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ABSTRACT

Amidst the escalating global challenges posed by freshwater scarcity, this
experimental research embarks on a quest to explore alternative water sources as a
promising solution. At the forefront of this exploration is greywater reuse,
emerging as a potential alternative water source with the capacity for continuous
exploitation and non-potable usage after treatment. The significance of this
research is underpinned by its potential role in addressing climate change
adaptation, enhancing food security, extending potable water supply, and

mitigating environmental pollutants.

In an era where water scarcity intensifies, greywater reuse garners increasing
interest, spanning across both industrialized and developing nations. This is
primarily driven by the pressing issues of freshwater demand associated with
population growth and the dual incentives of economic and environmental
considerations. Greywater reuse not only conserves precious freshwater resources

but also significantly reduces the costs associated with wastewater treatment.

This research shines a spotlight on greywater, which is defined as wastewater
excluding contributions from toilets. Greywater sources encompass laundry,
kitchens, showers, hand basins, and kitchen sinks across diverse settings, ranging
from households to office buildings and schools. An extensive exploration of
greywater's characteristics unfolds, considering critical factors that impact human
health and the environment. Health aspects are scrutinized, focusing on the
presence of microorganisms, while environmental perspectives delve into the
accumulation of xenobiotic organic compounds (XOCs) and metals in soil and

groundwater.

A significant outcome of this research is the revelation of greywater's potential
applications. Greywater can be effectively reused for urinal and toilet flushing,
irrigation, and construction purposes, all of which traditionally rely on freshwater

of drinking quality. The impact is profound, with estimates indicating that reusing

v



greywater for toilet flushing alone could lead to a 30% reduction in total
household water consumption. Successful international examples of greywater
reuse are cited, underscoring the technical feasibility and its ability to meet health
requirements. Intriguingly, the research casts a wide net over greywater's
applications, extending to outdoor usages such as lawn irrigation, sports fields,
cemeteries, parks, golf courses, and domestic gardening. Furthermore, the scope
encompasses other potential applications, including vehicle and window washing,
fire protection, boiler feedwater, concrete production, and the development and

preservation of wetlands.

To safeguard against groundwater contamination arising from microbes and
pollutants in greywater, the research emphasizes the need for innovative treatment
and management strategies. This comprehensive experimental research reiterates
the potential of greywater reuse and treats the quest for sustainable water resource
management as paramount. Employing natural adsorbents and meticulous
characterization and treatment, this research optimizes greywater's utility,
particularly in the context of student accommodations. The study meticulously
evaluates key parameters like Total Dissolved Solids (TDS), pH levels, turbidity,
Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), and

levels of nitrate and phosphorus.

The results of the treatment process are significant. The initial concentrations of
key parameters in the greywater were reduced dramatically after the treatment
process. For instance, Electrical Conductivity (EC) was reduced from 2480 puS/cm
to 242 pS/cm, achieving a 90.2% removal rate. Total Dissolved Solids (TDS)
were reduced from 1612 mg/l to 138 mg/l, achieving a 91.4% removal rate.
Chemical Oxygen Demand (COD) saw a reduction from 554 mg/l to 24 mgl/l,
achieving a 95.6% removal rate, while Biochemical Oxygen Demand (BOD) was
reduced from 120 mg/l to 8 mg/l, achieving a 93.3% removal rate. Phosphorus
and Nitrate concentrations also saw significant reductions, with removal rates of
93.7% and 89.2%, respectively. Turbidity was reduced from 150 NTU to 9 NTU,



achieving a 94% removal rate. These results confirm the effectiveness of the

treatment methodology.

The research's most innovative aspect is its proposal of a household-level
treatment approach. This pioneering method underscores the feasibility of
sustainable greywater treatment and reuse. By merging environmentally
conscious practices with technological advancements, this research contributes to
the ongoing discourse on water resource optimization in an increasingly water-

scarce world.
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CHAPTER 1

INTRODUCTION



CHarTER 1

1.1

Introduction

The contemporary global water crisis is a paramount concern that extends
beyond mere scarcity. Contrary to the prevailing narrative that attributes the
crisis to insufficient water supplies to meet human demands, the core issue lies
in the profound mismanagement of existing water resources. This
mismanagement has precipitated dire consequences for billions of individuals
and the natural environment alike. As highlighted in the World Water Vision
Report, the crisis is fundamentally one of governance, characterized by
inadequate policies, inefficiencies, and inequities in water distribution,
exacerbating the plight of the most vulnerable populations. Addressing this
crisis requires a multifaceted approach that includes sustainable management,
equitable distribution, and robust infrastructural development to alleviate

widespread suffering and safeguard our ecological heritage.

Light greywater or Dark greywater or
low strength high strength
greywater greywater
Bathroom: . . .
. Washbasin: Laundry: Kitchen sinks:
contains  soaps, . . .
contains soaps, contains soap, contains food
shampoos, body . . .
toothpaste, body bleaches, oils, residues, high
care products, . .
. R care products, paints, solvents, amounts of oil &
hair, body fats, h . .
. . shaving waste, and non- fat, dish washing
lint, and traces of . .
. hair biodegradable detergents
urine

Figure 1.1: Greywater sources and their constituents

The residential, industrial, and energy sectors all use freshwater. Freshwater
availability is reduced in both quantity and quality as a result of overuse of
these resources and increased wastewater generation. (Boano et al., 2020; Manju

& Sagar, 2017; Rajasulochana & Preethy, 2016). Furthermore, competition among



various water users exacerbates concerns regarding the freshwater supply. In
light of these challenges, water conservation has become paramount,
necessitating the adoption of controlled, efficient consumption and wastewater
reuse practices (do Couto et al., 2015a). In water-stressed areas in particular,
recycled greywater has become a feasible source for non-potable or indirect
potable uses, with the goal of lowering freshwater use and improving water
sustainability. (Janeiro et al., 2020). The growing issues of water scarcity,
resource depletion, ageing infrastructure, and inadequate facilities have
spurred significant research into alternative water reuse technologies within
the urban water sector, making sustainable management of water resources
critical (Nas, 2016). (As Shown in Figure 1.2)

The study at IIT Madras examines, greywater characteristics and water
consumption in households and analyzes water use across various activities,
noting that bathing and toilet flushing is the most water-intensive. Greywater
accounts for 55-61% of total consumption, with significant variation between
different socio-economic classes. C Type households generate the most
greywater (90 Lpcd), while the hostel generates the least (19.5 Lpcd). The
findings highlight the influence of water availability and household
characteristics on consumption patterns (Delhiraja, K., Philip, 2020).
Greywater (GW) refers to untreated wastewater generated from washrooms,
laundry, and bathing activities in residential settings (Abu Ghunmi et al.,
2011; Barzegar et al., 2019a; Li et al., 2009; Oh et al., 2018). Reusing GW can
convert a substantial portion of wastewater from waste into a valuable water
resource. In the European Union (EU) and other high-income countries, GW
constitutes up to 75% of household wastewater production. In contrast, in low-
income countries, it accounts for 75-90 litres per day (Ghaitidak & Yadav, 2013)
compared to India. Residential wastewater's more polluting component needs
to be properly treated, and GW source separation can lighten the strain on
wastewater treatment facilities. (Boano et al., 2020; Larsen* et al., 2009;
Remy & Jekel, 2008). Moreover, reclaimed GW can be reused locally for
various applications such as toilet flushing, recreational activities, and
gardening, which would otherwise require high-quality water, thereby

promoting a circular economy (Liu et al., 2015; Masi et al., 2018).



Water Consumption Patterns by Activity

PSS RSRLRIRfashing o
Drinking/Cooking

Gardening/Car Washing

8.0% Laundry Washing

36.0%

Bathing/Showers

Toilet Flushing

Figure 1.2: Water Consumption Patterns by Activity

Greywater Generation per Capita per Day across Different Economic Classes

801

60

40

Greywater Generation (Lpcd)

20

B Type C Type D Type E Type G Type Hostel
Household Type

Figure 1.3: Greywater Generation across Different Economic Classes;
compares greywater generation across different household types. C Type
households produce the most greywater at 90 Lpcd, followed by B Type at
67.4 Lpcd. D Type, G Type, and E Type generate 52.2 Lpcd, 43.8 Lpcd, and
38.3 Lpcd, respectively. The hostel has the lowest greywater generation at
19.5 Lpcd



GW recycling represents a viable system-level strategy to enhance water

sustainability and resilience (Liu et al., 2015) (Figure 1.3).

In response to escalating global challenges stemming from freshwater scarcity,
the exploration of alternative water sources has become imperative. This thesis
focuses on greywater treatment as a promising solution within the broader
context of sustainable water resource management. Greywater, defined here as
wastewater excluding that from toilets, originates from various domestic
sources such as laundry, kitchens, showers, and hand basins.

Table 1.1: The microbiological properties of greywater derived from different
sources (Edwin, G.A., Gopalsamy, P. & Muthu et al., 2014)

Parameter Tap Shower Wash Kitchen Laundry Combined
water basin GW
Total 1.72—- 3.95- 2.94— 3.38-5.11 | 3.04-5.6 6.99-7.71
coliform 1.87 6.28 6.95
E. coli 0.85- 2.98- 2.81- Not Not 3.54-6.3
1.15 3.06 2.95 Detected Detected

Greywater reuse presents a viable strategy to alleviate freshwater demand

pressures exacerbated by population growth, industrialization, and

urbanization. (As outlined in Table 1.1) By diverting greywater from
traditional wastewater streams, significant reductions in freshwater
consumption can be achieved. Moreover, the reuse of treated greywater for
non-potable applications such as irrigation and toilet flushing not only
conserves potable water but also mitigates the environmental impact
associated with conventional wastewater disposal.

This research endeavours to comprehensively assess the characteristics of
greywater,

environmental integrity. Critical aspects under scrutiny include the presence of

focusing on key factors influencing human health and
microorganisms, xenobiotic organic compounds (XOCs), and metals, which
can potentially impact soil and groundwater quality upon disposal or reuse.
Addressing these concerns is essential to ensure that treated greywater meets
rigorous health and environmental standards.

The adoption of greywater treatment technologies varies globally, influenced
by regional water stress levels, regulatory frameworks, and technological



capabilities. (As shown in Table 1.1) For instance, developed regions like
Europe exhibit higher rates of treated wastewater recycling compared to
developing regions where infrastructure and resource constraints pose
significant challenges. Bridging these disparities requires tailored approaches

that consider local contexts and resource availability.

Medium and high strength
Low strength grey water grey water
W W
Storage and pre-treatment Storage and pre-treatment
(sedimentation, screcning) (sedimentation, screening)
W k.
Ch‘-'“_'limlllr'-'ﬂtm"-'m Biological treatment (aerobic) Membrane bioreactor
:magulallnn.tm? cxchange, (RBC. SBR. CW) (MBR)
ele.
W W \l/ W
Membrane Sand Sand Membrane
filtration filtration filtration filtration
k. h 4
Restricted non-potable urban
TeUsEs
Disinlection
(UW, chlorine)
W h W W

Reclaimed grey water for unrestricted non-potable urban reuses

Figure 1.4: The grey water recycling schemes for non-potable urban reuses
(Li, Fangyue, Knut Wichmann, and Ralf Otterpohl, 2019)

Furthermore, the societal and economic benefits of greywater reuse extend
beyond immediate water conservation. By integrating treated greywater into
water resource management frameworks, decision-makers can optimize water
allocation, reduce wastewater treatment costs, and enhance overall water
sustainability. This paradigm shift underscores the transformative potential of
viewing wastewater as a valuable resource rather than a mere byproduct of

human activities.



Greywater, defined as untreated household wastewater excluding toilet wastes,
presents a viable resource for sustainable water management in regions like
India. Unlike the United States, where its primary use is for landscape
irrigation, greywater reuse practices in India encompass broader applications

due to water scarcity and sanitation challenges (Figure 1.4).

1.1.1. Composition and Sources of Greywater

Greywater, a subset of domestic wastewater, is defined as untreated household

wastewater that has not been contaminated by toilet discharges. In the context

of India, the primary sources of greywater include:

- Showers and Bathtubs: Water used for personal hygiene, which generally
contains soap residues, body oils, hair, and minimal amounts of organic
matter.

- Hand Basins: Water from washing hands and face, often containing soap,
skin particles, and minor traces of cosmetics.

- Laundry Activities: Water discharged from washing machines and laundry
tubs, typically containing detergents, dirt, fibres, and residual chemicals

from cleaning agents.

Total Water Grey Water Production
Consumption

i Drinking and Cooking use

M Toilet Flushing

M Gardening Irrigation / Others
| Washing and Cleaning of house
W Shower and bath

H Hand basin

M Laundry

M Kitchen/ Dishwashing

Figure 1.5: Relative distribution of total water consumption and GW

production

Figure 1.5 displays the relative distribution of GW production and total water
use. When compared to published statistics from other Indian cities, the mean
total water use is noticeably higher, according to the findings. This indicates
that the water use of urban families is higher than that of rural ones. On

average, 62% of GW is produced, with the bathroom accounting for the largest



portion (49%) and being followed by the kitchen, laundry, and wash basin
sources. (Edwin, G.A., Gopalsamy, et al., 2014)

Greywater's composition is characterized by its relatively lower levels of

contaminants compared to blackwater. The key components include:

- Organic Matter: Greywater contains biodegradable organic substances,
though in significantly lower concentrations than blackwater. This
includes skin cells, oils, and food particles from washing.

- Suspended Solids: Particles such as lint, hair, and soap scum, which can be
removed through basic filtration processes.

- Nutrients: Low levels of nutrients like nitrogen and phosphorus, originate
from soaps and detergents, which can benefit plant growth when used in
irrigation.

- Pathogens: While greywater typically contains fewer pathogens than
blackwater, it may still harbour bacteria and viruses from bodily fluids and
soil.

- Chemical Residues: Residual amounts of personal care products,
detergents, and cleaning agents contribute to the chemical load in
greywater. These include surfactants, phosphates, and other synthetic
compounds.

The composition and sources of greywater highlight its potential for reuse in

non-potable applications. With appropriate treatment, greywater can be

repurposed for irrigation, toilet flushing, and industrial processes, thereby
conserving precious freshwater resources. Understanding the specific
characteristics of greywater from different household activities is crucial for
designing effective treatment systems and ensuring safe and sustainable reuse

practices.

1.1.2. Technologies for Treatment of Greywater

The treatment of greywater in India employs a range of technologies, from
basic filtration methods to more sophisticated biological and physical
processes. The selection of a treatment system is typically based on the

intended reuse of the greywater, the quality of the influent, and the local



environmental conditions. The primary technologies used in greywater

treatment are detailed below (Figure 1.6):

Treatment
Technologies
—| Filtration Systems | | Biological — Disinfection
Treatment
Sand Filters Constructed Chlorinati
Wetlands orimation
Membrane — —
Filtration Biofilters UV Irradiation

Figure 1.6: Greywater treatment technologies

1.1.2.1.Filtration Systems
Sand Filters:

Sand filters are a cost-effective and straightforward method for removing

suspended solids from greywater. The process involves passing greywater

through layers of sand, which trap particles and impurities. The key

components of sand filters include (Figure 1.7):

Coarse Gravel Layer: Positioned at the bottom to support the sand layers
and facilitate drainage.

Fine Sand Layer: The main filtration medium, captures finer particles and
organic matter.

Maintenance: Periodic backwashing or replacement of the top sand layer

to prevent clogging and maintain efficiency.

Membrane Filtration:

Membrane filtration offers a more advanced approach to greywater treatment

by

using semi-permeable membranes to remove contaminants at the

microscopic level. This technology includes:

Microfiltration (MF): Removes suspended solids, bacteria, and some
viruses using membranes with pore sizes between 0.1 and 10 micrometres.
Ultrafiltration (UF): Employs membranes with smaller pore sizes (0.01 to

0.1 micrometres) to retain viruses and finer particles.



(1-2 mm) .‘l
Sep:
(3-6 mm) [t

(6-15 mm) [

Operation and Maintenance: Regular cleaning and periodic replacement

of membranes are essential to maintain performance and prevent fouling.

Sand 1

Sand 2

Gravel 1

Gravel 2 Natural Adsorbent
(15-25 mm)

Figure 1.7: Schematic diagram of the Sand and Natural Adsorbent process

1.1.2.2.Biological Treatment

Constructed Wetlands:

Constructed wetlands mimic natural wetland ecosystems to treat greywater

through biological processes. The key elements include:

Vegetation: Plants such as reeds and cattails provide a surface for
microbial growth and contribute to nutrient uptake.

Substrate: Layers of gravel or soil support plant roots and facilitate the
filtration of greywater.

Treatment Mechanisms: Microbial degradation, plant uptake, and
sedimentation reduce organic matter, nutrients, and pathogens.

Design Considerations: Proper design ensures adequate hydraulic

retention time and prevents short-circuiting of water flow.

Biofilters:

Biofilters use a combination of biological and physical processes to treat

greywater. They consist of:

Filter Media: Layers of sand, gravel, or synthetic media support microbial

communities that degrade organic contaminants.
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- Aeration: Adequate oxygen supply enhances microbial activity and
ensures effective treatment.
- Maintenance: Routine cleaning and occasional media replacement are

necessary to sustain performance.

1.1.2.3.Disinfection

Chlorination:

Chlorination is a widely used disinfection method that involves adding

chlorine or chlorine compounds to greywater to Kkill pathogenic

microorganisms. Key aspects include:

- Chlorine Dose: The concentration of chlorine must be carefully controlled
to ensure effective disinfection without producing harmful byproducts.

- Contact Time: Sufficient contact time between chlorine and greywater is
crucial for microbial inactivation.

- Residual Chlorine: Monitoring residual chlorine levels ensures ongoing
disinfection and safety.

UV Irradiation:

Ultraviolet (UV) irradiation disinfects greywater by exposing it to UV light,

which inactivates microorganisms by damaging their DNA. Key features

include:

- UV Lamps: Special lamps emit UV-C light (200-280 nm) that effectively
inactivates bacteria, viruses, and protozoa.

- Reactor Design: The design of the UV reactor ensures uniform exposure
of greywater to UV light.

- Maintenance: Regular cleaning of UV lamps and periodic replacement are

necessary to maintain disinfection efficacy.

Over the years, various studies have explored and documented different

methodologies for greywater (GW) treatment. These research efforts focus on

achieving efficient and sustainable reuse of greywater for non-potable applications.

Below (Table 1.2) is a detailed overview of notable research contributions in this

field, accompanied by a comprehensive table summarizing the key findings and

technologies.
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Table 1.2: Summary of Greywater Treatment Technologies

Particulars

Salient Features

Greywater Dam Design for Single
and Multiple Households (Gleick,
2003)

- Designed for homesteads shared by 5 households
- 2000 L/D treatment capacity

- Aerobic breakdown of organic matter

- Controlled supply and vertical pipes for efficiency
- Hydraulic equation for seepage path determination

GW Recycling: Treatment Options
and Application (Tiruneh, 2014)

- 40% water and cost savings for 200 dwellings
- >90% removal of BOD5, COD, TSS, ammonia
- Effluent meets WHO 2006 guidelines (BOD5
<10mg/L)

Constructed Wetland Treatment
(Pidou et al., 2007; Vymazal, 2011)

- Removal of BOD, suspended solids, heavy metals,
toxic substances

- Utilizes physical, chemical, biological processes

- Efficiency dependent on surface loading rate,

electron acceptors

Hybrid Treatment Process
(Halalsheh et al., 2008; Parjane &
Sane, 2011a)

- Lab-based model with 180 lit/hr capacity

- Four-stage treatment: primary settling, aeration,
agitation, filtration

- 83% organic load reduction

- 46% and 49% adsorption of anions and cations

- Removal of potassium, magnesium, calcium

Filtration Characteristics for
Domestic Wastewater Reclamation
(Parjane & Sane, 2011a)

- 95% removal of TOC, BOD
- 50% removal of TN
- 85% removal of TP

Monitoring of Indoor Plants for
GW Reuse (Seo et al., 2007)

- Reductions in turbidity (18%), pH, suspended
solids (28%), TOC (20%), TN, COD (25%)

Lab-Based GW Treatment System
(Gual et al., 2008)

- 99% removal of turbidity, pH, colour, COD, and

suspended solids

Performance of GW Treatment
(Kim et al., 2009a)

- Reductions in hardness (60%), COD (91%), TDS
(81%), TSS (90%), oil and grease (98%), nitrates
(75%), nitrites (100%), cations (49%), anions (46%)

These studies collectively underscore the diverse and effective approaches to

greywater treatment, offering valuable insights into optimizing water reuse strategies
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in various contexts, including high-density urban environments and decentralized
settings. Extensive literature supports the premise that conducting treatment
experiments on a laboratory scale yields controlled and enhanced results. Notably, the
adoption of filtration techniques, particularly membrane-based methods, has
demonstrated significant promise in reducing overall turbidity, total suspended solids

(TSS), and concentrations of nitrates and phosphorus.

The selection of appropriate treatment methodologies is often constrained by
considerations of economic feasibility and cost-effectiveness in practical
implementation. Therefore, it is essential to evaluate treatment approaches that not
only ensure sustainability and resilience but also meet the critical criteria of economic
viability. This evaluation must consider the local context, including available
resources, technical expertise, and regulatory frameworks, to implement the most

efficient and effective greywater reclamation systems.

1.2 Important Applications of Treated Greywater

Shower Tap Kitchen

%
=2

p—

l Grey Water /| Grey Water /
—_ 4" || Treatment Plant 4

Recycled Water
s

—
Mopping Flushing Laundry Gardening

Figure 1.8: Flow Diagram of Greywater generation and possible opportunities
1.2.1. Urban Landscaping

Treated greywater is increasingly being utilized for the irrigation of urban

landscapes, including parks, gardens, and green spaces, particularly in water-
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scarce regions of India (Figure 1.8; 1.4). This application helps conserve

valuable freshwater resources. The key advantages and considerations include:

- Water Conservation: Utilizing greywater for irrigation significantly
reduces the demand for potable water, aiding in water conservation efforts.

- Nutrient Supply: Greywater often contains low levels of nutrients such as
nitrogen and phosphorus, which can benefit plant growth.

- System Design: Efficient distribution systems, such as drip irrigation,
ensure that treated greywater is used effectively while minimizing
evaporation and runoff.

- Health and Safety: Proper treatment and monitoring are essential to
prevent any potential health risks associated with pathogens or
contaminants in greywater.

1.2.2. Toilet Flushing

Toilet flushing is a major application of treated greywater, contributing to

substantial water savings in both residential and commercial buildings. The

benefits and technical requirements include:

- Water Savings: By substituting treated greywater for potable water in
toilets, overall water demand is significantly reduced, which is critical in
areas facing water scarcity.

- Infrastructure: The implementation requires a dual plumbing system to
separate potable and non-potable water supplies, along with backflow
prevention mechanisms to avoid contamination.

- Treatment Standards: Ensuring that greywater meets specific quality

standards for non-potable use is essential to maintain hygiene and safety.

1.2.3. Industrial Use

Industries in India are increasingly adopting treated greywater for cooling and

process water, recognizing the cost and environmental benefits. Key aspects

include:

- Process Water: Treated greywater can be used in various industrial
processes where high-purity water is not essential, reducing reliance on

freshwater sources.
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Cooling Systems: Using greywater for cooling towers and other cooling
applications can significantly lower industrial water consumption.
Economic Benefits: Industries benefit from reduced water procurement
costs and potential subsidies or incentives for sustainable water use
practices.

Regulatory Compliance: Industries must ensure that the quality of treated
greywater complies with regulatory standards to prevent any adverse
effects on equipment or processes.

1.2.4. Agricultural Irrigation

In peri-urban and rural settings, treated greywater can be used for agricultural

irrigation, providing a reliable water source for crop production. Key

considerations include:

Irrigation Efficiency: Efficient irrigation techniques, such as drip or
subsurface irrigation, maximize water use efficiency and minimize
contamination risks.

Soil and Crop Health: Regular monitoring of soil and crop health is
necessary to prevent the accumulation of salts and other potential
contaminants from greywater.

Local Guidelines: Adhering to local guidelines and regulations ensures

that the use of greywater in agriculture is safe and sustainable.

1.2.5. Road and Construction Site Dust Control

Treated greywater can be used for dust control on roads and construction sites,

helping to manage dust emissions and improve air quality. Key points include:

Application Methods: Spraying treated greywater on roads and
construction sites helps to bind dust particles and reduce airborne dust.
Environmental Impact: Using greywater for dust control minimizes the
need for potable water, promoting sustainable water use practices.

Quality Requirements: Ensuring that the treated greywater is free from
harmful contaminants is crucial to prevent any adverse environmental

impacts.
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The diverse applications of treated greywater in India demonstrate its potential to

significantly contribute to water conservation and sustainability. By addressing the

technical, regulatory, and health aspects of greywater reuse, India can effectively

harness this valuable resource to mitigate water scarcity challenges and promote

sustainable development.

1.3

The Motivation of the Research

Water scarcity is an escalating global challenge, particularly acute in
developing countries like India. Rapid urbanization, population growth, and
climate change exacerbate the stress on existing freshwater resources,
necessitating innovative and sustainable solutions to meet the increasing water
demand. In this context, greywater reuse presents a promising approach to
alleviate water scarcity by supplementing non-potable water supplies.
Greywater, comprising wastewater from showers, bathtubs, hand basins, and
laundry activities, constitutes a substantial portion of domestic water usage. Its
relatively low contamination levels, compared to blackwater, make it a viable
candidate for treatment and reuse in various applications such as irrigation,
toilet flushing, and industrial processes. However, the current practices for
greywater treatment in India are often limited by technological, regulatory,
and social barriers.
The development of a hybrid system for greywater treatment addresses these
limitations by integrating multiple treatment technologies to enhance
efficiency, cost-effectiveness, and adaptability to varying water quality
conditions. A hybrid system combines the strengths of biological, physical,
and chemical treatment methods, offering a robust solution capable of treating
greywater to a high standard suitable for diverse reuse applications.
The motivation for this research stems from several key factors:
i) Water Resource Management: Efficient greywater treatment and reuse
can significantly reduce the demand for freshwater, easing the burden
on overexploited water sources and contributing to sustainable water

resource management.
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i) Environmental Protection: Proper treatment of greywater minimizes
the discharge of pollutants into natural water bodies, thereby protecting
ecosystems and reducing environmental degradation.

iii) Technological Innovation: Developing a hybrid treatment system
provides an opportunity to advance current technologies, optimizing
them for local conditions and improving their effectiveness and
reliability.

iv) Economic Benefits: Implementing greywater reuse systems can result
in considerable cost savings for households, industries, and
municipalities by reducing the need for freshwater and decreasing
wastewater treatment costs.

v) Public Health Improvement: Effective greywater treatment mitigates
the risk of waterborne diseases by ensuring safe reuse, particularly in
regions with inadequate sanitation infrastructure.

vi) Regulatory Compliance: Developing standardized and efficient
treatment systems can aid in establishing regulatory frameworks and
guidelines for greywater reuse, facilitating broader adoption and
acceptance.

This research aims to develop a hybrid system for greywater treatment that is
technically adaptable, economically viable, and environmentally sustainable. By
addressing the specific challenges and opportunities within the Indian context, this
study seeks to contribute to the global body of knowledge on sustainable water
management and promote the widespread implementation of greywater reuse

practices.

