ayol (2005) reported that protease, amylase, and
cellulase can enhance the efficiency of sludge lysis. Roman et al. (2006) reported
that the reaction of a procatalyzing peptide bond is the main enzymatic action in
surplus sludge assimilation and lysis, and that protease activity is an important
factor affecting the efficiency of activated sludge process minimization. Therefore,
protease can catalyze and hydrolyze proteins to enhance the lysis efficiency of total
sludge, thereby significantly enhance sludge reduction. At present, the main
bacterial types with protease lactation activities are partial bacteria and filamen-
tous fungi. Watson et al. (2004) reported that Raoultella and Pandoraea of the
Acinetobacter family also exhibit protease lactation activities.

Protease Production. The production of enzymes by bioprocesses is an
excellent value added to agro-industry residues. A comparative study was carried
out on the production of protease using different varieties of rice broken (PONNI,
IR-20, CR-1009, ADT-36 and ADT-66) from Rice mill wastes, substrates in solid-
state fermentation (SSF) by Aspergillus niger. Among all of the tested varieties of
rice broken PONNI produced the highest activity as 67.7 U/g while ADT-66
produced the lowest protease as 44.7 U/g/ under solid state fermentation con-
ditions. The optimized conditions for producing a maximum yield of protease
were incubation at 35°C, 96 h and pH 7.0. The protease production from
waste treatment could be commercially used in detergents and leather industry
(Paranthaman et al. 2009).

Bacterial cellulose and enzymes were produced through sequential fermenta-
tions with the bacterium Gluconacetobacter xylinus and the filamentous fungus
Trichoderma reesei. Fiber sludge from sulfate (SAFS) and sulfite (SIES) processes
were hydrolyzed enzymatically without prior thermochemical pretreatment, and
the resulting hydrolysates were used for BC production. The highest volumetric
yields of BC from SAFS and SIFS were 11 and 10 g/L dry weight, respectively. The
BC yield on initial sugar in a hydrolysate-based medium reached 0.3 g/g after seven
days of cultivation. The tensile strength of wet BC from a hydrolysate medium was
about 0.04 MPa compared to about 0.03 MPa for BC from a glucose-based reference
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medium, while the crystallinity was slightly lower for BC from hydrolysate cultures.
The spent hydrolysates were used for the production of cellulase with T. reesei. The
cellulase activity (CMCase activity) in spent SAFS and SIFS hydrolysates reached
5.2 /mL (87 nkat’'mL), which was similar to the activity level obtained in a
reference medium containing equal amounts of reducing sugar. It was shown that
waste fiber sludge is a suitable raw material for the production of bacterial cellulose
and enzymes through sequential fermentation. The concept studied offers efficient
utilization of the various components in fiber sludge hydrolysates and affords a
possibility to combine production of two high value-added products using residual
streams from pulp mills and biorefineries. Cellulase produced in this manner could
tentatively be used to hydrolyze fresh fiber sludge to obtain medium suitable for
production of BC in the same biorefinery (Xiang et al. 2013).

Investigation of the recovery of alkaline protease from B. licheniformis ATCC
21424 fermented wastewater sludge was carried out by centrifugation and
ultrafiltration. Optimization of ultrafiltration parameters (transmembrane pres-
sure (TMP) and feed flux) was carried out with 10 kDa membrane. TMP of 90 kPa
and feed flux of 714 LHM (I/h-m?) gave the highest recovery (83%) of the enzyme
from the centrifuged supernatant. The recovered enzyme had a maximum activity
at a temperature of 60°C and at pH 10. It was stable between pH 8 to 10 and
retained 97% activity at 60°C after 180 min of incubation. Enzyme activity was
significantly augmented by metal ions like Ca?" and Mn?". Protease inhibitors
like phenylmethyl sulphonyl fluoride (PMSF) and diisopropyl fluorophosphates
(DFPs) completely inhibited the enzyme activity. The partially purified protease
showed excellent stability and compatibility with various commercial detergents.
The detergent (Sunlight) removed the blood stains effectively along with the
enzyme as an additive. In this study, the enzyme was concentrated and charac-
terized to apply as an additive in detergents as detergent industry needs concen-
trated enzyme in order to have higher efficiency. The recovery of alkaline protease
using ultrafiltration process with an optimum transmembrane pressure of 90 kPa
and feed flux of 714 LHM showed a recovery of 83% of the protease activity. The
protease from B. licheniformis ATCC 21424 is thermostable and alkali-tolerant
serine alkaline protease, as it is stable at alkaline pH and high temperature.
Recovered alkaline thermostable protease by ultrafiltration can be exploited in the
detergent industry as an additive because it showed excellent stability at a wide
range of temperature and compatibility with commercial detergents. More
importantly, the supplementation of the enzyme preparation to detergent could
remarkably remove the blood stains of white cotton cloth (Jyothi et al. 2011).
A study was carried out on thermophilic bacterial strains that produce thermo-
stable proteases. The bacterial strains were first isolated from municipal waste-
water sludge. In contrast to the conventional strains used in industries, like
Bacillus sp., the new strains were the Gram-negative type. In semi-synthetic
medium, a maximal protease activity of 5.25 IU/ml (International Unit per mL)
was obtained at a pH of 8.2 and at a temperature of 60°C, which is higher than the
stability temperature of 37°C for a similar protease obtained from the conven-
tional producer Bacillus licheniformis. Moreover, growth and protease activity of
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the strains were tested in wastewater sludge. It is expected that the complexity of
sludge could stimulate/enhance the protease production and their characteristics.
In conclusion, reuse of the wastewater sludge will help to reduce their quantity. In
addition, the value-added products will replace chemical products used in
industries (Chenel et al. 2008).

8.6 CONCLUSIONS

In this chapter, a special attention has been given to the production of value-added
bioproducts from wastewater sludge for the purposes of not only producing
sustainable and environmentally friendly products but also solving waste disposal
problems. As we confirmed, sludge is a potential economical source which
possesses high nutritional values and has zero or minimal cost as well, which
is known as a source for a well-adapted natural microbial community for
conversion of different value-added products. It has been a great challenge to
appropriately deal with a large amount of sludge as we detailed in various sections
of the chapter. To conclude, the wastewater sludge could be used as a potential
source for isolation of microorganisms, and can be a very good carbon source of
many microbial possesses that could add value to sludge by producing valuable
metabolic products. The emerging value-added products include, but are not
limited to, construction aggregates, adsorbents, fuels, biotechnological products
(e.g., biopesticides, bioherbicides, enzymes, bioplastics, bioflocculants) and mis-
cellaneous products like animal feed, secondary metabolites and electricity. The
emerging value-added products are at different levels of production, facing
challenges in terms of process conditions, yield, scale-up or formulation.

8.7 ABBREVIATIONS

(Bt) Bacillus thuringiensis
(CBH) exoglucanase
(CD) Cow Dung
(COD)  chemical oxygen demand
(CFU/mL) colony forming units/ mL)
(DAHP)  di-ammonijum hydrogen phosphate
(DFPs)  di-isopropyl fluorophosphates
(EC) electrical conductivity
(EG)  endoglucanase
(EPS)  extracellular polymeric substances
(Tx) entomotoxicity
(TU/ml) International Unit per mL
(L/h-m2)  LHM
(MSS)  Municipal Sewage Sludge
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(NH)  non-hydrolyzed
NKP (Nitrogen, Potassium, Phosphorus)
(PBS) poly(butylene succinate)
(PCL)  poly(e-caprolactone)
(PHA)  polyhydroxyalkanoates
(PHB)  Poly-3-hydroxybutyrate
(PHBHHx)  3hydroxybutyrate-co-3-hydroxyhexanoate)
P(3HB-co-3HV)  poly(hydroxybutyrate-hydroxyvalerate)
(PHV)  pol-3-hydroxyvalerate
(PLA) polylactide
(PMSF)  phenylmethyl sulphonyl fluoride
(POME) palm oil mill effluent
(PPG)  polypropylene slycol
(PPDO) poly(p-dioxanone)
(SAFS) Fiber sludge from sulfate
(SBU/pl)  spruce budworm units per micro liters
(SIES) Fiber sludge from sulfite
(SOW) solid organic waste
(SS) suspended solids
(TKN)  Total Kjeldhal nitrogen
(TMP) transmembrane pressure
(TOA) technical oleic acid
(VCs) Vermicasts
(VSS) volatile suspended solids
(UASB)  Upflow anaerobic sludge blanket
(WFFA)  waste free fatty acids from soybean oil
(WFO)  waste frying oil
(WWTPs) wastewater treatment plants
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9.1 INTRODUCTION

Anaerobic wastewater treatment is a process in which a mixed culture of micro-
organism degrades the biosolids present in the wastewater in the absence of
oxygen. The absence of oxygen leads to the controlled conversion of complex
organic pollutants into carbon dioxide and methane through different types of
biochemical reactions. The conversion process is effective as compared to the most
of the conventional aerobic processes (Hulshoff Pol et al. 1998) and produces only
5-10% of the sludge (Metcalf and Eddy Inc 2003), which saves the significant cost
associated with the sludge disposal. More than 200 years ago, in November 1776,
an Italian physicist Alessandro Volta performed his experiments disturbing the
sediments of a shallow lake, collecting the gas and demonstrating that this gas was
flammable. Till then the anaerobic plants began to set up in various countries like
Britain, United States of America, China and other Asian countries including
India. A comprehensive survey by Hulshoff Pol et al. (1998) revealed that
anaerobic wastewater treatment were practiced worldwide mainly in Japan,
Germany, Netherland, United States of America, India, etc. with over 1200 full
scale plants being operated successfully. The numerous leading international
companies such as Paques, Biothane, Enviroasia and ADI have installed more
than 700 anaerobic wastewater treatment plants in various countries (Fang and
Liu 2001). In the view of the popularity of the anaerobic processes for the
treatment of various domestic and industrial wastewaters, Lettinga (1995) criti-
cized the attitude of USA wastewater pollution control authority not to encourage
more field-scale applications of innovative anaerobic processes.
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Literature suggests that upon realization of the potential of anaerobic treat-
ment processes, large quantity of innovative research has been developed. Already,
a lot of advancements in this area have been made and a number of studies are in
progress with different types of organic wastes in various industrial and domestic
wastewaters. Numerous studies in this area depicted that researchers were working
on the anaerobic treatment of different types of synthetic wastewaters at lab-scale
and striving very hard for the applicability of the results at the pilot and industrial
scales. The present chapter focuses on the description of numerous topics related
to the anaerobic wastewater treatment such as fundamentals of anaerobic treat-
ment, effects of different parameters on the process, various types of anaerobic
processes as well as kinetic modeling of the treatment process.

9.2 FUNDAMENTALS OF ANAEROBIC TREATMENT

Anaerobic digestion consists of several mutually dependent sequential and parallel
biochemical reactions. These groups of reactions are termed as “process catabo-
lism” in which a product from one group of microorganisms serve as a substrate
for the next step, leading to the transformation of organic materials into a mixture
of methane, carbon dioxide and some other anaerobic gases in trace amounts
(Figure 9.1). During this transformation, different types of acids (volatile fatty
acids) are also generated as the precursors. Many microorganisms, including
bacteria and archaea, affect the anaerobic digestion process by promoting a
number of chemical reactions for the conversion of organic matter into the
biogas. Unlike aerobic digestion, the anaerobic conversion of waste into the biogas
yields relatively a small amount of energy to the microorganisms and therefore,
their growth-rate is slow. That means only a small fraction of the waste is
converted into new cells. A major fraction of the waste is then converted to
biogas after several biochemical reactions. This converted waste, known as
“stabilized waste”, generates insoluble methane gas. The conversion stages consist
of different groups of growing microorganism consortia, which are capable of
degrading particular types of acid precursors. The presence of three groups of
microorganisms such as hydrolyzing and fermenting microorganisms, obligate
hydrogen producing acetogenic bacteria and two groups of methanogenic archaea

Hydrolytic and fermenting Acetogenic .
b“th-ﬁl‘i'ﬂl Meﬂmcgemcmhaeﬂ

Monomers Biogas
(Sugars, Amino

Sugars, Amino (CH,, CO,, NH;,
acids, Fatty acids H,S and H,0)

and Hygrogen)

Figure 9.1. Different groups of microorganisms associated with anaerobic
digestion
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Complex organic
polymers (polysaccharides,
protein and lipids etc)

Hydrolysisﬂ

Monomers (sugars,
amino acids, fatty acids
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Acidogenesis Fermentation
/fermentation

Volatile fatty acids

Acetugemh
Hydrogen
I - :+C(): )

Methanogenesis

~ Biogas Methanogenesis
(CH+CO,+ other

trace gﬁscs)
Figure 9.2. The process stages of anaerobic digestion

(acetoclastic and hydrogen utilizing) prevails in the overall digestion process. The
process is operational only when the sufficient amounts of methane formers of all
the groups are established.

There are four key biochemical stages for an anaerobic digestion (Figure 9.2):

Hydrolysis;
Acidogenesis;

Acetogenesis; and

Ll

Methanogenesis.

Generally, wastewater contains biomass in the form of complex organic
polymers of a very high molecular weight with long chains. To utilize the energy
potential of these materials for anaerobic digestion, these chains must first be
converted into their monomers, such as sugars or amino acids and fatty acids that
are readily available and easily accessible to the other bacteria. The process of
breaking down the complex organic matter into their simpler units through
microorganism mediated conversion is termed as “hydrolysis.” Therefore, the
hydrolysis of high molecular weight complex polymers is the first step of the
anaerobic digestion. The hydrolyzing microbial consortia are responsible for
the initial attack on complex polymers and produce the monomers. Further, the
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fermenting microorganisms attack on the monomers to produce acetates and
hydrogen along with different types of volatile fatty acids (VFAs) such propionates
and butyrates as well as some alcohols. This process is called “acidogenesis.”
Ammonia, carbon dioxide and hydrogen sulfide along with the other byproducts
are also produced during the acidogenesis. In the acetogenesis process, the pre-
cursors of previous stage are readily accessible to the obligate hydrogen producing
acetogenic bacteria which converts the propionates and butyrates into acetates,
carbon dioxide and hydrogen. Methanogenesis is the last stage of anaerobic
digestion where methanogens convert the intermediate precursors of the preceding
steps to methane, carbon dioxide, hydrogen sulfide, water along with the other
anaerobic gases (biogas). Methanogenesis is a pH dependent process, sensitive to
both the high and low pH, optimally take place between pH 6.5 to 8.

In a study on anaerobic wastewater treatment, Lettinga (1995) had described
the following conditions to accommodate the high loading rates for an anaerobic
treatment of wastewater:

« High retention of the viable sludge in a reactor under operational conditions;
« Sufficient contact between viable bacterial biomass;

« High reaction rates and absence of serious transport limitations;

« The viable biomass should be sufficiently adapted and/or acclimatized; and

o Prevalence of favorable environmental conditions for all required organisms
inside the reactor under all imposed operational conditions.

For a stable and efficient operation of anaerobic treatment systems, fulfilling
the above described conditions is obligatory. To obtain the higher loading
potential, the presence of the viable microorganisms is necessary. Contact time
or the retention time determines the potential of microorganism to convert a
portion of waste into secondary products. Further, the degradation kinetics is also
one of the most important factors. It is essential that the intermediate precursors
of the anaerobic digestion process are being degraded easily and end products of
the process are escaped out. Regular monitoring and maintenance of the envi-
ronmental and operating conditions are crucial to assure good working perfor-
mance of the overall process.

9.2.1 Advantages

Unlike aerobic treatments where waste is mixed with the large amount of micro-
organisms and air, an anaerobic treatment is described with the mixing of
microorganisms and waste in the absence of air. In the aerobic process, aerobic
microorganisms utilize and oxidize food, using oxygen from the air and in turn
receive large amounts of energy for their growth and reproduction. The aerobic
treatment is therefore called “the energy utilizing process” which generates huge
amounts of activated sludge (live biomass). In the anaerobic process, only those
microorganisms that are capable of degrading the organic waste into the carbon
dioxide and methane gas can grow. During this process, a relatively small amount of
energy is released to the microorganisms. Thus their growth-rate is limited. Only a
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small portion of the waste is converted into new cells whereas a large fraction of the
waste is transformed into the biogas, which can be utilized further as a viable energy
source. The anaerobic treatment is therefore called “the energy yielding process”.
The numerous advantages of the anaerobic process are given below:

o Less biological sludge production;

o Less nutrient requirements;

« High degree of biomass stabilization;

o Less energy requirements;

o Production of biogas as a useful by product;
o Lower running cost;

o Supports reductive dechlorination;

« Shows excellent denitrification capability; and

« Also efficient at relatively higher temperature and organic contents.

9.2.2 Disadvantages

Although the processes are environmentally sustainable, the anaerobic treatment
processes possess several disadvantages. Their main disadvantage is their ineffec-
tiveness in removing non-organic pollutants such as nutrients and pathogens. In
addition, the process is biochemically sensitive and therefore, requires a regular
monitoring and control with respect to different physicochemical parameters as
pH, temperature etc. Moreover, most of the anaerobic processes provide only a
partial treatment, which requires further treatment before treated wastewater can
be discharged into the environment. The processes demand higher startup time (2
to 3 months) for the mixed microbial population being acclimatized. The startup
time also varies with the nature and the strength of wastewater. The processes also
require high alkalinity for an effective treatment. They are highly dependent on
different groups of microorganisms which are truly different in their preferences
of environmental conditions and nutrition needs as well as their growth kinetics.
Thus, it is very difficult to maintain the optimal conditions for all microorganisms.
The imbalance between various groups of microorganism leads to the instability of
the process (Chernicharo and Augusto 2007). Odor is also one of the major
limitations associated with the process.