1.4 Problem Statement

Despite the advantages of hybrid greywater treatment systems, the technical,
economic, and environmental impacts of their implementation have been
insufficiently studied in the literature. Current methods often inadequately address
challenges such as health risks, impacts on soil chemistry and microbiology,
landscape plant health, and groundwater quality. This highlights the need for a
comprehensive investigation to promote the widespread adoption of efficient, safe,

and easily implementable greywater treatment solutions.

17



1.5 Research Questions

The study seeks to develop a comprehensive understanding of the technical,
economic, and environmental aspects of hybrid greywater treatment systems (Figure
1.10) to facilitate their safe and effective implementation in residential settings. This
research is driven by the need to address several critical questions that ensure the

system's efficiency, safety, and environmental sustainability.

e Maximizing System Efficiency: How can the efficiency of the hybrid system be
maximized for different household greywater sources?

e Pathogen and Chemical Removal: How effective is the hybrid treatment
system in removing pathogens and harmful chemicals from greywater?

e Impact on Soil Health and Fertility: How does the use of treated greywater
affect soil health and fertility compared to freshwater irrigation?

e Monitoring and Control of Water Quality Parameters: What are the most
effective techniques for monitoring and controlling turbidity and dissolved
oxygen in the hybrid treatment system?

e Environmental Comparison: How does the hybrid system compare

environmentally to conventional water use and treatment practices?

1.6 Major Research Contribution

This research makes significant contributions to the field of sustainable water
management by developing and evaluating a novel hybrid greywater treatment system
(Figure 1.9).

System Process Flow

Physical
E

Gravity
| Gy o

Figure 1.9: Hybrid Greywater treatment system (the proposed approach used for the

research work)

18



Filtration Sedimentation

(Organic maters

oxidized by Filtrat'ion
micro-organism) (Sand Filter /
= = Natural
= adsorbent)
(Sl:creﬁnmg Sedimentation - ) Or
or heavy ; ‘ T ‘
particle Oil f:‘oGa’ Iren:noval Activated Degasification |
) ’ (Coagulating Sludge Process (Remove gases
Slit or Grit }_} agent like alum is + I Aration + like ammonia,
Removal) added to remove (o hydrogen
(Remove sand SUSPe_n:ied o ~ sulphide) |
and broken) paicele) oxidized to CO2, e
\ ‘ nitrogen to Disinfection
maniannd ‘ technique based
| | ‘ then to nitrites on Ch.lonne,
Rd nitrates Ultraviolet or
Primary Treatment = Ozone effected

1 | |  treatment. |
| l , l
Secondary Treatment
Tertiary
‘ Treatment

Grey Water treatment (Vertical System)

Figure 1.10: Methodology for Treatment Process of the Research Work.

The major research contributions are as follows (Figure 1.10):

Identified and evaluated the suitability and effectiveness of various treatment
technologies for greywater reuse, laying the groundwork for future research
and development in this field.

Introduced design innovations that optimize the treatment process,
contributing to the advancement of greywater treatment technologies.
Performed a comprehensive examination of the untreated greywater's physical,
chemical, and microbiological properties, offering important baseline data.
Proven the viability and efficacy of the hybrid greywater treatment system by
evaluating its performance at a pilot scale with success.

Presented a robust case for the adoption of hybrid greywater treatment systems
in residential societies, contributing to sustainable water resource management

practices.
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1.7  Objectives of the Research

The primary aim of this thesis is to assess the technical, economic, and environmental
feasibility of a hybrid greywater treatment system employing a combination of
vertical and horizontal pipe-based mechanisms. The specific objectives of this

research are:

1. Literature Review and Technology Assessment:
- To assess the state of knowledge about hybrid greywater treatment systems
and greywater recycling.
- To assess the suitability and effectiveness of various treatment
technologies for greywater reuse.
2. Characterization of Untreated Greywater :
- To identify the actual, untreated greywater's physical, chemical, and
microbiological properties.
- To analyze the impact of turbidity and dissolved oxygen on greywater
quality.
3. Design of a Hybrid Treatment System:
- To design a hybrid structure that enhances water treatment efficiency
through the integration of vertical and horizontal pipe-based mechanisms.
4. Pilot-Scale System Evaluation:
- To assess the hybrid greywater treatment system's performance while it is
in trial operation.
- To develop a decision support technique for evaluating turbidity and

dissolved oxygen in greywater.

These objectives aim to provide a comprehensive understanding of the feasibility and
effectiveness of hybrid greywater treatment systems, thereby contributing to
sustainable water resource management.

1.8 Overview of Thesis

This Thesis has been divided into six chapters, which discuss from the introduction to the

research problem of the thesis. The overall outline of the chapters is shown in Figure 1.11.
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Figure 1.11: Graphical outlines of the overall thesis and research report
A brief description of each chapter is as

As the thesis's introduction, Chapter 1 gives readers a basic overview of the important
problems related to water shortage and the crucial part that greywater reuse plays in
sustainable water management techniques. It establishes the scene by outlining the
worldwide context of growing water shortages brought on by the effects of
urbanization, population expansion, and climate change. The chapter elucidates the
specific challenges inherent in greywater treatment, emphasizing the necessity for
systems that are both efficient and effective in mitigating water scarcity challenges.
Furthermore, it outlines the overarching objectives of the thesis, which encompass

evaluating the technical, economic, and environmental feasibility of hybrid greywater
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treatment systems. This introductory framework establishes the rationale and scope of
the research, laying the groundwork for subsequent chapters that delve deeper into

each aspect of greywater treatment and system development.

Chapter 2, provides a comprehensive analysis of greywater recycling practices and
treatment technologies. It begins with a thorough review of the current literature on
greywater recycling, encompassing a wide array of treatment methods and
technologies employed globally. The chapter evaluates various hybrid greywater
treatment systems, examining their respective advantages, limitations, and
applicability in different contexts. Furthermore, it critically assesses the suitability and
effectiveness of biological, physical, and chemical treatment technologies for
greywater reuse, offering insights into their performance metrics and operational
parameters. This chapter serves as a foundational exploration essential for
understanding the state-of-the-art in greywater treatment and guiding the development

of innovative approaches towards sustainable water management solutions.

Chapter 3, the untreated greywater undergoes comprehensive analysis to delineate its
physical, chemical, and microbiological attributes. The physical examination focuses
on key parameters such as turbidity, colour, and temperature, providing insights into
the clarity and visual properties of the water. Chemical characterization entails a
thorough investigation of nutrient concentrations, metal content, and the presence of
contaminants, elucidating potential risks and environmental impacts associated with
untreated greywater. Microbiological analysis involves identifying microbial species
and pathogens present in the water and assessing potential health hazards and
microbial diversity. Additionally, the chapter delves into the impact of turbidity and
dissolved oxygen levels on greywater quality, exploring how these factors influence
its suitability for reuse and environmental compatibility. This detailed characterization
serves as a foundational step in understanding the baseline quality of greywater and

informs subsequent chapters on treatment strategies and system design.

Chapter 4, focuses on the comprehensive design and pilot-scale evaluation of a
hybrid greywater treatment system. Initially, a conceptual framework is developed,
integrating vertical and horizontal pipe-based mechanisms with detailed
considerations of engineering principles to enhance water treatment efficiency.

Strategies for optimizing system performance are explored, aiming to achieve
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effective removal of contaminants while maximizing resource efficiency.
Subsequently, the experimental setup for pilot-scale evaluation is described, including
protocols for assessing system performance metrics such as treatment efficiency,
water quality parameters, and operational challenges. The chapter also includes the
development and implementation of a decision support tool for real-time monitoring
of turbidity and dissolved oxygen in greywater, ensuring robust performance

assessment and informed decision-making in system operations.

Chapter 5, the thesis delves into the nuanced interpretation of results derived from
comprehensive literature reviews, meticulous characterization studies of untreated
greywater, detailed design considerations of a hybrid treatment system employing
vertical and horizontal pipe-based mechanisms, and rigorous evaluation of its
performance at a pilot scale. By critically assessing the alignment of findings with
predefined research objectives, this chapter provides insightful reflections on the
efficacy and limitations of various treatment technologies utilized for greywater
recycling. Furthermore, it explores the broader implications of these findings for
sustainable water resource management, offering strategic insights and
recommendations aimed at informing policymakers, practitioners, and stakeholders in
the field.

Chapter 6, covers the thesis and consolidates the key findings derived from the
evaluation of a hybrid greywater treatment system. The summary succinctly recaps
the significant contributions of the research, emphasizing insights gained into the
technical, economic, and environmental feasibility of employing vertical and
horizontal  pipe-based mechanisms for greywater treatment.  Practical
recommendations are offered to enhance the efficiency and effectiveness of hybrid
systems, suggesting avenues for future research and development. The potential of
hybrid greywater treatment systems to advance sustainable water management
practices is affirmed in the chapter's conclusion, tackling important water scarcity
issues with cutting-edge technology solutions.
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CHAPTER 2

LITERATURE REVIEW AND
TECHNOLOGY

ASSESSMENT



CHAP ER 2

Reusing greywater has attracted a lot of interest as a viable way to alleviate water
scarcity and lessen the harm that wastewater discharge does to the environment.
Greywater is a feasible alternative for non-potable uses including toilet flushing and
irrigation. It is made up of wastewater from showers, bathtubs, hand basins, and
laundry operations. However, in order to create efficient treatment systems,
trustworthy statistics on the formation and quality of greywater are required due to its
complicated composition. This literature review explores the current state of
knowledge on greywater generation, quality, and treatment technologies, emphasizing
the need for efficient, cost-effective, and sustainable solutions tailored to diverse local
contexts. The review covers various studies that have investigated the presence of
xenobiotic organic compounds (XOCs), evaluated the performance of different
treatment systems, and analyzed the impact of greywater reuse on environmental and
human health. These insights provide a foundation for the development of advanced
greywater treatment systems aimed at optimizing water reuse while ensuring safety

and sustainability.

Utilizing greywater for urinals, toilet flushing, irrigation, and construction could be a
highly effective solution, as the water used for these purposes is typically freshwater
and of drinking water quality. It is estimated that reusing greywater for toilet flushing
alone could reduce total household water consumption by up to 30%. (Karpiscak,
Foster, & Schmidt, 1990). In Germany, the reuse of grey wastewater from bathrooms
has been successfully implemented, demonstrating that it is both technically feasible
and compliant with health regulations. Significant volumes of water can be recycled
by employing a dual treatment system. (Nolde, 2000). An analysis of the water
demands of major buildings today reveals that in addition to using greywater from
restrooms, stormwater and wastewater from washing machines must also be used to

meet the demand for recycled water for non-potable uses. (Surendran & Wheatley,
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1998). Greywater can be used for outdoor applications such as irrigating lawns on

college campuses, athletic fields, cemeteries, parks, and golf courses, as well as for

domestic gardens. (Okun, 1977). Greywater can also be used for fire prevention,

boiler feed water, concrete manufacture, and car and window washing. (Okun, 1977;

Santala et al., 1998). Based on the literature, authors have defined greywater based on

the outcome of the water coming from the household, mainly the kitchen (Table 2.1)

Table 2.1: Definitions of greywater used in the Literature

Definition Kitche | References
n
Include
d
Greywater, which is wastewater produced in the | Yes (Greywatersafer.com,
kitchen, laundry, and bathroom, is made up of 2004)
elements that did not come from the toilet.
wastewater, with the exception of food waste from | Partiall | (Greywater.com,
garbage grinders and toilet waste y 2004)
Wastewater from showers, bathtubs, washing | No (Wilderer, 2003)
machines, and cleaning, mostly including
detergents
wastewater from laundry facilities, showers, | Yes (Ottoson and
bathtubs, hand basins, and kitchen sinks that does Stenstrom,
not contain toilet waste. 2003)
Wastewater created in bathtubs, showers, hand | Yes (Eriksson et al.,
basins, laundry machines, and kitchen sinks in 2002)
homes, offices, and schools is equivalent to
wastewater produced without any input from
toilets.
the waste from bathrooms, showers, sinks, laundry | Yes (Queensland, 2002)
rooms, and Kitchens; waste from water closets and (Australian/ New
urinals IS particularly excluded. Zealand
Unless dirty clothes or baby napkins are rinsed in Standard  AS/NZS
washing tubs or basins, greywater often does not 1547:
contain human feces. 2000 “On-site
domestic
wastewater
management”)
wastewater from laundry rooms, kitchen sinks, | Yes Ledin et al., 2001a
dishwashers, washing machines, and showers.
All wastewater produced in the home, excluding | Yes (Casanova et al.,
toilet waste, is referred to as graywater. It may 2001)
originate from a home's washing machine, shower,
tub, or sink.
Wastewater from washing, dish, bath water and the | Yes (Gunther, 2000)
like.
Bathtub, shower, washbasin, laundry tub, clothes | Yes (Del  Porto  and
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washer, kitchen sink, and dishwasher water are all Steinfeld,

sources of graywater. 2000)

Grey wastewater (grey water) from bathrooms, | Yes (Otterpohl et al.,
washing machines and kitchens with little nutrients. 1997)

Wastewater from buildings excluding that fraction | Yes (Dixon et al., 1999)
discharged from the WC.

All wastewater from non-toilet plumbing devices in | No (Christova Boal et
the house is referred to as greywater. al., 1996)

It is not advised to use Kitchen greywater as a

source of greywater.

In addition to this, greywater could be used to develop and preserve wetlands
(Otterpohl, Albold, & Olgenburg, 1999). Infiltrating grey wastewater into the earth is
an alternate approach of manage it, which essentially creates a shortcut in the urban
hydrological cycle. However, it is essential to minimize groundwater contamination
caused by microbes and pollutants present in greywater. Table 2.1 shows the
greywater sourced from different origins used for characterization and treatment.

The characteristics of greywater are shaped by the quality of the water supply, the
distribution system, and the various uses of the water. These characteristics can differ
based on the source, local conditions, and lifestyle factors, such as the use of
household chemicals. The composition of greywater also varies with location and
over time due to variations in water usage and the effects of chemical and biological
degradation within the plumbing network. Greywater treatment can be categorized
based on the principles of its treatment methods, which include physical, chemical,
and biological systems. These methods can be used individually or in combination,
with varying proportions of each depending on the specific treatment needs. (Li et al.,
2009; Ghunmi et al., 2011; Boyjoo et al., 2013). Most of the time, treatments are done
in a set of steps which include pre-treatment, main treatment, and post-treatment as

explained in Figure 2.1.

. atar Main "
Raw greywater Pre-treatment Post-treatment ' Re’u:e
4 treatment

v

v

Figure 2.1: Greywater recycling and treatment: possible steps and tracks [Ghunmi et
al. (2011)]
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Greywater's primary physical characteristics are its color, temperature, turbidity, and
suspended particles. Warm temperatures have the potential to promote microbial
development and precipitation, while particulates from sources like restrooms and
kitchens may clog treatment or transportation systems. Greywater's alkalinity,
hardness, and the soil's inherent buffering ability all affect the pH and buffering
capacity of the soil. Conventional wastewater measurements such as nutrient levels,
COD (chemical oxygen demand), and BOD (biochemical oxygen demand) provide
crucial information about the organic matter in greywater and its ability to produce
sulfur dioxide (Figure 2.2).
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Figure 2.2: The most prevalent water quality standards for all general designated use
categories

Figure 2.3 (Li et al., 2009) reports the number of research and scientific articles on the
treatment, reusability, and application of greywater, highlighting a range of
technologies varying in complexity, performance, and efficiency. Over the past 17
years, the number of publications on this topic has steadily increased, with greywater
treatment accounting for nearly 69% of all research in the field, according to data
from the Web of Science database. Despite the growing interest from the scientific
community, there are still very few technologies available for evaluating the
performance of these systems (Li et al., 2009). Additionally, cost-effective treatment
methods remain underdeveloped, with no new technologies emerging in this area so

far (Jabornig and Podmirseg, 2015).
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Figure 2.3: Number of published papers in the Web of Science database

2.1 Greywater Management: Assessing Quality and Treatment

Strategies

Reliable data on greywater generation and quality is essential for determining
appropriate treatment systems and reuse options. Using content tables from common
household chemicals, a study by Eriksson et al. (2002) identified nine hundred distinct
xenobiotic organic compounds (XOCs) that may be present in grey wastewater. This
underscores the complexity of greywater composition and the necessity for tailored
treatment approaches. (Jamrah et al., 2006) evaluated the potential for greywater
availability and identified various components constituting greywater sources in
Amman. The study investigated multiple water quality parameters of greywater to
assess its reuse potential, providing critical insights into the local context.
Commercial and custom-constructed greywater systems have been reported, with
commercial systems often being prohibitively expensive for small-scale applications.
(Ahmed et al., 2008) aimed to develop a cost-effective, low-maintenance treatment
system for small to medium-sized mosques, highlighting the need for affordable
solutions in resource-constrained settings. (Aizenchtadt et al., 2009) analyzed the
long-term performance of three pilot-scale greywater treatment systems using novel
statistical methods, emphasizing input-output deviation statistics crucial for on-site
reuse. This analysis offers useful information about the performance and

dependability of the system over long stretches of time. The utilization of two distinct
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up-flow anaerobic sludge blanket reactors as a primary treatment step was examined
by (Abdel-Shafy et al., 2009). Constructed wetlands were then used to treat greywater
and blackwater independently. The study found that total suspended solids (TSS),
biological oxygen demand (BOD), and chemical oxygen demand (COD) were all
removed at high rates.recommending this combination as an effective treatment
system. (Comino et al., 2013) presented a study designing, realizing, and analyzing a
functional hybrid phytoremediation pilot platform. The vegetated system
demonstrated significant COD reduction at an organic loading rate of approximately
31 g COD/m#/d, indicating the potential of vegetation to enhance treatment efficiency.
(Ushijima et al., 2013) evaluated the performance of a slanted soil system for
greywater treatment in terms of water quality requirements for irrigation reuse. The
study found that fine soil (1-4 mm) effectively reduced Escherichia coli and MS2
phage, while coarse soil did not. However, fine soil experienced clogging after 3-5
weeks, which could be extended to 8 weeks by combining coarse and fine soil

chambers.

Table 2.2: Physical

concern

and chemical properties of greywater and their reasons for

Constituent Reasons for Concern

Suspended solids Absorbs heavy metals and organic pollutants Protect microbes
from UV and other disinfectants Overdosing may result in

systems plugging in.

BOD, COD, TOC | Give microorganisms nourishment, and their population will

grow. Color and odor issues might result from food

degradation.

Nutrients (N, P) In surface waters, excessive discharge can cause eutrophication.

pH Water pH affects disinfection, coagulation, metal solubility as

well as soil alkalinity

Heavy metals (e.g.,
Cd, Zn, Ni and Hg)

Can accumulate in the environment and are toxic to flora and

fauna

EC/total dissolved
solids (TDS) (due

to specific elements

Specific ions such as chloride, sodium and boron are toxic to
some plants

When EC <500 — no detrimental effects on plants
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such as Na, Ca, | When EC % 500-1,000 — can affect sensitive plants

Mg, Cl, and Ba) When EC %1,000-2,000 — can affect many crops and careful
management practice

should be followed

When EC >2,000 — can be used only for tolerant plants on
permeable soils

Residual chlorine Excessive amounts of free residual chlorine (<0.05 mg L1) can
be damaging to some sensitive crops (leaf burn)
Chlorination of high organic loads of water can form

carcinogenic chloroforms or other halogenated organics

Several studies have explored various treatment methods for greywater to ensure it
meets regulatory standards for reuse in irrigation. (Abdel-Shafy et al., 2014)
demonstrated that using a sand filter as a secondary treatment step for primary
sedimented effluent was effective. (As highlighted in Table 2.2) During their study,
gravel filters operating in both down flow and up flow configurations were used with
an influent flow rate of 173 m3/m?/d. The final effluent, treated with both gravel and
sand filters, complied with the National Regulatory Standards for treated effluent
reuse in irrigation. (do Couto et al., 2015b) investigated greywater reuse in airports,
presenting a case study from Brazil. They evaluated an anaerobic filter system
followed by ultraviolet disinfection. Their findings underscored the feasibility of such
systems in high-traffic environments. (Zipf et al., 2016) studied the efficiencies of
simplified treatments for greywater reuse using slow sand and slow slate waste
filtration over a 28-week monitoring period. Parameters analyzed included pH,
turbidity, apparent colour, biochemical oxygen demand (BOD), chemical oxygen
demand (COD), and surfactants. The average removal efficiencies for turbidity,
apparent colour, COD, and BOD were 61%, 54%, 56%, and 56%, respectively, for the
sand filter. Both systems were effective in removing surfactants (approximately 70%)
and maintaining a pH of around 7.80. Statistical analysis indicated no significant
differences between the performance of the two systems. (Lam et al., 2017) developed
an eco-efficiency analysis framework integrating life-cycle assessment and economic
analysis to evaluate different water systems in Hong Kong. Their results identified the

anaerobic fluidized bed membrane bioreactor for greywater reuse as the most eco-
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efficient option. This system not only facilitated energy recovery and water recycling

but also reduced sewage treatment loadings.

Table 2.3: Tertiary Treatment: Current and potential applications of technology

in water and wastewater treatment

Application | Representative | Desirable nanomaterial | Enabled technologies
S nanomaterials | properties
Carbon Many interactions between | Contaminant pre-
nanotubes contaminants and CNTSs, a | concentration /detection,
sizable specific surface area, | adsorption of recalcitrant
readily evaluable adsorption | contaminants
sites,  modifiable  surface
chemistry, and convenience of
Adsorption reuse
Nanoscale metal | Compressible without | Adsorptive media filters,
oxide significantly reducing surface | slurry reactors
area, easy to reuse, high
specific surface area, short
intra-particle diffusion
distance, more adsorption
sites, and some
superparamagnetic properties
Nanofibers with | Short internal diffusion | Reactive nano-adsorbents
core-shell distance, reactive core for
structure degradation, and tailored shell
surface chemistry for selective
adsorption
Nano-zeolites Molecular sieve, | High permeability thin
hydrophilicity film nanocomposite
membranes
Membranes  ["Nano-Ag Strong and wide-spectrum | Anti-biofouling
and antimicrobial  activity, low | membranes
membrane toxicity to humans
processes Carbon Antimicrobial activity | Anti-biofouling
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nanotubes

(unaligned carbon nanotubes)

membranes

Small diameter, atomic
smoothness of inner surface,
tunable opening chemistry,

high mechanical and chemical

Aligned carbon nanotube

membranes

stability

Aquaporin High permeability and | Aquaporin membranes
selectivity

Nano-TiO2 Photocatalytic activity, | Reactive membranes,

hydrophilicity, high chemical
stability

high-performance  thin

film nanocomposite

membranes

Nano-magnetite

Tunable surface chemistry,

superparamagnetic

Forward osmosis

Nano-TiO2 Low human toxicity, great | Photocatalytic reactors,
stability, low cost, and | solar disinfection
photocatalytic activity in the | systems

Photocatalys UV and perhaps visible light
is range

Fullerene High selectivity and | Photocatalytic  reactors,

derivatives photocatalytic activity in the | solar disinfection
sun spectrum systems

Nano-Ag Strong and wide-spectrum | POU water disinfection,
antimicrobial activity, low | anti-biofouling surface
toxicity to humans ease of use

Disinfection | Carbon Antimicrobial activity, fibre | POU water disinfection,
and nanotubes shape, conductivity anti-biofouling surface

microbial Nano-TiO2 Photocatalytic ROS | POU to  full-scale
control generation, high chemical | disinfection and

stability, low human toxicity

decontamination

and cost
Quantum dots wide absorption range, | Optical detection
narrow, steady, bright

emission that varies with the

chemical component and
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particle size
Sensing and

monitoring

Noble metal | Enhanced localized surface | Optical and
nanoparticles plasmon resonances, high | electrochemical detection

conductivity

Dye-doped High sensitivity and stability, | Optical detection

silica rich silica chemistry for easy

nanoparticles conjugation

Carbon Large surface area, high | Electrochemical
nanotubes mechanical  strength  and | detection, sample pre-

chemical stability, excellent | concentration

electronic properties

Magnetic Tunable surface chemistry, | Sample pre-concentration

nanoparticles superparamagnetic and purification

In mesocosm-scale stabilization ponds in Salford, artificially produced ochre pellets
were utilized to treat synthetic greywater that was both highly and minimally
contaminated. (Abed and others, 2017). Two large-scale greywater recycling systems
were used to monitor the untreated greywater quality. Referred to in Table 2.3. The
efficacy of a decentralized hybrid treatment system that combines greywater and
rainwater was evaluated in the study. With its multimedia filter (MMF), granular
activated carbon filter (GAC), and ozone disinfection, this pilot-scale system
exceeded Malaysia's allowable limits for total coliforms in irrigation waters (Class
IV) and recreational waters with body contact (Class 11B). Furthermore, it was
commonly discovered that untreated greywater was tainted with faecal particles, since
20 out of 32 samples had positive Escherichia coli tests. (Leong and others, 2018). In
a peri-urban area of a developing country, the amount and quality of greywater from
families with an internal water supply and those depending on external sources were
examined. The findings showed that the average water consumption for households
with in-house access was 82.51 + 12.21 litres per person per day. (Oteng-Peprah et
al., 2018a). A proposed method was tested in the Rio Mannu Basin (Sardinia, Italy)
for evaluating durum wheat production. The Soil and Water Assessment Tool
(SWAT) model was used to assess the fraction of nutrients entering the river and

groundwater. Significant uncertainty was observed, with 60% for dissolved inorganic
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nitrogen and 18% for total phosphorus (TP). The environmental sustainability of
durum wheat production across the basin was also evaluated. (De Girolamo et al.,
2019). (such as those detailed in Table 2.4) Greywater was treated naturally using
ornamental plant species, which can be vertically integrated into green building
designs. Column experiments were conducted to test various regional ornamental
plants and growing media. The results showed that the choice of media played a more
significant role in treatment performance than plant selection. The removal rates of
hydrophilic and hydrophobic organics were evaluated, and specific ultraviolet (UV)
absorbance measurements of the effluent indicated that more toxic compounds were
effectively removed from the system. (Pradhan et al., 2019) The treatment of light
greywater using *Chlorella vulgaris* was investigated. Microalgae were cultivated in
both raw greywater and samples diluted by 30% with tap water. After 19 days of
cultivation, the microalgae were removed from the media through centrifugation.
(Table 2.3) The removal efficiencies for COD, BODs, TN, and TP were determined.
The results indicated maximum remediation efficiencies of 92.3% for chemical
oxygen demand (COD), 91.9% for BODs, 85.6% for total nitrogen (TN), and over
97% for total phosphorus (TP). Microbiological analysis also confirmed that the

treated water could be safely used for toilet flushing. (Oktor & Celik, 2019).
2.2 Technological Innovations in Grey Water Disinfection

Greywater reuse offers a promising solution to alleviate water scarcity in regions
globally. This section provides a comprehensive review of recent studies and
advancements in greywater treatment technologies, emphasizing their effectiveness,
challenges, and potential applications. (Winward et al., 2008) conducted a critical
assessment of common pathogens present in greywater and evaluated the performance
of various treatment technologies in removing these pathogens. Their study
highlighted chlorine as a primary disinfectant for greywater, focusing on its
effectiveness in inactivating total coliforms. The findings underscored the impact of
organic matter and particles on chlorine disinfection efficiency, crucial for ensuring
the safe reuse of greywater. (Chong et al., 2010) introduced a multi-variable
optimization approach to enhance the performance of photooxidation processes in
greywater treatment. Their research explored photomineralization and photo-

disinfection kinetics, providing detailed models to optimize operation parameters.
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This approach represents a significant advancement in maximizing process efficiency
and ensuring the effective removal of contaminants through photocatalytic water
treatment technologies. (Ghunmi et al., 2011) investigated efficient treatment
strategies for greywater, focusing on characteristics, reuse standards, technology
performance, and costs. They recommended a combined anaerobic-aerobic process as
an effective, simple, and economically viable solution for greywater treatment. The
study highlighted that integrating disinfection as an optional step further enhances the

safety and quality of treated greywater for reuse purposes.