9.3 EFFECTS OF DIFFERENT PARAMETERS

9.3.1 Characteristics of Wastewater

Characteristics of wastewater play an important role in the process’s performance.
One of the crucial characteristics of wastewater is its strength in terms of its
biodegradable content. The best measurement method of the biodegradable
material is ultimate BOD (BOD,). The COD of wastewater may also give the
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rough estimation of ultimate BOD by multiplying some factors. 5-day BOD
(BODs) may also be correlated to ultimate BOD (~68% of the BOD, ). Generally,
COD value is higher than BOD,, because it takes into account non-biodegradable
organic matters. For example, lingo-cellulosic substances have low BOD value, so
they may give an erroneous correlation with COD in their wastewater. These non-
biodegradable materials are not stabilized under an aerobic environment in the
BOD test and are susceptible to the degradation under the anaerobic environment.
Apart from the organic strength of wastewater, the nature of organic matters, i.e.
soluble form or suspended form, is also a control parameter. Depending on these
forms, the degradation rates could be different.

9.3.2 Effect of Temperature

Temperature is also a critical parameter to control the anaerobic treatment
processes. It can be divided into two ranges, mesophilic (28 to 38 °C) and
thermophilic (50 to 60 °C). The metabolic rate of microorganisms increases with
the rise of temperature within their tolerance ranges. Thermophilic digestion is
more sensitive to thermal changes and therefore, is unstable compared to
mesophilic digestion (Espinoza-Escalante et al. 2008). For an efficient anaerobic
treatment process, maintenance of mesophilic range is desirable. Despite bio-
chemical reactions proceeding at a much faster rate in the thermophilic range than
in the mesophilic range, the maintenance of thermophilic range is not economi-
cally viable. Recent studies (Alvarez et al. 2008; Aydinol et al. 2010) of the
anaerobic wastewater treatment at low temperature (below 20 °C) suggested that a
slow hydrolysis rate of the waste and accumulation of a high amount of suspended
solids on the biomass bed, which reduced the volume of active biomass and its
specific methanogenic activity, would affect the treatment efficiency.

9.3.3 Effect of Hydraulic Retention Time

The hydraulic retention time (HRT) is the average time that wastewater spends
inside the reactor. Since anaerobic treatment is a slow process, it requires long
HRT which means larger reactor volumes. Short retention times may cause wash-
out of the microbial consortia from the reactor if a completely-mixed tank reactor
without recycle is used. Methanogens are also sensitive to short HRT since they
have longer doubled time. Acetogens and sulfate reducing bacteria are affected by
short HRT while the impact is less on hydrolytic bacteria (Zhang and Noike 1993).
Espinoza-Escalante et al. (2008) reported that a long HRT favours acetate
accumulation. Additionally, the maximal activity of microorganisms was reached
close to wash-out. Increased HRT has also been reported to contribute to pathogen
destruction (Salminen and Rintala 2002). Long HRT however requires large
reactor volumes to cope up with the same amount of substrate.

9.3.4 pH and Alkalinity

Alkalinity or buffering capacity of wastewater is also one of the major influencing
factors on the treatment efficiency, as it affects the pH. The pH of anaerobic
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digestion should be near neutrality. In the active anaerobic digestion process,
generation of VFA and its breakdown into simpler precursors is a continuous
phenomenon. The activity of methanogens largely depends upon the buffering
conditions of the treatment process. As a result, to ensure buffering conditions is a
must for the degradation of VFA to methane. At least 1500 mg/L bicarbonate
alkalinity as CaCOj is desired in the presence of an environment containing about
30% of CO, (McCarty 1964). A higher alkalinity (2000-4000 mg/L as CaCO;) is
more desirable as it provides the shielding mechanism against the drop of pH and
maintenance of the neutral conditions even at higher percentage of CO, genera-
tion. The pH of the treatment system can also be controlled by feeding at an
optimal loading rate, since the degradation products (CO, and the VFA) are the
main drivers affecting the pH (Yadvika et al. 2004) and alkalinity (Lahav and
Morgan 2004). The problem with pH drop can be overcome by the reduction of
the OLR or by the provision of the carbonate salts (sodium bicarbonates). Apart
from affecting the growth-rate of microorganisms, pH also affects the composition
of ammonia in the reactors. Ammonia can appear as ammonium ions (NHJ ) at
pH equal to or lower than 7.2, and free-ammonia (NHj;) at higher pH which is
toxic to the microorganisms (Chen et al. 2008).

9.3.5 Macro- and Micro-Nutrients

During anaerobic treatment, an insignificant fraction of organic waste is converted
to new bacterial cells while the remaining is converted to methane and carbon
dioxide. The generation rate of new bacterial cells is slow in the anaerobic process,
thereby requires less amount of macronutrients such as nitrogen and phosphorus
for the biomass growth. Despite that, many industrial wastewaters still lack the
sufficient nutrients. In these cases, to maintain a sound biological activity, it is
essential to supply nutrients from external sources. The nutrient requirements also
depend upon types of substrate and sludge retention time (SRT). Wastewater must
be nutritionally balanced to maintain an adequate anaerobic treatment. Lacking of
phosphorus leads to a decrease in methanogenic activities. Methanogens use
ammonia and sulfide as nitrogen and sulfur sources, respectively. Speece et al.
(1983) reported the toxicity of un-ionized sulfide to methanogens at the levels
exceeding 150-200 mg/L. The recommended C:N:P ratio for anaerobic microbial
consortia is 700:5: 1 (Lettinga 1995). The trace elements such as iron, magnesium,
copper, cobalt, molybdenum, and nickel are also necessary. Nickel, at a concen-
tration below 10 mM, considerably increases the methane production in labora-
tory digesters. Nickel addition can also increase the acetate utilization rate of
methanogens (Speece et al. 1983). An excess of a particular element may saturate
the carrier molecules and thereby restricts the uptake of other essential metal ions.
An excessive metal ion may also replace an essential metal in an enzyme. This
would result in a decrease in methanogenesis (Fatherpure 1987).

9.3.6 Effect of Organic Loading Rate

The performance of anaerobic digestion depends upon the organic loading rates
(OLRs) but not on the influent substrate concentration. The OLR affects the
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sludge morphology inside the reactor. Granular sludge was formed when a high
ORL of above 0.6 kg COD /kg VSS.d was applied (Hulshoff et al. 1983). Low OLR
may be detrimental to the sludge settleability. At low loading (less than
0.3 kgCOD/kgVSS.d), extremely voluminous bulking sludge was generated,
which can be washed out easily (Hulshoff et al. 1983). The loading above
1-2 kg COD/m*d is essential for proper functioning of the reactor (Lettinga
et al. 1993). A very high loading is also detrimental to the granule formation. At
very high loadings, a large quantity of biogas is produced, creating a vigorous
mixing condition at the top of the reactor. As a result, a large quantity of sludge
gets disintegrated or washed out of the reactor. It is suggested not to start the
reactor with OLR > 4.0 kg COD/m>d because higher loading results in the
production of high VFA concentration which is unfavorable for the growth of
microorganisms in the sludge.

9.3.7 Effect of Solids Retention Time

Solids retention time (SRT) is the average time that a biological solid particle
(sludge) retains in the reactor. Conventional anaerobic sludge digestion reactors
with artificial mixing are suspended growth reactors which exhibit the same SRT
for all the solid particles, irrespective of their biological origin. An increase in SRT
results in an increase of sludge in the reactor. Washout of the active microorgan-
isms can be avoided by maintaining a minimum SRT. It is impossible to obtain
any treatment below the minimum SRT. An increase in SRT beyond the minimum
value produces an increase in the substrate removal. The amount and concentra-
tion of sludge in the system is directly related to the SRT value. Higher SRT causes
excessive sludge, which helps to maintain the process’s stability by reserving
the excess biomass that needs to adapt to the changes in the influent substrate.
A safety factor of 3 to 20 times of the minimum SRT was generally reported for a
successful operation of biological reactors (Lawrence and McCarty 1969).

9.3.8 Presence of Toxic Compounds

Toxicity is mainly caused by the presence of excessive amounts of heavy metals,
alkalis, sulphate, sulphide, chloroform, cyanide, phenols, chlorides, nitrate and
oxygen, etc. These toxic compounds should not be present at concentrations
inhibitory to the growth and granulation of microorganisms. A large amount of
NH; (>1000 mg/L) is toxic to anaerobic bacteria, especially at a high pH values
(Brunetti et al. 1983). Another substance is sulphate which is eventually reduced to
H,S. Since sulphide, mainly undissociated H,S, highly toxic to bacteria, it is
necessary to keep the COD/SO, ratio be higher than 10 (Lin and Yang 1991).
Besides, H,S may cause odor and corrosion problems. The effect of Cr(III) and Cd
on the anaerobic acidogenesis of simulated dairy wastewater were reported. An
improvement in acidogenesis was reported for this wastewater at a Cd dosage of
less than 20 mg/L. In contrast, it inhibited the acidogenesis at the dosage over
20 mg/L. Similarly, at the values exceeding 5 mg/L, Cr(IIl) caused severe
inhibition to the acidogenesis (Yu and Fang 2000).
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9.4 ANAEROBIC SUSPENDED GROWTH PROCESSES

Suspended growth processes are those biological treatment processes in which
microbes responsible for the conversion are maintained in suspension within the
liquid medium by proper mixing methods. Many suspended growth processes are
used for treatment of sludge, animal manure slurry and high-strength organic
wastewaters of municipal and industrial origins. In anaerobic suspended growth
processes, the organic matters are converted to a variety of end products, including
methane (CH,) and carbon dioxide (CO,) under anaerobic condition. The
principal anaerobic suspended growth processes used for removal of carbonaceous
organic matters are (1) completely mixed process, (2) contact process, and
(3) anaerobic sequencing batch reactor. Each of these processes will be character-
ized in the following section.

9.4.1 Completely Mixed Process

The most widespread anaerobic suspended growth process used for wastewater
treatment is the completely mixed anaerobic digestion. The process is carried out
in an airtight reactor equipped with a stirrer (Figure 9.3). This reactor’s configu-
ration is simple to operate and has the ability to treat a large amount of effluent
(Azbar et al. 2001). The constant stirring, the typical characteristics of the
continuously stirred tank reactor (CSTR), keeps the reactor content completely
mixed (Johanssen 2008) and homogenized. It aims to maintain the concentration
uniform in all parts of the reactor as well as in the withdrawn substrate. The
uninterrupted mixing results in the equalization of the hydraulic retention time
(HRT) and the solid retention time (SRT) (Azbar and Speece 2001). Thus, the
outstanding property of the first generation type reactors is that HRT is always
equal to the SRT.

d
Influent Effluent
——— e
Sludge PR

Figure 9.3. Completely mixed anaerobic reactor
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Figure 9.4. (a) Standard-rate single-stage anaerobic reactor; (b) High-rate single-
stage anaerobic reactor; (c) Two-stage anaerobic reactor

The fundamental complete mix process configurations are shown in
Figure 9.4. The conventional standard-rate reactors (Figure 9.4(a)) are character-
ized by un-mixing or intermittent mixing, intermittent sludge feeding and
intermittent sludge withdrawal. Detention time varies between 30 and 60 days
(Reynolds 1982). The digester has several zones, namely, (1) a gas dome, for
collection of produced bio gas, (2) a scum layer, for floatation of undigested
portions forming the scum, (3) a supernatant zone to store the clarified water from
the reaction, (4) an active layer where anaerobic reaction takes place and (5) a
stabilized zone where digested sludge is stored temporarily (Kiely 2007). In
contrast, in case of high-rate digestion process (Figure 9.4(b)), the contents of
the reactor are heated and mixed continuously, except at the time of sludge
withdrawal. An incorporation of mixing leads to the non-establishment of
different zones that are found in conventional digesters. However the gas dome
is still present. The required detention time is typically of 15 days or less to provide
sufficient safety factors for operation and stability (Parkin and Owen 1986). The
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anaerobic reactors may be designed to operate as two-stage processes as depicted
in Figure 9.4(c) by combining these two basic processes. The first stage would be
the high-rate stage whereas the second stage would be similar to that of the
standard rate conventional reactor. The first stage is where the reaction takes place
while the key function of the second stage is to separate the digested sludge from
the supernatant.

The completely mixed process is suitable for wastes containing high dissolved
organic concentrations, where settling the effluent solids is difficult. Therefore it is
more practical to operate in the condition that HRT equals to SRT, rather
than sludge recycling. In the complete mix process, the mixing can minimize
dead volume accumulation and flow channeling whilst maintain a uniform
temperature, substrate and pH conditions in the reactor. Nevertheless, outsized
reactor volume may be required to provide effective longer SRTs as the process
stability may be compromised due to loss of biomass associated with short SRT
(Lilly 2010).

9.4.2 Contact Process

In the complete mix process there is no option for sludge recycling, so the
suspended biomass is continuously being lost with the effluent since the HRT and
SRT are the same (Lilly 2010). To overcome the disadvantages of the complete mix
process, contact process (Figure 9.5) has been introduced. Contact process
includes an external settling tank for separation and recycling of the effluent
biomass to the complete mix reactor, so that process SRT will be longer than HRT.
This separation of the SRT from the HRT results in a decreased volume of
the anaerobic reactor, an increased organic loading rate and a shortened HRT. In
the process, the contents of the reactor mixed completely and after digestion, the
mixture is separated in a clarifier. The supernatant is discharged as effluent and the
settled sludge is then recycled to supplement the process. Gravity separation is a
common method for settling the sludge prior to recycling. However, settling by
gravity can be a problem for sludge with poor settling properties. In that case,

Gas
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Figure 9.5. Anaerobic contact process
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Figure 9.6. Anaerobic sequencing batch reactor

separation of solids is done by the gas floatation method. Solid-liquid separation
may further be interrupted by the biogas produced during the reaction and
separation processes. Various methods such as gas stripping, inclined plate
separators, addition of coagulants etc. have been used to minimize the effects
of trapped gas bubbles and to improve the sludge settling (Metcalf and Eddy Inc
2003).

9.4.3 Anaerobic Sequencing Batch Reactor

Anaerobic sequencing batch reactor (ASBR) is a fill-and-draw type suspended
growth process where the reaction and the solid-liquid separation/clarification
take place in the same reactor vessel sequentially as demonstrated in Figure 9.6.
ASBR is a modification of conventional continuous flow activated sludge process.
The major differences between SBR and a conventional continuous flow activated
sludge system is that the ASBR tank carries out the functions of equalization and
sedimentation in a time sequence rather than in the conventional space sequence.
Thus, it is more flexible than in a space sequence. Treatment in ASBR was more
economical than a conventional activated sludge process by a magnitude of 20%
(Grady et al. 1999).

All operations of an ASBR such as filling, reacting, settling, drawing and idling
are carried out in sequence in a single anaerobic batch reactor. During the “fill”
operation, wastewater is added to the reactor. Then, in the “react” phase,
intermittent mixing for a few minutes in each hour is done to provide uniform
mixing of the content of the reactor. The purpose of the “settle” phase is to
allow solids separation to occur, so that a clarified supernatant can be discharged
as effluent. Consequently, in the “decant” phase, the supernatant is removed as
effluent from the reactor. The “idle” phase is not always necessary and can be
omitted sometimes. This is the time gap between the “draw” phase of one cycle
and the “fill” phase of the next cycle. Sludge wasting is not included as one of the
basic steps, rather it is done during the “settling” or “idling” phase. In the ASBR,
there is no concept of recycling of the sludge, since both reaction and settling take
place in the same reactor. The process could be applied for the treatment of high
COD-containing industrial wastewater such as food processing industry effluents,
landfill leachates, tannery wastewater etc.
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9.4.4 Basics of Anaerobic Suspended Growth Process Design

To design a process means customizing the process and its parameters according
to the requirements. It deals with multiple aspects such as reaction kinetics, mass
and energy balance, mass transfer, heat transfer, mixing and so on. The process
design will have a significant impact on the overall performance. The design of the
anaerobic suspended growth process includes the following parameters:

a) Microbial metabolism;

b) Biomass concentration in the reactor, kg VSS/m?;
¢) Volatile Suspended Solids loading rate, kg VSS/m?>-d;
d) Suspended Solids production rate, kg SS/m>-d;

e) Hydraulic Retention Time, days;

f) Solid Retention Time, days;

g) Gas production rate, m®/d;

h) Agitation system;

i) Heating system;

j) Product removal;

k) Product inhibition;

1) Digester/reactor configuration;
m) Nutrient requirements;

n) Sludge wastage; and

o) Flow rate, m*/d.

Choosing optimal parameters and balancing the economic value of the chosen
parameters results in a successful process design. The basic process design depends
upon the mode of operation of the reactor, e.g., batch mode or continuous mode.
In case of batch reactor, the process design may involve the determination of the
time (t) required to achieve a fractional conversion of reactants into products.
However, in continuous mode, the process design basically stresses upon the
estimation of the volume (V) of the system required to achieve a specific rate of
product formation. Based on essential features of the process design, design
equations can be developed. A design equation of a process is nothing but a set
of data and equations that is used to evaluate the process performance under
various operational and environmental conditions. Design equations can be
developed considering the mass balance or energy balance of the system.

A mass balance for the biomass in the completely mixed process as shown in
Figure 9.7, can be written as follows:

Biomass input + Biomass generation = Biomass output + Biomass accumulation
(Into the system) (With in the system)  (Out of the system) (With in the system)
(Eq. 9.1)
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Figure 9.7. Mass balance of a completely mixed anaerobic reactor

dx
QX +r,V=QX + @ \Y (Eq. 9.2)

where Q=flow rate, m?/day; X;=biomass concentration in the influent,
kg VSS/m?; X =biomass concentration in the effluent, kg VSS/m?; r, =rate of
biomass growth, kg VSS/m3d; V =volume of reactor, m?; %= rate of change of
biomass in the reactor, kg VSS/ m3d.

In both batch and continuous culture systems, the rate of biomass growth can

be represented as below:
r, =pX (Eq. 9.3)

. X =biomass concentration, mass/unit

where p=specific growth rate, time~
volume
In steady state condition, & =0 and considering the initial concentration of

microbes to be negligible (X; = 0), Eq. 9.2 can be written as:
r,V=QX (Eq. 9.4)
Putting r, value from Eq. 9.3 in Eq. 94
(Eq. 9.5)

where 6 =hydraulic retention time = %

If the decrease in cell mass due to death, predation and endogenous
metabolism (the energy required for cell maintenance) is considered and all
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together termed as endogenous decay (r,), then the net biomass growth rate (r;)
can be expressed as:

=1, —Ig4 (Eq. 9.6)
rqg= — kdX (Eq 97)

where kg = endogenous decay coefficient, time™!