The aim of (De Gisi et al., 2016a) is to provide an overview of the state-of-the-art in
greywater reuse at the building level, addressing (i) greywater characteristics and the
quantities produced, (ii) relevant recycling guidelines, (iii) treatment systems and
reuse technologies, including the removal of micropollutants such as xenobiotic
organic compounds, and (iv) a review of case studies from developed countries. By
adopting an integrated water-energy approach, it becomes possible to enhance water

efficiency for energy applications, such as cooling and heating systems.

The technology employed demonstrated satisfactory performance, significantly
reducing the BOD and COD of the effluent to 69 mg/L and 98 mg/L, respectively.
The objective of the system was to (Debnath et al., 2019) The objective of the system
is to recycle and reuse the treated effluent for purposes such as washing and toilet
flushing. (Figure 2.4) Enhancing drinking water quality in rural areas of developing
countries necessitates a paradigm shift towards unconventional, innovative water
disinfection strategies that are cost-effective, easy to implement and maintain, and
require minimal infrastructure. (Chu et al., 2019). Give an explanation of the
physicochemical characteristics and molecular disinfection mechanisms of the four
types of disinfectants that can be produced by sunlight harvesting: strong oxidants,
gentle oxidants, heat, and germicidal UV radiation. Greywater, which accounts for a
large amount of domestic wastewater, is a viable alternative water supply when
handled appropriately. (Prajapati et al., 2019) The objective was to test a full-scale
version of a novel compact greywater treatment technology, which utilizes passive
aeration and particle trapping in multiple layers. Other notable work includes...
(Collivignarelli et al., 2017).
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Figure 2.5: Some GW technologies' effects on the environment, land requirements,
and removal efficiency..+: <50%, ++: 50-80%, +++: >80%, NDL: Non-Detectable
Limits reached in effluent [Ghaitidak and Yadav, 2013]

2.3 Evaluating the Feasibility of Integrated Greywater

Management Systems

The feasibility analysis of greywater treatment has been a focal point of numerous
studies, reflecting its growing significance in sustainable water management.
(Otterpohl et al., 1997) conducted a pioneering pilot project in Germany,
demonstrating the practicality of an integrated system that utilized vacuum toilets and
specialized pipes for blackwater collection. This study challenged the conventional
reliance on centralized wastewater treatment plants, suggesting alternative sanitation
solutions. (Nnaji et al., 2014) evaluated the performance and economic viability of a
straightforward greywater treatment system. Their findings indicated substantial
savings in water expenditures, supporting the financial benefits of such installations.
Similarly, (Molinos-Senante et al., 2010) underscored the critical role of economic
research in water resource management, as advocated by the European Water
Framework Directive, highlighting the need for cost-effective water management
strategies. (Dakua et al., 2016) focused on the potential of greywater recycling in
urban areas facing water scarcity. Their study utilized constructed wetland processes
for quantitative analysis of greywater recycling, demonstrating its feasibility in
mitigating urban water shortages. (Abdalla et al., 2021) performed an eco-efficiency

analysis of integrated grey and blackwater management systems, comparing various
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treatment alternatives to assess both financial feasibility and environmental impacts.
Their research emphasized the need to balance economic and environmental
considerations in the evaluation of water treatment systems. Further expanding on this
theme, (Liang et al., 2018) discussed the importance of comprehensive risk
assessment in large engineering projects, including water treatment facilities. Their
work on risk evaluation for waste incineration projects provided valuable insights into
the necessity of rigorous risk management practices in the development and operation
of water treatment infrastructures. (Hashim et al., 2020) developed a strategic decision
framework aimed at sustainable wastewater treatment and management in oil-
producing regions (Table 2.4). Their study highlighted the imperative for sustainable
alternatives in water and wastewater treatment, particularly in regions with significant

industrial activity.

Table 2.4: Summary of Case Studies on Feasibility of Integrated Greywater

Management Systems

Study Focus Key Findings Applications
- Mini-review of guidelines,
technologies, and case studies
related to greywater reuse.
o Greywater
- Characteristics of greywater, o
o Greywater ) o recycling in
(De Gisi et _ recycling guidelines, and _ _
reuse in residential and
al., 2016b) o treatment systems. )
buildings o o commercial
- Highlighted limited use of o
) _ buildings.
non-conventional technologies
for water recycling in
buildings.
- Proposed a calibration
o procedure using grey numbers o
Calibration of _ ) Optimization of
(Alvisi & to estimate pipe roughness o
water ] o water distribution
Franchini, o under uncertain conditions.
distribution system
2010) - Assumed nodal head
systems ] performance.
measurements under different
demand conditions.
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- Utilized grey numbers to
account for uncertainty in the

calibration process.

Forecasting

- Introduced a trigonometric
grey prediction approach for
electricity demand forecasting.
- Combined traditional grey
model GM(1,1) with

Electricity demand

(zhou et al., o ) ) ) )
electricity trigonometric residual forecasting and
2006) S . :
demand modification. decision-making.
- Enhanced accuracy of
electricity demand forecasts
and provided a reasonable
grey prediction interval.
- Presented a non-
homogeneous discrete grey
model with fractional-order
accumulation. _
) Diverse
- Demonstrated superior S
Grey system ) applications in grey
(Wu et al., performance in terms of model
theory and o ) system theory,
2014) _ fitting and forecasting through | _ )
modelling _ including practical
real case studies. )
] case studies.
- Contributed to the
advancement of grey system
theory with a novel modelling
approach.
Reduced non-potable water
demand in single-family Single-family
Greywater houses (17-49%) and multi- houses, multi-
(Jeong et ) ) )
1. 2018) Reclamation | family apartments (6-32%). family apartments,
al.,
System Reduced electricity water and energy

consumption by 17-49% in
single-family houses and 32-

conservation.
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41% in multi-family

apartments.

Potential potable water savings
of 21% with greywater
recycling, up to 42.9% when

combined with water-efficient

Potable water

conservation,

(Marinoski | Potable Water _ ) )
_ equipment and rainwater domestic water use
etal., 2018) | Savings ) )
collection. Greywater and reduction, sewage
water-efficient equipment reduction.
significantly reduced domestic
water use by 36.8%.
High-quality effluent from
membrane bioreactors is Non-potable
Greywater suitable for multiple non- applications,
(Kobayashi | Reuse and potable applications. community and
etal., 2020) | Treatment Constructed wetlands neighbourhood
Systems outperformed membrane scale greywater
bioreactors at community and | treatment.
neighbourhood scales.
) ) Achieved 51.6% potable water )
Financial ] ] ] Rainwater
(Coutinho ] savings with a 5,000-liter )
Analysis of ) _ harvesting, potable
Rosa & Ghisi, ) rainwater tank. Estimated ]
Rainwater ) ) water savings,
2020) payback period of five years ) ) o
Tanks financial feasibility.
and three months.
Hybrid systems achieved the
highest mains water savings Decentralized
Hybrid (55.3%) and lowest rainwater
(Leong et Rainwater- environmental impact scores. | harvesting,
al., 2019) Greywater The financial viability of environmental
Systems decentralized rainwater impact reduction,

harvesting at USD 2.00/m3, is

not financially attractive at a

financial analysis.
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6% discount rate over 50

years.

2.4  Gray Water Reuse: Innovations, Applications, and Future

Prospects

Greywater reuse has been identified as a potential solution to alleviate water scarcity
issues in various regions. Studies have shown that overdependency on groundwater
resources can lead to excessive pressure on aquifer systems and the deepening of
groundwater tables (Drewes et al., 2012). To address this issue, research has been
conducted on the reuse of grey water generated from different domestic sources to
reduce daily water demand in cities like Dhaka (Biswas et al., 2012). Furthermore, the
integration of greywater reuse with other alternative water resources, such as
seawater, has been explored to maximize water availability in coastal areas. For
example, a study conducted at the Hong Kong International Airport examined the
feasibility of integrating seawater toilet flushing with greywater reuse to create a
sustainable triple-water supply system (Leung et al., 2012). In addition to domestic
applications, greywater reuse has also been studied for agricultural purposes. A
survey conducted in the Jordan Valley revealed insights into community attitudes
towards using greywater for irrigation, highlighting motivations, practices, and
concerns related to greywater treatment and reuse (Al-Mashagbeh et al., 2012).
Moreover, research has focused on the quality of reclaimed water and compliance
issues in the context of increasingly stringent regulatory requirements. Studies have
explored innovative approaches, such as membrane treatment followed by managed
aquifer recharge, for indirect potable reuse in countries like Belgium (Drewes et al.,
2012; Malek & Nor, 2013). Overall, the literature emphasizes the importance of
greywater reuse as a sustainable water management strategy, offering potential
solutions to water scarcity challenges in various regions. Studies have highlighted the
need for innovative approaches, regulatory compliance, and community engagement

to promote the effective implementation of greywater reuse systems (Table 2.5).
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Table 2.5: Summary of Case Studies on Gray Water Reuse

Description and

Users couldn't
differentiate
recycled water from
mains water after 5

years.

guidelines; user
acceptance after

long-term use.

Authors & o o o
v Contribution of the Focus Key Findings Applications
ear
Research
Experimental
greywater treatment
systems showed High reduction
potential for in SS, COD,
recovery due to and BOD; Residential,
o Greywater o
Santos et al. | simplicity, low cost, absence of institutional, and
treatment ] )
(2012) and easy coliforms in small-scale
: . system .
maintenance. High treated applications
reduction in SS, greywater
COD, and BOD; no samples.
coliforms detected
in treated samples.
The approach o
) Significant S
resulted in Residential and
) freshwater )
approximately 57% ) commercial
Khor et al. o Water savings (57%)
savings in . water
(2020) conservation compared to )
freshwater compared . conservation
) traditional usage )
to nominal practices
) patterns.
requirements.
Recycled water
quality achieved 3
mg/L BOD; UV Low BOD
disinfection ensured levels (3 mg/L);
compliance with UK successful Urban
Wheatley & L ) . )
guidelines for Recycled water | compliance with | landscaping,
Surendran ] o ] ) ]
microbial indicators. | quality UK microbial non-potable
(2008)

water supply
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Light greywater
quality was found
unsuitable for direct

reuse, highlighting

Unsuitability of
untreated light

Treatment

greywater for systems for light
. the need for Greywater
Aizenchtadt ) reuse; greywater,
treatment. High treatment and o o
et al. (2009) o o significant emphasizing
variability in raw variability o o
) variability in variability
greywater quality.
o raw greywater management
Removal efficiency .
o o quality.
is high for turbidity,
BOD, and TSS.
Growing adoption of
) ) Household and
greywater reuse in Increasing )
) ) community-
) Western Sydney. Public adoption of
Pinto & ) ) level greywater
| Concerns include perception and | greywater reuse;
Maheshwari ] ) reuse,
plumbing costs and | environmental | concerns over )
(2010) ) ] environmental
health risks to awareness plumbing costs ]
) education
people, plants, and and health risks. |
initiatives

soil.

Physical

Vertical Flow

Gross et. al. (2007a)

Fecal Colilarm

o

Wetland)

Bislogical (Activated Sludge) Physical (Coarsa pora filtration)

Seo et al. (2007)

Organic-TOC

BOD

™

"

Biological (Recycled Vertical Flow Bioreactor)
Gross ot. al. (2007b)

100

Physical (Sand Filtration), Chemical (Chlarination)

Gual et al. (2008)

44

100%




Physical (Extended Aeration) Biological (Activated Sludge) Physical (MF), Chemical (Oxidation}
Colmenarejo et al. (2008) Kim et al. (2008)

Physical (sedimentation, clarification & filtration) Chemical (oxidation)
Parjane and Sane (2011)

Hardness
CcoD

Oil and Grease
Nitrates

Nitrites
Cations

Anions

0% 25% 50% 75%

Figure 2.6: Comparison of the performance of the Greywater Treatment Technology

and their efficiency for the removal of various parameters

2.5 Economic Viability of Grey Water Reuse: Global Case Studies

Grey water, which refers to wastewater generated from domestic activities such as
hand-washing, showering, and laundry, has gained attention as a potential resource for
reuse in various applications, particularly irrigation. Several case studies have been
conducted to explore the feasibility and effectiveness of reclaiming and reusing grey
water. (Khan et al., 2013) investigated the biological effects of hand-washing grey

water for reuse in irrigation on an urban farm.
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Figure 2.7: Comparative Analysis of Greywater Characteristics Across Global

Regions

The study provided useful information for designing a future water treatment system
for the reuse of greywater in irrigation and illustrated a novel method for evaluating
the biological impact of greywater. Similarly, (Gabarr6 et al., 2013) focused on
greywater treatment at a sports centre for reuse in irrigation using sequencing batch
reactor (SBR) technology. The study highlighted the applicability of SBR technology
in producing effluent suitable for irrigation purposes. (Keely et al., 2015)
characterized the bacterial composition of grey water from various sources, shedding
light on the relative importance of human- and infrastructure-associated bacteria in
grey water. This study utilized high-throughput sequencing to identify the bacterial
composition of greywater, contributing to a better understanding of greywater quality.
(Gharbia et al., 2016) evaluated wastewater post-treatment options for reuse in
agriculture, emphasizing the importance of sand filtration and Soil Aquifer Treatment
(SAT) systems. The study ranked sand filtration with textured geo-membrane higher
than the SAT system for wastewater reuse in agriculture. (Wang et al., 2016) focused
on alleviating water scarcity in rural arid areas through grey water treatment and
reuse, with a specific case study in Palestine. The study highlighted the potential of
greywater treatment and reuse in mitigating water scarcity in arid regions. (Martinez-
Alcala et al., 2018) addressed the pharmaceutical grey water footprint, accounting for
the grey component of the water footprint for common pharmaceutical compounds.

The study emphasized the importance of wastewater treatment plants and direct reuse
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of treated wastewater in irrigation. Overall, these case studies provide valuable
insights into the reclaiming and reusing of grey water for various purposes, including
irrigation and water scarcity alleviation. By exploring different treatment technologies
and assessing the quality of grey water, these studies contribute to the sustainable

management of water resources and the promotion of water reuse practices.

Further section provides an extensive overview of recent research and developments
in the field of greywater reuse and management, highlighting various studies and their
findings from different geographical locations. (Figure 2.7) In Jordan, Faruqui &
(Faruqui & Al-Jayyousi, 2002) conducted a pilot project in Tufileh, Jordan, allowing the
use of untreated household greywater for house gardens. They assessed the quality of
untreated greywater and its impacts on soil and crops through an environmental
impact assessment, suggesting potential changes with larger volumes of greywater
use. In Brazil, (Ghisi & Ferreira, 2007a) evaluated the potential for potable water savings
in multi-storey residential buildings in Florianopolis, Brazil, using rainwater and
greywater. Their study utilized questionnaires and water flow measurements to assess
water end use, alongside an economic analysis to determine the cost-effectiveness of
rainwater and greywater use. Kuwait, (Abusam, 2008) discussed the current status and
potential for greywater reuse, highlighting economic and political considerations. The
study emphasized the potential shift towards greywater reuse amidst challenges such
as oil reserve depletion and high desalination costs. In China, (Zhang et al., 2009)
studied water management at Tianxiu Garden in Beijing, focusing on decentralized
approaches. They explored the feasibility of substituting drinking water with
rainwater harvesting and demonstrated the efficiency of recycling treated greywater
for toilet flushing. In Indonesia, (Henriques & Louis, 2011) developed a capacity factor-
based classification for technology options in Cimahi, Indonesia, validating their
findings through requirements analysis. Their study was published in the International
Journal of Water Economics, contributing to technology selection for greywater
management. In Syria, (Mourad et al., 2011) proposed artificial wetlands and
commercial biofilters for treating greywater in Sweida, Syria, highlighting economic
analyses that showed significant drinking water savings through treated greywater
use. In China (Daxing New City, Beijing), (Zeng et al., 2013) presented a centralized
greywater reuse system for Daxing New City, Beijing, using separate greywater and
black-water discharge pipes. Their water supply balance analysis indicated a potential
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conservation of 28.5% of freshwater resources. In Brazil (University of Sdo Paulo),
(Chrispim & Nolasco, 2017a) evaluated a greywater collection and treatment system for
non-potable reuse at the University of Sdo Paulo, focusing on washing machines,
showers, and other sources. Their pilot system provided insights into the collection
and characterization of greywater. In Brazil (Southern Brazil), (Marinoski & Ghisi,
2019a) applied Life Cycle Analysis to assess the environmental performance of hybrid
rainwater-greywater systems in residential buildings in southern Brazil. Their
methodological approach contributed to understanding the sustainability of integrated
water systems. In China (Life Cycle Impacts), (Liao et al., 2019) quantified China's
electricity demands' life-cycle impacts on water quality using the Grey Water
Footprint indicator. Their findings provided crucial insights for policymakers in
managing water resources associated with energy production. In Canada (Niagara
Region, Ontario), (Johnson & Mehrvar, 2019) presented a method for assessing the grey
water footprint associated with winery wastewater co-treated with municipal

wastewater in Ontario's Niagara Region.

Table 2.6: Summary of Case Studies on Economic Viability of Grey Water Reuse

Authors & o o
Focus Key Findings Applications
Year
The greywater system
demonstrated the shortest | Residential,
o Cost- payback period (less than 8 | commercial, and
(Ghisi & _ o
_ effectiveness of | years) compared to institutional
Ferreira, ) o
2007b) water reuse rainwater systems. Cost buildings; Cost-
systems savings were significant, effective water reuse

making greywater the most | systems.

cost-effective option.

Hybrid rainwater- Residential

) ) ] greywater systems offered | buildings in southern
(Marinoski | Environmental

o potential potable water Brazil;
& Ghisi, and resource _ ] o
_ savings (41.9%), domestic | Sustainability
2019b) savings ]
sewage reduction (40%), assessment of
and energy consumption integrated water
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reduction (36.1%) systems.

compared to conventional

systems.

Showers exhibited higher

E. coli concentrations, ) )
Pilot studies;

while lavatories had higher

Characterization and

(Chrispim Microbial and total coliform
_ ) treatment of
& Nolasco, | organic pollutant | concentrations. Removal
. greywater from
2017b) removal efficiencies were 59% for
showers and
BOD and 70% for )
_ lavatories.
chemical oxygen demand
in greywater.
Households in Jordan )
) ) Jordanian
(Faruqui & ) _ reduced food expenditures )
Socio-economic _ households; Socio-
Al- ) by using greywater for ) )
) impacts of S ) economic benefits of
Jayyousi, garden irrigation, saving )
greywater reuse ] greywater reuse in
2002) up to 44% of income for o
. garden irrigation.
the poorest families.
Both custom-made and
commercial greywater
treatment systems met Institutional
_ government regulations. buildings (mosques);
Compliance and ) )
(Ahmed et ) Internal rates of return Compliance with
economic )
al., 2008) o (IRR) for mosque regulations and
feasibility

installations were 14.9%
and 19.06%, respectively,
indicating economic

feasibility.

economic viability

of systems.
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Rainwater

harvest(Zhang et

Rainwater harvested from
residential rooftops
substituted 25.4% of toilet-

flushing water in buildings.

Residential
buildings in Beijing;

(Zhang et ] o ) ) Effectiveness of
al., 2009)ting for | Limited savings potential ) _
al., 2009) _ rainwater harvesting
water due to seasonal rainfall ) _
o ] for toilet-flushing
substitution patterns in Beijing (85%
_ water.
rainfall from June to
September).
Average greywater
production in Syrian urban
areas was 46% of total _
_ Urban areas in
water consumption. _ o
Greywater o ) Syria; Utilization
_ Significant adoption of ] ]
(Mourad et | production and and potential savings
) untreated greywater
al., 2011) reuse in urban from greywater
(laundry water) for ] S
areas o reuse in residential
irrigation and house
) ) blocks.
cleaning. Savings up to
600 m3/year for residential
blocks.
2.6 Research Gaps

Despite significant advancements in the study and application of greywater reuse

systems, several critical research gaps remain. These gaps highlight the need for

further investigation to optimize the performance, safety, and applicability of

greywater treatment systems in diverse settings.

Key research gaps identified from the literature include:

1. Pollutant-Specific Removal

Processes: The

literature highlights the

significant influence that a pollutant's physical, chemical, and biological

characteristics have on the predominant removal process associated with it.

(Revitt et al., 2011). However, there is a lack of comprehensive studies
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detailing the specific removal mechanisms for a wide range of common
pollutants found in greywater. This understanding is crucial for designing
effective treatment systems tailored to varying pollutant profiles.

Impact on Domestic Wastewater Quality and Quantity: Studies like (Penn et
al., 2012) have shown that light greywater reuse can reduce household
wastewater flows by 25-40%, predominantly during peak usage times.
Nonetheless, there is limited research on the long-term impacts of greywater
reuse on domestic wastewater characteristics, particularly concerning the
proportional concentration increase of pollutants and the overall balance of
wastewater composition.

Sewer System Modifications: While (Penn et al., 2013) demonstrated that
greywater reuse could lead to decreased flow, velocity, and proportional
depth in sewers, primarily during peak hours, further research is needed to
understand the implications for sewer system design comprehensively.
Specifically, there is a need for detailed guidelines on constructing new
sewer systems with smaller pipe diameters to accommodate reduced flow
rates without increasing blockage risks.

Health Risks and Epidemiological Studies: (Busgang et al., 2015) conducted
an epidemiological survey revealing no significant difference in the
prevalence of water-related diseases between greywater and potable water
users. However, additional longitudinal studies are required to confirm these
findings across different populations and environmental conditions. The need
for robust, long-term health monitoring to validate the safety of greywater
reuse practices remains critical.

Quantitative Microbial Risk Assessment (QMRA): (Shi et al.,, 2018)
employed QMRA to estimate public health risks associated with greywater
reuse for toilet flushing and food-crop irrigation. Despite these efforts, there
is a gap in integrating these risk assessments into regulatory frameworks
effectively. More research is needed to refine QMRA methodologies,
incorporating a broader range of exposure scenarios and behavioural patterns
to ensure comprehensive risk mitigation.

Comprehensive Field Studies: Most studies to date have relied on simulation
models and controlled experiments. There is a paucity of large-scale, real-
world implementations and field studies that can provide empirical data on
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the performance and impact of greywater reuse systems under diverse
environmental and operational conditions. Such studies are essential to
validate theoretical models and refine practical guidelines for greywater
reuse.

7. Economic and Environmental Trade-offs: While several studies have
explored the economic feasibility of greywater systems (e.g., (Ghisi & Ferreira,
2007b)), there is a need for more integrated assessments that consider both
economic and environmental trade-offs. This includes evaluating the
lifecycle costs and benefits, energy consumption, and broader environmental

impacts to inform sustainable decision-making.
Summary

This chapter delves into a comprehensive literature review and technology assessment
of greywater management, focusing on various facets such as quality assessment,
treatment strategies, technological innovations, feasibility studies, economic viability,
and research gaps. The chapter begins with an in-depth exploration of greywater
quality and the different strategies employed for its treatment. This section outlines
the various contaminants typically found in greywater and reviews the effectiveness

of existing treatment methods, including physical, chemical, and biological processes.

The discussion then shifts to technological innovations in greywater disinfection. This
segment highlights cutting-edge technologies that have emerged in recent years, such
as advanced oxidation processes, membrane bioreactors, and electrochemical
treatments. These innovations are critically assessed for their efficiency, scalability,
and applicability in different contexts, providing a clear understanding of the current
state-of-the-art in greywater treatment technologies.

Following the technological assessment, the chapter evaluates the feasibility of
integrated greywater management systems. This involves examining the integration of
greywater treatment with other water management practices, such as rainwater
harvesting and blackwater treatment. The feasibility study considers both technical
and logistical aspects, offering insights into the potential benefits and challenges of
implementing such integrated systems in urban and residential settings.

52



The chapter also reviews the latest innovations and applications of greywater reuse,
exploring various real-world implementations and their outcomes. This section
highlights successful case studies from around the world, showcasing diverse
applications of treated greywater, including irrigation, toilet flushing, and industrial
processes. Prospects for greywater reuse are discussed, emphasizing the need for
continued research and development to enhance the efficiency and sustainability of

these practices.

Economic viability is another crucial aspect covered in this chapter. By analyzing
global case studies, the chapter provides a detailed examination of the cost-
effectiveness of greywater reuse systems. It discusses the initial investment,
operational costs, and potential savings, offering a balanced view of the economic
implications of adopting greywater reuse practices.

Finally, the chapter identifies key research gaps in the field of greywater management.
Despite the advancements and successful implementations, there are still areas that
require further investigation. These gaps include the long-term performance of
treatment systems, the impact of greywater reuse on public health, and the
development of standardized guidelines and regulations. By highlighting these gaps,
the chapter sets the stage for future research directions and underscores the
importance of continued innovation and policy development in greywater

management.
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CHAPTER 3

This chapter provides an in-depth analysis of untreated greywater to understand its
physical, chemical, and microbiological characteristics. Greywater, which includes
wastewater from showers, bathtubs, hand basins, and laundry activities, contains
various constituents that influence its treatment and reuse potential. Understanding
these constituents is essential for designing effective greywater treatment systems
(Figure 3.1).

The qualities of the water source, the kind of greywater and drinking water
distribution system, and the particular applications of the water all affect the features
and attributes of greywater. Depending on where it comes from, local lifestyles,
customs, and the use of chemical household goods all have an impact on the content
of greywater. Due to variations in water intake and the release of different
compounds, its composition might vary greatly depending on the time and place.
Additionally, chemical and biological degradation of compounds can occur within the

transportation network and during storage (Figure 3.2).

N
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[ GW from Household | h Nutrient stripping uing

. GYV undergoes | Chemical process using | filters, biological, activated
and commum_es_; sc_adlmemutlon for filters or activated sludge aludgs followsd by
{ undergoes screeining | { Primary Treatment  followed by sedimentation affluent dischargs

S N _/ "\
*

Physical Chemical Biological

Figure 3.1: Greywater treatment process (Primary, Secondary and Tertiary

Treatment)
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Relevant physical parameters include temperature, colour, turbidity, and suspended
solids content. High temperatures can be problematic as they promote microbial
growth and may lead to precipitation (e.g., calcite). Suspended particles from kitchen,
laundry, and bathroom sources contribute to greywater in the form of hair, soil
particles, fibres, etc. Measurements of turbidity and suspended solids provide insights
into the presence of particles and colloids that may cause clogging in systems such as
piping or sand filters used for treatment. Although the amount of solids in greywater
is generally lower than in combined wastewater, the risk of clogging issues should not
be overlooked. Additionally, the impact of infiltrating greywater on soil pH and
buffering capacity will depend on the alkalinity, hardness, and pH of the water being
infiltrated.

Preliminarv Primarv Secondarr\' treatment Tertiary
treatment treatment (Activated Sludge process treatment
Inflow | Primary il Secondary . B
>| screening e Clarifier ——=| Aeration > i > =
(settling tank) Tank ' (settling tank) b
| \ & / a
o - ;

effluent
Return v

Activated sludge

r‘!ﬁ
=

N Waste sludge

A

Figure 3.2: Greywater Treatment System (Primary, Secondary and Tertiary
Treatment)

The soil's innate ability to act as a buffer will, however, also have an impact on the
consequences that are detected. As a result of infiltration, soil characteristics
pertaining to pollutant sorption capacity will shift. In addition, alkalinity and hardness
measurements, like suspended particles and turbidity, might reveal information about
the likelihood of clogging. The quality of the drinking water has a major role in
determining these characteristics, and the addition of chemicals during water usage
usually has a little effect. Measurements of traditional wastewater parameters, such as
BOD, COD, and nutrient concentrations (N and P), are also valuable. The BOD and
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COD levels in greywater indicate the amount of biochemically and chemically

oxidizable organic matter, which affects the risk of sulfide production during transport

and storage. These parameters are essential for the proper categorization of greywater

(Figure 3.3)
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Figure 3.3: Classification of Waters & Its Parameters in India: CPCB
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Table 3.1: Physical and chemical properties of greywater and their reasons for

concern

Constituent

Reasons for Concern

Suspended solids

Absorbs heavy metals and organic pollutants Protect microbes
from UV and other disinfectants Overdosing may result in
systems plugging in.

BOD, COD, TOC

Give microorganisms nourishment, and their population will
grow. Color and odor issues might result from food
degradation.

Nutrients (N, P)

In surface waters, excessive discharge can cause eutrophication.

pH

Water pH affects disinfection, coagulation, metal solubility as
well as soil alkalinity

Heavy metals (e.g.,
Cd, Zn, Ni and Hg)

Can accumulate in the environment and are toxic to flora and
fauna

EC/total dissolved
solids (TDS) (due
to specific elements
such as Na, Ca,
Mg, Cl, and Ba)

Certain ions, including sodium, boron, and chloride, are
harmful to certain plants
e When EC <500, plants are not negatively impacted
e When EC ¥ 500-1,000—may have an impact on delicate
plants
e When EC is between 1,000 and 2,000, it might impact
nuMerous crops,
hence cautious management techniques need to be used.
Use only for tolerant plants on permeable soils when the EC is
more than 2,000.

Residual chlorine

Certain crops that are susceptible to high levels of free residual
chlorine (<0.05 mg L1) may suffer harm, such as leaf burn.
Chlorinating water with high organic content can produce
halogenated organic compounds, such as hazardous
chloroforms.

[ Low-cost adsorbents ]

Y

. Agricultural Industrial
[ Natural materials ] [ wastes/by-products j ( wastes/by-products ]

for instance for instance for instance
* Wood « Shells, hulls, stones * Fly ash
* Coal from fruits and nuts « Blast furnace slug
* Peat « Sawdust and sludge
= Chitin/chitosan » Corncob waste » Bagasse, bagasse pith,
« Clays » Sunflower stalks bagasse fly ash
= Natural zeolites « Straw « Palm oil ash

Figure 3.4: Low-cost

+ Shale oil ash
+ Red mud

adsorbents for the GW Treatment process.
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The analysis is structured into three main categories:

Physical Constituents: This section examines the physical properties of
greywater, such as turbidity, temperature, colour, and suspended solids.
These attributes affect the initial treatment processes and the overall
efficiency of the treatment system.

Chemical Constituents: This section focuses on the chemical composition
of greywater, including organic and inorganic compounds. Parameters such
as pH, biochemical oxygen demand (BOD), chemical oxygen demand
(COD), nutrients (nitrogen and phosphorus), and the presence of detergents
and other household chemicals are analyzed to understand their impact on
treatment processes and potential environmental effects.

Microbiological Constituents: This section explores the microbiological
profile of greywater, identifying the types and concentrations of

microorganisms present. Pathogenic bacteria, viruses, and other

microorganisms are assessed to evaluate the health risks associated with
greywater reuse and to inform necessary treatment measures to ensure

safety.

Table 3.2: Characterization of GW based on physical, chemical, and

biological constituents of greywater

S. Types of o
] Parameters Range Description References
No Constituents
Influences
biological activity
Physical and chemical (Prabhakar et al.,
) Temperature 18-35°C o
Constituents reactions in 2019)
greywater
treatment.
Indicates the
presence of
o 19-444 suspended (Sushmitha et al.,
Turbidity )
NTU particles; affects ~ 2019)
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Electrical

Conductivity

Suspended
Solids

14-3000
uS/cm

190-537
mg/L

efficiency.

Reflects the ion
concentration in
greywater,
indicating the
presence of
dissolved salts.
Particles
suspended in
water; higher
levels can hinder
treatment

processes.

(Ciabattia et al.,
2009)

(Oteng-Peprah et
al., 2018b)

Chemical

Constituents

Alkalinity

Nitrates

7.3-8.1

0.67 mg/L

60

Measure of
acidity or
alkalinity;
essential for
maintaining
optimal
conditions for
biological
treatment

processes.

Capacity of water

to neutralize

acids; affects

chemical stability

and treatment

processes.

Nutrients that can

cause
eutrophication;
are important for
assessing

environmental

(Boyjoo et al.,
2013)

(Parjane & Sane,

2011b)



Phosphates

BOD

COoD

Chlorides

Oil and Grease

Calcium

0.131
mg/L

100-188
mg/L

250-375
mg/L

53 mg/L

7 mg/L

32-50
mg/L

impact.

Key nutrient;
excessive levels
can lead to algal
blooms and
eutrophication.
Indicates the
amount of organic
matter; higher
values require
more oxygen for
decomposition.
Measures the total
quantity of
oxygen required
to oxidize organic
and inorganic
compounds.
Contributes to
salinity; affects
soil and plant
health when used
for irrigation.
Indicates
contamination
from kitchen and
personal care
products; hinders
biological
treatment
processes.
Affects water
hardness; which
is important for
plant health when

used for

(Parjane & Sane,

2011a)

(Oteng-Peprah et
al., 2018b)

(Rakesh et al.,
2020)

(Prabhakar et al.,
2019)

(Elhegazy & Eid,
2020)

(Sushmitha et al.,
2019)
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irrigation.

Biological Total

Constituents  Coliforms

E. coli

Fecal

Coliforms

Pseudomonas

aeruginosa

Staphylococcus

aureus

1.2x103-
8.2x108
counts/100

mL

Upto
6.5x10¢
counts/100

mL

Up to
1x108
counts/100

mL

1.4x104
counts/100

mL

1.2x10%—
1.8x103
counts/100

mL

Indicator of fecal
contamination;
important for
assessing health

risks.

Specific indicator
of faecal
contamination;
crucial for
evaluating
microbial safety
of treated water.

Indicates the
presence of
pathogenic
bacteria;
important for
health risk
assessments.
Opportunistic
pathogen;
relevant for
assessing health
risks in treated
greywater.
Pathogenic
bacteria; are
important for
evaluating the

microbiological

(Alsulaili &
Hamoda, 2015),
(Dwumfour-
Asare et al.,
2017), (Mandal et
al., 2011a)(Masi
etal., 2018)
(Atanasova et al.,
2017), (Friedler
etal., 2006),
(Khalaphallah &
Andres, 2012),
(Kimetal.,
2009b), (Oteng-
Peprah et al.,
2018b)

(Halalsheh et al.,
2008), (Mandal et
al., 2011b)

(Benami et al.,
2015),
(Khalaphallah &
Andres, 2012)

(Benami et al.,
2015),(Benami et
al., 2015),
(Shoults &
Ashbolt, 2017)
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quality of

greywater.
Pathogenic
5.4x103 bacteria causing )
Salmonella ) (Kimetal.,
) counts/100 typhoid fever;
typhi . 2009a)
mL critical for health

risk assessment.

Pathogenic
bacteria; are
3.1x103 o
Salmonella significant for (Oteng-Peprah et
counts/100 o
spp. L determining the al., 2018a)
m

safety of
greywater reuse.

Table 3.3 provides a detailed summary of the physical, chemical, and biological
constituents of greywater, serving as a reference for understanding the comprehensive
analysis presented in this chapter.

3.1 Physical Constituents

Greywater, which is generated as a result of cleaning or washing activities, contains
various physical constituents such as surfactants. Additionally, greywater can contain
volatile solids and contribute to turbidity, chemical oxygen demand (COD), and total
suspended solids. Studies have shown that greywater is suitable for concrete
production, as it meets the allowable mixing water limits for concrete. Greywater
quality is an important factor to consider for reuse potential, as it can impact the
physical and mechanical properties of soil when used for irrigation. The physical
properties of greywater, such as pH, conductivity, and suspended material, can pose
hazards if not properly managed. Different sources of greywater, such as kitchen,
laundry, and bathing, have been independently assessed for their physical and
chemical properties. It is important to consider the general ranges of common
physical, chemical, and microbial water quality constituents for greywater when

evaluating its reuse potential. Overall, understanding the physical constituents of
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greywater is crucial for assessing its reuse potential and ensuring that it does not pose
risks to human health or the environment. Studies have shown that greywater can be
effectively treated and reused for various applications, contributing to sustainable

water resources management.

Researchers (Kim et al., 2009a) conducted experiments to evaluate greywater
treatment using a microfiltration and oxidation process at a laboratory scale. The
study involved sampling from 170 apartments and accounted for seasonal variations.
The treatment system employed an A20 membrane configuration comprising
anaerobic, anoxic, and aerobic submerged microfiltration (MF) membranes. Specific
reactor volumes included a 2.5 L anaerobic bioreactor, connected via circular columns
to an anoxic bioreactor (2 L) and an oxic bioreactor (8 L). Recirculation from the oxic
to the anoxic bioreactor was maintained at a 1.5Q internal recycle ratio using a pump.
Throughout the 60-day experiment, the total Hydraulic Retention Time (HRT) was
controlled at 6 hours (1.2 h for the anaerobic reactor, 0.96 h for the anoxic reactor,
and 3.84 h for the oxic reactor). The Food to Microorganism (F/M) ratio ranged from
0.11 to 0.17 kg BOD/MLVSS/d, while Mixed Liquor Suspended Solids (MLSS) were
maintained at 4500 mg/L. The membrane module utilized hollow fibres with a pore
size of 0.4 um made from polyvinyl difluoride. Disinfection was achieved through an
ozone reactor system incorporating an ozone generator, detector, acrylic reactor,
bubble removal equipment, KI solution, and ozone destruction equipment.
Optimization experiments were conducted at different ozone contact times (10, 20,
and 30 minutes), determining that 2.5 LPM and 7kV were optimal for O2 flow rate
and output voltage, respectively, based on efficiency in colour, turbidity, and organic

matter removal across nine trials.

In another study conducted by (Ahmadpari et al., n.d.), greywater treatment using a
slow sand filter was investigated at Azad University of Behbahan. Greywater samples
collected weekly from bathroom sinks were allowed to enter the filter, where they
remained for a week before the outlet was opened to discharge treated water at
varying loading rates. The results indicated a substantial reduction in suspended solids
by 72.8% and turbidity by 67%. The concentration of Chemical Oxygen Demand
(COD) in the outlet ranged from 19.15 to 71.45 mg/l, averaging 45.86 mg/l, with a

maximum removal efficiency of 71.85% observed in the filter. Biological Oxygen
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Demand (BOD) was also significantly reduced, achieving an 89% removal, resulting
in a BOD5 measurement of 6.76 mg/l at the filter outlet. The study comprehensively
analyzed the characteristics of greywater over several months, plotting graphs that
demonstrated the attainment of quality suitable for agricultural use standards in the
treated wastewater. The slow sand filter used in the experiment consisted of a fine
sand layer with an effective size of 0.3 mm and a thickness of 400 mm, housed in a
cylindrical vessel with a diameter of 10 cm and a height of 2 meters. Additionally, a
protective layer of coarse sand measuring 300 mm in thickness was positioned

beneath the sand bed to safeguard the filter particles during operation.

(Ramona et al., 2004) conducted a study focusing on the physical and chemical
characterization of greywater using direct membrane filtration techniques for onsite
reuse applications. The research utilized both Ultrafiltration (UF) and Nanofiltration
(NF) modules to assess the quality of greywater samples. UF experiments employed a
dead-end bench-scale laboratory module featuring a flat sheet membrane sealed with
an o-ring on a fret support within a stainless steel module. The module had
dimensions of 100 mm outer diameter and 60 mm inner diameter. Results indicated
that UF treatment achieved significant reductions in Chemical Oxygen Demand
(COD) and turbidity concentrations, ranging from 45-70% and 92-97%, respectively.
However, Biochemical Oxygen Demand (BOD) values remained above regulatory
limits in all cases. NF permeates demonstrated high quality with rejection rates
exceeding 90% for soluble organic matter and 50% for ionic species. Greywater
samples were sourced from a public sports centre shower with Total Suspended Solids
(TSS) of 29.8 mg/L and COD of 170.3 mg/L. The study concluded that direct dense-
membrane filtration, particularly NF, shows promise as an effective method for
treating greywater to meet quality standards suitable for unrestricted reuse. The

research was based on samples collected from a 200 L holding tank.

Their study, (Al-Jayyousi, 2003) investigated greywater reuse in Jordan, focusing on
water sourced from dishwashing, sinks, and laundry, which constitutes approximately
50% of residential wastewater. They observed significant variability in greywater
quality, influenced greatly by residence time within systems, which alters its
characteristics substantially. The authors implemented simple two-stage filtration and

chemical disinfection methods, effectively reducing coliform levels while retaining
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high turbidity and organic content. However, advanced filtration systems
demonstrated improved removal of all greywater components, though achieving
consistent compliance with water recycling standards remained a challenge. The
decentralized management approach highlighted by the study offers enhanced
opportunities for maximizing greywater recycling. Furthermore, the study noted a
high Chemical Oxygen Demand (COD) to Biochemical Oxygen Demand (BOD) ratio
of up to 4:1, indicating substantial organic pollution in the greywater. The findings
underscore the complexities and ongoing efforts in managing and improving

greywater quality for effective reuse.

(Pinto et al., 2010) conducted greenhouse experiments to investigate the impact of
greywater irrigation on the growth of silver beet plants. Their study compared the
effects of irrigating with 100% potable water, 100% greywater, and a 1:1 mixture of
greywater and potable water. The greywater used in the experiments had pH and EC
values of 10.5 and 1358 uS/cm, respectively. Post-harvest analysis revealed that
greywater irrigation did not significantly affect the total nitrogen (N) and total
phosphorus (P) content of the soil. However, notable effects were observed on soil pH
and electrical conductivity (EC) values, indicating the influence of greywater on these

soil properties.

(Mandal et al., 2011c) conducted a comprehensive study on greywater characteristics,
focusing on a system implemented in an urban household with a per capita daily water
requirement of 165 litres. The system addressed a greywater generation rate of 80
litres per capita per day, employing both upflow and downflow treatment plants
comprising screening, sedimentation, filtration, and disinfection processes. The study
site, Nagpur, situated at an altitude of 310 meters above sea level (21°06'N latitude,
79°03'E longitude), experiences a predominantly dry and slightly humid climate
throughout most of the year, with a severe summer season from March to June where
temperatures often exceed 45°C for approximately 30 days. Despite an annual rainfall
of about 1200 mm, occurring mainly during the monsoon months from July to
September, Nagpur faces water scarcity issues during summer. Water demand for
various household purposes was quantified: 96 Ipcd for bath and laundry, 17 Ipcd for
kitchen activities, and 22 Ipcd for toilet flushing. The study recommended a design

flow rate for filtration of 0.15 m3/m2/h. Mandal et al. estimated potential annual
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savings of Rs. 2,80,320 lakhs in water charges by utilizing treated recycled greywater
for gardening, irrigation, and toilet flushing in the NEERI (National Environmental
Engineering Research Institute) colony. The research underscores the critical role of
water recycling and conservation in urban settings as a vital contribution to future

sustainability efforts.

The temperature of grey wastewater was found to range between 18-38°C, with the
higher temperatures attributed to the use of warm water for personal hygiene. This
elevated temperature can pose issues by promoting microbiological growth and
potentially leading to CaCOs precipitation, as the solubility of CaCOs and other

inorganic salts decreases at higher temperatures.

Turbidity measurements in laundry water show significant variation throughout the
laundry cycle, with the wash cycle exhibiting much higher turbidity (39-296 NTU)
compared to the rinse cycle (14-29 NTU). Christova-Boal et al. (1996) observed that
the highest turbidity during the wash cycle came from households with extensive
outdoor activities. For other sources of greywater, turbidity values ranged from 15.3—
240 NTU. Notably, there is a lack of literature on turbidity values for greywater from
kitchen sinks. The highest total solids content is found in greywater from kitchen

sources.

Table 3.3.: Summary of Physical Constituents

Study Treatment o ]
o Key Findings Experimental Setup
Citation Method
- 72.8% reduction in - Greywater collected from
suspended solids the bathroom sink
- 67% reduction in - Filter: Fine sand (effective
) turbidity size 0.3 mm, thickness 400
(Ahmadpari

etal. n.d) Slow Sand Filter | - COD outlet: 19.15-71.45 | mm)
mg/l (average 45.86 mg/l) | - Cylinder dimensions:

- Maximum COD removal | Diameter 10 cm, Height 2
efficiency: 71.85% meters

- 89% removal of BOD - Coarse sand layer:
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- BODS5 of 6.76 mg/l at

outlet

Thickness 300 mm

Ultrafiltration

UF reduced Chemical
Oxygen Demand (COD)
by 45-70% and turbidity
by 92-97%, but
Biochemical Oxygen

UF: Dead-end bench-scale
lab module with flat sheet
membrane (100 mm OD, 60
mm ID) in stainless steel
module, o-ring sealed, free
support. NF: Dense-

(Ramona et | (UF)and ] o
o Demand (BOD) remained | membrane filtration.
al., 2004) Nanofiltration o ]
(NF) above regulatory limits. Greywater is sourced from
NF achieved >90% the public sports centre
rejection of soluble shower (TSS: 29.8 mg/L,
organic matter and >50% | COD: 170.3 mg/L).
rejection of ionic species. | Samples were collected
from a 200 L holding tank.
- Treatment system: A20
- Evaluated greywater ) )
] membrane configuration
treatment using A20 o
] ) (anaerobic bioreactor 2.5 L,
membrane configuration o )
] ] anoxic bioreactor 2 L, oxic
(anaerobic, anoxic, )
) bioreactor 8 L). -
aerobic). - Conducted ) ) )
) ) Recirculation: 1.5Q internal
experiments with 170 ) ]
S recycle ratio from oxic to
Microfiltration apartment samples, o
o o anoxic bioreactor. -
and oxidation considering seasonal ) ) )
) o Hydraulic Retention Time
(Kimetal., | process for variations. - Used hollow
] (HRT): Total 6 hours (1.2 h
2009b) greywater fibre MF membranes (0.4

treatment at

laboratory scale.

pm PVDF) and ozone
reactor system for
disinfection. - Optimized
0zone contact times and
operational parameters for
efficient colour, turbidity,
and organic matter

removal.

anaerobic, 0.96 h anoxic,
3.84 h oxic). - Food to
Microorganism (F/M) ratio:
0.11-0.17 kg
BOD/MLVSS/d. - Mixed
Liquor Suspended Solids
(MLSS): 4500 mg/L. -
Disinfection: Ozone reactor

with optimized O2 flow rate
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(2.5 LPM) and output
voltage (7kV).

Greywater from dishes,
sinks, and laundry

comprises 50% of

Greywater quality was
assessed under different

Al Two-stage residential wastewater. residence times. Two-stage
] ) filtration, Variability in greywater filtration and chemical
ayyousi, ] ) o )
2003) chemical quality noted. Advanced disinfection methods were
disinfection filtration reduces applied. Decentralized
components but management studied. COD
challenges in meeting ratio up to 4:1.
recycling standards.
100% potable Greenhouse experiments;
water, 100% Greywater irrigation had | Silver beet plants;
(Pinto et al., | greywater, 1:1 no significant effect on Greywater with pH 10.5 and
2010) mixture of soil total N and total P EC 1358 uS/cm; Soil pH
greywater and after plant harvest. and EC values affected by
potable greywater irrigation.
Greywater from an urban
household with a per The study was conducted in
capita water requirement | Nagpur, located at 310m
Upflow and ]
of 165 Ipcd and a altitude (21°06'N, 79°03'E).
downflow ) ) )
generation rate of 80 Ipcd. | The experimental design
treatment plant ) ) ] o
) ) Nagpur's climate is included quantification of
(Mandal et | including ) ]
) predominantly dry with water demand: 96 Ipcd for
al., 2011b) screening,

sedimentation,
filtration, and

disinfection.

severe summers
exceeding 45°C for 30
days. Despite 1200 mm
annual rainfall, water
scarcity occurs during

summer. Estimated annual

bath and laundry, 17 Ipcd
for kitchen, and 22 Ipcd for
toilet flushing. Design flow
rate for filtration set at 0.15
m3/m2/h.
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water charge savings of
Rs. 2,80,320 lakhs by
using recycled greywater
for gardening, irrigation,
and toilet flushing.

3.2 Chemical Constituents

A variety of basic to sophisticated chemical processes, such as precipitation,
electromagnetic resin ionization, catalytic degradation, activated granulated carbon,
electrode-enhanced UV, and electrolysis, are covered in the literature on greywater
(GW) treatment and recycling. This review highlights key research findings to
illustrate the evolution of these technologies. (Pidou et al., 2008) investigated the
efficacy of precipitation and electromagnetic resin ionization using GW from student
residences at Cranfield University, UK. For the coagulation test, 1 L of greywater was
added to a container, followed by a coagulant. The sample was emulsified, allowed to
settle, and after an hour, the appropriate dosage was determined. The greywater was
then mixed with the prepared electromagnetic resin and rinsed with deionized water.
While these methods achieved significant organic removal, they did not meet certain
national greywater reuse regulations. (Sanchez et al., 2010) conducted a study on
hotel greywater using a cylindrical glass photoreactor with a low-pressure mercury
lamp in a quartz sleeve, surrounded by a water jacket. The treatment utilized a
titanium dioxide (TiO2) photocatalyst, which was effective due to the low dissolved
organic carbon (DOC) content in the greywater. (Vuppaladadiyam et al., 2019)
explored the use of various metal electrode systems to enhance electrolysis efficiency.
Their study evaluated different electrode combinations for removing turbidity (TD),
chemical oxygen demand (COD), and biological oxygen demand (BOD) from
greywater. The Al-Fe electrode combination demonstrated removal efficiencies of
95% for TD, 85% for COD, and 90% for BOD. The researchers concluded that inter-
electrode distance, electrode areas, and electrode couplings (Al-Fe and Fe—Al) are

crucial parameters influencing electrode performance.

(Chopra & Sharma, 2013) conducted experiments using a 5L reactor and discovered that

optimizing electrode spacing and surface area significantly improved pollutant
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removal. They determined that a 160 cm2 region with 2.5 cm between electrodes
would be the optimal electrode layout, with a system cost of $0.25 per cubic meter.
Similar research was conducted in 2014 by Vakil et al., who looked at an
electrochemical reactor with aluminum electrodes that removed 70% of COD and
99.9% of microorganisms at 0.3 kWh/m? of greywater with a potential variation of
12V. The aluminium electrodes demonstrated significant potential for household-
scale applications to eliminate pathogens, turbidity, and COD from greywater.
Expanding on this research, (Ozay et al., 2018) performed comprehensive tests with
various electrode combinations, including aluminum-aluminum (AI-Al), iron-iron
(Fe-Fe), aluminum-iron (Al-Fe), and iron-aluminum (Fe-Al). The hybrid Al-Fe
electrode configuration was the most effective for COD removal. They evaluated
several operational parameters, such as current density, pH, and supporting electrolyte
content, to determine optimal conditions. The study reported a reduction in COD from
87.9 to0 29.4 mg/L at pH 7 using a current density of 1 mA/cm2. Under these optimum
conditions, the Al-Fe—Fe—Al electrode configuration consumed 9.46 kWh/m? of
energy. (Barzegar et al., 2019b) demonstrated significant reductions in Total Organic
Carbon (TOC) and Chemical Oxygen Demand (COD) from greywater using an
electrocoagulation process. They combined electrocoagulation with ozone (EC + O3)
and with ozone and ultraviolet light (EC + O3 + UV) electrodes. Their results showed
a COD and TOC removal of approximately 70-85% within 60 minutes at pH 7.0 and
a current density of 15 mA/cm2. Ozone, when used in conjunction with the
electrochemical technique, outperformed other chemical oxidants such as
peroxidisulfate (Na2S208) and hydrogen peroxide (H202). The addition of UV
irradiation significantly enhanced the performance of the EC/ozone process, achieving
TOC and COD removals of 87-95%. Moreover, the EC + O3 + UV method
effectively eliminated 4 logs of Total Coliforms (TC) and 96% of E. coli, with costs
calculated at $1.9/m3 for EC + O3 and $4.03/m3 for EC + O3 + UV.

Recent advancements in chemical treatment methods have been noted. (Caliskan et
al., 2021) investigated a UV-A-enhanced -electrocoagulation technique using
aluminium and iron electrodes in a hybrid reactor. Their study reported an 88-97%
elimination of COD and turbidity with aluminium electrodes at pH 7.4 and 3 mA/cm2
in the presence of 1 g Na2SOA4/L electrolyte within a 40-minute reaction time. Under

optimal conditions, iron electrodes achieved 79% COD removal and 99% turbidity
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reduction. The study also examined the presence of total nitrogen, phosphate,
suspended solids, and BODD5, highlighting the effectiveness of the method. The study
demonstrated removal efficiencies of 62-88% with aluminium (Al) electrodes and 78-
98% with iron (Fe) electrodes. Conversely, UV-A irradiation had a negligible impact
on the treatment process. Chemical oxygen demand (COD) and turbidity were
effectively reduced, while biological oxygen demand over five days (BOD) was
rapidly decreased to meet the reclaimed water standards established by the United
States Environmental Protection Agency (USEPA). These findings are crucial for
advancing simple, mobile, and low-cost greywater treatment systems, particularly for
onsite use in small dwellings, rural areas, and military settlements. Improvements in
existing chemical treatment methods, including alternative electrode combinations or
the use of innovative nanomaterials, could further enhance greywater reclamation
efforts. The separate collection and treatment of greywater present a sustainable long-
term strategy to prevent the contamination of potable water sources, especially in
remote areas, commercial and residential establishments, and during emergencies.
Table 3.2 provides an overview of the major chemical treatment technologies

employed for greywater treatment.