So r,=pX — kgX (Eq. 9.8)

Replacing r, in Eq. 9.4 by 1y, the new equation can be written as:

(1X — kgX)V = QX (Eq. 9.9)
Q 1
-kj===—- Eqg. 9.10
n-ke=g =3 (Eq )
1+ky0
p= +9 d (Eq. 9.11)

Now applying mass balance for the biomass in the conventional anaerobic
reactor (around the active layer) as shown in Figure 9.8, the resultant equation can
be written as follows:

dx
QiX; + 1, V=QX. + QX,, + o \% (Eq. 9.12)
Gas
S oo
o
M Supematant Layer Q..5..X.
Q.S X;
Active Layer

QX

Digested Sludge Layer

Sludge Removal

Figure 9.8. Mass balance of a conventional anaerobic reactor
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where Q; =influent flow rate, m®/d; Q. = effluent flow rate, m®/d; Q, = sludge
flow rate from active layer to digested sludge layer, m®/d; X; = biomass concen-
tration in the influent, kg VSS/m?; X, =biomass concentration in the effluent,
kg VSS/m?; X, =biomass concentration in the sludge flowing from active layer to
digested sludge layer, kg VSS/m?.

Since there is no accumulation in the active zone, assuming the steady state
condition and neglecting endogenous decay, Eq. 9.12 can be reduced to

QX, + QX —QX, 1
- - Eq. 9.13
H XV 0. (Eq. 9.13)

where O.=cell residence time=solid retention time=SRT. 6. can also be
expressed as:
__ Biomass present inside the reactor XV
~ Biomass wastage from thereactor ~ Q.X, + Q.. X, — Q:X;
(Eq. 9.14)

C

Taking endogenous decay into account, e.g, p—ky= g Eq. 9.13 can be
rewritten as:

1 QeXe + QSXS - QiXi
— = -k Eq. 9.15
0. XV d (Eq- 9.15)

However, according to Sincero and Sincero (2011), in the case of anaerobic
digestion of sludge since no food is being served, specific growth (p) is equal to
zero. So the Eq. 9.13 can be simplified as:

— QeXe + QsXs - QiXi — i

-k Eq. 9.16
d XV 0. (Eq )
which can be further written as:
XV
0. (Eq. 9.17)

T QX - QX - QX,

Similarly for the anaerobic contact process as shown in Figure 9.9, if sludge
wasting is done from the recycle line, then the mass balance equation for the
biomass can be written as below:

dx

QiX; + 1, V=Q X, + QuX; + dt

\% (Eq. 9.18)

where, X, =biomass concentration in the recycle line, kg VSS/m?
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Figure 9.9. Mass balance of a contact process

Considering endogenous decay and steady state condition, Eq. 9.18 can be
simplified as:

o _ XV 1
¢ QeXe + QWXr - QiXi kd

(Eq. 9.19)

Because of the stumpy synthesis rate of anaerobic microbes, the excess sludge
that has to be disposed of is in negligible amount. Therefore, equating the factor
QuX; = 0 and the equation in that case can be written as

XV 1

0= — '
¢ QeXe - QiXi kd

(Eq. 9.20)

Example 9.1 Wastewater generated from a cattle farm with 2500 cattle is to be
treated anaerobically. What will be the volume of the complete mix anaerobic
reactor, assuming sludge load=1.5 kg/d per cattle, density=1.05 kg/L and
hydraulic retention time =20 days?

Solution:

Given =20 d

Density =1.05 kg/L

Sludge loading rate per cattle=1 kg/d

Sludge loading rate from the farm =2500 x 1.5=3750 kg/d

Flow rate Q= M CRente — 3780 — 3571 43 [/d = 3.57 m’/d

Required reactor volume, V=Q-0=3.57 X 20=71.4 m?

In order to provide head space, it is safer to design the volume of the reactor

>75 m’.

Example 9.2 An industrial waste is to be treated in an anaerobic contact
process to reduce its Mixed Liquor Suspended Solids (MLSS) value to 40 mg/L.
The reactor volume is 20 m®, 6.=5 days, endogenous decay coefficient,
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kq=10.05 d~!. Influent Mixed Liquor Volatile Suspended Solids (MLVSS) value is
negligible, return sludge concentration =5000 mg/LMLVSS, effluent MLVSS =
0.8 X effluent MLSS. If the industry generates 60 m* d™! of effluent and Q=Q,,
then calculate the biomass wasting rate from the anaerobic contact process in
order to maintain 2500 mg/L of MLVSS.

Solution:

Given: Effluent MLSS =S, =40 mg/L=40 gm™>

Reactor volume =V =20 m?

Cell residence time=0_=5 days

Endogenous decay coefficient =kyq =0.05 d™*

Influent MLVSS=X; = 0

MLVSS in return sludge = X, = 5000 mg/L=5000 g/m?

MLVSS in effluent=X,=0.8 X S, =0.8 X 40 =32 mg/L=32 g/m>

Flow rate= Q=60 m*/d=Q,

MLVSS =X =2500 mg/L = 2500 g/m>

For anaerobic contact process cell residence time (0.) can be calculated as:

o - XV 1
< QeXe + Qer - QiXi kd

Putting all the values in the above equation

(2500 g/m?)(20 m?) 1
(60 m?/d)(32 g/m?) + Q,,(5000 g/m?) — (60 m?/d)(0) 0.05 d

5d=

Solving the equation we will get Q,, =0.016 m?/d. Therefore 16 L/d sludge
needs to be wasted from the contact process in order to maintain 2500 mg/L of
MLVSS.

Example 9.3 Solve the example 9.2 using a conventional anaerobic reactor.
Calculate biomass concentration in the wastage sludge considering Q,, =0.016 m?/d
as obtained in the previous example. Assume reactor volume=45 m® and cell
residence time = 35 days.

Solution:

Given: Sludge wastage rate=Q,, =0.016 m*/d

Reactor volume =V =45 m?

Cell residence time=0.=35 d

Rest of the values as per example 9.2

For a conventional anaerobic reactor

o - XV 1
‘ QeXe + Qwa - QiXi kd




Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

ANAEROBIC TREATMENT OF WASTEWATER 315

Putting all the values from example 9.2

(2500 g/m?)(45 m?)
(60 m®/d)(32 g/m?) + (0.0166 m*/d)(X,,) — (60 m*/d)(0)
1
0.05/d

35d=

Solving the equation we will get X, =7411.38 g/m’. Therefore 7411.38 g/m’
of MLVSS need to be wasted through sludge wasting from the conventional
anaerobic digester in order to maintain, 2500 mg/L of MLVSS.

9.5 ANAEROBIC SLUDGE BLANKET PROCESSES

The technological advancement in anaerobic processes in the last three decades
has significantly reduced their past weaknesses. Historically, the anaerobic treat-
ment process was not favored for wastewater treatment, particularly for the
medium- and low-strength wastewater because of its high HRT's. Since the work of
Young and McCarty in 1969 on the application of anaerobic processes for the
treatment of industrial and domestic wastewater, a significant advancement in the
last three decades has been achieved. Today, anaerobic treatment technology has
emerged as one of the best treatment processes for different types of wastewater. In
the past, retention of sufficient active sludge under short HRTs was one of the
most severe problems in an anaerobic treatment. The limitation now has been
overcome by the successful development of high-rate anaerobic processes such as
upflow anaerobic sludge blanket (UASB), expanded granular sludge bed (EGSB),
anaerobic baffled (AB) and anaerobic migrating blanket (AMB) reactors. One
common feature of these processes is the ability to achieve high solid retention
time, even at short hydraulic retention time.

9.5.1 Upflow Anaerobic Sludge Blanket (UASB) Reactor

This is the modified version of contact process in which an upward movement of
wastewater through a dense blanket of anaerobic sludge takes place. The sludge
blanket consists of biological granules or thick flocculent sludge. The UASB
reactor is one of the reactor types with high loading facility and is distinctive from
other processes by its simple design. UASB process is a combination of physical
and biological processes. The main aspect of physical process is separation of
solids and gases from the liquid and that of biological process is stabilization of
biodegradable organic matter under the anaerobic environment. The gases
produced cause the internal mixing in the reactor. Some of the gas produced
within the sludge blanket becomes attached to the biological granules. The free gas
and the sludge particle with the attached gas rise up to the top of the reactor. The
particle that rise to the liquid surface strike the bottom of the degassing baffles,
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Figure 9.10. Schematic dlagram of upflow anaerobic sludge blanket reactor

which causes the attached gas bubbles to be released. Then the degassed granules
drop back to the surface of sludge blanket. The free gas and the gas released from
the granules are captured in the gas collection assembly located in the top of the
reactor. Liquid containing some residual solids including biological granules then
passes through the settling chamber where residual solids are separated from the
liquid. The separated solids fall back through the baffle system to the top of the
sludge blanket. The granular biomass from the existing UASB reactor can be used
as inoculum material to start-up the new UASB reactor. Non-granular material
such as cow manure, waste activated sludge, anaerobically digested sludge etc. may
also be utilized as inoculum in the absence of granular sludge. Over a period of
time, these non-granular materials generally grow to form the granular sludge if
proper feeding was done.

The schematic diagram of a typical UASB reactor is shown in Figure 9.10. The
reactor has three main sections: (1) sludge bed, (2) sludge blanket, and (3) gas solid
separator (GSS). The sludge bed is the layer of biomass settled at the bottom of
reactor. In this section, the organic matters present in the wastewater gets
converted into their end product (biogas) and the new cells as the flow passes
upward through the active sludge granules. Relatively highest concentration (60 to
100 g SS/L) of sludge is maintained in this section. The sludge blanket exists on
the top of the sludge bed, which is a suspension of sludge particles with a
concentration of 2 to 5 gSS/L mixed with the biogas produced in the process.
Mixing occurs in this section due to the evolution of the biogas. The degradation
of residual organic matters also takes place within this section. Gas is separated
from the liquid by the GSS provided at the top of the reactor. The inverted-cone-
like structure acts as GSS, where gas is released to the gas collection assembly after
its separation from the sludge. The deflector provided on the lower top section of
the reactor helps to prevent the sludge granules from washout in case they rise
along with the trapped gases. The GSS device generally occupies 16-25% of the
total reactor volume (Hashemian and James 1990).

UASB process is successful for the wastewater treatment in intermittent mode
of operation, which overcome the problem of buoying in the initial days of the
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reactor start-up due to poor quality of inoculums used (Ghangrekar 1997). Recent
studies also demonstrated the successful implementation of UASB for a wide
variety of wastewaters (Isik and Sponza 2008; Coskun et al. 2012).

Calculation of hydraulic design of UASB. Example 9.4 Design an UASB
with an internal diameter of 10 cm and height of 100 cm operating for a COD
concentration of 3000 mg/L with an HRT of 24 hours. Check for the flow rate,
hydraulic loading, organic loading rate and upflow velocity.

Solution:

Considering a circular cross-section UASB reactor.

Volume of the Reactor

V=nr’h

Internal Diameter of the Reactor =10 cm

Volume of the reactor=7.85x 107 m*=7.85 L

Flow rate, Q = Yolume — 785 =785L/d

“Time

Hydraulic Loading= & = ;gg =1.0/d
Organic Loading Rate =0OLR=Q X S° =7.85X =32 785
Up-Flow Velocity = (v) =  (or) Q xs =1.0 m/d

V=115%x10"°> m/s.

=3.0 gCOD/Ld

9.5.2 Expanded Granular Sludge Bed Reactor

An expanded granular sludge bed (EGSB) reactor is a variation of the upflow
anaerobic sludge blanket (UASB) reactor (Figure 9.11). The most important
feature of EGSB design is that a faster upflow velocity wastewater passing through
the sludge bed is incorporated. The increased flux allows expansion of the sludge
bed, improving wastewater-sludge contact and improves separation of suspended
solids from the sludge bed. EGSB reactor also accommodates higher loading
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Figure 9.11. Schematic diagram of expanded granular sludge bed (EGSB) reactor
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rates as compared to the UASB reactor. The EGSB design is appropriate for
low-strength wastewaters (less than 1 to 2 g soluble COD/L) or for wastewaters
that contain inert or less biodegradable suspended solids which should not be
allowed to accumulate in the sludge bed. The organic substances in the wastewater
are degraded to their end products as they flow through the granular sludge bed.
The upwards movement of evolved biogas and wastewater mixes the whole
reactor. The produced biogas is collected in a biogas collection assembly and
used for energy production. It was reported that the EGSB reactor was efficient in
the removal of soluble organic matter even at low temperatures (Haandel and
Lettinga 1994). This may be explained by the rigorous contact between the
incoming organic matter and sludge granule as a result of high upflow velocity.
Under the conditions of decreased biogas production rate and mixing intensity
(observed at low temperatures and for low-strength wastewater), the higher
kinetic energy of the influent and the extended height of the expanded granular
bed result in a better treatment efficiency, compared with the conventional UASB
reactor. EGSB reactors are inadequate for the removal of particulate organic
matters due to the high upflow velocity.

9.5.3 Anaerobic Baffled Reactor

An anaerobic baffled reactor (ABR) is an improved septic tank, with regard to
the series of baffles under which the wastewater is forced to flow (Figure 9.12).
The increased contact time with the active biomass leads to a better treatment. The
majority of settleable solids are removed in the sedimentation chamber at the
beginning of the process, which typically represents 50% of the total volume.
The design parameters of an ABR include a HRT between 48 to 72 hours, upflow
velocity of the wastewater less than 0.6 m/h and a number of upflow chambers. The
upflow chambers provide additional removal and digestion of organic matter. BOD
may be reduced by up to 90%, which is far greater to that of a conventional septic
tank. As sludge is accumulating, de-sludging is required in every 2 to 3 years.
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Figure 9.12. Schematic representation of ABR
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Figure 9.13. Schematic representation of anaerobic migrating blanket reactor

Anaerobic baffled technology is easily adaptable and can be useful at the
household level. An ABR can be designed for a single house or a group of houses
that are using a considerable amount of water for clothes washing, showering, and
toilet flushing. It is mostly appropriate if wastewater flow-rate is relatively
constant. This technology is also suitable for areas of limited space since the
tank is installed underground. It should not be installed where there is a high
groundwater table as infiltration will affect the treatment efficiency and contami-
nate the groundwater. Effluent and sludge must be handled with care because they
contain high levels of pathogens. To prevent the release of potentially harmful
gases, the tank should be vented.

9.5.4 Anaerobic Migrating Blanket Reactor

The AMBR is a continuously fed, compartmentalized reactor without the
requirement of elaborate gas-solids-separation and feed-distribution systems
(Figure 9.13). Effluent recycling is not necessary, but gentle intermittent mixing
is needed to maintain sufficient contact between biomass and substrate due to the
absence of an upflow hydraulic pattern. The influent flows horizontally into one
end of the reactor and the effluent leaves from the other end. Consequently,
the final compartment receives the lowest substrate concentration, and therefore
the substrate utilization rate of the microbes in this compartment is small. This
results in low biogas production, which enables the final compartment to serve as
an internal clarifier preventing biomass loss in the effluent. Due to the flow pattern
and the observed biomass migration, biomass accumulate in the final compart-
ment. To prevent excessive accumulation of biomass in this compartment, the
flow needs to be reversed periodically. As a consequence, the final compartment
becomes the initial compartment and the earlier initial compartment serves as the
internal clarifier (final compartment). To prevent a breakthrough of substrate
when the flow is reversed, at least three compartments are required in a
continuously fed AMBR. The influent is supplied for a short period of time into
the middle compartment before the flow is reversed.

The AMBR inherits advantages of the anaerobic sequencing batch reactor
(ASBR) such as mechanical mixing, biomass retention, simple design (no gas-
solids separation and feed-distribution systems required because of the absence of
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a hydraulic upflow pattern), and granulation. In addition, the hydraulic retention
time (HRT) in a continuously fed AMBR is shorter than the batch-fed ASBR
(Prakash and Gupta 2000).

Example 9.5 A wastewater with a flow of 4000 m*/d and a soluble COD of
2000 mg/L was processed at a temperature of 27 °C in an anaerobic reactor.
Biomass yield of 0.045 gVSS/g COD was observed at 90% COD removal
efficiency. Calculate the amount of methane produced in m*/d. (COD of cell
tissue=1.42 gCOD/g VSS).

Solution:

(a) COD mass balance.

At steady state condition

Influent COD - effluent COD - COD of new cells - COD of methane=10

COD; = COD,, + CODy + COD yethane

COD; = (4,000 m®/d)(2,000 mg/L) = 8,000,000 g/d

COD, = (1 — 0.9)(8,000,000) = 800,000 g/d

COD,, = (1.42 gCOD/gV$S)(0.045 gVSS/gCOD)(0.90)(8,000,000 g/d) =

460,080 g/d

COD pethane = 8,000,000 — 800,000 — 460,080 = 6,739,920 g/d

(b) Amount of methane produced at 27°C.

Volume of gas occupied by 1 mole of gas at 27°C.

V= 28T = ((1 mole)(0.082 atm/lmoleK)(273 + 27)K)/1.0 atm =24.60 L

COD of methane.

CH, + 20, —» CO, +2H,0

COD of methane=2(32 g O, per mole) =64 g/mole of CH,.

The volume of methane at 27°C = (24.60 L/mole)/(64 g/mole) =

0.38 LCH,/g COD

Methane production = (6,739,920 g/d)(0.38 LCH,/gCOD) =2,591 m?/d.