Table 3.4: Comparative Analysis of chemical treatment technologies for greywater

for VVarious Parameters

Chemical Inlet Outlet o
Paramet Reduct | Referen | Additional
Treatment Concentra | Concentra )
) er ) ) ion ces Notes
Technologies tion tion
High
: | (Badawy |
Photocatalyti | COD Signific efficiency in
o 139-660 30-60 etal.,
C oxidation (mg/L) ant COD
2009) .
reduction.
Total .
) Effective
coliform Comple . .
10”6 ND disinfection
(CFU/10 te N
capability.
0mL)
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(Altenba | Combination
Electrocoagul
) COD Modera | her & treatment for
ation + 55 22
. . (mg/L) te Turk, enhanced
disinfection
2009) performance.
BOD Signific
23 9
(mg/L) ant
TSS Signific
29 9
(mg/L) ant
Turbidit Signific
Y 29 9 J
(mg/L) ant
Total
coliform Comple
5100 | ND
(CFU/10 te
0mL)
(Garcia
Coagulation Multi-stage
COoD &
+ sand filter + 280 20 | High treatment
(mg/L) Moreno,
GAC process.
2009)
BOD
195 10 | High
(mg/L)
TSS
(mg/L)
Turbidit Signific
y 35| <5 J
(mg/L) ant
Total
coliform
(CFU/10
0mL)
. Effective for
Magnetic ion (Mergen .
COD Modera specific
exchange 791 272 etal., )
] (mg/L) te contaminants
resin 2008)
BOD Signific
205 33
(mg/L) ant
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TSS

(mg/L)
Turbidit Signific
Y 46.6 8.1 J
(mg/L) ant
) Similar
Coagulation _
) (Pidou performance
with COD Modera ]
o 791 272 etal., to magnetic
aluminium (mg/L) te ]
2008) ion exchange
salt )
resin.
BOD Signific
205 33
(mg/L) ant
TSS
(mg/L)
Turbidit Signific
y 46.6 8.1 J
(mg/L) ant
Total
coliform
(CFU/10
0mL)
Electrocoagul ) Enhanced
(Bani-
ation + treatment
COD Melhem
submerged 463 51 | High with
(mg/L) & Smith, )
membrane combined
. 2012) .
bioreactor technologies.
BOD
(mg/L)
TSS Comple
78 | ND
(mg/L) te
Turbidit Signific
Y 133 4.1 J
(mg/L) ant
Total
coliform Comple
43 x 10" | ND
(CFU/10 te
0mL)
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Electrocoagul Minimal
(Chopra
ation with Al 2 impact on
(anode)-Fe pH 7.4 7.25 | Slight pH, effective
Sharma, .
(cathode) contaminant
2013) .
electrode reduction.
Conducti
vity 7278 | — -
(uS/cm)
TDS )
472.5 50 | High
(mg/L)
Turbidity Modera
16.34 9.74
(NTU) te
BOD Modera
53.31 27.71
(mg/L) te
COD Modera
106.69 60.23
(mg/L) te
) Simple and
Electrocoagul (Vakil et )
) ) COoD Modera effective
ation with Al 380 160 al.,
(mg/L) te electrocoagul
electrode 2014) )
ation setup.
Turbidit Signific
Y 104 15.6 J
(mg/L) ant
Total
coliform Comple
9100 | <10
(CFU/10 te
0mL)
| (Sharif Effective for
TP Signific ]
Al-Fe-Fe-Al 1.07 0.088 etal., multiple
(mg/L) ant
2020) parameters.
TN Signific
111 1.87
(mg/L) ant
PO4-P Modera
0.311 0.262
(mg/L) te
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NO3-N

Signific

0.375 0.062
(mg/L) ant
NO2-N Signific
0.067 0.0015
(mg/L) ant
TSS Signific
335 0.0012
(mg/L) ant
Turbidity Signific
53.4 0.45
(NTU) ant
Advanced
Photocatalyti (Kee et | photocatalyti
c fuel cell pH 9.76 - al., c system for
(PFC) 2018) high
efficiency.
Zn0O/Zn
photoano ]
1325 55 | High
de COD
(mg/L)
CuO/Cu
photocath .
Signific
ode 133 55
ant
BOD5
(mg/L)
Unusual
- turbidity
Turbidity Increas ]
28.2 88 increase
(NTU) e
needs
investigation.
An increase
in
Increas
NH4+ 4.9 75 ammonium
e
ions needs
attention.
(Barzega | Combined
EC/ozone pH 7.2 7.8 | Slight retal., advanced
2019a) oxidation
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process.

COD Signific
460 53
(mg/L) ant
BOD Signific
180 20
(mg/L) ant
TOC Modera
185 53.4
(mg/L) te
TDS Modera
3150 2650
(mg/L) te
Cl- Modera
780 702
(mg/L) te
SO42- _
120 107 | Slight
(mg/L)
Anionic .
Signific
surfactant 4.3 | <0.05
ant
(mg/L)
Turbidit Signific
Y 242 20.2 J
(NTU) ant
Ammonia
11 1.1 | None
(mg/L)
NO3—- .
5.6 5.5 | Slight
(mg/L)
Total
coliforms 1.9- Signific
2-5x10"7
(CFU/10 4.1x10" | ant
0mL)
E. coli
2— Signific
(CFU/10 200-500
2.8x10"3 ant
0mL)
Enhanced
(Barzega
EC/ozone/U . performance
pH 7.2 8 | Slight retal., )
V with UV
2019Db) -
addition.
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COD

460 20 | High
(mg/L)
BOD Signific
180 20
(mg/L) ant
TOC Modera
185 234
(mg/L) te
TDS Modera
3150 2700
(mg/L) te
Cl- Modera
780 712
(mg/L) te
SO42— .
120 104 | Slight
(mg/L)
Anionic e
Signific
surfactant 4.3 | <0.05
ant
(mg/L)
Turbidit Signific
Y 242 21.3 J
(NTU) ant
Ammonia .
1.1 0.1 | High
(mg/L)
NO3—- .
5.6 5.1 | Slight
(mg/L)
Total
coliforms 15— Signific
2-5x10"7
(CFU/10 3x101"3 ant
0mL)
E. coli
2— Signific
(CFU/10 50-100
2.8x10"3 ant
0mL)
UV-A
UV-A
enhanced (Caligska
enhancement
electrocoagul | pH 74 | — — netal, |
. . improves
ation (with Al 2021)
performance.
electrode)
Conducti
vity 571 | — —
(uS/cm)
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(NTU) e )
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further study.
COD )
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(mg/L)
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(mg/L) te
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3.3 Microbiological constituents

Microbiological constituents systems have been extensively employed for greywater
(GW) treatment, both as standalone Since the late twentieth century, processes
combined with various physical treatment techniques have been increasingly used for
greywater management. These methods often integrate biological, chemical, and
mechanical systems to enhance the efficiency of water treatment and reuse,
addressing the growing demand for sustainable water solutions in urban and rural
areas. These systems leverage the natural metabolic processes of microorganisms to
degrade organic contaminants, providing an environmentally friendly and sustainable
approach to water purification. Among the microbiological constituents methods,
membrane-based filtration has emerged as a particularly effective technology for
greywater treatment. As detailed in the "Greywater Treatment Technologies" section,
membrane-based systems demonstrate significant efficacy in eliminating a wide range
of contaminants, including suspended solids, organic matter, and pathogens. The
versatility and efficiency of membrane filtration make it a promising solution for the

comprehensive treatment of greywater.

This section compiles and analyzes data to evaluate the effectiveness of membrane-
based systems in greywater treatment. The analysis includes various configurations
and operational parameters of membrane filtration technologies, providing a thorough
understanding of their performance and potential applications. Table 3.3 presents a
detailed overview of different membrane-based treatment technologies, highlighting
their specific capabilities, advantages, and limitations in the context of greywater
treatment. The compiled data underscores the potential of membrane-based systems to
achieve high-quality effluent suitable for various non-potable uses, thereby

contributing to water conservation efforts and sustainable resource management.

Researchers have extensively tested several biological treatment methods for
greywater, including Rotating Biological Contactors (RBCs), Sequencing Batch
Reactors (SBRs), and Upflow Anaerobic Sludge Blankets (UASBs). Each of these

methods offers unique advantages and operates on distinct principles:

1. Rotating Biological Contactors (RBCs): RBCs involve a series of closely spaced,

rotating disks that are partially submerged in greywater. As the disks rotate, they
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alternately expose their surfaces to air and water. This cyclic exposure fosters the
growth of microbial biofilms on the disks, which degrade organic pollutants when
submerged. The rotation enhances oxygen transfer and improves the efficiency of
biological degradation (Eriksson et al., 2010).

2. Sequencing Batch Reactors (SBRs): SBRs are fill-and-draw activated sludge
systems for treating greywater. The process occurs in a single reactor with five stages:
fill, react, settle, draw, and idle. This method allows for flexible operation and control
over the treatment process, making it effective in managing varying greywater loads.
SBRs have demonstrated high removal efficiencies for organic matter and nutrients
(Hernandez-Leal et al., 2011).

3. Upflow Anaerobic Sludge Blankets (UASBs): UASBs treat greywater by
promoting anaerobic digestion. Greywater flows upward through a dense blanket of
granular sludge, where anaerobic microorganisms degrade organic pollutants. The
process produces biogas, which can be collected and utilized as an energy source.
UASBs are particularly effective for high-strength greywater with substantial organic
content (Eriksson et al., 2010).

Before employing these biological treatments, pre-treatment methods are crucial to

enhance the overall efficiency of the system. Common pre-treatment methods include:

- Sedimentation: This process involves settling out suspended solids from
the greywater, reducing the load on subsequent treatment stages.

- Septic Tanks: These tanks provide initial treatment by separating solids
from the liquid fraction and promoting anaerobic digestion of settled
solids.

- Screening: Screening removes large debris and particles, preventing
clogging and protecting downstream biological processes (Friedler et al.,
2006).

In addition, Membrane biological reactors (MBRs) and various biological processes
often incorporate sand filtration and disinfection techniques to achieve the standards
required for non-potable water reuse. These integrated systems effectively treat
greywater by removing organic matter, suspended solids, and pathogens, making the

treated water suitable for applications such as irrigation, toilet flushing, and other non-
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drinking purposes. Sand filtration provides an additional physical barrier to remove
residual suspended solids and microorganisms. Disinfection, typically through
chlorination or ozonation, ensures the elimination of pathogenic microorganisms,
rendering the treated greywater safe for non-potable applications such as irrigation
and toilet flushing. These combined biological and physical treatment methods
underscore the potential for greywater reuse, promoting sustainable water

management and conservation.

In Rotating Biological Contactors (RBCs), a series of disks are mounted on a
horizontal shaft, which rotates slowly, ensuring that the disks are alternately exposed
to air and submerged in the greywater. This cyclical immersion promotes the growth
of microorganisms on the surface of the disks, leading to the formation of a biofilm.
The biofilm comprises a diverse community of bacteria, protozoa, and fungi, which
thrive in the oxygen-rich environment provided during the aeration phase of the

rotation.

As the disks rotate, the biofilm-covered surfaces come into contact with the
greywater, allowing the microorganisms to metabolize and break down organic
contaminants. The continuous rotation ensures that the biofilm remains active and
well-oxygenated, which enhances the microbial degradation of organic matter. The
efficiency of this process is further supported by the physical agitation caused by the
rotating disks, which prevents clogging and ensures uniform exposure of the biofilm

to the greywater.

The design of RBCs allows for a high surface area for microbial attachment while
maintaining low energy requirements due to the slow rotation of the disks. This makes
RBCs a cost-effective and efficient method for biological greywater treatment,
capable of achieving significant reductions in biochemical oxygen demand (BOD)
and chemical oxygen demand (COD). Consequently, RBCs represent a viable and
scalable option for the sustainable treatment of greywater in various residential and

industrial applications.

The effectiveness of integrating microbiological constituents with membrane
technologies highlights their robust potential for greywater treatment applications. By

synergistically combining these methods, the treatment system achieves enhanced
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removal efficiencies across a spectrum of contaminants, including organic matter,

pathogens, and suspended solids. This comprehensive approach not only elevates

water quality standards but also aligns with sustainable water management principles

by facilitating the safe reuse of treated greywater in non-potable applications. By

mitigating the demand for freshwater resources, these integrated systems contribute

significantly to water conservation efforts, addressing critical environmental and

societal challenges associated with water scarcity and wastewater disposal in urban

settings.

Table 3.5: Comparative Analysis of microbiological constituents technologies for

greywater for Various Parameters

Experi | Sampl | Samp
) Permea
ment ing le Parame | Feed Referen
Process Name ] ) te
Duratio | Locati | Num ters (mg/L) ces
(mg/L)
n on ber
99—
) 15-20, )
] Public COD, 200, (Jifeng
Aerobic MBR ) 34,
) 90 days | bathin | NR BOD5, | 40-60, etal.,
(pilot-scale) <15,
g water TN 224, 2008)
0.3-0.5
21-4
7.510.
Ecolog 5, 7.2+0.2, )
. . pH, (Liet
Aerobic MBR 3 ical ~ | 14041 | 0.50.3,
) NR Turbidit al.,
(pilot-scale) months | settlem 2, 1200+1
y, TOC 2008)
ent 1115+ | 20
110
Aerobic MBR 12— BOD5, | 20£11, | 141, (Winwa
) 25 Bathro
(pilot-scale) Stage- 84 COD, 87438, | 4713, |rdetal,
months | om
1 days | TSS 29+32 | ND 2008)
164+3
Aerobic MBR 12— BOD5, |9, 19+2, (Winwa
) 25 Bathro
(pilot-scale) Stage- 84 COD, 495+1 | 53+24, |rdetal,
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Most greywater from laundry sources is alkaline, with pH values typically ranging
from 8 to 10. This is largely influenced by the pH and alkalinity of the water supply.
However, the elevated pH observed in laundry greywater also indicates that the use of
chemical products plays a significant role. One approach to selecting relevant
compounds for monitoring in greywater is to assess data from the characterization of
standard household wastewater, as the sources of xenobiotic organic compounds
(XOCs) are similar in both types of wastewater. A review of the published literature
reveals that approximately 500 different organic and inorganic compounds have been
analyzed in domestic wastewater (Paxeus, Robinson, & Balmer, 1992; Paxeus, 1996;
Wilkie, Hatzimihalis, Koutoufides, & Connor, 1996 Therefore, it can be concluded
that data on greywater characterization is crucial, particularly for assessing its
potential for reuse and infiltration. This information is also essential for selecting the
most appropriate treatment strategies for recycling raw greywater. However, current
studies on the chemical, physical, and biological parameters of greywater are limited
due to the scarcity of data and the lack of real-world implementation of these
technologies. Much of the research has been focused on the removal of BOD and
COD from wastewater, rather than on promoting greywater reuse. The physical and
chemical characteristics of greywater from different countries are shown in Figure
3.5.

85



00t-09

0€1-0€
8%8 -6l

Vird
LY
S0l

06c-8v
0S¢-88
0cl-095
00w1-061
Ol-€6

(1/B6w) aoo
(1/Bw) aog
(1/6w) ss1
(NIN) Anpiquny
(wfs) o3

Hd

(1/6w) aod
(1/6w) aos
(1/Bw) ss1
(NLN) Aupiguny
(wfs) o3

Hd

(1/6w) aoo
(1/6w) aos
(1/6w) ss1
(NLN) Aupiginy
(wfs) o3

Hd

gagz  (1/Bw)aoo |
ggol  (1/6w) aosg

89l (1/Bw) ss1

- (N1IN) Aupiqiny 7 (PaxiN) uopior
oesl (w/s) o3
9€'9 Hd &

(1emoys

+ Uaydlly) paloy (paxin) Aayany

Y|A (ueyoy) undor T 1830mA8.10 IA (paxiw) zpig
SO1ISU810nIDYD

(Aipuno1) ciRNSNY (pexi) pIpU|

[l U W

(1/Bw)aod sz -4
(1/Bw)aod  gi-06
(1/Bw)ssL g -8y
(N1IN) Anpiquny
(wfs) o3 g6t - lOY
Hd TL-IL

(1/fw)aoo  9¥9
(1/éw)aos  sev
(1/Bw) ss1 ocl
(NLN) Aupiaing pgz
(w/s) 01
Hd -

(1/6w)aoo  ¥8T - ¥
(1/6w)aoa  00L-99
(1/Bw)sst  9Ll-al
(NLN) Awpiainy £8€ - 90T
(w/s) o3 0GG - 987
Hd g -€2

Figure 3.5: The characteristics of dark greywater from specific countries with their

greywater resources
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Untreated greywater requires proper treatment before storage and reuse. It must meet
the highest possible standards of treatment, as it poses significant health risks to both
humans and the environment. Whether used directly or indirectly—for cleaning
houses, buildings, or for irrigation—greywater should always be given high priority in
terms of treatment to ensure it meets stringent parameters (Winward et al., 2008; Li et
al., 2009; Ghunmi et al., 2011) (Figure 3.6).

Table 3.6: Status of current techniques in monitoring greywater quality and their

limitations
Parameter Technique Limitations
BOD Non-specific sensor array | The relationship [
(electronic nose) source/site-specific ~ and
time-dependent further
development needed
BOD, COD Oxidation by hydrogen | Range and correlation are

peroxide with UV light

dependent on the source,
and the measurement
intervals are lengthy (~55
min).

OD, COD, TOC, TSS,
nitrates and anionic
surfactants

UV spectral measurements
and multivariate
calibration

Sample handling presents
challenges; for samples
with  varied origins,
calibration and the
acquisition of reference
spectra are required.

BOD, nitrates, (TOC and
COD)

Optical
(fluorescence)

scattering

Research is still necessary,
temperature and pH have
an impact on fluorescence,
and the relationship with
BOD is sensitive to
planting conditions.

BOD

UV adsorption (280 nm)

Poor sensitivity, uses only
one wavelength,
interferences from
particles and toxic metals
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Figure: 3.6: A complete GW treatment plant with process setup

The primary goal of greywater treatment is to address health, aesthetic, and technical
issues caused by pathogens, organic matter, and solids in raw greywater, and to ensure
it meets reuse standards (Ghunmi et al., 2011). Figure 2.2 (Li et al., 2009) shows the
number of research and scientific articles on the treatment, reusability, and application
of greywater, highlighting a variety of technologies with differing complexity,
performance, and efficiency. Over the past 17 years, there has been a continuous
increase in research publications on this topic, with greywater treatment representing
nearly 69% of all research in the field, according to data from the Web of Science
database (Table 3.6). Despite the growing interest from the scientific community,
there are still very few technologies available to evaluate the performance of these
systems (Li et al., 2009), and cost-effective treatment methods remain
underdeveloped with no new technologies emerging so far (Jabornig and Podmirseg,
2015).

Summary

This chapter delves into the comprehensive characterization of untreated greywater,

focusing on its physical, chemical, and microbiological constituents. Understanding
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the baseline properties of untreated greywater is crucial for designing effective

treatment solutions and assessing the potential for reuse.

The physical characterization involves analyzing parameters such as turbidity, colour,
temperature, and total suspended solids (TSS). Turbidity, a measure of water clarity,
indicates the presence of suspended particles and colloidal matter. The colour of
greywater can vary depending on its source, and it provides insights into the presence
of organic and inorganic materials. Temperature influences microbial activity and
chemical reactions, making it a critical factor in treatment processes. TSS
quantification helps in understanding the load of particulate matter that needs to be

removed during treatment.

Chemical analysis of greywater includes the assessment of parameters like pH, total
dissolved solids (TDS), chemical oxygen demand (COD), biological oxygen demand
(BOD), and concentrations of nutrients and metals. The pH value affects the solubility
and reactivity of various constituents. TDS indicates the concentration of dissolved
substances, which can affect the efficacy of treatment processes. COD and BOD
measurements provide insights into the organic load and biodegradability of
greywater, respectively. Nutrient analysis, including nitrogen and phosphorus
compounds, is essential for evaluating the potential for eutrophication if greywater is
discharged into natural water bodies. Metal concentrations are monitored to assess the
presence of potentially toxic elements that could impact human health and the

environment.

The process of finding and measuring the harmful and non-pathogenic
microorganisms in greywater is known as microbiological characterisation.
Escherichia coli (E. coli), total coliforms, faecal coliforms, and other pathogenic
bacteria, viruses, and protozoa are important indications. The presence and
concentration of these microorganisms are critical for assessing the health risks
associated with greywater reuse. Microbial load also influences the selection and
design of appropriate disinfection methods in the treatment process.
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CHAPTER 4

DESIGN AND PILOT-SCALE
EVALUATION OF HYBRID
GREYWATER TREATMENT

SYSTEM
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CHharTER 4

Water scarcity is an escalating issue in urban areas globally, demanding innovative
strategies for water conservation and reuse. Greywater, which is a substantial portion
of residential wastewater, offers significant potential for recycling and reuse. This
chapter explores the development of a portable greywater treatment solution that
leverages hybrid technology, specifically designed for straightforward implementation

in residential societies.

The primary focus of this chapter is the conceptualization, design, and pilot-scale
evaluation of a hybrid greywater treatment system. This system integrates vertical and
horizontal pipe-based mechanisms (as presented in Figure 4.1) to enhance the
efficiency of the treatment process. The vertical configuration is intended to facilitate
initial sedimentation and primary filtration, while the horizontal configuration focuses
on secondary filtration and disinfection stages. By combining these mechanisms, the
hybrid system aims to optimize contaminant removal, thereby significantly improving
water quality. The design process involved thoroughly analysing various materials
and configurations to ensure compatibility with existing residential infrastructure
while maintaining ease of implementation. Initially, metal-based pipes were
considered, but they presented challenges such as corrosion and complexity in
installation. Consequently, the system design transitioned to using PVC pipes, which
offered advantages in ease of handling, cost-effectiveness, and compatibility with

common residential plumbing systems.

A pilot-scale evaluation was conducted to assess the performance of the hybrid
system under realistic conditions. This involved initial implementation in a controlled
laboratory environment, followed by testing in a residential setting to simulate actual
greywater generation and usage patterns. Key performance indicators, such as
Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD), Total
Suspended Solids (TSS), and microbial counts, were monitored to evaluate the

system's efficacy.
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The hybrid greywater treatment system not only improves the quality of treated
greywater but also promotes sustainable water reuse practices in urban residential
areas. This integrated approach addresses the critical issue of water scarcity by
providing an efficient, practical, and sustainable solution for greywater treatment and
reuse. Through detailed conceptualization, design refinement, and comprehensive
pilot-scale testing, this chapter highlights the potential of hybrid technology in

advancing greywater recycling efforts in urban environments.

4.1 Design and Development

The design and development of the hybrid greywater treatment system began with the
conceptualization of a robust and efficient solution tailored for residential societies.
Recognizing the pressing need for water conservation in urban areas, the initial focus
was on creating a system that could be easily implemented and maintained within the
existing infrastructure of residential buildings. The design aimed to leverage hybrid
technology, combining both vertical and horizontal treatment mechanisms to enhance

overall treatment efficiency.

4.1.1 Hybrid Structure Design

(Figure 4.1) mechanisms were meticulously developed to maximize treatment
efficiency and elevate water quality standards while ensuring seamless integration
into residential environments. This innovative approach aimed to exploit the benefits
of gravity-driven vertical stages for initial sedimentation and primary filtration of
greywater. The use of PVC pipes in this design transition was pivotal, driven by their
lightweight nature, corrosion resistance, and compatibility with existing residential
plumbing systems. These pipes facilitated easier handling, installation, and
maintenance, thereby enhancing the system'’s practicality and long-term durability.
Moreover, the integration of horizontal pipes for secondary filtration and disinfection
stages allowed for extended contact time with filtration media, such as activated
carbon, optimizing the removal of organic contaminants and pathogens. This
comprehensive design not only addressed the technical challenges of greywater
treatment but also positioned the system as a sustainable solution for urban water
management, supporting the reuse of treated greywater for non-potable applications
like irrigation and toilet flushing.
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4.1.2 Initial Conceptualization

Figure 4.2: First Attempt, Iron-based Figyre 4.3: Different stages of lab testing
Prototype developed in UPES to check for filtration unit and mechanism

The design process initiated with the conceptualization of a hybrid structure
strategically incorporating both vertical and horizontal treatment stages. This hybrid
approach was fundamentally driven by the objective of optimizing contact time
between greywater and treatment media, thereby augmenting the efficiency of
removing diverse contaminants. The integration of vertical treatment stages,
employing gravity-driven mechanisms, was intended to facilitate initial sedimentation
and filtration processes. These stages enabled the settling of heavier particles and the
initial removal of suspended solids, thereby priming the greywater for further

treatment.

Figure 4.4: Fabrication of the Prototype at Workshop
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Concurrently, the inclusion of horizontal configurations was aimed at leveraging
extended surface areas and optimized flow characteristics. This design element was
crucial in enhancing secondary filtration capabilities, particularly through the use of
media such as activated carbon and fine filters. The combination of vertical and
horizontal treatments was meticulously engineered to synergistically improve overall
water quality by effectively reducing levels of organic matter, chemicals, and

microbial pathogens.

The resultant treated greywater from this hybrid system was intended to meet
stringent quality standards suitable for various non-potable reuse applications within
residential environments. This holistic approach underscores the system’s capability
to address the complex challenges of greywater treatment in urban settings, offering a
sustainable solution that balances operational efficiency with practical implementation

in existing infrastructure.

4.1.3 Material Selection

Phase 1: Metal-Based Pipes

During the initial phase of the project, (Figure 4.2, 4.4, 4.5) metal-based pipes were
chosen for their anticipated durability and presumed efficacy in handling greywater
treatment. The decision was based on the perception that metal pipes would offer
robust structural integrity and long-term stability, essential qualities for managing
wastewater effectively. However, as the implementation progressed, a series of
substantial challenges surfaced that necessitated a reevaluation of this approach.
These challenges included issues such as corrosion susceptibility when exposed to
diverse chemical compositions present in greywater. Furthermore, the considerable
weight of metal pipes posed logistical difficulties during the transportation, handling,
and installation phases, especially within the confined spaces typical of residential
settings. Moreover, integrating metal pipes into existing plumbing systems proved
intricate and labour-intensive, requiring extensive modifications that increased both

time and costs.
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Figure 4.5: First Attempt: Iron-based prototype (12 Feet)

These challenges underscored the need for a more practical and sustainable
alternative, leading to a subsequent transition in the design towards utilizing PVC
pipes for their lighter weight, corrosion resistance, ease of handling, and compatibility

with residential infrastructure. These included:

- Corrosion: Metal pipes used in greywater treatment systems exhibit
susceptibility to corrosion, primarily influenced by the chemical
composition of the greywater they handle. When exposed to greywater,
which often contains dissolved salts, organic matter, and detergents, metal
pipes are prone to chemical reactions that lead to corrosion. The presence
of chloride ions, for instance, accelerates corrosion processes by
promoting the formation of aggressive species like hypochlorite and
chloramines. Additionally, the pH level of greywater can impact corrosion
rates; acidic conditions tend to exacerbate metal degradation by enhancing
the solubility of metal ions in water. Over time, corrosion compromises the

structural integrity of metal pipes, potentially leading to leaks, reduced
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operational lifespan, and increased maintenance costs. Therefore,
understanding the chemical interactions between greywater constituents
and metal materials is crucial in mitigating corrosion risks and ensuring
the long-term reliability of greywater treatment infrastructure.

Weight: The significant weight of metal pipes presented substantial
logistical challenges during the installation and handling processes,
particularly within the confined spatial constraints typical of residential
buildings. This issue primarily affected the feasibility and efficiency of
implementing greywater treatment systems in urban settings. The weight
of metal pipes necessitated specialized equipment and increased manpower
to manoeuvre and position them correctly within designated spaces.
Moreover, the logistical constraints imposed by their weight often led to
extended installation times and heightened labour costs, thereby impacting
the overall economic feasibility of greywater treatment system
installations. These challenges underscored the impracticality of using
metal pipes in residential environments where ease of handling and
efficient installation are critical factors for successful implementation of
water treatment technologies

Implementation Complexity: The implementation complexity associated
with integrating metal pipes into existing residential infrastructure
stemmed from several technical and logistical challenges. Metal pipes,
while initially chosen for their perceived durability and structural integrity,
posed significant difficulties during installation. The process involved
intricate planning to ensure compatibility with the existing plumbing
systems within residential buildings. The heavyweight nature of metal
pipes necessitated specialized equipment and handling procedures,
contributing to increased labour intensity and installation time. Moreover,
the need for precise fittings and connectors added complexity, requiring
meticulous adjustments to align with the specific layout and dimensions of
the building's plumbing network. These factors collectively resulted in
elevated installation costs, as skilled labour and resources were essential to
overcome the challenges posed by the integration of metal pipes into

residential settings.
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Phase 2: Transition to PVC Pipes

Figure 4.6: Second Attempt: Figure 4.7: Prototype with the Turbine for
PVC/UPVC based prototype Testing

In response to the challenges observed with metal pipes during the initial stages of
design implementation, the decision was made to adopt PVC (polyvinyl chloride)
pipes as a replacement material (Figure 4.6, 4.7). This transition was driven by a
thorough evaluation of material properties and performance requirements essential for
effective greywater treatment systems. PVC pipes were chosen primarily for their
superior corrosion resistance compared to metal counterparts, which is crucial in
environments where greywater may contain corrosive elements that could degrade
metal over time. Additionally, PVC pipes offer advantages such as lightweight
construction, facilitating easier handling and installation. Their inherent durability and
longevity contribute to reduced maintenance needs and operational costs over the
system's lifecycle. Moreover, PVC's compatibility with existing residential plumbing
infrastructure streamlined the integration process, minimizing disruption during
installation and ensuring seamless operation within urban residential environments.
This strategic shift to PVC pipes underscores a commitment to optimizing system
reliability, efficiency, and sustainability in greywater treatment applications. PVC

pipes were selected based on their numerous advantages, including:
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Lightweight Nature: (Figure 4.6 and 4.7) PVC pipes offer distinct
advantages over metal pipes due to their physical properties, particularly
their low density and lightweight nature. This characteristic of PVC pipes
significantly reduces the overall weight of the piping system compared to
metal counterparts, facilitating easier transportation and installation
processes. The lightweight nature of PVC pipes minimizes the need for
heavy lifting equipment during handling and installation, which can be
particularly advantageous in residential and urban settings where space
constraints and accessibility challenges may exist. Moreover, the reduced
weight contributes to lower transportation costs and logistical
requirements, making PVC pipes a practical choice for various
applications in  plumbing and wastewater management systems.
Additionally, the lightweight properties of PVC pipes ensure ease of
manoeuvrability during installation procedures, enhancing efficiency and
reducing labour costs associated with handling and positioning within
complex plumbing networks. Thus, the lightweight characteristic of PVC
pipes not only enhances practicality and ease of use but also supports cost-
effective and efficient implementation across diverse infrastructure
projects.

Ease of Handling: The advantageous characteristics of PVC pipes extend
beyond their material composition to include practical aspects critical to
their application in greywater treatment systems. PVVC pipes are selected
for their inherent flexibility and dimensions that facilitate ease of handling,
ensuring they can be manoeuvred efficiently during installation and
maintenance phases. Their manageable size allows for precise
customization to fit diverse residential plumbing configurations,
optimizing spatial efficiency within constrained environments typical of
urban housing layouts. This feature enhances the adaptability of PVC
pipes to different system designs, supporting seamless integration into
existing infrastructure without necessitating extensive modifications.
Compatibility with Existing Infrastructure: The compatibility of PVC
pipes with existing infrastructure is a crucial aspect of their selection in the
design of greywater treatment systems for residential settings. PVC
(polyvinyl chloride) pipes offer several advantages that contribute to their
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seamless integration into residential plumbing networks. Firstly, their
standardized dimensions and fittings ensure compatibility with commonly
used plumbing components, minimizing the need for extensive
modifications or custom adaptations during installation.  This
standardization not only simplifies the implementation process but also
reduces labour costs associated with retrofitting or upgrading existing
plumbing systems. Additionally, PVVC pipes can be easily cut, joined, and
manoeuvred to navigate around obstacles or fit into tight spaces within
buildings. This flexibility enhances the versatility of installation
approaches, accommodating various layouts and configurations typical of
residential environments. Moreover, the lightweight nature of PVC pipes
facilitates handling and transportation, reducing logistical challenges and
operational delays during construction. Overall, these characteristics
underscore PVC's suitability for effectively integrating greywater
treatment systems into existing residential infrastructure, supporting cost-

effective and efficient deployment strategies in urban settings focused on

water conservation and reuse.

Figure 4.8: Turbine testing at two different positions (analysed with condition
1 and condition 2)
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Figure 4.10: Final Bench Type Prototype (Working model)
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4.1.4 Structural Configuration

The ultimate structural configuration of the hybrid greywater treatment system was
meticulously planned to optimize treatment efficiency through a carefully
orchestrated arrangement of both vertical and horizontal PVC pipes (as presented in
Figure 4.10). This design was intricately crafted to ensure each stage of the treatment
process seamlessly transitions from initial sedimentation to final disinfection.
Vertically positioned PVC pipes were strategically employed at the outset to leverage
gravity for effective sedimentation and primary filtration. This initial phase allowed
heavier particles and sediments within the greywater to settle, thereby easing the
subsequent filtration processes. Following this, horizontally aligned PVVC pipes were
strategically integrated to extend the contact time of the greywater with secondary
filtration media, such as activated carbon and fine filters. These components were
meticulously selected to enhance the system's capability to remove organic
contaminants and residual chemicals effectively. Ultimately, this structural
arrangement was designed not only to maximize treatment efficiency but also to
ensure the system's practical implementation and operational reliability within
residential environments, fostering sustainable greywater reuse practices effectively.
This configuration was designed as follows:

- Vertical Pipes for Initial Sedimentation and Filtration:

o In the system design, vertical PVVC pipes were strategically positioned
at the initial stage to capitalize on gravitational forces for
sedimentation purposes based on calculative dimension after doing
initial simulation and testing (Table 4.1). This configuration facilitated
the separation of heavier particles and sediments present in the
greywater. As the greywater flowed through these vertical columns,
the particles settled at the bottom due to their higher density compared
to the water. This process of sedimentation enabled primary filtration
by effectively removing larger particulate matter and solids from the
greywater stream. By utilizing gravity in this manner, the system
optimized the initial phase of treatment, laying the foundation for
subsequent filtration stages aimed at further refining water quality

before eventual reuse or discharge.
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o In subsequent vertical stages of the greywater treatment system,
specific layers of filtration media were strategically implemented to
address different aspects of water quality. These stages were designed
to optimize the removal of suspended solids and reduce turbidity,
which is crucial for enhancing the overall effectiveness of greywater
treatment. The layering of filtration media began with coarse materials
like gravel, which effectively trapped larger particles and sediment as
the greywater flowed through. This initial stage served to physically
separate heavier solids from the water, thereby reducing turbidity and
preparing the greywater for further purification processes. Following
the gravel layer, finer filtration media such as sand were employed to
refine the treatment process. Sand beds are highly effective in
capturing smaller suspended particles that may still be present after
initial filtration. The interstitial spaces within the sand bed act as a
natural filter, facilitating the retention of fine particulate matter and
improving water clarity.

Together, these layers of filtration media in the vertical stages of the
system played a critical role in enhancing the overall water quality by
significantly reducing suspended solids and turbidity levels. This
sequential approach ensured that the greywater underwent thorough
purification before progressing to subsequent treatment stages,
contributing to the system's efficiency in producing treated water
suitable for various non-potable reuse applications in residential
settings.

- Horizontal Pipes for Further Filtration and Disinfection:

o Following the primary treatment in the vertical PVC pipes, the
greywater transitioned into horizontally configured stages within the
treatment system. These horizontal stages were meticulously designed
to optimize the treatment process by maximizing the contact time
between the greywater and secondary filtration media. Specifically, the
horizontal configuration facilitated prolonged exposure of the
greywater to specialized media, such as activated carbon. This media
was strategically selected for its high adsorption capacity, effectively

targeting organic contaminants and residual chemicals present in the

103



greywater stream. By extending the residence time and enhancing the
surface area available for interaction, the horizontal pipes ensured
thorough filtration and removal of contaminants that may have
persisted after the initial treatment stages. This sequential approach in
the treatment system aimed to achieve comprehensive purification of
greywater, aligning with standards for safe and sustainable reuse in
residential and urban environments.

In the ultimate phase of the horizontal configuration, the system
integrated advanced disinfection units aimed at achieving
comprehensive pathogenic microorganism removal. These units were
meticulously chosen based on their efficacy in treating greywater to
meet the requisite standards for non-potable reuse applications. The
disinfection process primarily involved the use of ultraviolet (UV)
lamps or chlorination chambers. UV disinfection, a chemical-free
method, employed ultraviolet radiation to disrupt the genetic material
of microorganisms, rendering them unable to replicate. On the other
hand, chlorination involves the controlled application of chlorine
compounds to eliminate microorganisms through oxidation. Both
methods were meticulously calibrated to ensure maximum efficiency
in eliminating pathogens from the greywater stream. This final
treatment stage ensured that the treated greywater met stringent safety
criteria, making it suitable for various non-potable reuse purposes,
including irrigation, toilet flushing, and other residential applications

aimed at conserving potable water resources.

Table 4.1: Dimensions of Prototype 1 (PVVC / UPVC: Pipe based Model)

S.No Connection Details Length (in Diameter (in
Inch) Inch)
1. | Water Tank to L1 (from Motor of 0.5 10 Ya
HP)
2. L1-L2 08 Y
3. L2-L3 102 Y
4. L3-L4 7.5 Ya
5. L4-J1 10 Ya
6. J1-J2 37 2.5
7. J2-J3 19 2.5
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8. J3-J4 5.5 2.5
9. J4-J5 04 4.0
10. J5-1J6 19 6.0
11. J6 —J7 04 4.0
12. J7 -8 10 2.5
13. J8-L5 09 Ya
14. L5 — Out Let 12 Ya

Important parameter:

% L1, L2, L3 L4, and L5 are the L shape joints; J1, J2, J3, J4, J5, J6, J7, and J8

are the reducer joints for reducing the size from % inch to 2.5 inches, 2.5

R/
A X4

Maximum pressure: 0.6Mpa outlet closed - the outlet opening maximum pressure

inches to 4 inches, 4 inches to 6 inches used to reduce the size of the pipe as
well as to join the connection.

A motor of 0.5 HP and 30 Liter of the tank is used to collect the water sample
XCLUMA 12V 10W DC MICRO HYDRO GENERATOR Tap Water Flow

Hydraulic Hydropower Water Turbine Generator is used for the initial testing

phase.

Technical Specification of the Turbine:

o A microhydro generator is a mechanical device that converts the
potential energy of flowing water into electrical energy. It can be
directly used for charging small batteries, powering mobile phones,
12V radios, LED lights, and other low-power devices, making it an
effective solution for off-grid energy needs in small-scale applications.

o Maximum output voltage :12 V The output voltage:12V - between the
wire resistance: 10.5 + 0.5 R - Insulation resistance:10M (DC100

megger)

:1.2Mpa - Start pressure :0.05Mpa
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4.2  System Design

In the realm of greywater treatment systems, the integration and functionality of various
components play a pivotal role in ensuring efficient purification and safe reuse of wastewater
within residential and commercial settings. Each component within the system is carefully
designed and implemented to address specific stages of the treatment process, from initial
particle removal to final disinfection. The systematic arrangement of these components not
only enhances water quality but also supports sustainable water management practices aimed

at mitigating freshwater scarcity challenges in urban environments.

Greywater treatment systems typically consist of several key components, each serving a
distinct purpose in the purification process. These components include screening units for
initial debris removal, sedimentation tanks for settling heavier particles, filtration units
employing diverse media for fine particulate removal, and advanced disinfection technologies
to eliminate pathogens. The selection and integration of these components are guided by
principles of efficiency, reliability, and compliance with regulatory standards governing water
quality.

As such, understanding the function and interaction of these system components is essential
for designing and implementing effective greywater treatment solutions. This comprehensive
approach not only ensures the removal of contaminants but also promotes the safe reuse of
treated greywater for non-potable applications, contributing to sustainable water conservation
efforts and environmental stewardship. The following sections delve into the detailed design
and operational aspects of these system components, highlighting their critical roles in
achieving high-quality greywater treatment and facilitating its beneficial reuse in diverse

urban contexts.

4.2.1 Screening Unit

The greywater treatment system commences with a screening unit meticulously designed to
effectively eliminate large particles and debris from the incoming greywater stream. This
initial stage plays a pivotal role in safeguarding downstream components against potential
clogging by preventing coarse solids such as hair, lint, and food particles from progressing
further into the treatment process. Typically, the screening unit incorporates a mesh or
perforated plate mechanism calibrated to allow water to permeate through while apprehending
and detaining solid particles exceeding a specified size threshold. This preliminary filtration
step not only enhances the overall operational efficiency of subsequent treatment stages but
also contributes significantly to the reduction of suspended solids load within the greywater

system. By effectively managing particulate matter at the outset, the screening unit ensures
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sustained performance and longevity of downstream treatment components, thereby

optimizing the system's capacity for comprehensive greywater purification and reuse.

4.2.2 Sedimentation Tank

After undergoing initial screening to remove larger debris, the greywater enters a
sedimentation tank constructed using vertical PVC pipes, which serves as a crucial primary
treatment stage in the greywater treatment system. In this sedimentation tank, gravity plays a
pivotal role in facilitating the separation process of heavier particles and sediments from the
water. As the greywater flows through the vertical pipes, the velocity decreases, allowing
suspended particles with higher specific gravity to settle downward and accumulate at the
bottom of the tank. This sedimentation step is meticulously designed to enhance the overall
treatment efficiency by removing finer particulate matter that might have escaped the initial
screening process. By effectively reducing turbidity and the concentration of suspended
solids, the sedimentation tank significantly improves the quality of the greywater, preparing it
for subsequent stages of filtration and disinfection. The integration of vertical PVC pipes
ensures a robust structural framework for the sedimentation process, enabling efficient
operation and maintenance of the greywater treatment system in residential and urban

settings.

4.2.3 Filtration Units

The treatment system is designed with a series of strategically positioned filtration stages,
employing diverse media to achieve comprehensive purification of greywater. These filtration
units are strategically placed in both vertical and horizontal orientations within the system.
The vertical orientation facilitates the initial stages of sedimentation and primary filtration,
allowing heavier particles to settle out and reducing the initial load of suspended solids. This
setup ensures that the greywater undergoes a thorough initial treatment process, minimizing

the particulate matter before entering subsequent filtration stages.

In the horizontal orientation, the filtration units are configured to provide extended contact
time between the greywater and the filtration media. This configuration enhances the
efficiency of secondary and tertiary filtration processes, where finer filtration media such as
activated carbon are used to adsorb dissolved organic compounds and residual contaminants.
By maximizing the surface area exposed to the filtration media and optimizing hydraulic
residence times, the horizontal orientation significantly improves the overall removal of
contaminants from the greywater. This systematic arrangement of filtration stages, combining

vertical and horizontal orientations, plays a critical role in achieving high-quality treated
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greywater suitable for reuse in non-potable applications, thereby contributing to sustainable

water management in residential and urban environments.

- Horizontal Filtration Stages: Within the hybrid greywater treatment system, the
horizontal filtration stages play a critical role in refining the quality of treated
greywater. Following initial treatment in the vertical sedimentation and filtration
stages, the greywater progresses into the horizontal configuration where
additional filtration units are strategically integrated. These stages are
meticulously designed to maximize contact time between the greywater and the
filtration media, thereby facilitating the thorough removal of residual impurities
and contaminants.

Horizontal filtration employs advanced filtration media or membranes that are
selected based on their pore size and adsorptive properties. This allows for finer
particulate removal and improves the clarity of the treated water. The extended
contact time within the horizontal pipes ensures that the greywater undergoes
thorough filtration, addressing remaining suspended solids, organic matter, and
potentially harmful substances that may affect water quality.

The design of the horizontal filtration stages considers factors such as hydraulic
retention time, flow rate optimization, and media selection to achieve optimal
performance. Filtration media such as activated carbon, ultrafiltration
membranes, or other specialized materials are utilized to enhance the efficiency
of contaminant removal. These stages are crucial in preparing the greywater for
final disinfection, ensuring that the treated water meets quality standards suitable
for non-potable reuse applications.

The integration of horizontal filtration stages within the hybrid greywater
treatment system reflects a comprehensive approach to water treatment. By
combining effective sedimentation and preliminary filtration in vertical pipes
with advanced horizontal filtration techniques, the system achieves high-quality
treated greywater. This systematic approach not only enhances water clarity and
purity but also contributes to sustainable water management practices in urban

environments, supporting efforts towards water conservation and reuse.

- Vertical Filtration Stages: Within the vertical filtration stages of the greywater
treatment system, a structured arrangement of filtration media optimizes the
removal of contaminants. Sand, activated carbon, and gravel are sequentially

layered within the vertical pipes to perform distinct purification functions.
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o Sand Filtration: The initial layer of sand serves as a crucial component
for removing suspended particles from the greywater. This process
effectively clarifies the water by trapping and retaining finer particulate
matter that may affect its clarity and quality. Sand filtration operates by
allowing the greywater to percolate through the porous bed of sand,
where particles larger than the interstices of the sand grains become
trapped.

o Activated Carbon Adsorption: Following sand filtration, the greywater
passes through a layer of activated carbon. Activated carbon is highly
effective in adsorbing organic contaminants and residual chemicals
present in the greywater. This includes substances that contribute to
odour, colour, and potentially harmful compounds. The activated
carbon's porous structure provides a large surface area for chemical
bonding with contaminants, thereby significantly improving the aesthetic
and health-related quality of the treated water.

o Gravel Support Medium: Throughout the vertical filtration stages, gravel
acts as a vital support medium for the layers of sand and activated
carbon. Gravel provides a stable bed that enhances the overall filtration
efficiency by ensuring uniform flow distribution and preventing media
compaction. It also facilitates proper drainage and allows for effective
contact time between the greywater and the filtration media, optimizing

the filtration process.

This structured approach within the vertical pipes of the greywater treatment
system ensures thorough purification of the greywater by sequentially
addressing different types of contaminants. By leveraging the specific
characteristics of sand, activated carbon, and gravel, this filtration design
achieves high removal efficiencies, making the treated greywater suitable for

safe and sustainable reuse in residential and urban settings.

4.2.4 Disinfection Unit

At the culmination of the treatment process, a dedicated disinfection unit is integrated into the
final stage of the horizontal pipe configuration. This unit plays a critical role in ensuring the
elimination of pathogenic microorganisms from the treated greywater, rendering it safe and
suitable for non-potable reuse applications. The disinfection options considered include UV

(Ultraviolet) disinfection and chlorination:
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- UV Disinfection: Utilizes UV lamps to emit ultraviolet light at specific
wavelengths that penetrate the cell walls of microorganisms, disrupting their
DNA and preventing reproduction. UV disinfection is effective against a broad
spectrum of pathogens without introducing chemicals into the water.

- Chlorination: Involves the controlled application of chlorine compounds, such as
chlorine gas or sodium hypochlorite, to the greywater. Chlorine acts as a
powerful oxidizing agent, destroying microorganisms by attacking their cellular
structure and metabolic processes. Chlorination offers residual disinfection
benefits, ensuring continued microbial control beyond the treatment unit.

These disinfection methods are selected based on their proven efficacy in meeting regulatory
standards for microbiological quality in treated greywater. By integrating advanced
disinfection technology at the final stage, the system ensures that the treated greywater meets
stringent safety criteria, making it suitable for environmentally sustainable reuse in
applications such as landscape irrigation, toilet flushing, and other non-potable water

demands in residential and commercial settings.

4.3 Pilot-Scale Evaluation

The pilot-scale evaluation of the hybrid greywater treatment system was conducted to bridge
the gap between laboratory research and real-world application. This phase was crucial for
validating the system’s design, performance, and reliability under conditions that closely
mimic actual residential greywater scenarios. By transitioning from controlled R&D
environments to practical, real-life settings, we aimed to ensure that the system could
consistently meet the demands of greywater treatment in urban residential societies.

Implementation of the pilot scale consists following:

4.3.1 Initial R&D Implementation

The initial implementation phase was dedicated to the integration of the PVVC-based hybrid
structure within our R&D laboratory. This stage was essential for refining the overall design
and addressing any operational challenges that arose during testing. Extensive trials were
conducted in a controlled laboratory environment, allowing for precise monitoring and
adjustment of the system. These trials provided critical insights into the structural
configuration, enabling us to optimize each component for maximum efficiency and
effectiveness. This thorough evaluation ensured the system's functionality and reliability,

laying a solid foundation for subsequent large-scale testing phases.
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Figure 4.14: Development phase of the Prototype at UPES lab
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4.3.2 Pilot Testing

Upon achieving successful outcomes in the laboratory, the next phase involved pilot testing in
an environment that closely simulated residential greywater conditions. This pilot setup was
meticulously installed in a designated area within the R&D facility, designed to replicate real-
world usage scenarios. Over an extended monitoring period, the system's performance was
evaluated under these conditions, focusing on parameters such as turbidity reduction,
dissolved oxygen levels, and contaminant removal efficiency. The pilot testing phase was
essential for validating the system's operational reliability and effectiveness in treating

greywater in a residential context.

Table 4.2: Sample data and site location at Hostel, UPES

§ f-r IS i
] Ly '.""-'"’.’"""'::;4

Total Room: 32 Total Person: 482

Total Person: 73 Water Usage: 65.07 KLD
Water Usage: 9.8 KLD Sewage Generation: 52.05 KLD
Sewage Generation: 7.8 KLD Greywater: 41.64 KLD

Greywater: 6.2 KLD

Total Room: 65 Total Room: 75

Total Person: 109 Total Person: 170

Water Usage: 14.75 KLD Water Usage: 22.95 KLD
Sewage Generation: 11.72 KLD Sewage Generation: 18.36 KLD
Greywater: 9.46 KLD Greywater: 14.68 KLD
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Table 4.3: Characteristics of

Greywater from Sources 1,2,3 and 4 (Near UPES

Hostels)

Parameter Sample 1 Sample 2 Sample 3 Average
Electrical conductivity | 2050 2230 1860.2 2046.73
(uS/cm)

TDS (mgl/l) 1737 1890.21 1580 1735.73
pH 8.57 9.32 7.8 8.56
Turbidity (NTU) 40.83 44.41 35.56 40.26
Nitrate (mg/l) 8.9 9.74 7.80 8.81
Phosphorous (mg/l) 0.88 0.96 0.77 0.87
BOD (mg/l) 340 370 290 333.33
COD (mgll) 916 990 783 896.33

Table 4.4: Greywater parameter at Difference Section during Pilot Stage

Paramet | Valueat | Value at Value at Value at Output | Performan
er Input of | Output of | Output of C of E ce of the
A B (Aeration) (Adsorbent, System
(Gravel Activated
Filtration) Carbon Filter)
BOD 290 (+ 194.3 59.66 34.33 (27%) 88%
20) (39%) (69.5%)
COD 760 (£ 20 | 554.8 252.43 157.77 (37.5%) | 79%
(27%) (54.5%)
pH 8.2 7.9 7.9 7.7 --
Turbidity | 35(x4) |12.95 9.90 (23%) 9.01 (09%) 74 %
(63%)
Oil & 50(x 8) NIL (almost) 99%
Grease
TSS <100 (+ | 32(68%) <10-15 90-95%
5)

Table 4.4: Greywater parameter before and after passing through prototype (Test 1)

S.N Parameter Inlet Outlet Change
Percentage (%)
a. pH 8.2 (x0.4) 7.8 (x0.4) 5%
b. BOD (mg/l) 290 (x 20) 31 (x£5) 89%
C. COD (mgl/l) 760 (x 20) 160 (£ 5) 79%
d. Turbidity 35(x4) 08 (£ 4) 77%
(NTU)
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e. TDS (mg/l) 2700 (+ 300) 2300 (+ 300) 15%

f. Nitrate (mg/l) 17 (x 2) 06 (+ 2) 65%

Table 4.5: Greywater parameter before and after passing through prototype (Final

Test)
S.N Parameter Inlet Outlet Efficiency
a. pH 6.5-8.2 (£ 0.4) 7.8 (£0.4) >95%
b. BOD (mg/l) 210-320 (+ 20) 31 (x5) > 89-93%
C. COD (mg/l) | 420 —470 (£ 20) 73 (£ 5) > 82 %
d. Turbidity 31-42 (+ 4) 08 (x 4) > 81%
(NTU)
e. TSS (mg/l) 130 (+ 50) <10 > 93%
f. Oil and 50(z 8) NIL >99%
Grease
Summary

This chapter details the design and development of a hybrid greywater treatment
system tailored for efficient implementation in residential environments, aimed at
addressing water scarcity through sustainable water reuse practices. Greywater, a
significant component of residential wastewater, offers the potential for recycling and
reducing freshwater demand in urban areas. The initial phase of system development
involved conceptualizing a hybrid design integrating both vertical and horizontal

treatment stages to optimize contaminant removal and enhance water quality.

Material selection played a crucial role in the system's evolution, beginning with
metal-based pipes chosen for their durability but later transitioning to PVC pipes due
to their lightweight nature, corrosion resistance, and compatibility with existing
residential plumbing infrastructure. The structural configuration of the system
included vertical pipes designed for initial sedimentation and primary filtration. These
vertical stages utilized gravity to facilitate the settling of heavier particles and the
removal of coarse contaminants, setting the foundation for subsequent treatment

processes.

Horizontal filtration stages further refined the treated greywater, emphasizing longer
contact times between the water and advanced filtration media or membranes. This

phase aimed to achieve finer particulate removal and improve water clarity before
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final disinfection. The design parameters of the horizontal stages were meticulously
planned to optimize hydraulic retention time, flow rates, and the selection of filtration
media such as activated carbon and ultrafiltration membranes. These components
played pivotal roles in effectively removing suspended solids, organic matter, and

harmful substances from the greywater stream.