9.6 ANAEROBIC ATTACHED GROWTH PROCESSES

Attached growth processes are those biological treatment processes in which the
microbes are attached and concentrated onto an inert medium such as sand, slag,
rocks, granular activated carbon, gravels, ceramic and plastic materials. In this
process, a biofilm that consists of microbes, their extracellular polymeric sub-
stances (EPS), and particulate materials covers the inert support medium. So this
is otherwise called as biofilm or a fixed film process. Substrate consumption takes
place within the biofilm. Retention of a large amount of biomass in the biofilm
results in extended SRTs even with the application of low HRTs. This property
(SRT > HRT) enables the attached growth process to fit the criteria of high-rate
treatment processes. These processes are best suited for treatment of dilute and
soluble organic wastewaters but not for particulate-containing wastewater as
particulate matters lead to clogging (Buitron et al. 2006). Depending upon
direction of the influent flow inside the reactor, attached growth anaerobic
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Figure 9.14. (a) Up flow anaerobic packed bed reactor; (b) Up flow anaerobic
expanded bed reactor; (c) Up flow anaerobic fluidized bed reactor

treatment processes can be divided into two types, namely (1) up-flow anaerobic
attached growth process and (2) down-flow anaerobic attached growth process.
The configuration of up-flow attached growth process relies on types of packing
used and degrees of bed expansion. Accordingly, there are three types of reactor
configurations: (i) up-flow anaerobic packed bed reactor, (ii) up-flow anaerobic
expanded bed reactor and (iii) up-flow anaerobic fluidized bed reactor are
discussed (Figure 9.14). The brief description of each type is carried out in the
following sections.

9.6.1 Up-Flow Anaerobic Packed Bed Reactor

In this type of reactor, packing materials are fixed inside the reactor and influent
flows in an upward direction through the void spaces between the packing
materials as shown in Figure 9.14(a). The packing materials provide a uniform
flow through the reactor, allow accumulation of the large amount of biomass (long
SRT) and also establish proper contact between the waste constituents and the
biomass. The commonly used packing materials include rocks and synthetic
plastics (i.e. corrugated plastic cross flow, tubular modules and plastics pall rings).
The packing materials can be arranged in continuous or multiple stage manners. A
significant proportion of the biomass inside the reactor is not attached to the
packing materials. Instead, it is loosely held in the void spaces between packing
materials. Large void spaces not only result in the maximum available reaction
volume but also offer space for the accumulation of unattached biomass. Cylin-
drical or rectangular tanks with width and diameters ranging from 2 to 8 m and
heights from 3 to 13 m are used in constructing large-scale up-flow anaerobic
packed bed reactor. It is necessary to maintain low up-flow velocities in the range
of 0.6 to 0.9 m/h to prevent washing out the biomass (Metcalf and Eddy Inc 2003).
With the due course of time, the biomass will accumulate in the packing and will
pose clogging and short circuiting problems. Therefore flushing and draining of
the reactor need to be done at regular intervals to maintain performance efficiency.
These reactors have relatively small reactor volume and simple operations while
the cost of packing material is a drawback.
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9.6.2 Up-Flow Anaerobic Expanded Bed Reactor

The up-flow anaerobic expanded bed reactor is characterized by the presence of
packing materials that can be expanded or mobilized by the up flow velocity of the
influent. Packing materials with the diameter in the range of 0.3 to 3 mm like
silica, sand, resins, grave, coal etc. are used to support biomass growth and
attachment. Smaller packing materials make available a greater surface area per
unit volume, thus supporting a greater amount of biomass. The cylindrically
configured reactors as shown in Figure 9.14(b) are generally packed about 10% of
its volume and the expansion is maintained between 10-20% of the bed volume
(de Lemos Chernicharo 2007). The bed expansion is maintained at a level required
for each particle of the packing material to preserve its relative position with other
particles. Effluent recycling is necessary in this process in order to guarantee a flow
rate sufficient to elevate the biomass-attached packing materials. The expansion of
the sludge bed ensures good contact between the wastewater and the biomass and
eliminates clogging problem. The biomass attachment to small-sized particles
results in formation of thinner bio film compared to packed bed. The retention of
biomass leads to long SRT and short HRT, whereas the thin film formation
overcomes the substrate or mass transfer difficulties associated with thick film. In
this reactor, the factors like retention of high concentration biomass, formation of
thin films, longer SRT, shorter HRT and filtration by fine packing materials are
accountable for the high quality effluent in terms of COD and suspended solids.

9.6.3 Up-Flow Anaerobic Fluidized Bed Reactor

This reactor is a variant of the up-flow anaerobic expanded bed reactor. This
system relies on an internal microbial growth medium, which is fluidized by the
up-flow velocity of the influent within it. The physical design and working
principles of the fluidized bed reactor (Figure 9.14 (c)) are identical to that of
the expanded bed reactor. Both of the reactors differ with respect to rates of
expansion, particle sizes of the packing materials and sludge positioning. The rate
of expansion usually varies between 30 to 100%. The particle size of the packing
materials is in the range of 0.2-0.5 mm (de Lemos Chernicharo 2007). In this case,
sludge is distributed over the entire reactor volume whereas in case of expanded
bed, sludge is present in the lower part of the reactor. For fluidized bed, higher up-
flow influent velocity e.g., tenfold more than that of the expanded bed reactor, is
required to obtain the desired expansion. Higher recirculation rate does not allow
the independent particles to maintain a fixed position to each other inside the
reactor, it is still vital to get the preferred up-flow velocity. The advantages of the
fluidized bed reactor include no clogging, small working volume, high biomass
concentrations, high mass transfer characteristics, relatively high organic loadings,
and the ability to handle shock loads due to its mixing and dilution with the
recycled flow. On the other hand, the requirements of a long start up time,
difficulties in maintaining the good flow-rate, difficulties in controlling the
thickness of the biofilm, requirements for pumping and costs of reactor packing
are their limitations (Morawicki 2011).
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Figure 9.15. Down flow anaerobic attached growth reactor

9.6.4 Down-Flow Anaerobic Attached Growth Reactor

Down-flow anaerobic attached growth reactor as shown in Figure 9.15 is an
advanced high-rate reactor based on the principle of biomass retention. It differs
from other types of advanced reactors on the basis of down flow mode of
operation and the packing material used. Varieties of packing materials generally
with high void volume like random plastics, tubular plastics and cinder blocks are
used to prevent clogging. The reactor is designed to recycle the effluent when
desired. The biomass attach themselves to the channel walls of the packing
materials and form biofilm. The down-flow mode helps remove the settleable
materials from the effluent, thus reducing the risk of clogging. The mixing
operation is achieved via the effect of rising gas bubbles. Due to the self-mixing
feature, these reactors are used to treat high-strength wastewater (Metcalf and
Eddy Inc 2003). These reactors withstand harsh hydraulic overloading and organic
shock loads without any major harm to the system. The advantages include
simplicity in construction and operation, no clogging problem, better stability at a
higher loading rate, relatively small reactor volume etc. In contrast, cost of the
packing materials, lower performance efficiency (in case of high influent sus-
pended solid concentration) etc. are the major limitations.

9.7 ANAEROBIC LAGOONS

The term lagoon stands for a confinement or an impoundment that receives raw
sewage. So anaerobic lagoons are the deep confinements of earthen basins,
essentially free of dissolved oxygen, thereby promoting anaerobic conditions for
the treatment of the received raw sewage. These are used for high strength organic
wastewater such as industrial wastewaters or a mixture of industrial and domestic
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Figure 9.16. Schematic diagram of an anaerobic lagoon

wastewaters. The industries include slaughterhouses, dairies, meat processing
plants, and vegetable processing facilities (U.S. EPA 2002). The detention time
varies from 20-50 days with a lagoon depth of 5-10 m (Metcalf and Eddy Inc
2003). Such depths diminish the effects of oxygen diffusion from the surface,
allowing anaerobic conditions to prevail, except for the shallow surface layer in
which excess undigested grease and scum are concentrated. With the formation of
an impervious surface layer by grease and scum, a complete anaerobic condition
develops, allowing the anaerobic bacteria to break down the organic wastes.

The anaerobic lagoons as shown in Figure 9.16 have high volume sufficient
enough to (1) permit sedimentation of settleable solids, (2) retain sludge for a
longer time, (3) digest retained sludge, and (4) anaerobically reduce some soluble
organic substrates of the sludge. The inlet is located near the bottom of the lagoon
through which the raw sewage enters the lagoon and mixed the active microbial
mass in the sludge blanket. The effluent is taken from the outlet located in the side
of the lagoon and opposite to the inlet side. A treatment process includes
anaerobic digestion of organic wastes inside the lagoon. During the detention
period, several events take place. Those includes (i) removal of suspended solids by
sedimentation, (ii) reduction in the number of some of the pathogenic elements
like fecal coliform due to the long detention times, (iii) floatation of excess
undigested grease, oil and floating matters such as plastics, cigarette butts to the
top forming the scum layer on the surface of the flow, (iv) release of gases such as
CO,, CH,, and H,S and (v) synthesis of new biomass, adding to the sludge blanket
as an active biomass. The effluent from anaerobic lagoons is sometimes not able to
meet the discharge standards. So there is a requirement of additional treatments.
Therefore anaerobic lagoons must be followed by other anaerobic, aerobic or
facultative lagoons to provide a proper treatment.

There are two general types of anaerobic lagoons, (i) single-stage and
(if) multiple-stage. In multiple-stage lagoons, individual lagoons can be arranged
in series or parallel as in Figure 9.17. In case of series arrangement, the effluent
produced in the first stage will be the influent for the secondary stage and so on.
However, in case of parallel arrangement, step feed flow pattern is observed, where
a portion of the raw sewage flow to the primary stage and the remaining sewage
flow to the secondary stage. The primary effluent will also flow to the secondary
stage. This helps in removing some of the organic loading from the first stage and
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Figure 9.17. Arrangement of multi stage lagoon (a) Lagoons in Series; (b) Lagoons
in parallel

distributes it to avoid organic overloading. Benefits of using multiple stages are
reduced solids and odor potential of the lagoon water.

Anaerobic lagoon design includes two key parameters: (1) detention time and
(2) loading volumes. While designing an anaerobic lagoon, it should be kept in
mind that the effective volume of the lagoon gradually reduces due to the
deposition of sludge and therefore the design should be based on the real lagoon
volume. Some of the design parameters of the anaerobic lagoon as per Natural
Resources Conservation Service guideline code- 359 (NRCS#359) (NRCS 2003)
are given below:

Viagoon(mM?) = (LX W x D) = (§xD?) x (W + L) + (4 X $* X D* = 3)
(Eq. 9.21)
where L=Length (m), W=Width (m), D=Depth (m) and S=Slope (m).

Daily total volatile solid loading (kg/d)
Volatile solid loading rate (kg/m?-d)
(Eq. 9.22)

Minimum treatment volume(m?) =

Sludge accumulation(m?®) = Volume of the lagoon

— Minimum treatmentvolume  (Eq. 9.23)

Minimum treatment volume (m?)
Hydrulic flow rate (m?/d)

HRT = (Eq. 9.24)

where HRT=Hydraulic retention time of day.

The advantages of using anaerobic lagoons include inexpensive construction,
flexible operation and maintenance (either in series or in parallel mode), less
biomass production (fewer sludge handling and disposal issues) and large volume
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(equalization of wastes and higher organic loading rate). The disadvantages are
large area requirement, undesirable odor problem, long detention time, infiltration
of wastewater into groundwater, and unstable effluent quality.

9.8 ANAEROBIC HYBRID REACTORS

The anaerobic hybrid reactor as depicted in Figure 9.18 is an amalgamation of the
positive attributes of the UASB reactor and upflow anaerobic packed bed reactor.
The bottom part of the hybrid reactor is functionally identical to the UASB reactor
whereas a region of attached biomass representing the anaerobic packed bed
reactor is located in the upper part of the hybrid reactor. This reactor was incited
to overcome the shortcomings of both the UASB and anaerobic packed bed
reactor. In the UASB, failure to produce dense granules and granule floatation or
disintegration occasionally leads to process break-down. Similarly, in the packed
bed reactor, it is difficult to retain the poorly attached/settled biomass as there is a
high chance of sludge wash-out. As mentioned earlier, the hybrid reactor
incorporates the advantages of both the reactors. Firstly, the bottom portion is
responsible for granular sludge formation and ensures good contact between
biomass and substrate. Secondly, the packed media in the upper portion of the
reactor provides a surface for attachment of biomass and also plays a key role in
gas-liquid-solids separation for further enhancement of biomass retention within
the reactor (Lettinga 1995). The attached growth along with the formed granular
sludge bed adds up significant biomass inventories, which result in the process
stability and higher removal efficiency. The hybrid reactor finds its application in
the treatment of the wastewaters where granular sludge formation is difficult to
obtain, such as dairy, distillery, pharmaceutical, petrochemical, textile, tannery,
and chemical industries. The advantages of hybrid reactor include long
SRT (independent from HRT), biomass accumulation in the unpacked zone, a
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Figure 9.18. Schematic representation of anaerobic hybrid reactor
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gas-liquid-solid separator in the packed zone, retention of the non-attached
sludge, prevention of sludge washout, process stability and reduced cost of packing
media. This hybrid reactor is used very frequently to treat medium- to high-
strength wastewater, but has very limited application in treatment of low-strength
wastewater.

9.9 ANAEROBIC MEMBRANE BIOREACTORS

An anaerobic bioreactor unit in combination with a membrane filtration unit
results in an anaerobic membrane bioreactor. This reactor integrates biological
degradation of waste products in an anaerobic condition with membrane filtra-
tion. This reactor design permits substantial biomass retention in the bioreactor by
the application of micro- or ultra-filtration process. The retention of biomass by
the filtration membrane ensures the effective uncoupling of SRT from HRT,
enabling the treatment of large volumes of wastewater in short HRT (Nicolella
et al. 2000). Anaerobic membrane bioreactor finds its application in the situations
(1) where granule formation cannot be assured, (2) where settling and clarification
problems are regularly encountered, (3) when a complete retention of the biomass
must be ensured or (4) when to deal with wastewater which can be difficult to treat
without long SRTs. Along with biomass retention, the membrane also prevents the
flee of exocellular enzymes and soluble oxidants, creating a more active biological
blend capable of degrading a wider range of carbon sources (Cicek et al. 1999). So
this reactor can be effectively used to remove biological entities, organic and
inorganic components of the wastewater. Recent applications of anaerobic
membrane filters include municipal wastewater treatment for small communities,
landfill leachate treatment and industrial wastewater treatment (Manem and
Sanderson 1996).

Depending upon the positioning of the membrane filtration component,
anaerobic membrane bioreactor exists in two configurations: (1) external loop or
side stream and (2) internal submerged (Liao et al. 2006) as depicted in Figure 9.19.
In an external loop configuration, the membrane unit is placed outside the
bioreactor and the membranes operate under pressure to produce permeate. The
mixed liquor in the bioreactor is pumped into the membrane module creating a
positive pressure which leads to permeate production. The retentate is returned to
the bioreactor. In an internal submerged configuration, the filtration membrane is
submerged directly in the mixed liquor in the bioreactor and permeate is produced
by exerting a vacuum on the membrane. External loop configurations are more
energy-intensive than those of the internal submerged configuration. On the other
hand, the membrane cleaning operations can be performed more easily in external
configuration than that of internal configuration since membrane removal from
the reactor is required in the latter case. Advantageous energy consumption leads
to more commercial applications of the internal submerged configuration in the
current scenario.
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Figure 9.19. Anaerobic membrane bioreactor (a) External loop; (b) Internal
submerged

The advantages of using anaerobic membrane reactor are (1) small footprint
of the reactor, (2) removal of suspended and soluble component leads to high
effluent quality, (3) retention of microbes in the membrane results in disinfected
effluent, (4) high biomass concentration in the reactor, (5) handling capacity of
large volume of wastewater, (6) tolerance of high strength wastewater, (7) low
sludge production with no sludge bulking. The major disadvantages include high
capital cost of the membrane, energy consumption, membrane fouling, frequent
cleaning or changing of the membrane etc.

9.10 KINETIC MODELING OF ANAEROBIC TREATMENT PROCESSES

Kinetic model analysis is an accepted pathway for describing the performance of
biological treatment systems and for predicting their performance. Models are
generally used to optimize the plant design, predict the operational performance,
and evaluate the experimental results. Different models described here may be
used to predict the performance of anaerobic reactor treating different types of
wastewater.

9.10.1 Modified Stover-Kincannon Model

This model considers the substrate removal rate as a function of OLR at steady-
state. The original Stover-Kincannon model is expressed with the Eq. 9.25 (Stover
and Kincannon 1982).

S_ Q- (5yY)
dt ™ K+ (Q- (Sp/V))

(Eq. 9.25)

where dS/dt is defined as Eq. 9.26.



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

ANAEROBIC TREATMENT OF WASTEWATER 329

VIQH(S,-S,)

V/Q*S,
Figure 9.20. Plot of linearized Eq. (9.27)

& Q
a = v . (So - Se) (Eq 926)

Linearisation of Eq. (9.25) and (9.26) yields Eq. 9.27

v K V1 (Eq. 9.27)
= q- 9.
Q : (So - Se) Umax Q : So Umax

The plot of 55—y versus g will be a straigh?< line (Figure 9.20). The

intercept and the slope of this line will give 77— and =,

respectively.

9.10.2 Grau Second-Order Multi-Component Substrate Removal

Model
The general equation of the second-order kinetic model is exemplified in Eq. (9.28)
(Grau et al. 1975):
ds Se \?
—— =k - X- [ = Eq. 9.28

Integrated and linearized form of Eq. (9.28) is represented as Eq. (9.29):

So'eH S0
=9H—
Sy — S. k, - X

(Eq. 9.29)

If the second term of the right part of Eq. (9.29) is considered as a constant,
then the Eq. (9.30) will be obtained (Grau et al. 1975):

So - O
So_Se

=b-0y+a (Eq. 9.30)
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Figure 9.21. Plot of linearized Eq. (9.30)

(So-Se)/So represents the substrate removal efficiency and is symbolized as
‘E’. Therefore, Eq. (11-30) can be written as
Ou

f=a+b'eH (Eq. 9.31)

From the linearized plot of Eq. (9.30), the constants ‘@’, ‘b’, and k, can be
obtained (Figure 9.21). The coefficient ‘b’ in Eq. (9.31) is close to one and generally
reflects the impracticality of attaining a zero value of COD.