The hybrid greywater treatment system represents a significant advancement in
sustainable water management practices for urban environments. By integrating
innovative design concepts with practical implementation strategies, the system not
only enhances water conservation efforts but also supports the safe and reliable reuse

of greywater.
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CHAPTER 5

DISCUSSION, ANALYSIS,

AND IMPLICATIONS



CHAPTERS

This chapter presents a comprehensive discussion, analysis, and exploration of the
implications arising from the pilot-scale evaluation of the hybrid greywater treatment
system. Following the successful implementation and pilot testing phases, it is crucial
to delve into the detailed outcomes, assess the performance metrics, and understand
the broader impact of the system on water management practices. The discussion
section will provide an in-depth examination of the results obtained during the pilot-
scale evaluation, highlighting the system’s effectiveness in reducing turbidity,
increasing dissolved oxygen levels, and removing contaminants. This analysis will
draw comparisons between initial laboratory findings and pilot-scale observations to

underscore the system’s reliability and scalability.

Critical performance indicators like Total Suspended Solids (TSS), Biological
Oxygen Demand (BOD), Chemical Oxygen Demand (COD), and Microbial Counts
will also be the focus of the analysis. By scrutinizing these metrics, we aim to
elucidate the system’s operational efficiency and potential areas for further
optimization. The implications section will explore the broader impact of
implementing this hybrid greywater treatment system within urban residential
settings. This includes potential contributions to sustainable water management, cost
savings, and environmental benefits. Additionally, the discussion will address the
practical considerations and challenges associated with scaling up the system for

widespread use.

5.1 Materials and Methods

5.1.1  Sample Collection and Water Quality Assessment

To comprehensively evaluate water quality and gain a thorough understanding of
greywater characteristics within the state, a systematic sampling strategy was
employed. Samples were carefully collected from various locations, including
households and apartment complexes. In the initial phase of sampling, particular
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attention was given to the UPES-Dehradun campus. Over a period of four days each
month, samples were collected from a food court and a hostel kitchen. Three grab
samples were taken from each source on the same day at two-hour intervals. These
individual grab samples were then combined to create a composite sample, with equal

volumes from each grab to ensure the sample was representative of the source.

Key physico-chemical characteristics, such as pH, Total Dissolved Solids (TDS), and
conductivity, were measured for each sample that was obtained through on-site
evaluations. At the UPES Water Research Laboratory, more thorough evaluations of
other factors such turbidity, nitrate, phosphorus, Chemical Oxygen Demand (COD),
and Biochemical Oxygen Demand (BOD) were carried out. This rigorous approach
for collection and analysis made sure that the quality of greywater in different
household contexts was accurately and completely characterized.

The greywater treatment process begins with sedimentation, sourced primarily from
the UPES Food Court or Hostel Kitchen (as presented in Figure 4.3). The inlet flow
rate is 100 litres per cycle, with an initial turbidity level (Ti) of 1000 NTU
(Nephelometric Turbidity Units). Sedimentation occurs over a period of 12 to 24
hours, allowing suspended particles to settle out naturally. Turbidity levels are

monitored during this phase to assess the effectiveness of sedimentation.

Following sedimentation, the greywater undergoes filtration through a gravity-driven sand
filter. This filter utilizes a packed bed of fine sand, custom-designed for optimal filtration
efficiency. The filtration process denoted as T2, is observed to ensure adequate removal of
remaining particulates. Dissolved oxygen levels (D1) are also measured during this stage. If
the turbidity level T2 is less than or equal to 50% of T1 (initial turbidity), the condition is
categorized as C. Conversely, if T2 exceeds 50% of T1, it is categorized as B, indicating the

need for further treatment.

Aeration follows the filtration stage, involving a motor-driven air pump to increase dissolved
oxygen (DO) levels in the greywater. The RPM of the air pump is monitored to regulate
aeration intensity. Higher dissolved oxygen levels correlate with lower temperatures, as
indicated by observation (R). If the dissolved oxygen level (T3) surpasses 5% of T2, the
aeration pump (P) and motor (M1) are deactivated. Conversely, if T3 remains below or equals

5% of T2, the pump (P) remains off while the motor (M1) continues operation. (Figure 5.1)
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Figure 5.1: Hybrid Greywater Treatment System: Experimental Process Flow
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The next treatment step involves adsorption using specialized adsorbents. Observations
include monitoring T4 levels and measuring D3 pressure. The process is controlled through
PLC (Programmable Logic Controller) or microcontroller systems, ensuring precise

regulation and optimization of adsorption efficiency.

Final disinfection of the treated greywater is achieved through chlorination or ozonation
processes, depending on specific requirements and regulatory standards. Disinfection ensures

the elimination of pathogens and microorganisms, rendering the water safe for reuse.

The assessment of physico-chemical parameters involved the utilization of distinct
methodologies. For instance, parameters such as pH and conductivity were promptly
ascertained during sample collection using a multimeter, ensuring real-time data

acquisition and precise measurements.

Table 5.1: Characteristics of Greywater Source-1

Grab Grab Grab Composite
Parameters

sample 1 sample 2 sample 3 sample
Electrical Conductivity

2075 2142 1985 2030
(uS/cm)
TDS (mg/l) 1725 1835 1590 1755
pH 8.3 9.6 7.4 8.5
Turbidity (NTU) 40 45 33 41
Nitrate (mg/l) 10 10.5 7.2 8.9
Phosphorous (mg/I) 0.9 11 0.8 0.76
BOD (mg/l) 179 192 167 183
COD (mg/l) 585 625 528 573
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Normalized Water Quality Parameters

Parameters
Electrical Conductivity
TDS
pH
Turbidity
Nitrate
Phosphorous
BOD
coD
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Figure 5.2: Comparative Analysis of Key Characteristics in Greywater Source-1
Samples

Table 5.1 and Figure 5.2 illustrates the characteristics of Greywater Source-1, based
on multiple grab samples and a composite sample. The parameters under
consideration encompass important water quality indicators. The electrical
conductivity ranged from 1985 uS/cm to 2142 puS/cm across the grab samples, with
the composite sample measuring at 2030 uS/cm. Total Dissolved Solids (TDS)
exhibited values spanning from 1590 mg/l to 1835 mg/l for grab samples, and 1755
mg/l for the composite sample. Variations in pH levels were observed, with values
between 7.4 and 9.6 for grab samples, and a composite sample pH of 8.5. Turbidity
measurements indicated values ranging from 33 NTU to 45 NTU for grab samples,
with the composite sample measuring at 41 NTU. Nitrate content varied from 7.2
mg/l to 10.5 mg/l among grab samples, with a composite sample nitrate content of 8.9
mg/l. Phosphorous concentrations ranged from 0.8 mg/l to 1.1 mg/I for grab samples
and 0.76 mg/l for the composite sample. Biochemical Oxygen Demand (BOD) and
Chemical Oxygen Demand (COD) depicted variations, with BOD levels of 167 mg/I
to 192 mg/l in grab samples and 183 mg/l for the composite sample, while COD
ranged from 528 mg/l to 625 mg/l in grab samples and measured 573 mg/l in the
composite sample. These results provide valuable insights into the quality of
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Greywater Source-1, which can inform decisions regarding its potential treatment and
reuse in various applications, considering the variations observed across grab samples.

Table 5.2: Characteristics of Greywater Source-2

Grab Grab Grab Composite
Parameters

sample 1 sample 2 sample 3 sample
Electrical Conductivity

1685 1678 1789 1723
(uS/cm)
TDS (mg/l) 1457 1412 1530 1467
pH 7.2 6.88 7.48 7.38
Turbidity (NTU) 34.03 32.953 35.33 34.05
Nitrate (mg/l) 7.38 7.2 7.79 7.45
Phosphorous (mg/I) 0.7 0.7 0.77 0.79
BOD (mg/l) 148 144 155.1 149
COD (mg/l) 679 468 458 536

Normalized Parameters Across Samples
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Figure 5.3: Comparative Analysis of Key Characteristics in Greywater Source-2

Samples

Table 5.2 and Figure 5.3 present the grab samples, the electrical conductivity ranged
from 1678 puS/cm to 1789 uS/cm, with an average of 1685 uS/cm. TDS levels varied
between 1412 mg/l and 1530 mg/l, averaging 1457 mg/l. pH values fluctuated
between 6.88 and 7.48, with a mean of 7.2. Turbidity measurements fell within the
range of 32.953 NTU to 35.33 NTU, averaging 34.03 NTU. Nitrate concentrations
spanned from 7.2 mg/l to 7.79 mg/l, with an average of 7.38 mg/l. Phosphorous
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content remained relatively stable, ranging from 0.7 mg/l to 0.79 mg/l, with an
average of 0.7 mg/l. BOD exhibited variations from 144 mg/l to 155.1 mgl/l,
averaging 148 mg/l. COD levels in grab samples ranged between 458 mg/l and 679
mg/l.

The composite sample provides an overall representation, with electrical conductivity
at 1723 pS/cm, TDS at 1467 mg/l, pH at 7.38, turbidity at 34.05 NTU, nitrate
concentration at 7.45 mg/l, phosphorous concentration at 0.79 mg/l, BOD at 149 mg/I,
and COD at 536 mg/l. These measurements play a critical role in assessing the water
quality, and the composite sample offers a consolidated view, aiding in the
comprehensive evaluation of the environmental conditions and the potential impact on
aquatic ecosystems and human health. Further analysis and interpretation of these
results are essential for a more thorough understanding of the water quality in the
examined area.

Table 5.3: Characteristics of Greywater Source-3

Grab Grab Grab Composite
Parameters

sample 1 sample 2 sample 3 sample
Electrical Conductivity

2315 2387 2242 2308
(US/cm)
TDS (mg/l) 1927 1992 1863 1918
pH 9.4 9.7 9.1 8.9
Turbidity (NTU) 44.5 46.2 43.8 44.1
Nitrate (mg/I) 10.05 12.43 9.68 10.17
Phosphorous (mg/I) 1.02 1.24 0.93 1.01
BOD (mg/l) 231.8 238.5 250.2 237.3
COD (mg/l) 786.2 815.1 720.5 775.4
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Normalized Parameters
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Figure 5.4: Comparative Analysis of Key Characteristics in Greywater Source-3
Samples

Table 5.3 and Figure 5.4 presents data for Greywater Source-3. Electrical conductivity
values range from 2242 uS/cm to 2387 pS/cm, indicating some variability. TDS
values vary between 1863 mg/l to 1992 mg/l, suggesting a moderate range of total
dissolved solids. pH values range from 9.1 to 9.7, indicating relatively high alkalinity.
Turbidity values show slight fluctuations, with a range from 43.8 NTU to 46.2 NTU.
Nitrate levels exhibit a moderate variation from 9.68 mg/l to 12.43 mg/l.
Phosphorous, BOD, and COD values demonstrate some variability but are generally
in line with Greywater Source-1 and Source-2.

Table 5.4: Characteristics of Greywater Source-4

Grab Grab Grab Composite
Parameters

sample 1 sample 2 sample 3 sample
Electrical Conductivity

2070.3 2215.1 1857.8 2047.5
(uS/cm)
TDS (mg/l) 1721.6 1885.77 1595.2 1730.5
pH 8.61 9.29 7.82 8.48
Turbidity (NTU) 39.97 45.12 35.02 40.5
Nitrate (mg/l) 8.8 9.63 7.72 9.2
Phosphorous (mg/I) 0.87 0.95 0.76 0.88
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BOD (mg/l) 256 271 279 265

COD (mg/l) 912 995 782 893
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Figure 5.5: Comparative Analysis of Key Characteristics in Greywater Source-4
Samples

Table 5.4 and Figure 5.5 highlight the parameters of Greywater Source-4. Electrical
conductivity values exhibit a moderate range from 1857.8 pS/cm to 2215.1 pS/cm.
TDS values vary between 1595.2 mg/l to 1885.77 mg/l, showcasing a moderate range
of total dissolved solids. pH values are relatively stable, ranging from 7.82 to 9.29.
Turbidity values are consistent, with a range from 35.02 NTU to 45.12 NTU. Nitrate
levels exhibit minimal fluctuation, varying from 7.2 mg/l to 9.63 mg/I. Phosphorous,

BOD, and COD values are within a narrow range, similar to Greywater Source-2.

5.1.2Determination of Total Dissolved Solids (TDS)

The assessment of Total Dissolved Solids (TDS) was conducted employing the
gravimetric method, a well-established technique in analytical chemistry. The
procedure involved the following steps:
- Initial Weight Measurement: The measurement commenced with the
determination of the weight of an empty beaker (designated as W1).
- Filtration and Evaporation: Subsequently, a 50 mL sample of water was
carefully passed through a 0.2-micron filter and collected in the beaker. The

beaker with the filtered water was then subjected to evaporation. The
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evaporation process was carried out in an oven set to 180°C, persisting until
the complete dryness of the beaker was achieved.

- Final Weight Measurement: Upon completion of the evaporation process, the
beaker was extracted from the oven and allowed to equilibrate to room
temperature within a desiccator. The final weight of the beaker, now
containing the residual dissolved solids, was recorded as W2.

The calculation of the accurate TDS value was ascertained using the following
mathematical formulation:

(W2 — W1) x 1000

TDS (mg/L) = S0l

Where:
- TDS (mg/L) represents the concentration of Total Dissolved Solids in
milligrams per litre.
- W1 signifies the initial weight of the empty beaker (in grams).
- W2 indicates the final weight of the beaker containing the dried
dissolved solids (in grams).
- 50 mL corresponds to the volume of the water sample subjected to
analysis (in millilitres).
- The multiplication by 1000 is applied to convert grams to milligrams
for consistency in the units of measurement.
This gravimetric method for TDS determination ensures a precise and reliable

assessment of the concentration of dissolved solids within the analyzed water sample.

5.1.3Chemical Oxygen Demand (COD) Analysis

The determination of Chemical Oxygen Demand (COD) was conducted using the
open reflux method. A 20 mL aliquot of the sample was placed in a COD flask,
followed by the addition of a small quantity of mercuric sulfate. Subsequently, 10 mL
of a 0.25 N potassium dichromate solution and 30 mL of concentrated sulfuric acid
were introduced into the same COD flask. The sample was subjected to reflux for a
duration of 2 hours, maintaining a temperature of 150°C. After cooling, the digested
sample was titrated against a 0.1 N ferrous ammonium sulfate solution. The exact
COD value (in milligrams per litre, mg/L) was determined employing the following

formula:
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V' xN x 8000
20 x 1.6

COD (mg/L) =

Where:
-V represents the volume (in mL) of the ferrous ammonium sulfate solution
consumed during titration.
- N signifies the normality of the ferrous ammonium sulfate solution (0.1
N).
- The factors 8000, 20, and 1.6 are constantly used for the COD calculation.

51.4 Turbidity Measurement
Turbidity (T) in the samples was quantified using a turbidity meter. The procedure
began with the analysis of a standard solution on the meter, yielding a reference value
denoted as Tiianqara- Subsequently, the turbidity Tg,mple Of each sample was
measured. This quantification was conducted by the following relationship:

Tsam le
T = _Sampte

Tstandard

where:
- T represents the turbidity of the sample.
Tempie Signifies the turbidity reading obtained for the sample.
- A standara denotes the turbidity of the standard solution, serving as the

reference value for the meter calibration.

5.1.5Nitrate Analysis

Nitrate quantification was conducted employing the UV/Vis spectrophotometric
method. Initially, a standard stock solution of nitrate was prepared by dissolving a
precisely known quantity of sodium nitrate in 1000 mL of distilled water.
Subsequently, five distinct standard solutions with varying concentrations were
derived from this nitrate stock solution, each through dilution with distilled water. To
these standard solutions, 1 mL of 1N hydrochloric acid was added within 50 mL of
the respective standard solution. The absorbance was then measured using a UV/Vis
spectrophotometer at two distinct wavelengths, namely 220 nm and 275 nm. A
calibration curve was established by plotting the relationship between concentration

and absorbance. The absorbance of the test sample was determined at the same

130



wavelengths. To ascertain the nitrate concentration within the sample, the calibration

curve was employed. This relationship is mathematically expressed as:

Asample

C sample —

Ssample
Where:
- The ¢ sample TEPresents the concentration of nitrate in the sample.
A sampie Signifies the absorbance of the sample at the specified
wavelengths.
Sampie Stands for the slope of the calibration curve obtained through a

linear regression analysis.

5.1.6Phosphorus Analysis
Phosphorus content was quantified using the UV/Vis spectrophotometric method. To
initiate this analysis, a standard stock solution of phosphorus was prepared by
dissolving a precisely known quantity of sodium phosphate in 1000 mL of distilled
water. From the prepared stock solution of phosphorus, a measured volume was
extracted and placed in a 50 mL volumetric flask. Subsequently, 10 mL of VM
reagent was introduced into the flask, and after a 10-minute incubation period, the
absorbance of the solution was recorded using a UV/Vis spectrophotometer, with
measurements conducted at a wavelength of 420 nm.
To establish a quantitative relationship between phosphorus concentration and the
corresponding absorbance values, a calibration curve was constructed. The
absorbance of the sample was assessed at the same wavelength (420 nm), allowing for
a direct comparison with the calibration curve. Utilizing the calibration curve, the
concentration of phosphorus within the sample was accurately determined, employing
the principles of linear regression and the Beer-Lambert law:
A=¢b-C

Where:

- Arepresents the absorbance of the sample.

- & denotes the molar absorptivity of phosphorus at 420 nm.

- bis the path length (in this case, 1 cm).

- C signifies the concentration of phosphorus in the sample (in mol/L).
This enabled the precise calculation of the phosphorus concentration within the

analyzed sample, contributing to the scientific rigour and accuracy of the assessment.
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5.1.7 Biochemical Oxygen Demand (BOD) Analysis
Biochemical Oxygen Demand (BOD) was determined using the wrinkle method with
a 5-day incubation period. The procedure involved several steps as follows:

e Aeration: Distilled water was aerated for 12 hours to ensure the removal of
dissolved oxygen (DO).

e Incubation: The aerated water was then incubated for an additional 12 hours at
20°C to stabilize the temperature.

e Chemical Additions: Upon reaching room temperature, specific chemicals
were added to the water, including calcium chloride, ferric chloride,
magnesium sulfate, and phosphate buffer solution (1 mL per litre of distilled
water). Thorough mixing was carried out to homogenize the solution.

e Blank Preparation: One BOD bottle was filled with this solution to serve as
the blank.

e Seed Inoculation: A known volume (2 mL per litre) of seed material was
introduced into the distilled water. Proper mixing was ensured, and another
BOD bottle was filled to serve as the seed blank.

e Sample Preparation: The sample to be analyzed was taken in a volumetric
flask and diluted with distilled water to obtain the desired concentration.

e Sample Bottles: Two BOD bottles were filled with the prepared sample: one
for the initial day (zero-day) and one for the fifth day.

e Zero-Day Analysis: The sample in the zero-day bottle was immediately
analyzed for DO. This was achieved by adding manganese sulfate, alkali
azide, and sulfuric acid to the sample and subsequently titrating it against
sodium thiosulfate. Starch was used as an indicator to detect the endpoint.

e Fifth-Day Analysis: The sample in the fifth-day bottle was placed in a BOD
incubator for a 5-day incubation period at 20°C. After incubation, the fifth-day
sample was also analyzed for DO.

Calculation of 5-Day BOD: The 5-day BOD was calculated using the following
formula:

DOzero—day - DOfifth—day

5—Day BOD (mg/L) =

Where:

®  DOgero-aay is the dissolved oxygen on the initial day.
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®  DOfiftn—qay Is the dissolved oxygen after the 5-day incubation.

e f isthe dilution factor.

e K is the BOD conversion factor (usually 1.5).

This method allows for the quantification of the organic pollution load in the analyzed
sample based on the decrease in dissolved oxygen over the incubation period,

providing valuable information for water quality assessment.

5.2 Result and Analysis

The output characteristics of treated greywater collected from various sources exhibit
substantial variations that are contingent upon the specific treatment processes
employed. Greywater, emanating from sources such as showers, hand basins, and
kitchen sinks, initially possesses characteristics including relatively low levels of
organic content and nutrients compared to freshwater. However, after undergoing
primary, secondary, and tertiary treatment, the resulting treated greywater showcases
significant improvements in various water quality parameters. These transformations
are evident in reduced electrical conductivity, Total Dissolved Solids (TDS),
turbidity, nitrate and phosphorous concentrations, as well as reduced Biochemical
Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) levels. The treated
greywater's pH remains within a neutral range. Such improvements render treated
greywater amenable to a variety of non-potable applications, including toilet flushing,
garden irrigation, and car washing, demonstrating its potential as a sustainable
alternative water source for specific purposes within the broader framework of water

resource management and environmental preservation.

Table 5.5: Analysis of Treated Greywater from Source 1: Output Characteristics

Concentration Concentration Concentration
The initial ] ]
] after primary after secondary | after tertiary
Parameter | concentration of
) treatment treatment treatment
S the composite
Con | % Con | % Con | %
sample
C. decrease | c. decrease | c. decrease
Electrical
Conductivit | 2048 1467 | 28.11 932 | 36.27 240 | 73.85
y (uS/cm)
TDS (mg/l) | 1755 1332 | 24.21 1087 | 19.21 391 | 64.47
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pH 8.5 8.18 | X 8.08 | X 798 | X
Turbidity

41 16.2 | 60.39 12,5 | 26.83 10.8 | 9.76
(NTU)
Nitrate

8.2 6.45 | 20.12 3.62 | 45.12 294 | 1951
(mg/l)
Phosphorou

0.77 0.68 | 11.69 0.51 | 19.48 0.39 | 22.08
s (mg/l)
BOD

190 75.1 | 60.47 185 | 74.21 8.61 | 55.47
(mg/1)
COoD

580 260 |55.17 76.5 | 69.83 35.2 | 53.1
(mg/l)
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Figure 5.6: Transformation of Treated Greywater from Source 1: Evolution of Key
Parameters

In Table 5.5 and Figure 5.6, an analysis of treated greywater from Source 1 is
presented, detailing the evolution of various parameters through different treatment
stages. The table starts with the initial concentrations of composite samples for each
parameter, followed by concentrations after primary, secondary, and tertiary
treatments. Notably, Electrical Conductivity exhibits a substantial decrease from its
initial value of 2048 uS/cm to 1467 pS/cm after primary treatment, followed by
further reductions to 932 uS/cm after secondary treatment and eventually reaching
240 pS/cm after tertiary treatment. Similarly, Total Dissolved Solids (TDS)
concentrations decreased from 1755 mg/l to 1332 mg/l after primary treatment, 1087

mg/l after secondary treatment, and ultimately 391 mg/| after tertiary treatment. The
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pH levels exhibit a decreasing trend from 8.5 to 8.18 after primary treatment, 8.08

after secondary treatment, and 7.98 after tertiary treatment. Moreover, Turbidity

levels significantly drop from the initial 41 NTU to 16.2 NTU after primary treatment,
12,5 NTU after secondary treatment, and 10.8 NTU after tertiary treatment. The

analysis also reveals a substantial decrease in Nitrate concentrations, Phosphorous

concentrations, Biochemical Oxygen Demand (BOD), and Chemical Oxygen Demand

(COD) across the various treatment stages, indicating the effectiveness of the

treatment processes in improving the quality of the greywater from Source 1.

Table 5.6: Analysis of Treated Greywater from Source 2: Output Characteristics

The initial

Concentration

Concentration

Concentration

) after primary after secondary | after tertiary
Parameter | concentration of
) treatment treatment treatment
S the composite
Con | % Con | % Con | %
sample
c. decrease | c. decrease | c. decrease

Electrical
Conductivit | 1720 1227 | 29.34 893 | 25.92 281 | 67.88
y (uS/cm)
TDS (mg/l) | 1455 1050 | 27.78 820 | 22.12 209 | 74.62
pH 7.3 745 | X 727 | X 719 | X
Turbidity

33 14.5 | 58.93 10.8 | 23.26 9.69 | 9.55
(NTU)
Nitrate

7.4 5.78 | 23.78 3.2 43.74 2.59 | 18.65
(mg/l)
Phosphorou

0.79 0.72 | 8.22 0.59 | 1851 0.46 | 24.61
s (mg/l)
BOD

148 64.4 | 56.61 175 | 728 6.75 | 61.51
(mg/1)
COoD

538 256 | 53.11 825 | 67.6 37.2 | 55.29
(mg/1)
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Figure 5.7: Transformation of Treated Greywater from Source 2: Evolution of Key
Parameters

In Table 5.6 and Figure 5.7, an analysis of treated greywater from Source 2 is
presented. The table provides insights into the changes in parameter concentrations at
various treatment stages. Initially, the concentrations of each parameter are
documented, and subsequent concentrations after primary, secondary, and tertiary
treatments are recorded. Notably, the electrical conductivity decreases from an initial
1720 pS/cm to 1227 pS/cm after primary treatment, further diminishing to 893 uS/cm
after secondary treatment, and ultimately reaching 281 uS/cm after tertiary treatment.
Similarly, the concentrations of Total Dissolved Solids (TDS) decrease from 1455
mg/l to 1050 mg/l after primary treatment, followed by a reduction to 820 mg/I after
secondary treatment, and a final concentration of 209 mg/l after tertiary treatment. pH
levels exhibit fluctuations during the treatment process, moving from an initial value
of 7.3 to 7.45 after primary treatment, 7.27 after secondary treatment, and finally
stabilizing at 7.19 after tertiary treatment. Additionally, turbidity decreases
significantly from an initial 33 NTU to 14.5 NTU after primary treatment, further
lowering to 10.8 NTU after secondary treatment, and eventually to 9.69 NTU after
tertiary treatment. Nitrate concentrations show a consistent decline from 7.4 mg/l to
5.78 mg/l after primary treatment, 3.2 mg/l after secondary treatment, and 2.59 mg/I
after tertiary treatment. Phosphorous concentrations follow a similar trend, reducing
from 0.79 mg/l to 0.72 mg/l after primary treatment, 0.59 mg/l after secondary
treatment, and 0.46 mg/l after tertiary treatment. Moreover, the Biological Oxygen

Demand (BOD) concentrations decrease from an initial 148 mg/l to 64.4 mg/l after
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primary treatment, 17.5 mg/l after secondary treatment, and 6.75 mg/l after tertiary
treatment. Finally, Chemical Oxygen Demand (COD) concentrations exhibit a
declining pattern from 538 mg/l to 256 mg/l after primary treatment, 82.5 mg/l after
secondary treatment, and 37.2 mg/| after tertiary treatment. These results illustrate the

efficacy of the treatment process in enhancing the quality of greywater from Source 2.