9.10.3 Monod Kinetic Model

The rate of change of biomass and substrate in UASB reactor without biomass
recycle can be expressed as Egs. (9.32) and (9.33):

dX Q Q

e S X, - X, 4p-X—Ky X Eq. 9.32

v, Ty, e d (Fg 932)
ds - X
Q. Qg rX (Eq. 9.33)
dt ~ Vv, vy Y

The ratio of the total biomass in the reactor to the biomass wasted per given
time is called as mean cell residence time (6,) or sludge retention time (SRT) and
calculated from the following equation:

Vi - X
0= 2
Q ‘ Xe

(Eq. 9.34)

Specific growth rate and the concentration of rate limiting substrate can be
related by Monod equation as follows:

(Eq. 9.35)
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Figure 9.22. Plot of linearized Eq. (9.36)

c

The concentration of the biomass in the influent can be considered as
negligible (i.e., X,) and at the steady-state conditions, dX/dt and —dS/dt=0.
Therefore, at steady-state, the following equation can be obtained after substitu-
tion of Eq. (9.35) in Eq. (9.33)

Q- (So - Se) 171 1
——L === —-K Eq. 9.36
Ve X yvl\e) Ty T (Eq. 9.36)
The plot of LXS) Versus g- L will be linear one (Figure 9.22), and from this one

can determine the kinetic constants Y and K,.

At steady-state, Eq. (9.33) can be linearized in three different ways such as
Lineweaver-Burk plot (Eq. (9.37)), Eadie-Hofstee plot (Eq. (9.38)) and Hanes-
Woolf plot (Eq. (9.39)) after substituting the value of p as per Eq. (9.35).

Lineweaver-Burk equation:

XV 1 K 1 1
R B T <_> 4+ (Eq. 9.37)
Q- (So - Se) Y Hm Se Hm

Eadie-Hosftee equation:

Q-Y-(So—Se) _

QY (5-5)
X-V, Hm

Eq. 9.38
XV, S, (Eq. 9.38)

Hanes-Woolf equation:

V- S, - X S K
b e Z e (Eq. 9.39)
Q'Y' (so_Se) Hm Hm

These linearized forms of the Monod type model can also be used to predict
the goodness of fit of the data based on the correlation coefficient (R?).
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Figure 9.23. Plot of linearized Eq. (9.41)

Furthermore, these equations are used to determine the value of Monod kinetic
parameters p,, and K; (Ong 1990; Bhunia and Ghangrekar 2008). Egs. (11-37) to
(11-39) can be used to calculate the value of K and .

9.10.4 Contois Kinetic Model

Contois type model is a modification over the Monod type model. The modifica-
tion of the Contois growth model over Monod model is that in case of Contois
model, cell-mass growth rate depends upon the concentrations of both substrate
and cell-mass with growth rate being inhibited at high concentrations of the
cell-mass. According to the Contois kinetic model

Hm - Se

= _fm % Eq. 9.40
b= XS, (Eq. 9.40)

The substitution of Eq. (9.40) to the Eq. (9.32) and linearization gives:

Vi - Se 1 (Se) B
b % S (24P (Eq. 9.41)
Q'Y'(So_se> Hm \Hm Hm d

The values of kinetic constants, 1, and p can be obtained from the intercept
and slope of the plot (Figure 9.23) versus as per Eq. (9.41).

9.11 SUMMARY

This chapter offers an overview of the fundamentals and applications of anaerobic
wastewater treatment processes. The features like resistance to toxicity, production
of biogas, less accumulation of biomass and no requirement of aeration make the
use of anaerobic microbes to remove contaminants from wastewater with an
effective and industrially feasible manner. Therefore a deep understanding of the
metabolism of anaerobic microbes is essential, which ultimately helps in the



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

ANAEROBIC TREATMENT OF WASTEWATER 333

conception, design, and optimization of anaerobic treatment unit processes. The
main focuss of discussion of this chapter includes (1) the fundamentals of
anaerobic wastewater treatment processes, (2) the effects of various environmen-
tal/physico-chemical parameters on anaerobic wastewater treatment processes,
(3) classifications of different types of anaerobic treatment processes based on
mode of microbial growth, (4) demonstration of different types of reactors
associated with anaerobic treatment processes, and (5) description of the anaero-
bic wastewater treatment process kinetics using different kinetic models.

9.12 LIST OF NOMENCLATURE

HRT Hydraulic retention time (d);
SRT Sludge retention time (d);
MLSS  Mixed liquor suspended solids (mg/L);
MLVSS  Mixed liquor volatile suspended solids (mg/L);
VFA  Volatile fatty acids (mg/L);
COD  Chemical oxygen demand (mg/L);
BOD  Biochemical oxygen demand (mg/L);
OLR  Organic loading rate (kg COD/m? d);
CSTR Continuous stirred tank reactor;
ASBR  Anaerobic sequencing batch reactor;
UASB  Upflow anaerobic sludge blanket;
EGSB  Expended granular sludge bed;
ABR  Anaerobic baffled reactor;
AMBR Anaerobic membrane bioreactor;
GSS  Gas solid separator;
So Influent substrate concentration (mg/L);
Se Effluent substrate concentration (mg/L);
Inflow rate (L/d);
Reactor volume (L);
Vy Sludge bed volume (L);
Kz Saturation value constant (g/Ld);
Upnax  Maximum substrate utilization rate (g/Ld);
k, Grau second-order substrate removal rate constant (d=!);
X, Biomass concentration in influent wastewater (g/L);
X Biomass concentration in reactor (g/L);
X.  Biomass concentration in effluent wastewater (g/L);
O Hydraulic retention time (d);
a, b Kinetic constant for Grau second-order model;
p Specific growth rate (d7');
Hn  Maximum specific growth rate (d7');
K, Half saturation constant (g/L);
K;  Inhibition constant (g/L ormg/L);

<O
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k Maximum specific substrate utilization rate (d=!);
Ky  Endogenous decay constant (d™!);
Y  Yield coefficient (g VSS/g COD);
0. Mean cell residence time (d);
Kinetic parameter for Contois model (g COD/gVSS).
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CHAPTER 10

Constructed Wetlands for
Wastewater Treatment:
Sustainability Revolution in

Water Management

Jian Zhang'
Haiming Wu?
Jingtao Xu®
Jinlin Fan*
Hai Liu®
Shuang Liang®

10.1 INTRODUCTION

At present, there are severe environmental problems related to water crisis
including water shortages, water pollution and deterioration of water quality
worldwide, especially in developing countries. Furthermore, the situation is
becoming more serious because of low water use efficiency and worsening
man-made pollution or natural contamination. Therefore, growing public aware-
ness of environmental issues is pushing the government to implement more
stringent water and wastewater treatment standards for environmental protection
(Werker et al. 2002). However, in an increasingly harsh economic climate,
conventional energy-intensive wastewater treatment systems (such as membrane
bioreactors and sequencing batch reactors) are becoming disadvantageous. In
addition, these treatments could not reduce nutrient (nitrogen and phosphorus)
pollution effectively although they are known to be efficient in removing organics.
Therefore, natural technologies that are primarily based on naturally occurring
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energies and significantly lower the impacts of nutrient pollution can be an
alternative (Gumbricht 1992; Kadlec and Knight 1996; Vymazal 2005).

Constructed wetland (CW) treatments are a reasonable option for treating
wastewater by simulating natural wetlands, owing to their lower cost, less
operation and maintenance requirements, and little reliance on external energy
inputs (Vymazal 2005). As a green treatment technology, it could remove various
pollutants from wastewater and has been successfully used to treat various kinds of
wastewater such as domestic and municipal sewage, stormwater, polluted river
water, agricultural and urban runoffs (Tanner et al. 1995; Vymazal et al. 1998;
Ansola et al. 2003; Solano et al. 2004; Vymazal 2007; Maine et al. 2009; Wu et al.
2011).

While much advancement has been made in design methodology and
pollutant processing for CWs over the years (Gearheart et al. 1999), its sustainable
application in water quality improvement remains a challenge. Plants are consid-
ered the main biological component of CWs (Weisner 1993), which also are an
essential component of the design. They not only assimilate pollutants directly
(Lombardi et al. 1997), but also increase the environmental diversity in the
rhizosphere and enhance a variety of chemical and microbial processes for
pollutant removal (Jenssen et al. 1993). Selecting the plants (e.g., be tolerant to
high pollutant loadings, rich biomass) used in CWs designed for wastewater
treatment should therefore be the focus of the current research on sustainable
design of CWs (Vymazal 2011).

Besides, there are still knowledge gaps between the varied and limited removal
performance of CWs and the current target of CW performance optimization
(Stefanakis et al. 2011). The performance of CWs is critically dependent on the
selection of optimal environmental and operating conditions. In view of above
facts, it is necessary to develop and evaluate enhancing techniques (such as
artificial aeration and feed mode), which can be potentially applied in sustainable
design and operation of CWs for water quality improvement (Saeed and Sun
2012).

When evaluating the success of a CW treatment, all the components from
design to operation and maintenance that are closely related to CWs should be
considered. It is clear that an in-depth knowledge on developing reclamation and
recycling of resources (mainly wetland plants) in CW's can appreciates the value of
CW treatments. For example, dead wetland plants are often abandoned or burned
as firewood. However, their porous caudex system and abundant quantity may
offer a good opportunity for the production of activated carbon (Wang et al.
2010). Evaluating the potential of developing this type of activated carbon and
investigating its ability to treat wastewater are important for the sustainable
maintenance of CWs.

This chapter introduces CWs for wastewater treatment, with a focus on the
definition, classification, structures and common removal mechanisms of pollu-
tants. The chapter overviews the application of CWs for wastewater treatment in
recent years, and summarizes the existing methodologies used in practice and
other potential technologies. These technologies are useful for improving the
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sustainability of CW wastewater treatments, including improvement and optimi-
zation in system design, operation and external enhancing technologies for better
treatment performance and recycling methods of wetland resources. A compre-
hensive understanding of CW treatment technologies would better prepare us for
future applications of CW treatments.

10.2 CONSTRUCTED WETLANDS FOR WASTEWATER TREATMENT

Wetlands occur in a wide range of landscapes and may support permanent
shallow or temporary standing water. CWs are artificially engineered ecosystems
designed and constructed to manipulate biological processes within a semi-
controlled natural environment. The growing knowledge about wetland functions
and values have caused a radical change of attitude toward CWs. They are found
for wastewater treatment on every continent except Antarctica (Vymazal 2011).

10.2.1 Fundamentals of Constructed Wetlands

Definition. CWs involve the use of engineered systems that are designed to utilize
natural processes. These systems mimic natural wetland systems, utilizing emer-
gent/floating/ submerged plants, saturated or unsaturated substrates, and a large
variety of microbial communities to remove contaminants from wastewater
effluents.

Classification. In general, two prevalent types of CW systems are most
commonly applied, i.e., the Free Water Surface (FWS) systems and the Subsurface
Flow (SSF) systems (Kadlec and Knight 1996). FWS systems are similar to natural
wetlands, with shallow flow of wastewater over a saturated substrate. In SSF
systems, wastewater flows horizontally or vertically through the substrate, which is
composed of soil, sand, rock or artificial media.

Pollutant removal in CW systems. CWs are highly complex systems that
separate and transform contaminants by physical, chemical, and biological
mechanisms. The mechanisms may occur simultaneously or sequentially as the
wastewater flows through the system. The two major mechanisms in most CW
treatment systems are liquid/solid separations and constituent transformations.
Separations typically include gravity separation, filtration, absorption, adsorption,
ion exchange, stripping, and leaching. Transformations may be chemical, includ-
ing oxidation/reduction reactions, flocculation, acid/base reactions, precipitation,
or a host of biochemical reactions occurring under aerobic, anoxic, or anaerobic
conditions. CW systems can remove many contaminants, including organic
compounds, suspended solids, nitrogen, phosphorus, trace metals, and pathogens.
Suspended solids that are not removed in pre-treatment system are effectively
removed by filtration and settlement. Organic matter is decomposed by both
aerobic and anaerobic microbial processes, as well as by sedimentation and
filtration of particulate organic matter. The intensities of aerobic and anaerobic
degradation are highly dependent on the oxygen content in the wastewater flowing
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through the CW. The major removal mechanism for nitrogen in CWs is
nitrification and denitrification, whereas volatilisation, adsorption and plant
uptake play a much less important role.

Historical development of CW systems. Wastewater purification with the
use of plants can be classified as one of the fairly old technologies. Kadlec and
Knight (1996) give a good review of the historical use of natural and CWs for
wastewater treatment. As they pointed out, natural wetlands have probably been
used for wastewater treatment for as long as wastewater has been collected,
documented dating back to 1912. Some early CWs researchers probably began
their efforts based on observations of the apparent treatment capacity of natural
wetlands. At the end of the 20th century, in Europe, CW systems were most
frequently designed on the basis of recommendations of CWs researchers.
Research efforts in the US also increased with the significant involvement of
Federal government. On other continents (such as Australia and New Zealand)
also numerous recommendations have been developed for the design of CW
systems.

10.2.2 Free Water Surface Constructed Wetlands

FWS CWs closely simulate natural wetlands in appearance and function, with a
combination of open-water areas, vegetation, varying water depths, and other
typical wetland features. Figure 10.1 shows the main components of a FWS CW. A
typical FWS CW consists of several components that may be modified among
various applications but retain the same features. These components include the
berms that enclose the treatment area, the inlet structures that distribute influent
wastewater, the various combinations of open-water areas and fully vegetated
surface areas, and the outlet structures that complement the even distribution

Wetland plants

Influent 4 Effluent

Figure 10.1. Typical elements of a FWS CW



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

CONSTRUCTED WETLANDS FOR WASTEWATER TREATMENT 341

Table 10.1. Advantages and disadvantages of FWS CWs

Advantages Disadvantages

« Low operation and maintenance  « May facilitate mosquito breeding

cost « Long start up time to work at full
« Easily built and repaired with capacity
locally available materials + Requires large land area

+ Can be combined with aquaculture « Not very tolerant to cold climates
and agriculture

+ Aesthetically pleasing with less
odour and flies

« Construction can provide short-
term employment to local laborers

provided by the inlet structures and, meanwhile, allow adjustment of water levels
(Vymazal 2011).

The FWS CWs are very effective in the removal of organics (through
microbial degradation) and suspended solids (through filtration and sedimenta-
tion). Nitrogen removal is variable and depends on many factors such as inflow
concentration, chemical components of nitrogen, temperature, season, carbon
availability, and dissolved oxygen concentration. Ammonia can be effectively
removed through nitrification in aerobic zones followed by denitrification of
nitrate in anaerobic zones in the litter layer at the bottom (Vymazal 2011).
However, phosphorus removal rate in the FWS systems is low due to little contact
between water column and the soil. Table 10.1 shows advantages and disadvan-
tages of FWS CWs.

FWS CWs are commonly used to treat of runoffs from urban areas, road and
highway, airport, agriculture as well as drainages from coal mines, metal ore mines
or pastures. In addition, they are applied for treatment of concentrated agricul-
tural wastewaters from swine, dairy or farmyard operations. In many countries,
FWS CWs are employed to treat municipal sewage and other types of wastewater
such as landfill leachate, refinery process waters, pulp and paper effluents, fish
hatcheries, abattoirs and sugar factory (Vymazal 2013). They provide greater
storm capacity and thus, less chance for hydraulic failure. FWS CWs are suitable
in all climates, including the cold weather in the far north areas. However, icing
can reduce the rates of some removal processes, especially nitrogen removal
(Kadlec and Wallace 2008).

In America, according to the North American Treatment Wetland Database
(NADB), about 28 percent of wetland systems utilize natural wetlands, 69 percent
of the wetlands are constructed. About 65 percent of the natural wetland systems
are receiving conventional secondary treated wastewater. More than 45 percent of
the CW systems are treating pond effluent and 22 percent are treating conven-
tional secondary effluent. With regard to pretreatment levels, one-third of the
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wetland systems receive pond effluent, one-third receive conventional secondary
effluent, and the remaining third are distributed among primary, advanced
secondary, tertiary, and other.

The survey by Shi et al. (2004) demonstrated that the quantity of CWs was
growing swiftly in South and a part of northern China since 2000. In addition,
from 2000 to 2010, the annual growth rate of the completed CW's was significantly
higher than that of the number in planning (Zhang et al. 2012). The treatment
capacity of CWs in China ranged from 1000 m?/d to 20,000 m?/d. They have
been used for treating as many as 20 kinds of wastewaters. In accordance with the
source of wastewater, it may be classified into domestic sewage, aquaculture water,
polluted lake and river water, landscape water, composite wastewater, industrial
wastewater and so on. Among all these types of wastewaters, the domestic sewage
and polluted river water were the top two influents to the CWs.

Zhang et al. (2009) summarized the application of the FWS CWs in China
and reported relative treatment efficiencies. Compared with the discharge stan-
dards set by the Chinese government, the main effluent qualities in terms of total
suspended solids (TSS), biological oxygen demand (BOD), and chemical oxygen
demand (COD) were generally lower than the corresponding discharge standards.
In all seasons except winter, the levels of BOD and TSS in the effluent of every
system could reach the standards achieved by biological secondary treatment.
However, perhaps due to lack of information and design/operation expertise, few
FWS CWs were applied in practice in the last years. At present, in order to
improve the water quality to meet the Grade-III standards in Nansi Lake Basin of
Shandong Province, lots of FWS CWs have been built for purifying polluted water.
The typical surface CW located in Weishan County, Shandong province, north
China was built on the southern side of the mouth of Xinxue River for treating the
polluted river water. This system (approximately 1.33 km?) was has been operated
since 2008. It was reported that the treated river water met Grade-III water quality
in China. In addition, the wetland systems partially rehabilitated the degenerated
lakeshore wetland (Wu et al. 2012).

10.2.3 Sub-Surface Flow Constructed Wetlands

SSF wetlands mostly employ gravel as the main media to support the growth of
plants; wastewater flows vertically or horizontally through the substrate where it
comes into contact with microorganisms, living on the surfaces of plant roots and
substrate (Kadlec and Knight 1996), allowing pollutant removal from the bulk
liquid. SFW wetlands are further divided into two groups: (1) vertical flow (VF),
and (2) horizontal flow (HF) systems. Figure 10.2 illustrates the main components
of a SSF CW. Table 10.2 shows advantages and disadvantages of SSF CWs.

In a HF CW where a large gravel and sand-filled channel is planted with
aquatic vegetation, the wastewater is fed in at the inlet and flows through the
medium under the surface of the planted system to the outlet where it is collected
before leaving via a water level control structure (Vymazal 2011). The most
important properties of these CWs are filtration bed insulation during the winter,
substrate for growth of attached bacteria, oxygen release to the rhizosphere,
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Wetland plants

Effluent

Influent

Figure 10.2. Typical elements of a SSF CW

Table 10.2. Advantages and disadvantages of SSF CWs

Advantages Disadvantages

- Low operation and maintenance - - Permanent space required

process stability + Requires expert design and
« Can be built and repaired with supervision

locally available materials + Pre-treatment is required to
+ Requires less space than a free- prevent clogging

water surface CW + Moderate capital cost depending
+ High reduction in BOD, suspended on land, liner, fill, etc.

solids and pathogens + High quality filter material is not
« Does not have the mosquito always available and expensive

problems compared to (FWS) CWs

nutrient uptake and storage, and root exudates with antimicrobial properties (Brix
1987,1997). To avoid clogging of the wetland, pre-treatment is necessary. VF CWs
comprise a flat bed of graded gravel topped with sand vegetated with plants.
Contrary to HF CWS, wastewater in VF CWs is intermittently applied onto the
surface and then drains vertically down through the filter layers towards a
drainage system at the bottom. In some cases, the distribution pipes are covered
with gravel to avoid open water puddles. HF CWs are commonly used for
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secondary treatment of municipal wastewater as they are very effective in the
removal of organics, suspended solids, microbial pollution, and heavy metals. As
compared to HF CWs, owing to less land requirement, VF CWs are commonly
used to treat on-site domestic wastewaters or sewage from small communities,
though other uses such as industrial wastewaters or stormwater runoff have been
reported (Vymazal 2011).

In Europe, wetlands have been studied intensively in the past 30 years. In the
Czech Republi, it is estimated that about 100 full scale CWs are in operation by
the end of 1999. At present, it is difficult to estimate the exact number of CWs
there. Most of the systems are horizontal subsurface flow (HF) CWs and are
designed for the secondary treatment of domestic or municipal wastewater.
Several systems were designed for tertiary treatment. Other CWs treat wastewater
from dairy, abattoir, and bakery facilities, landfill leachate, and stormwater runoff
(Vymazal 2002). The size of CWs ranges between 18 and 4500 m?. The treatment
efficiency is high in terms of BOD (88%) and suspended solids (84%). Average
removal efficiencies for total phosphorus and total nitrogen are 51 and 41%,
respectively.

In China, the statistical data indicated that, in the recent 20 years, the VF CWs
was the major types used to treat a variety of wastewater, predominantly domestic
sewage (Zhang et al. 2012). Since the beginning of the 21th century, China’s
domestic sewage amount has accounted for above 50% of the total amount of
national wastewater discharge. The number of the VF CWs used for treating the
domestic sewage was greatly higher than the other types of CWs. Compared to the
discharge standards set by the Chinese Government, the majority of the effluent
values of TSS, BOD and COD in HF CWs are generally lower. Compared with HF
CWs, VF CWs usually require smaller foot print, and it is therefore an attractive
alternative for southern China where land is scarce and population density is high.
In a pilot VF system near Longdao River in Beijing, an improved CW occupied
less than half of the area of a conventional CW. The researchers compared the
Longdao VF system with other HF systems in other countries, and found that the
removal efficiencies of BOD (87%), COD (81%) and TSS (85%) of the VF CWs are
similar, while the removal efficiencies of TP (98%) and NH,-N (77%) are much
higher than that in other countries. Additionally, the effluent concentrations of all
substances were stable even during the winter (Chen et al. 2008).

10.2.4 Major Problems of Sustainability

The increasing application of CWs coupled with increasingly strict water quality
standards has been an incentive for the development of better design tools. The
construction number and treatment capacity of CWs worldwide increased year by
year, but there are still many problems of sustainability in CWs. The major
problems include: 1) Selecting the proper wetland plants (i.e. be tolerant of high
pollutant loadings, rich biomass) applied in CWs for wastewater treatment;
2) Selecting the optimum enhancing techniques applied in sustainable operation
of CWs for water quality improvement; 3) developing reclamation and recycling
of resources in CWs. Therefore, it is necessary to further advance CWs.
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10.3 SUSTAINABLE DESIGN-PLANT SELECTION IN
CONSTRUCTED WETLANDS

Wetland plants play an important role in CWs. However, only a few plant species
have been widely used in CWs. Wetlands plants should be adapted to climate
conditions and tolerant of the water quality, such as high-ammonia and organic
pollutants levels, and be able to propagate, like through rhizome spread.

10.3.1 Plant Adaptability to Climate Conditions

In CWs, selected plants must be able to survive in the local climate. Climate is a
potent selective force in plant population. As many species are unlikely to migrate
fast enough to track the rapidly changing climate of the future, adaption must play
an increasingly important role in their response (Jump 2005). Wetlands are
affected by solar radiation and ambient temperatures, which cycle on an annual
and daily basis. These biotic factors mediate the temperature of the wetland
environment causing cyclical patterns in evapotranspiration, photosynthesis and
microbial activity (Picard 2005). The true influence of temperature, season and
plants species selection on CWs performance has not been evaluated adequately.

The growth of wetland plants are greatly influenced by soil matrix, climate,
temperature and so on. The ability of wastewater treatment changes in accordance
to the plant growth and physiological conditions. The selection of CW plants
should adapt to the local soil and climate conditions, otherwise, it is difficult to
achieve the ideal treatment efficiency. Therefore, the selection should be on the
basis of extensive investigation, giving priority to local aquatic species. As for the
introduced species, the choice should be made after experimental research.
Phragmites communis Trin and cattail stem are the most common plants in
underflow CWs. These two kinds of plants are common species both the north
and the south of China, and they are among the best wetland plants in the world
(Gopal 1999).

10.3.2 Plant Tolerance to Pollutants in Wastewater

Water pollution can cause direct damage to aquatic plants; for example, eutro-
phication causes reduction or even disappearance of aquatic plants (Cao et al.
2007). These damages are particularly common and obvious when CWs are used
in wastewater treatment. As a result, the sustainable operation of CWs can be
negatively affected.

When CWs are used to remove various pollutants in water, wetland plants
also suffer from stress. Extreme conditions of wastewater may exceed the tolerance
of aquatic plants, which would limit both plant survival and treatment potential
(Arnon 1949). For example, excessive amounts of ammonia will damage the
physiology of plants. External ammonia can cause chlorosis in leaves, suppression
of growth, lowering of root, and yield depressions in visual symptoms as well as
trigger oxidative stress expressed through the enhancement of catalase (CAT) and
peroxidase (POD) (Nimptsch and Pflugmacher 2007; Xu et al. 2010).
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Net photosynthetic rate. Photosynthesis is a process used by plants and other
phototrophic organisms to convert light energy, normally from the sun, into
chemical energy that can be used to fuel the organisms’ activities. Carbohydrates,
such as sugars, are synthesized from carbon dioxide and water. Oxygen is also
released, mostly as a waste product. Photosynthesis maintains atmospheric oxygen
levels and supplies all of the organic compounds and most of the energy necessary
for all life on Earth. However, ammonia may influence the coupling of photo-
phosphorylation to electron transport (Platt et al. 1977). Excessive ammonia can
suppress the net photosynthetic rates of wetland plant, such as P. australis. COD
can cause oxygen deprivation in water bodies, which reduces aerobic respiration
and enhanced anaerobic respiration in plants. Anaerobic respiration results in the
production of acetaldehyde and ethanol, both are harmful to cells. This increase in
ethylene production may have caused chlorosis and the premature senescence of
leaf tissues, thus leading to a decrease in photosynthetic rates.

Enzymatic activities. To mitigate oxidative stress, plants develop a complex
defense antioxidant system, such as antioxidant enzymes, including SOD, CAT,
and POD (Wolfe and Hoehamer 2003). Oxidative stress may be the consequence
of accumulation of reactive oxygen species (ROS), which may provoke enzyme
inactivation, protein degradation, DNA damage, lipid peroxidation, and ultimate-
ly cell death (Barata et al. 2005). SOD, as an antioxidant enzyme, is an important
component in the antioxidative defense system of plants and the first line of
defense. It can dismutate superoxide to H,0,. SOD appears to act as the first
defense in combating oxidative stress in plants. POD is another component of the
antioxidative defense system existent in the growth, development, and senescence
processes of plants. It affects the synthesis of lignin and ethylene, decomposition of
IAA, resistance against pathogens, and wound healing. CAT is one of the most
important enzymes that scavenge for ROS in plant cells.

Many studies have shown that ammonia can excite the activity of antiox-
idative enzymes in plants, such as SOD, POD, and CAT (Nimptsch and
Pflugmacher 2007), suggesting that excessive ammonia leads to oxidative stress
in plants. Oxidative stress triggered by excessive ammonia was also verified. We
found that several antioxidative stress responses occurred in the P. australis leaves
exposed to high ammonia concentrations. Nimptsch and Pflugmacher (2007) also
showed that both CAT and POD activities in Myriophyllum mattogrossense
increased upon exposure to higher ammonia concentrations. Excessive ammonia
may cause severe damage, and intense responses may be induced. The plants
would be beyond retrieval after long-time exposure to excessive ammonia.
Reactive oxygen species (ROS) can be induced by various stresses. It was observed
that COD induced oxidative stress in P. australis, further causing the variety of
antioxidative enzymes found in the leaves. This may be due to the inhibition of
enzyme synthesis or the fact that the assembly of enzyme subunits may have
changed under a high COD (Xu et al. 2001).

Lipid peroxidation. MDA is one of the major products of membrane lipid
peroxidation, which expresses cell membrane plasmalemma peroxide degree and
plant reaction to the adverse conditions. The plasma membrane is the most
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sensitive part of the cell and is the site that first starts to show damage when plants
are exposed to environmental stress. Under stress, reactive oxygen species
accumulate in the plant body, and lipid peroxidation begins, resulting in mem-
brane lipid and protein damage. The stability of the membrane structure and its
functions are undermined. Membrane damage due to the lipid peroxidation was
often expressed as a change in MDA content, which is triggered by the accumula-
tion of ROS in cells. Lipid peroxidation products are always present because ROS
balancing is a dynamic process. Therefore, MDA content increases correspond-
ingly when the balance is destroyed by excessive ROS resulting from stress.
Increasing both of ammonia and COD cause increased the content of MDA in
P. australis.

Accumulation of proline. Proline is a compatible solute that can maintain
cellular osmotic balance. It has an important role against various abiotic and biotic
stresses (Umezawa et al. 2006) by accumulation of proline in the P. australis
leaves. It is one of the mechanisms of plant tolerance to pollutants. Proline is a
kind of amino acid that easily accumulates in plants under stress. It plays an
important role in resisting stress. Proline has a strong capability to hydrate,
making plant proteins bind to water. Thus, the protein could prevent the
dehydration of cells placed under infiltration stress. In stress conditions, proline
assists to maintain balance between penetrations, and protects the cell structure. It
is an important organic osmotic adjustment material, capable to stabilize the cell
protein structure, prevent the degeneration of enzyme inactivation, and maintain
the nitrogen content in plants.

10.3.3 Capacity of Plants in Pollutants Removal from Wastewater

Wetland plant has been reported to be one of the main factors influencing water
quality in wetlands. Their role, particularly macrophytes, in the treatment
processes is well documented (Brix 1997). Macrophytes are considered to be the
main biological component of CWs. They do not only directly take up nitrogen
and phosphorous (key nutrients in the life cycles of wetland plants for the growth
and reproduction), but also act as intermedium for purification reactions by
increasing the environmental diversity in the rhizosphere and enhancing a variety
of advantageous chemical and microbial processes (Jenssen et al. 1993). Table 10.3
summarizes the nutrient uptake capacities of commonly used macrophytes in
wetlands.

Capacity in organic matter removal. Wu et al. (2012) evaluated the
performance of four native macrophyte species (T. orientalis, P. australis,
S. validus and 1. pseudacorus) in CWs for removing COD from polluted river
water. Results showed that the effluent COD concentrations in the pilot scale
wetland systems meets the Grade-III (COD 20 mg/L) of the national surface
water standards in China, while no significant difference were observed among the
different wetland plants. CWs were always efficient in organic matter removal
under low loading rates.

Capacity in nitrogen removal. In CWs, nitrogen retention is generally
thought to occur mainly via a pathway of ammonification (dissolved organic



Downloaded from ascelibrary.org by La Trobe University on 07/05/16. Copyright ASCE. For personal use only; al rights reserved.

348 GREEN TECHNOLOGIES FOR SUSTAINABLE WATER MANAGEMENT

Table 10.3. Nutrient uptake capacities of several macrophytes

Uptake capabilities (kgha=" yr~7)

Macrophyte Nitrogen Phosphorous
Cyperus papyrus 1100 50
Phragmites australis 2500 120
Typha latifolia 1000 180
Eichhornia crassipes 2400 350
Pistia stratiodes 900 40
Potamogeton pectinatus 500 40
Ceratophylum demersum 100 10

N — NHj) and then coupled with nitrification (NH; — NO; — NOj), and
canonical denitrification (NO3 - NO; — NO — N,0 — N,) followed. Nitrifi-
cation and denitrification are the most important processes in the nitrogen cycle.
Plant has a vital capacity in nitrogen removal. According to Wu et al (2011), plant
uptake removed 8.4-34.3% of the total nitrogen input of CW, which indicates that
plant uptake is the key factors limiting nitrogen removal. Although considerable
research has been done on the nitrogen purifying capacity of CWs, N removal
processes in different CWs treatments could be different in magnitude. Several
studies have studied the respond of different macrophytes to N transformations
and balance in CWs. According to Maltais-Landry et al. (2009), N removal
capacity are different among the macrophytes (T. angustifolia > P. australis =
P. arundinacea). While in Brisson and Chazarenc’s (2008) research, there is
typically no obvious difference in N removal capacity between T. angustifolia and
P. australis.

Capacity in Phosphorus Removal. The removal capacity of phosphorus (P)
in different CWs varied significantly. Research by Wu et al. (2011) showed that
plant uptake removed 4.81-22.33% of P input, while media storage contributed to
36.16-49.66%. The average total P removal rates ranged between 2.69 and
20.84 mgm~2 d~! in different seasons and is influenced significantly by vegetation
types, HRT, and water temperature.

10.4 SUSTAINABLE OPERATION-ENHANCING TECHNIQUES
USED IN CWs

The removal of pollutants in wetland systems is critically dependent on a variety of
factors such as oxygen availability, operational strategies, and plant selection and
allocation. In order to achieve sustainable CWs, some major enhancing techniques
were adopted, including artificial aeration, intermittent operation, hybrid CWs
and allocation of plants.
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10.4.1 Improving Oxygen Availability in Constructed Wetlands

Oxygen availability in CWs is a crucial environmental parameter in degradation of
organic matters and transformation of ammonium-nitrogen, both of which are
oxygen limiting process. Previous studies by Dong et al. (2011) showed that the
oxygen released by wetland plant roots to the substrate was limited as more than
half was used for roots respiration.

10.4.1.1 Intermittent Aeration Strategy

Great attentions have been dedicated to the feasibility of SSF CWs (SSFCWs) for
treatment of various types of wastewater (Tanner et al. 2002; Fan et al. 2012) in the
past several decades. However, most conventional SSFCWs failed to fulfill this first
step due to insufficient oxygen supply (Hu et al. 2012). Therefore, nitrification is
usually the limiting step for nitrogen removal in subsurface CWs (Maltais-Landry
et al. 2009).

Another benefit of artificial aeration could be attributed to their potential
application in CWs under colder climates. This was supported by Nivala et al.
(2007), where the authors documented 93-98% NH; -N removal efficiencies from
landfill leachate in aerated HF wetlands, in summer and winter periods. Such
observations indicate that, additional oxygen input may counterbalance the
temperature dependence of bio-reaction kinetics, at an extra operating costs.
Continuous aeration always lead to contradiction between the removal of NH; -N
and TN because of the lacking in favorable (i.e. alternate aerobic/anaerobic)
conditions for nitrification and denitrification (Saeed and Sun 2011). The high
operation cost also remains questionable. Compared with to commonly-used
continuously aerated CWs, intermittent artificial aeration can well create alternate
aerobic and anaerobic conditions in SFCWs. Furthermore, intermittent aeration
provides a greater energy-saving than continuous mode.

Figure 10.3 shows cyclic DO distribution in aerated and non-aerated VFCWs.
Sharp decrease of DO concentration was observed immediately after inflow in
both aerated wetland VFCWSs and non-aerated wetland VFCWs. For non-aerated
wetland VFCWs, fast exhaustion of DO mainly occurred during the first 4 hours
and then DO concentration almost remained constant before drainage. Intermit-
tent aeration was adopted to markedly enhance oxygen supply to the substrate.

There is always a contradiction among the removal of organic matters
NH; -N and TN in conventional CWs mainly because of the competence for
limited oxygen supply (Saeed and Sun 2011). The oxygen availability was therefore
considered as one of the main rate-limiting factors for organics degradation and
nitrification. The alternate anaerobic and aerobic conditions developed by the
intermittent aeration simultaneously promoted the activity of microbes in bio-
degradation of organic matter, nitrification and denitrification. Sufficient supply of
oxygen to this group will greatly elevate the aerobic degradation rate of organic
matters. According to Fan et al. (2013), the mass removal of COD can be as high as
57.02 gm~2 d~!, which was much higher than the results in other studies (Jia et al.
2010). (See Table 10.4)
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Figure 10.3. Typical profile of DO in the VFCWs with and without aeration

The removals of NH; -N and TN have long been contradictory in conven-
tional CWs. Denitrification is an anaerobic microbial process which accounts for
60-95% of TN permanently removed from CWs (Lee et al. 2009). Although
denitrification was efficient in non-aerated CWs, the poor nitrification caused by
limited oxygen rate supply always resulted in low TN removal rate (Figure 10.4).
In many studies, nitrification was usually greatly enhanced by high DO concen-
tration in continuously aerated CWs (Ong et al. 2010); however, TN removal is
still far from satisfactory due to fast depletion of the influent carbon source and
lack of favorable anaerobic conditions for denitrification. Intermittent artificial
aeration (4 hours per day) in the study by Fan et al. (2013) achieved a nearly
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the different wetland reactors
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Table 10.4. Removal of pollutants in CWs with different feeding operation

Feeding Pollutant purification
CWs type operation efficiency References

Vertical flow Continuous COD: 92%; NH;{-N: Jia et al. (2010)

CWs feeding 63%; TP: 87%
Horizontal flow Continuous NHZ-N: 71-85% Caselles-Osorio
CWs feeding and Garcia
(2007)
Horizontal flow Continuous NH; -N: 87.7-95.9%  Zhang et al.
CWs feeding (2012)
Vertical flow Intermittent COD: 96%; NH; -N: Jia et al. (2010)
CWs feeding 93%; TP: 92%
Horizontal flow Intermittent NH; -N: 80-99% Caselles-Osorio
CWs feeding and Garcia
(2007)
Horizontal flow Batch (another NH,-N: 89.6-95.8%  Zhang et al.
CWs intermittent (2012)
feeding)
Vertical flow Intermittent Nitrification Green et al.
CWs feeding efficiency: 96% (1998)

complete nitrification. Moreover, alternate aerobic and anaerobic conditions were
well developed for nitrification and denitrification. NH{ -N could be nitrified in
the aerobic zone and then processed via denitrification in anaerobic zone, leading
to high removal of NH; -N and TN simultaneously.

According to Fan et al. (2013), much more nitrifying bacteria and other viable
bacteria was detected in intermittently aerated SFCWs. The images indicated that
there was approximately (16.5 £ 4, n=28)% of AOB and (3 £ 1, n=28)% of NOB
in SFCW A, while few AOB and no NOB were detected in SFCW B. In non-
aerated SFCWs, the low DO concentration seriously limited the growth of
nitrifying bacteria, and the high NH; -N concentration and TN concentration
in effluent confirmed the FISH results. The FISH results could further explain the
high removal of NH; -N and TN. These results suggest that intermittent aeration
was a reliable option to achieve high nitrogen removal in VFCWs.

10.4.1.2 Intermittent Operation Protocol

Oxygen transfer into the CWs substrate can be achieved by different ways as
(i) diluted oxygen present in wastewater, (ii) convection due to batch loading and
(iii) diffusion processes (Green et al. 1998). The primary aeration process is gas
diffusion, which takes place between doses and during the rest periods. Diffusion
and convection processes depend on the feed operation. So we can adopt the
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operation of intermittently draw and fill which improve the redox conditions of
the CWs. It is both low cost and simple.

Compared to continue feeding operation, intermittently operated CWs
involve alternate drawing and filling. During the cycle, a passive air pump worked
on a fill and draw sequence where oxygen depleted air is removed from the CWs
and fresh air is introduced. During the draw phase (when effluent is drained from
the system), fresh air flows from the atmosphere (the higher pressure zone) into
the system (the lower pressure zone), so we can supposed that each volume of
effluent drained is displaced by an equal volume of fresh air; during the fill phase
(when treated water accumulates in the lower layers), “exhausted” air (having low
oxygen concentration) flows to the atmosphere (Green et al. 1998), thus improv-
ing the oxygen required for nutrients and organic matters oxidation in order to
receive better purification efficiency.

Jia et al. (2010) studied the influences of intermittent operation and different
length of drying time on contaminant removal in VFCWs, and found that the
intermittent operation caused more oxidizing conditions in the microcosm wet-
lands and thus greatly enhanced the removal of ammonium (more than 90%).
There were also many studies about intermittent operation and continuous
feeding. Some studies found higher oxygen-demanding pollutants removal effi-
ciency in CWs with intermittent operation (Table 10.4).

10.4.2 Development of Hybrid CWs

As previously introduced, CWs can be divided into SFCWs and SSFCWs,
however, single CWs failed to achieve high pollutant removal efficiency, for
example, single-stage CWs cannot achieve high removal of total nitrogen due to
their inability to provide both aerobic and anaerobic conditions at the same time.
Therefore, various types of CWs may be combined with each other to exploit
specific advantages of the individual systems.

Hybrid systems (also sometimes called combined systems) comprise most
frequently VF and HF systems. By incorporating aeration, anaerobic and anoxic
phases, it is possible to produce an effluent which is low in BOD and has a much
lower total nitrogen concentration due to its entire nitrification and partial
denitrification. The systems are often arranged in the following three manners:
(i) VE-HF systems, (ii) HF-VF systems, and (iii) other systems:

(i) VF-HF systems: Many of these systems are derived from original hybrid
systems developed by Seidel at the Max Planck Institute in Krefeld,
Germany, which consists two stages of several parallel VF beds followed
by two or three HF beds in series (Figure 10.5) (Seidel 1965). In the 1990s
and early 2000s, VF-HF systems were built in many European countries,
e.g. in Norway (Maehlum and Stalnacke 1999). This type was getting more
attention in most European countries.

(ii) HEF-VF systems: In mid-1990s, HF-VF hybrid systems were introduced.
The large HF bed is placed first to remove organics and suspended solids
and to provide denitrification. An intermittently loaded small VF bed is
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designed for further removal of organics and SS and to nitrify ammonia to
nitrate. However, in order to remove total nitrogen, the nitrified effluent
from the VF bed must be recycled to the sedimentation tank.

(iii) Other types of hybrid systems: recently, hybrid CWs comprise more than
two types of CWs and quite often include a FWS CWs and other sewage
treatment reactors, such as subsurface horizontal flow CWs-surface free
CWs (HF-FWS), CWs-pond, anaerobic baffled reactor (ABR)-CW, hybrid
tidal flow CWs and so on. Compared with single CWs, hybrid CWs or
other combined systems could enhance the wastewater purification efficien-
cy, and these effects had been demonstrated in many studies (Table 10.5).

10.4.3 Allocation of Various Plants

Plants selection and allocation of the wetland ecosystem play a crucial role in its
purifying process, as well as in the growth status of plants. Plants with better
growth and more reasonable collocation have better purification ability. Wetland
plant types include: floating plants, emergent aquatic plants, submerged plants,
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Table 10.5. Removal of pollutants in various types CWs

Efficiency (%) in concentration (mg/L)

CW type coD NH**-N ™N References

FWS — 55.1 41.2 Vymazal (2007)

SSHF — 483 423 Vymazal (2007)

SSVF — 84.2 44.6 Vymazal (2007)

SSHF-SSVF 94 86 60 Fabio and Nicola (2007)

SSVF-SSHF 82 89 — Herrera Melian et al.

(2010)

SSVF-SSHF- 98 86 — Saeeda et al. (2012)

SSVF

other types of plants (Peterson and Teal 1995). Characteristics of different plant
types can be utilized to build mix hydrophytes wetland. Floating plants have
strong vitality, rapid growth, high biomass and seasonal dormancy, thus they can
be co-bred with emergent aquatic plants, which adapt to the environment easily
and possess developed root system, huge nitrogen and phosphorus absorption. By
comparison, submerged plants living under water surface call for cleaner water
environment. Their growth status is easily affected by the light amount beneath
water surface while they can cope with climate change in some degree. Nitrogen
and phosphorus absorption ability of submerged plants is the least in these three
types, only 700 kgN-ha!-a~! and <100 kgP-ha™'-a™!, as emergent aquatic
plants absorb 200~2500 kgN-ha=!.a~! and 30~500 kg P-ha™!.a™1, floating plants
show more absorption: about 2000 kgN-ha=!.a! and 350 kgP-ha=!.a”!
(Gumbricht 1993; Brix 1994, 1997). The comparative result of accumulation
ability of toxic and harmful substances (such as lead, cadmium, mercury, arsenic,
chromium, calcium, nickel, copper, zinc, iron, manganese, etc.) is different:
submerged plants > floating plants > aquatic plants (Ye et al. 2001).

The purifying function of CWs is closely related with the selection and
configuration of plants, as well as microorganisms and the soil matrix. On the
basis of (1) following the principle of plant configuration, (2) applying character-
istics of different plants reasonably, and (3) considering wetland function and
type, we can make scientific collocation of wetland species. For example, deep root
plants collocate with shallow root plants, cluster type plants collocate with
scattered type plants, and nitrogen uptake dominant plants collocate with
phosphorus uptake dominant plants. This will arouse better ecological effects,
overcome the seasonal loss of purification caused by single configuration, and
reinforce the stability of the wetland.

The following are several examples of plant collocation:

1. Inter-type collocation: Mixed planting of water celery (an aquatic plant) and
Potamogeton maackianus (a submerged plant) to construct a double-layer
structure of community. Both species are prominent in environmental
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adaptability and nitrogen and phosphorus adsorption capacity. The combi-
nation of these two will expand the purification ability, make full use of
space, light and oxygen, as well as enhance the treatment effect.

2. Internal collocation: Mixed planting of emergent aquatic plants Canna
generalis, Thalia, Acorus calamus in each of the three steps of HFCW system.
This collocation combine ® characteristics of aquatic Canna whose devel-
oped root system and active oxygen secretion provide large amounts of
dissolved oxygen for the first step with @ characteristics of calamus secreting
less oxygen around roots difference, however whose nitrogen and phospho-
rus strong absorption ability and features of growth in a whole year create
anoxic environment for the third step in favor of denitrification to improve
the removal rate of TN.

In addition to the above description, the plants collocation within CWs has
one more vital role that is to overcome the instability of purification efficiency
caused by seasonal variation. Seasonal variation exhibits significantly in the
temperate and subtropical zones, such as in the northern part of China. Significant
seasonal variation makes it hard for one kind of plant to survive for a whole year,
resulting in wetland purification effect decreases when seasons change. In the
configuration of wetland plants in these regions, two referential allocations for
sustained and stable operation are provided. One is the combination of the same
type of plants. Taking floating plants as an example, they have strong vitality, rapid
growth and seasonal dormancy. So, we can breed water celery in cold weather and
water hyacinth, Pistia stratiotes or other floating plants adapted to high tempera-
ture in the summer. The other choice is to combine different types of plants. An
example is the cold-resistant submerged plant Potamogeton crispus, which can
grow under ice in winter absorbing nitrogen and phosphorus, together with
emergent plants with high tolerance such as reed. Combination of overwintering
plant such as Potamogeton crispus and evergreen plants such as Acorusgramineus
Soland is also advisable.

To tackle the low performance of CWs in winter, lab-scale CW's were built by
the laboratory of Shandong University, in the experimental water temperature of
0~5°C, to study the effect of water purification with Potamogeton crispus,
compared to the reed, Vallisneria spiralis. Results showed that Potamogeton
crispus have good growth status and relatively better removal rate in winter, with
COD, NH{ -N, TN, TP removal efficiency were 92.45%, 93.70%, 55.62%, 92.97%,
higher than that of reed system with 79.08%, 73.61%, 47.48%, 78.53% (Table 10.6).

10.5 SUSTAINABLE MAINTENANCE-PLANT RECLAMATION
AND RECYCLING IN CONSTRUCTED WETLANDS

There are positive and significant linear relationships between N and P accumula-
tions and plant biomass respectively, which imply that plant harvest could be a
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Table 10.6. Water purification effect during the whole experiment system.

Influent Effluent Removal

Parameters (mg/L) Plant (mg/L) (%)
CcoD 61.68 + 6.0 none 16.16 + 1.8 73.79%
reed 1290+ 1.8 79.08%
Vallisneria spiralis 1211 £33 80.36%
Potamogeton crispus 466 + 0.8 92.45%
NH; -N 487 +0.06 none 1354+0.07 7230%
reed 128 +£0.05 73.61%
Vallisneria spiralis 149+0.12  69.29%
Potamogeton crispus  0.306 +0.03  93.70%
TN 1420+ 1.1  none 8.03+03 43.47%
reed 746 +04 47.48%
Vallisneria spiralis 7.06 + 0.7 50.31%
Potamogeton crispus 630+ 04 55.62%
TP 0.702 £ 0.05 none 0.145+0.03  79.28%
reed 0.151 +£0.03  78.53%
Vallisneria spiralis 0.207 £0.04  70.49%

Potamogeton crispus  0.049 £ 0.009 92.97%

means of taking N and P out of wastewater. Appropriate plant cutting can also
help maintain a high growth rate at all times (Perbangkhem and Polprasert 2010).
If not, plant dead matter accumulated in the soils will increase the BOD, N and P
of fresh water and cause blocked flood drainage and blocked inland navigation in
CWs (Warneke et al. 1999; Kuschk et al. 2003). It is also reported that during the
cold winter months a translocation of nutrients from stems to rhizomes occurs
which results in an increase of nutrient content in the wastewater. According to
these findings, we suggest that for CWs, plant harvest must be practised in order
to remove organic matter and nutrients from the system. Therefore, it is necessary
to combine conservation and cultivation with reasonable harvest and utilization of
such aquatic vegetation. In the view of renewable energy sources, as soon as a
multifunctional use of these areas is taken into consideration, the operation would
be much more economic.

10.5.1 Activated Carbon from Wetland Plants

10.5.1.1 Utilization of Biomass Materials from CWs

As a kind of lignocellulosic biomass, wetland plants offer an immense potential for
the production of renewable fuels and chemicals in a sustainable fashion.
Extensive research is being done with biomass for energy production. However,
at present, generating energy from biomass is rather expensive due to both
technological limits related to lower conversion efficiencies, and logistic
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constraints. It is also well known that the use of biomass as a fuel for energy
production is restricted by the fact that, as a consequence of fertilisation, biomass
contains a large amount of elements such as Ca, K, Mg, Na and Si with very
reactive and problematic behaviour (Ciria et al. 2005).

Meanwhile, activated carbon is a well-known material used in an increasing
number of environmental applications such as water and wastewater treatment,
gas filters, and so forth (Yuan and Qiu 2009). It has a very complex pore structure,
large BET surface area, good catalytic activity, high chemical stability, and a variety
of oxygen-containing functional groups on its surface (Tseng and Tseng 2005).
These excellent features have made it an indispensable absorbent. Unfortunately,
because it is derived from high-cost sources, such as wood, coal, and coconut
shells, activated carbon is considered an expensive material in many countries
(Attia et al. 2008). Thus, utilizing low-cost materials as adsorbent makes the
adsorption process cost-effective. This has led to a search for cheap and effective
substitutes. Considering these factors, new plant materials used for producing
activated carbons should be hydrophytes in order to make an adsorbent with a
high surface area, and they should be widely available. The well-developed porous
caudex systems of these materials could also offer a good precondition for the
production of effective activated carbon.

10.5.1.2 Physical and Chemical Properties of Activated Carbon from
Wetland Plants

In general, preparation of activated carbon is commonly classified into physical
activation and chemical activation. Since chemical activation usually takes place at
a lower temperature and a shorter time, the chemical activation is lower energy
cost. In chemical activation, the main activating agents used are phosphoric acid,
potassium hydroxide and zinc chloride. Taking their environmental effects and
chemical recovery into consideration, phosphoric acid is most preferred (Guo and
Rockstraw 2006; Prahas et al. 2008). Utilization of phosphoric acid as flame
retardant and activating agent for preparation of activated carbons has been well
established in the literature (Zhang et al. 2008a; Chen et al. 2010; Liu et al. 2011;
Ren et al. 2011). The scheme for hydrophytes-based activated carbon production
with phosphoric acid activation is shown in Figure 10.6.

The withered plant, received from Nansi Lake, Shandong (China), was rinsed
and dried at 105°C for 24 h. The dried sample was then crushed and sieved to a
particle size fraction of 0.45-1.0 mm. 10 g of biomass was impregnated by a certain
amount of H;PO, at a ratio (2:1 to 3:1, g H;PO,: g biomass) for 8-12 h with
occasional stirring. Then, the samples were heated up to 450-550°C and kept at
this temperature for 60 min in a muffle furnace. After activation treatment, the
samples were washed with distilled water until pH of the washed solution was
steady. The activated carbons were then dried at 105°C for 8-12 h. Finally, the
activated carbons were ground to obtain the particle size of 100/160 mesh and
stored until required.

Surface area is one of the most important properties of activated carbons. The
textural properties of the carbons were measured by N, adsorption/desorption at
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Pretreatment: Wash
and Crush

Phosphoric acid
Impregnation and Activation
I -]

Activated carbon

Wash and Dry

Figure 10.6. Scheme of activated carbon production

77 K using a surface area analyzer (SI/MP, Quantachrome, USA). The surface area
(Sper) was determined by using the Brunauer-Emmett-Teller (BET) method. The
pore size distribution was obtained by the Density Functional Theory (DFT)
method. Micropore surface area (S;.), external surface area (S,,) and micropore
volume (V ;) were calculated using the t-plot method. Total pore volume (V)
was determined from the amount of N, adsorbed at a P/P, around 0.97.
Mesopore volume (V) was calculated by Vi, — V.. Average pore diameter
(D,) was obtained from D, =4V, /Sggr.

Table 10.7 presents the textural characteristics of activated carbon. In general,
the surface area of carbons was found to be higher than1100 m?/g, which was
relatively high compared with other solid-waste-based activated carbons. Their N,
adsorption/desorption isotherms were a mixture of types I and IV, with a wider
hysteresis loop at highly relative pressures, which revealed some mesoporosity.

Boehm’s titration method (Boehm 2002) was used to quantify the amount of
acidic and basic functional groups on the carbons’ surfaces. The different types of
functional groups were based on the assumptions that NaHCO; neutralizes
carboxyl groups; Na,CO; neutralizes carboxyl and lactonic groups; NaOH
neutralizes carboxyl, lactonic and phenolic groups; and HCI neutralizes all basic
groups. The results of Boehm’s titrations for the activated carbons were shown in
Figure 10.7. The activated carbons had a high acidic group content (1.5 mmol/g).
In general, the relative concentrations of the acidic groups on the surface of the
carbons followed the order phenol > lactone > carboxyl.
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Figure 10.7. Concentrations of surface functional groups of the activated carbons
derived from different carbon precursor

10.5.2 Pollutants Removal of Wetland Plants Carbon

Several physical, chemical and biological treatment techniques have been applied
to remove these pollutants from wastewater, such as photochemical degradation,
biological degradation, coagulation, chemical oxidation, reverse osmosis, flotation
and adsorption. Among those methods, adsorption is commonly used owing to its
high efficiency and ability to separate a wide range of chemical compounds,
simplicity of design and economic feasibility. Currently, activated carbon is widely
used as an adsorbent in wastewater treatments, since it has highly developed
porosity, a large internal surface area, and relatively high mechanical strength. In
previous studies (Ji et al. 2010, 2011), the pore filling mechanism has been
proposed to account for the diverse adsorption affinity toward difference molecu-
lar-sized adsorbates onto porous adsorbents. Thus, low-size metal ions and large-
size chlorophenols were chosen to evaluate the adsorption capacities of the
produced activated carbons.

10.5.2.1 Phenolic Compounds Removal

Phenolic adsorption capacity of cattail fiber-based activated carbon. The cattail
fiber-based activated carbon (CFAC) fabricated by phosphoric acid activation had
large surface area (Sgpr =890 m?/g) and well-developed porous structures
(Vir =0.863 cm?®/g, V,;,.=0.189 cm?/g). The average pore diameter of the
prepared sample was found to be 3.88 nm. According to the definition of pore
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size by International Union of Pure and Applied Chemistry (IUPAC), this
indicated that the activated carbon was mesoporous (V ./ Vo =21.9%).

Surface functional groups within activated carbon give significant contribu-
tion toward its adsorption ability. From Boehm’s titration, several surface
functional groups’ existence can be verified, which is lactones, carboxyl and
phenolic groups. The results of the Boehm measurement show that the majority of
the oxygen functional groups are acidic groups (1.892 mmol/g). The amount of
lactone, carboxyl and phenolic groups is 0.398 mmol/g, 0.781 mmol/g and
0.713 mmol/g, respectively. Comparing to this, the basic groups are only
0.114 mmol/g.

The adsorption isotherms express the specific relationship between the
concentration of an adsorbate and its accumulation onto an adsorbent surface
at constant temperature under equilibrium conditions. The isotherms indicate
how the adsorbate molecules distribute between the liquid phase and the solid
phase when the adsorption process reaches an equilibrium state. In this study,
equilibrium data at various temperatures (20, 30, 40°C) were modeled with the
Langmuir and Freundlich models.

The Langmuir isotherm has been used by many workers to study the
adsorption of a variety of compounds. The Langmuir equation is based on a
theoretical model and assumes that adsorption takes place at specific homoge-
neous sites within the adsorbent and once a dye molecule occupies a site, no
further adsorption takes place at that site. The linear form of the Langmuir
isotherm equation is given as:

C_GC, 1
Qe Qm kL Qm

where C, is the concentration of the dye solution (mg/L) at equilibrium, ge is the
amount of adsorption (mg/g), Q,, and k; are the Langmuir constants related to
adsorption capacity (mg/g) and free energy of adsorption (L/mg), respectively.
The Freundlich isotherm is an empirical equation that considers heterogeneous
adsorptive energies on the adsorbent surface, the linear form of which can be given
by the equation

(Eq. 10.1)

1
InQ,=Inks +-InC, (Eq. 10.2)
n

where kg ((mg/g)(L/mg)"/") and n are the Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively. For the value n =1, the
partition between the two phases is independent of the concentration. A value for
1/n below one indicates a normal Freundlich isotherm while 1/n above one is
indicative for a cooperative adsorption.

Table 10.8 lists the maximum monolayer adsorption capacity of various types
of chlorophenols on various adsorbents. The high adsorption capacity of CFAC
found in this study reveals that CFAC is a promising adsorbent for chlorophenol
removal, as compared to some previous work reported in the literatures (see Table 3).
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Table 10.8. Comparison of maximum monolayer adsorption capacity on various
adsorbents reported in literature

CO Qm
Adsorbent T (°C) (mg/L)  (mg/g) References
For 2, 4-dichlorophenol
CFAC 30 25-200 135 Ren et al. (2011)
Oil palm empty fruit 30 50-250 27 Alam et al. (2007)
bunch carbon
palm pith carbon 35 10-40 19 Sathishkumar et al.
(2007)
Activated bamboo 25 0.5-100 45 Ma et al. (2010)
charcoal
Apricot stone shell - 10-60 339 Daifullah and Girgis
(1998)
Coir pith carbon 25 60-120 76 Bhatnagar and
Minocha (2009)
For 2, 4, 6-trichlorophenol
CFAC 30 25-200 153 Ren et al. (2011)
Coconut shell-based 30 10-100 122 Radhika and
activated carbon Palanivelu (2006)
Activated clay 30 30-220 123 Hameed (2007)
activated carbon 25 — 257 Liu et al. (2010)

fibers

oil palm empty fruit 30 25-250 500 Tan et al. (2009)
bunch-based
activated carbon

Activated carbon prepared from cattail fiber (CFAC) via chemical activation using
phosphoric acid was an efficient adsorbent with a relatively large surface area of
890 m?/g. It had a high adsorption capacity for 2,4-dichlorophenol and 2,4,6-
trichlorophenol from aqueous solution over a wide range of concentrations. The
results above confirmed that the CFAC had the potential to be low-cost and
effective adsorbent for removal of chlorophenol from water.

Enhancement of phenolic compounds removal by Mn modified-activated
carbon. For specific pollutants, the adsorption capacity and selectivity of activated
carbon can be tailored by modifying its pore structure and surface chemistry. One
modification method is impregnation with metal-salts which form an oxide
surface coating on the carbon, offering the potential to lower the regeneration
temperature of used carbons and prolong their useful life. Composite adsorbents
of this type have been studied and used for the removal of metals. Mn oxides have
a high affinity for many heavy metals and several investigators have suggested
their application in water and wastewater treatment. Impregnation of activated
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Table 10.9. Pore characteristics and surface functional groups of the
carbon before and after modification

PLAC PLAC-Mn
SBET (mz/g) 1398 1278
Sext (M?/Q) 850 947
Smic (M2/g) 548 331
Smic/ Sger (%) 39.2 25.9
Vit (cm3/g) 1.538 1.496
Vmic (cm3/q) 0.269 0.143
Vmic/Vior (%) 17.5 9.6
D, (nm) 4.4 47
Carboxylic (mmol/qg) 1.150 1.107
Lactonic (mmol/qg) 0.461 0.444
Phenolic (mmol/qg) 0.315 0.203
Total acidic (mmol/qg) 2.215 2.078
Total Basic (mmol/g) 0.545 0.466

carbon with Mn salts by forming oxides on the surface improves the metal
adsorption capacity. Then, we have studies on the removal of dyes by Mn-
modified activated carbons.

For Mn modification of Polygonum orientale Linn-based activated carbon
(PLAC): 1.0 g of PLAC was added into 250 mL of an aqueous solution with
150 ppm MnNO;. After agitating for 15 h, the solution was filtered and the black
compound obtained was dried at 120°C for 8 h. After cooling to room tempera-
ture, the PLAC-Mn was obtained.

The structural parameters of the carbon, including the BET surface area and
pore volume, were calculated and are summarized in Table 10.9. The surface,
micropore surface area, as well as the micropore volume decreased slightly after
modification with Mn(NO3),. However, the external surface area increased from
850 to 947 m?/g. This may result from the sedimentation of Mn oxides, as its
oxidation process could enlarge the pores and consequently form mesopores.
Boehm titrations can further elucidate the chemistry of the carbon surface.
Impregnation with Mn(NO;), modified the chemical environment of the carbon
surface and made the carbon more acidic.

The constant values calculated from the Langmuir and Freundlich isotherms
are provided in Table 10.10. The experimental data of 2,4-dichlorophenol
adsorption onto PLAC could be fit well by both the Langmuir and Freundlich
isotherm models, while a better fit to the Langmuir equation was statistically
confirmed by giving greater R* values closer to unity (0.999). However, the
experimental data exhibited better agreement with the Freundlich model. There-
fore, the Freundlich model was the most appropriate model for the adsorption of
2,4-dichlorophenol onto PLAC-Mn. The n values calculated from the Freundlich
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Table 10.10. Isotherm model constants for 2,4-dichlorophenol adsorption onto
PLAC and PLAC-Mn (C0, 80 — 130 mg/L; initial pH, 5.0; adsorbent dose, 0.5 g/L; t,
120 min)

PLAC PLAC-Mn

Isotherm constants 10°C 25°C 40°C 10°C 25°C 40°C

Langmuir

Qo (mg/q) 250 220 208 257 244 240

k. (L/mg) 0.124 0091 0063 0132 0.077 0.058
R? 0.9997 0.9994 09993 0.9968 0.9975 0.9916
Freundlich

ke (mg/g(L/mg)'/")  66.4 57.5 442 710 537 422

n 3012 3268 3.049 3.185 3.058 2638
R? 0.9931 0.9944 09968 0.9973 0.9943 0.9914

model were greater than 1, showing that the 2,4-dichlorophenol could be readily
adsorbed by PLAC and PLAC-Mn at all the temperatures studied. Moreover, Q,
obtained from PLAC-Mn was much higher than that of PLAC at 40°C, which
indicated that higher temperatures could promote the oxidation and catalytic
activity of Mn oxides for 2,4-dichlorophenol removal. The adsorption capacity of
2,4-dichlorophenol was improved after coating, especially at high temperature.
Table 10.10 summarizes the adsorption capacity of different types of adsorbents
for 2,4-dichlorophenol. The high adsorption capacity in this study revealed that
PLAC-Mn is a promising adsorbent for removing 2,4-dichlorophenol from
aqueous solutions.

10.5.2.2 Heavy Metal Removal

Adsorption Cd(II) by lotus stalks-based activated carbon. The textual para-
meters and surface properties of the lotus stalks-based activated carbon (LSAC)
were calculated and summarized in Table 10.11. LSAC displayed the high Sgpt
(1503 m?/g) and V, (1.08 cm?/g). The results of Boehm’s titrations for LSAC
was showed that the relative concentrations of the acidic groups on the surface of
LSAC followed the order carboxyl > phenol > lactone.

Table 10.11. Surface area, pore volume parameters and concentrations of surface
functional groups of LSAC

Sger Sext V mic Viot Carboxyl Lactone  Phenolic
Samples (m?/g) (m?/g) (cm?/g) (cm?/g) (mmol/g) (mmol/g) (mmol/g)

LSAC 1503 673 0.31 1.08 0.28 0.32 1.20
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Table 10.12. Isotherm parameters for Cd(ll) adsorption by LSAC

Langmuir Freundlich
Qo ki ke
I (mM) (mg/g) (L/mg) R? (mg'~/"L'njg)  1/n R?
0 331 20.2 0.9998 171 0.133  0.9240
100 16.3 742  0.9994 5.54 0.202  0.9229
1000 11.3 9.11 0.9989 4.65 0.167 0.9166

Table 10.13. Comparison of adsorption capacity for Cd(ll) with other adsorbents
developed from various lignocellulosic materials

Carbon precursor Sger (M?/g) Qp (mg/g) References

LS 1398 33.1 Liu et al. (2013¢)

Olive stone 790 1.8 Kula et al. (2008)

Bagasse 980 275 Mohan and Singh
(2002)

Apricot stone 566 336 Kobya et al. (2005)

Multiwalled carbon - 10.9 Li et al. (2003)

nanotubes

Ceiba pentandra hulls 521 19.6 Madhava Rao et al.
(2006)

Phaseolus aureus hulls 325 15.7 Rao et al. (2009)

The parameters of Langmuir and Freundlich models fitting to the Cd(II)
adsorption isotherm data are presented in Table 10.12. The results showed that
experimental data were better fitted by Langmuir model than by Freundlich
model, indicating the monolayer Cd(II) adsorption on the carbons’ surfaces. The
values of 1/n were less than 1 in all cases, indicating that Cd(II) was favorably
adsorbed by the carbons. The study on the effect of ionic strength on adsorption is
usually used to distinguish the inner-sphere surface complexation from the outer-
sphere one in adsorption. As shown in Table 10.12, the adsorption capacities of Cd(II)
for the carbons decreased with an increase of ionic strength. Such phenomenon
was interpreted as outer-sphere surface complexation. Thus, some interactions
such as electrostatic attraction and cation exchange were responsible for Cd(II)
adsorption. A comparison of the Cd(II) maximum adsorption capacities of LSAC
with activated carbon prepared from other lignocellulosic materials is given in
Table 10.13. The comparison showed that LSAC had high Cd(II) adsorption
capacities, suggesting that LSAC were promising adsorbents to remove Cd(II) ions
from aqueous solutions. This result showed application potential of developing an
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effective low-cost adsorbent from LS by H;PO, activation and an effective
adsorbent to treat wastewater that contains toxic Cd(II).

Enhancement of Cr(VI) removal by Fe-modified activated carbon. Fe
oxides, especially amorphous forms, have a high affinity and selectivity toward
Cr (VI) oxyanions as well as anionic phosphorus and arsenic species. Impregnat-
ing iron hydroxides into activated carbon can take advantage of both the high
selectivity of ferric oxides for Cr (VI) and the high surface area of activated carbon
which offers adequate reactive sites for iron loading. Several researchers have
recently incorporated iron hydroxides into activated carbon and thus greatly
enhanced the arsenic adsorption capacity.

Preparation of Fe modified T. natans husk-based activated carbon (TAC):
1.0 g of TAC was mixed with 200 mL of ferrous/ferric salt solution at a certain
concentration (pH adjusted to 4.0-4.5) for 12 h, followed by filtration and washing
with sufficient water to remove any unloaded and/or weakly adsorbed iron. Then
the iron-loaded carbon was dried at a certain temperature under natural atmo-
spheric conditions for 10 h. The compound was then allowed to cool to room
temperature. The optimal preparation conditions (metal salt type, iron concen-
tration and drying temperature) were determined following the results of Taguchi
optimization analyses.

As shown in Figure 10.8, the carbon modified by FeSO, showed much higher
Cr(VI) removal than that modified by FeCl; and Fe(NOs);, while FeCl; and
Fe(NOj3); presented similar modification results. Based on the above results,
appropriate parameters for the modification protocol were established as: FeSO,,
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Figure 10.8. Factors that control the modification of TAC by iron salts for
enhanced Cr(VI) removal
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Table 10.14. Langmuir and Freundlich isotherm parameters for the adsorption of
Cr(Vl) by TAC/Fe and TAC at different ionic strengths

Langmuir Freundlich
I Q, Kk ke
Carbon (mol/L) (mg/g) (L/mg) R?>  (mg/g(L/mg)'/") n R?
TAC/Fe 0 68.5 0425 0.9945 434 10.3 0.9884
0.1 65.8 0.678 0.9980 38.6 7.97 0.9968
1.0 64.5 0.582 0.9984 37.0 6.72 0.9909
TAC 0 49.0 0.047 0.9763 5.90 2.35 0.9945
0.1 50.2 0.035 0.9889 8.48 2.85 0.9824
1.0 63.3 0.046 0.9798 945 2.58 0.9814

impregnating concentrations of 0.1 mol/L Fe and drying temperature of 100°C.
The sample prepared under this condition was employed as the iron-doped TAC
(TAC/Fe) for further studies, unless otherwise stated.

Adsorption isotherm experiments were conducted at solution pH 4.0 £ 0.1
with the initial Cr(VI) concentration varied from 30 to 110 mg/L. Three
background electrolyte concentrations (0, 0.1 and 1.0 M NaCl) were studied to
identify the effect of ionic strength on the adsorption. Two commonly used
models, the Langmuir and Freundlich equations were employed to correlate the
experimental data.

As-fitted Langmuir and Freundlich parameters for the Cr(VI) adsorption on
TAC/Fe and TAC are given in Table 10.14. Both the Langmuir and Freundlich
models correlated the adsorption isotherms on TAC/Fe and TAC quite well, with
all R? values higher than 0.97. The good fitting results of both models implied that
both chemisorption and physisorption mechanisms took place in the adsorption
systems. Freundlich constant, n, were higher than 1 in all cases, indicating that
hexavalent chromium is favorably adsorbed by TAC/Fe and TAC. The high
adsorption capacity of this study revealed that THAC-Fe could be a promising
adsorbent for Cr (VI) removal.

10.6 CONCLUSION

CWs (mainly SF and SSF wetlands) are sustainable systems. They have been
designed as a widely accepted technology to deal with various kinds of wastewater
for nearly 40 years. CW systems need lower cost, less operation and maintenance
requirements, and little energy inputs; however, their successful application
remains a challenge when facing new complex problems. Plant selection (plant
adaptability, plant tolerance and pollutants removal capacity), enhancing tech-
niques (artificial aeration, intermittent operation and CWs combination, etc.) and
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plant reclamation and recycling in CWs are important factors for the sustainable
design, operation and maintenance of CWs. They also prove to be an affordable
alternative in a sustainable CW wastewater treatments, especially for small
communities and remote locations.
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