Table 5.7: Analysis of Treated Greywater from Source 3: Output Characteristics

Concentration Concentration Concentration
The initial ] .
) after primary after secondary | after tertiary
Parameter | concentration of
] treatment treatment treatment
S the composite
Conc | % Conc | % Conc | %
sample
decrease | . decrease | . decrease
Electrical
Conductivit | 2300 1600 | 30.32 1220 | 23.59 387 | 68.44
y (uS/cm)
TDS (mg/l) | 1935 1385 | 27.68 1120 | 19.23 286 | 74.35
pH 8.95 8.6 4,75 8.17 | 4.39 8.12 | 2.80
Turbidity
455 17.8 | 61.89 12.4 | 24.63 10.9 | 14.59
(NTU)
Nitrate
10.5 8.38 | 23.48 5.03 | 39.49 3.77 | 25.34
(mg/1)
Phosphorou
1.05 0.86 | 10.46 0.64 | 26.48 0.52 | 19.59
s (mg/l)
BOD (mg/l) | 236.5 93.8 | 60.39 205 | 78.45 8.19 | 59.05
249,
COD (mg/l) | 7725 . 67.43 86.8 | 65.29 455 | 48.62

Table 5.7 and Figure 5.8 presents a comprehensive analysis of treated greywater
originating from Source 3. This table meticulously records the initial concentrations
of composite samples and their subsequent evolution after primary, secondary, and
tertiary treatment stages. Notable observations include a substantial reduction in
Electrical Conductivity, shifting from 2300 pS/cm to 1600 pS/cm after primary
treatment, followed by a further decrease to 1220 uS/cm post-secondary treatment,

ultimately reaching 387 uS/cm after tertiary treatment.
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100 A

804

604

40

Concentration (% of Initial Concentration)

204

—a&— Concentration after primary treatment
Concentration after secondary treatment
—e8— Concentration after tertiary treatment

T T
= <&
R & G
& & &

3
’O/y |

Parameters

Figure 5.8: Transformation of Treated Greywater from Source 3: Evolution of Key
Parameters

Similarly, Total Dissolved Solids (TDS) concentrations demonstrate a consistent
decline, commencing at 1935 mg/l and progressively decreasing to 1385 mg/| after
primary treatment, 1120 mg/| after secondary treatment, and ultimately bottoming out
at 286 mg/l after tertiary treatment. The pH levels experience modest fluctuations,
starting at 8.95 and settling at 8.6 after primary treatment, 8.17 after secondary
treatment, and 8.12 after tertiary treatment. Moreover, the table reveals a marked
reduction in turbidity, as evidenced by the initial 45.5 NTU diminishing to 17.8 NTU
post-primary treatment, 12.4 NTU following secondary treatment, and 10.9 NTU after
tertiary treatment. Furthermore, nitrate concentrations show a consistent decline,
commencing at 10.5 mg/l and progressively decreasing to 8.38 mg/l after primary
treatment, 5.03 mg/l after secondary treatment, and finally resting at 3.77 mg/l post-
tertiary treatment. Phosphorous concentrations exhibit a similar trend, starting at 1.05
mg/l and progressively decreasing to 0.86 mg/l post-primary treatment, 0.64 mg/I
following secondary treatment, and 0.52 mg/| after tertiary treatment. Additionally,
Biochemical Oxygen Demand (BOD) concentrations undergo significant reduction,
commencing at 236.5 mg/l and progressively decreasing to 93.8 mg/l after primary
treatment, 20.5 mg/l after secondary treatment, and 8.19 mg/l following tertiary
treatment. Lastly, Chemical Oxygen Demand (COD) concentrations also experience a
notable reduction, with initial levels at 772.5 mg/l and successive declines to 249.5
mg/l after primary treatment, 86.8 mg/l after secondary treatment, and 45.5 mg/l after
tertiary treatment. These findings underscore the efficacy of the treatment processes in
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improving the quality of greywater from Source 3, thereby highlighting the potential

for greywater recycling in sustainable water resource management.

Table 5.8: Analysis of Treated Greywater from Source 4: Output Characteristics

Concentration | Concentration Concentration
The initial ) ]
] after primary after secondary | after tertiary
Parameter | concentration of
) treatment treatment treatment
S the composite
Con | % Con | % Con | %
sample
C. decrease | c. decrease | c. decrease
Electrical
Conductivit | 2035 1325 | 34.85% 1019 | 23.59% 330 | 67.39%
y (uS/cm)
TDS (mg/l) | 1727 1327 | 23.77% 1065 | 19.46% 277 | 73.77%
pH 8.45 855 | X 8.27 | X 8.08 | X
Turbidity
41.5 13.9 | 65.63% 10.5 | 28.74% 9.08 | 9.64%
(NTU)
Nitrate
8.9 6.49 | 27.60% 3.55 | 46.32% 2.78 | 19.42%
(mgll)
Phosphorou
0.88 0.81 | 8.18% 0.6 24.41% 0.46 | 24.50%
s (mg/l)
BOD
264 118 | 55.30% 23 80.46% 10.4 | 55.27%
(mgll)
COD
895 307 | 65.63% 80.2 | 73.89% 49 38.94%
(mg/1)
Normalized Analysis of Treated Greywater
100 —8— Concentration after primary treatment
Concentration after secondary treatment
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Figure 5.9: Transformation of Treated Greywater from Source 4: Evolution of Key
Parameters

Table 5.8 and Figure 5.9 presents the analysis of treated greywater from Source 4. It
provides insight into the changes in various parameters throughout the treatment
process. The initial concentrations of each parameter are detailed, along with the
concentrations after primary, secondary, and tertiary treatments. Electrical
Conductivity experiences a significant reduction from the initial 2035 pS/cm to 1325
puS/cm after primary treatment. This reduction continues as it drops to 1019 puS/cm
after secondary treatment and eventually reaches 330 uS/cm after tertiary treatment.
Similarly, Total Dissolved Solids (TDS) concentrations also decrease notably.
Starting at 1727 mg/l, they decrease to 1327 mg/l after primary treatment, then to
1065 mg/l after secondary treatment, and finally reach 277 mg/l after tertiary
treatment. pH levels exhibit fluctuations through the treatment stages. The pH value,
initially at 8.45, increases slightly to 8.55 after primary treatment, decreases to 8.27
after secondary treatment, and further decreases to 8.08 after tertiary treatment.
Turbidity experiences a consistent decrease. Beginning at 41.5 NTU, it reduces to
13.9 NTU after primary treatment, 10.5 NTU after secondary treatment, and
eventually reaches 9.08 NTU after tertiary treatment. The concentrations of Nitrate
decline significantly during the treatment process. Starting at 8.9 mg/l, they reduce to
6.49 mg/l after primary treatment, further decreasing to 3.55 mg/l after secondary
treatment, and reaching 2.78 mg/l after tertiary treatment. Phosphorous concentrations
also exhibit notable reductions. Initially at 0.88 mg/l, they decrease to 0.81 mg/| after
primary treatment, then to 0.6 mg/l after secondary treatment, and eventually reach
0.46 mg/l after tertiary treatment. Moreover, the Biochemical Oxygen Demand
(BOD) concentrations decrease significantly. Starting at 264 mg/l, they reduce to 118
mg/| after primary treatment, further decreasing to 23 mg/l after secondary treatment,
and reaching 10.4 mg/l after tertiary treatment. Finally, the Chemical Oxygen
Demand (COD) concentrations also experience notable reductions. Beginning at 895
mg/l, they decrease to 307 mg/l after primary treatment, further reducing to 80.2 mg/I
after secondary treatment, and finally reaching 49 mg/I after tertiary treatment.

The comparative performance evaluation of greywater sources, presented in Tables
4.5 to 4.8, demonstrates the significant impact of treatment processes on various water

quality parameters. The percentage decrease in these parameters between the inlet and
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outlet concentrations reflects the efficacy of the treatment methodologies applied to

each greywater source.

Table 5.9: Comprehensive Performance Evaluation of Greywater Source-1

Inlet Outlet Percentage
Parameters ) )
concentration concentration decrease
Electrical Conductivity
2040 246 87.88
(uS/cm)
TDS (mg/l) 1745 396 77.62
pH 8.35 7.98 -
Turbidity (NTU) 41 115 73.17
Nitrate (mg/l) 7.9 2.88 64.37
Phosphorous (mg/I) 0.73 0.42 45.21
BOD (mg/l) 184 8.35 95.47
COD (mg/l) 572 35.5 93.78
Normalized Parameters Comparison
1.0 A EE Inlet concentration
B Outlet concentration
Percentage decrease
0.8
% 0.6
é
S 0.41
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Figure 5.10: Performance Evaluation of Greywater Source-1: Reduction in
Contaminant Levels

Table 5.9 and Figure 5.10 reveal a substantial improvement in the quality of
greywater from Source 1. The electrical conductivity, TDS, turbidity, nitrate,
phosphorous, BOD, and COD all exhibited remarkable reductions. Notably, BOD and
COD experienced the most significant percentage decrease, at 95.47% and 93.78%,
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respectively. This indicates that the treatment processes for Source-1 are highly

effective, resulting in a notable enhancement of water quality.

Table 5.10: Comprehensive Performance Evaluation of Greywater Source-2

Inlet Outlet Percentage
Parameters ] ]
concentration concentration decrease
Electrical Conductivity
1736 285 83.62
(US/cm)
TDS (mg/l) 1465 215 85.36
pH 7.45 7.18 -
Turbidity (NTU) 36 9.87 71.27
Nitrate (mg/l) 7.3 2.58 64.47
Phosphorous (mg/l) 0.82 0.47 43.9
BOD (mg/l) 153 6.97 95.45
COD (mg/l) 536 37.4 93.03
Normalized Parameters Comparison
1.0 EEm Inlet concentration
Bmm Outlet concentration
Percentage decrease
0.8 1
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Figure 5.11: Performance Evaluation of Greywater Source-2: Reduction in
Contaminant Levels

Table 5.10 and Figure 5.11 provide a similar trend for Source-2, where electrical
conductivity, TDS, turbidity, nitrate, phosphorous, BOD, and COD exhibited
considerable reductions. BOD and COD experienced a remarkable percentage
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decrease of 95.45% and 93.03%, respectively. The treatment processes for Source-2

showcase substantial efficiency in improving water quality.

Table 5.11: Comprehensive Performance Evaluation of Greywater Source-3

Inlet Outlet Percentage
Parameters ] ]

concentration concentration decrease
Electrical Conductivity

2307 390 83.17
(US/cm)
TDS (mg/l) 1925 285 85.1
pH 8.95 8.13 -
Turbidity (NTU) 44.2 10.9 74.78
Nitrate (mg/l) 11.3 3.76 65.78
Phosphorous (mg/l) 1.05 0.51 47.62
BOD (mg/l) 235.5 8.32 96.47
COD (mg/l) 772.9 45.2 94.17

Normalized Parameters Comparison
1.0 HEE Inlet concentration

BEE Qutlet concentration
Percentage decrease

0.8 +
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o
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Figure 5.12: Performance Evaluation of Greywater Source-3: Reduction in
Contaminant Levels

Table 5.11 and Figure 5.12 highlight the effectiveness of the treatment processes for
Source 3. Significant reductions in electrical conductivity, TDS, turbidity, nitrate,

phosphorous, BOD, and COD are observed. The percentage decrease is particularly

143




noteworthy for BOD (96.47%) and COD (94.17%), emphasizing the remarkable

enhancement in water quality.

Table 5.12: Comprehensive Performance Evaluation of Greywater Source-4

Inlet Outlet Percentage
Parameters ] ]
concentration concentration decrease
Electrical Conductivity
2038 334 83.57
(US/cm)
TDS (mg/l) 1742 281 83.86
pH 8.48 8.15 -
Turbidity (NTU) 44 9.24 79.02
Nitrate (mg/l) 8.7 2.9 67.12
Phosphorous (mg/l) 0.87 0.45 48.28
BOD (mg/l) 268 10.7 96.02
COD (mg/l) 894 49.3 94.47
Normalized Parameters Comparison
1.0 1 Hl [nlet concentration
B Outlet concentration
Percentage decrease
0.8
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Figure 5.13: Performance Evaluation of Greywater Source-4: Reduction

Contaminant Levels

Parameters

Table 5.12 and Figure 5.13 reflect the substantial improvement in water quality for

Source 4. The treatment processes led to notable reductions in electrical conductivity,

TDS, turbidity, nitrate, phosphorous, BOD, and COD. The percentage decrease is
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most pronounced for BOD (96.02%) and COD (94.47%), underscoring the

effectiveness of the treatment methods applied to Source 4.

5.3 Decision Support Matrix for Greywater Treatment

Optimization

5.3.1 Analysis Introduction to Decision Support Matrix

The presented Decision Support Matrix (Figure 5.14) is central to optimizing the
treatment of greywater (GW) in this research. It provides a systematic framework that
aids in the real-time evaluation and adjustment of two critical parameters in GW
treatment: Turbidity and Dissolved Oxygen (DO). This section outlines the
methodology used for integrating sensors and control systems into the GW treatment

process, ultimately improving water quality.

The matrix leverages continuous monitoring of water samples using sensors and
automates responses to deviations in DO and turbidity levels. The flow of decisions—
from sensor readings to subsequent aeration or filtration steps—ensures that water

quality standards are consistently met, optimizing the treatment process.

5.3.2Structure and Function of the Decision Matrix

The block diagram (Figure 5.14) provides a detailed process flow that starts from
water sample collection and moves through key stages such as filtration, aeration, and
disinfection. The following sections explain how the matrix handles real-time
decision-making and treatment adjustments at each stage:

Initial Sensor Check (Turbidity): The first decision point involves measuring the
turbidity of the water (T1). A turbidity sensor (NTU) continuously assesses whether
the turbidity level is within acceptable limits (T1 < 11 NTU). If the turbidity is higher
than acceptable, the water is directed toward further filtration processes, such as sand
filtration, until it meets the required standard (T < 10 NTU).

Aeration Chamber & Dissolved Oxygen Monitoring: After passing through filtration,
the water moves to the aeration chamber, where Dissolved Oxygen (DO) levels are
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measured using a DO sensor (D2 > 2 mg/L). This ensures that the oxygen levels in the
water are within the optimal range for biological processes. If the DO level is below

acceptable limits, the matrix triggers additional aeration via an air pump.

In cases where DO (D2) is insufficient, the water is cycled back for further aeration

until the desired levels are met (D2 > 2 mg/L).

Final Quality Checks and Disinfection: As the water moves further along the matrix, a
final turbidity check (T3) is performed, ensuring that the treated water meets the most
stringent standards for clarity (T3 < 5% of T2). Once turbidity and DO are confirmed
to be within safe levels, the water undergoes disinfection, typically through

chlorination or UV treatment.

This multi-layered approach ensures that the treated greywater is safe for its intended

uses, such as toilet flushing or irrigation.

5.3.3Key Impacts of the Decision Matrix
The integration of real-time monitoring through this matrix has several significant

impacts on GW quality and the overall water treatment process:

Real-Time Response to Turbidity & DO Levels: The decision support matrix allows
for immediate feedback and corrective actions based on the sensor readings. By
integrating turbidity and DO sensors at critical junctures, the matrix ensures that each
stage of the treatment process is optimized dynamically.

Reduction in Manual Oversight: The matrix reduces the need for constant human
supervision, as the treatment steps are automatically adjusted based on sensor data.
This not only improves operational efficiency but also ensures more consistent water

quality over time.
Optimization of Aeration and Filtration: The aeration stages are key in maintaining

DO levels, which are crucial for the biological processes that help break down

contaminants in GW. By directing water to undergo further aeration only when
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needed, the matrix avoids overuse of energy, contributing to the sustainability of the

system.

Enhanced Water Quality: The decision matrix has been shown to effectively
maintain desired turbidity levels, ensuring the treated greywater is safe for use in
applications like toilet flushing, irrigation, and vehicle washing. This is particularly

important when greywater is being reused in urban or residential settings.

5.3.4Research Findings & Performance Evaluation

The application of this decision matrix in the research has yielded positive results,
with consistent reductions in turbidity and optimal DO levels maintained throughout
the treatment process. The system's ability to dynamically adjust based on sensor
feedback has proven to be efficient in handling varying levels of GW contamination,

particularly in complex water treatment scenarios.

For instance, turbidity levels were consistently reduced to below 10 NTU, while DO
levels were maintained at or above 2 mg/L throughout the study. These results align
with the research objective of improving GW quality through innovative decision

support systems.

Turbidity Impact: The matrix successfully ensured that turbidity levels remained
within regulatory limits, reducing particulate matter and enhancing water clarity. This
has a direct impact on the performance of downstream disinfection processes, as

lower turbidity allows for more effective disinfection.

DO Impact: By maintaining adequate DO levels, the matrix promotes aerobic
biological activity, which is essential for breaking down organic matter in greywater.
This has been particularly beneficial in residential settings where organic load can

fluctuate.

The decision matrix serves as a robust tool for optimizing greywater treatment
processes, particularly in maintaining optimal turbidity and DO levels. Through real-
time monitoring and feedback loops, the system enhances water quality and improves
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the efficiency of the treatment process. Future work could focus on integrating
additional sensors for other water quality parameters, such as pH and microbial

content, to further improve the comprehensiveness of the decision support system.

These findings (Table 5.9 to 5.12 and Figure 5.10 to 5.13) indicate that the treatment
of greywater from different sources resulted in a significant reduction in various water
quality parameters. The high percentage decreases in BOD and COD across all
sources highlight the efficacy of the treatment processes in improving water quality,

rendering the treated greywater suitable for non-potable applications.

The presented decision matrix (Figure 5.14) exemplifies a robust decision support
technique for evaluating and optimizing the dissolved oxygen (DO) levels and
turbidity in water treatment processes. By systematically guiding the treatment of
water samples from initial collection through various filtration and aeration stages, the
matrix ensures precise monitoring and adjustment of critical parameters. The
integration of sensors for real-time assessment and control facilitates the maintenance
of desired water quality standards. Employing this technique in complex water
treatment systems has significantly enhanced their performance, ensuring efficient
and effective management of water quality.

For this research work, the application of this decision matrix has achieved high
results, demonstrating its efficacy in optimizing water treatment processes. This
accomplishment aligns with one of the key objectives of the PhD research work,
showcasing the potential of decision support frameworks to drive substantial

advancements in water treatment technologies.

The structured approach not only improves operational efficiency but also offers a
scalable model for the development of advanced water treatment solutions, thereby
contributing to the broader field of environmental engineering and public health. This
decision support framework underscores the potential for significant advancements in
water treatment technologies, promising improved outcomes in water purification and

resource management.
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Figure 5.14: Decision support technique to evaluate the DO and Turbidity
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Figure 5.16: Sample Collection, and Awareness for Greywater
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Summary

This chapter presents a comprehensive discussion, analysis, and implications of the
findings from the study on greywater treatment using hybrid technology. This chapter
integrates the materials and methods employed, the procedures for sample collection,

and the detailed water quality assessments conducted throughout the research.

The materials and methods section elaborates on the experimental setup and the
specific technologies used, such as the combination of vertical and horizontal pipe-
based mechanisms. It describes the rationale behind selecting these materials,
particularly the transition to PVC pipes due to their ease of implementation and

compatibility with residential infrastructure.

Sample collection and water quality assessment are crucial components of this study.
Samples were systematically collected from various sources, including households
and apartment complexes, with a special focus on the UPES-Dehradun food court and
hostel kitchen. The sampling strategy ensured representativeness by aggregating grab

samples collected at two-hour intervals into composite samples.

In the determination of Total Dissolved Solids (TDS), the research measures the
concentration of dissolved substances in the greywater, providing an indicator of
water quality and the effectiveness of the treatment process. The Chemical Oxygen
Demand (COD) analysis evaluates the amount of oxygen required to oxidize organic
and inorganic matter in the water. This parameter is crucial for assessing the level of
pollutants and the efficiency of the greywater treatment system. Turbidity
measurement involves assessing the clarity of the water by determining the presence
of suspended particles. High turbidity levels indicate poor water quality, while
significant reductions post-treatment highlight the system's effectiveness. Nitrate
analysis focuses on the concentration of nitrates in the greywater, which is important
for preventing algal blooms and ensuring the treated water is safe for reuse.
Phosphorus analysis measures the levels of phosphorus compounds, which are key
contributors to eutrophication in water bodies. The treatment's success in reducing
phosphorus levels indicates its potential to mitigate environmental impacts.
Biochemical Oxygen Demand (BOD) analysis assesses the amount of oxygen
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required by microorganisms to decompose organic matter in the water. Lower BOD

levels post-treatment demonstrate the system's capability to reduce organic pollution.

The result and analysis section integrates the findings from these assessments,
providing a detailed performance evaluation of the greywater treatment system. The
chapter discusses significant improvements in water quality parameters, indicating the
system's efficacy. It also explores the implications of these findings for sustainable
water management practices, emphasizing the potential of greywater recycling for

non-potable applications in urban areas.
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CHAPTER 6

CONCLUSION AND

RECOMMENDATIONS
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CHAPTER6

In a world grappling with an escalating water crisis, the urgency for innovative and
sustainable water management practices has never been more pronounced. This
research, driven by the goal of enhancing greywater (GW) recycling and reuse, seeks
to address this critical issue. The importance of GW recycling as an alternative water
source is highlighted by its wide availability and relatively low organic content. This
study focuses on a comprehensive performance evaluation of four distinct greywater
sources, demonstrating the potential for GW recycling as an environmentally
responsible and resource-efficient approach.

The detailed performance assessments presented in Tables 5.9, 5.10, 5.11, and 5.12
reveal significant improvements in key parameters following treatment, underscoring
the efficacy of the employed methods. These improvements include substantial
reductions in the analysis focused on several key parameters, including electrical
conductivity, total dissolved solids (TDS), turbidity, nitrates, phosphorus, biological
oxygen demand (BOD), and chemical oxygen demand (COD). These parameters
provide a comprehensive understanding of water quality and its suitability for
treatment or reuse.

The findings of Figure 6.1 indicate that GW recycling can be a valuable strategy for
optimizing water resource management, particularly in non-potable applications such
as toilet flushing, car washing, and garden irrigation. The research findings, as
depicted in the provided chart, highlight a substantial improvement in various water
quality parameters over a four-day treatment period. Electrical conductivity (uS/cm)
exhibited a consistent decrease, starting at 87.99% on Day 1 and stabilizing at around
83.75% by Day 4. Total Dissolved Solids (TDS) followed a similar trend, with a
significant reduction from 77.48% on Day 1 to 83.97% on Day 4. Turbidity (NTU)
showed a notable decrease, improving from 73.82% on Day 1 to 77.79% by Day 4.
The reduction in Nitrate (mg/l) levels was also significant, decreasing from 64.15%
on Day 1 to 68.63% on Day 4. Phosphorous (mg/l) levels saw a gradual decline,
reaching 47.66% by Day 4.
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Percentage Decrease Comparative analysis of Overall performance

M Day: [l Dava Dayvs [l Dava

Electrical Conductivity L
(us/cm)

DS (me/1) =

Turbidity (NTT)

Nitrate (mg,/1)

Parameters

Phosphorous (mg/1)

BOD (mg/) =

COD (mg/1)

Figure 6.1: Comparative analysis of Overall performance

The Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD)
exhibited the most remarkable reductions, with BOD decreasing from 95.52% on Day
110 96.11% by Day 4 and COD from 93.92% to 94.52% over the same period. These
results underscore the effectiveness of the water treatment process developed in this
research. The consistent and substantial reductions across all parameters highlight the

efficacy of the decision matrix and the treatment techniques employed.

Comparative analysis of the overall performance of this research, as part of the PhD
work, demonstrates through the final executable design at the lab and hostel (Figure
6.2 & 6.3) as pilot work, that the objectives have been successfully met. The
consistent improvements in water quality parameters indicate a high-performance
system capable of significantly enhancing water purification processes. These
findings validate the research approach and the application of decision support
techniques in achieving optimal results in water treatment, contributing valuable
insights to the field of environmental engineering and public health.

The final prototype was designed in the lab and also executed in the hostel/society as
shown in Figures 6.2 & 6.3 and the result shows better progress as mentioned in Table
6.1.
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Figure 6.3: Final executable design at Hostel

6.1Key Findings

1. Significant Reduction in Contaminants: The study observed considerable
decreases in contaminants and pollutants across all greywater sources post-
treatment, indicating that treated greywater is suitable for a range of non-
potable applications.
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2. Efficacy of Treatment Methods: The substantial percentage decreases in
critical parameters such as TDS, turbidity, nitrates, phosphorous, BOD, and
COD validate the effectiveness of the treatment processes used in this study.

3. Potential for Domestic and Outdoor Uses: The quality of treated greywater
suggests it can be effectively utilized for non-potable applications such as
toilet flushing, car washing, and garden irrigation, thereby conserving

freshwater resources.

Table 6.1: Comparison of characteristics of initial and final greywater pollutant

Parameter Initial Concentration Concentration % %
concentration After the sand After Removal Removal
filter adsorption after sand after a
filter combined
process

EC (uS/cm) | 2480 840 242 66.1 90.2
TDS (mg/l) | 1612 514 138 68.1 914
COD (mg/l) | 554 280 24 49.4 95.6
BOD (mg/l) | 120 40 8 66.6 93.3
Phosphorous | 8 3 0.5 62.5 93.7
(mg/l)

Nitrate 14 8 1.5 42.8 89.2
(mg/l)

Turbidity 150 60 9 60 94
(NTU)

6.2 Implications for Sustainable Water Management

The findings from this study indicate that GW recycling can play a pivotal role in
optimizing water resource management. By reducing reliance on conventional water
sources for non-potable uses, treated greywater helps in preserving precious
freshwater resources. This practice not only mitigates the environmental impact of
wastewater disposal but also aligns with broader sustainable water resource

management goals.
6.3Future Directions

1. Long-term Performance and Scalability: Future research should explore the
long-term performance and scalability of GW recycling systems across
different residential settings. This will help in understanding the broader
applicability and sustainability of these systems.
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2. Technological Enhancements: Continued innovation in treatment technologies
could further improve the efficiency and cost-effectiveness of GW recycling.
Exploring advanced filtration, adsorption, and disinfection methods could
enhance treatment outcomes.

3. Regulatory and Policy Support: For widespread adoption, supportive
regulatory frameworks and policies are essential. Future studies should
investigate the regulatory barriers and develop guidelines to facilitate the
integration of GW recycling practices in urban planning.

4. Community Engagement and Education: Raising awareness and educating
communities about the benefits and practices of GW recycling can foster
greater acceptance and participation. Future efforts should include
community-based projects and educational campaigns to promote sustainable
water management practices.

5. Economic Feasibility: Conducting cost-benefit analyses to assess the
economic viability of GW recycling systems will be crucial for encouraging
investment and adoption. Understanding the financial implications can help in

designing affordable and efficient systems for widespread use.
6.4 Conclusion

This research underscores the critical role of GW recycling in the pursuit of
sustainable water management. The findings highlight the viability and resource
efficiency of GW recycling, offering a promising solution to mitigate the global water
crisis. By efficiently treating greywater, the burden on conventional water sources can
be significantly reduced, contributing to the preservation of freshwater resources and
reducing the environmental impact of wastewater disposal. We hope that these
findings will inspire further exploration and adoption of GW recycling practices,
fostering a more environmentally responsible and water-secure world for current and
future generations. As part of the policy recommendation, awareness sessions were
hosted with key stakeholders and media reports were published in various print media

(as mentioned in Appendix 3)
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G.AR.6
[See Rule 22(1)]
RECEIPT
Docket No 84848 Date/Time 2023/07/24 22:46:14
To Userld: vsasawat
VIKAS ASAWAT
3/183, Ganesh Takab, Basant Vihar, Kota
CBR Detail:
Sr. Numt Ref. No./Application | Amount | C.B.R Form .
No. STt No. Paid No Name o
TEMP/E APPARATUS FOR TREATMENT OF GREYWATER
1 202311049898 e . 1600 33282 |FORM 1 | AND TURBIDITY MEASUREMENT AND METHOD
1/57454/2023-DEL
THEREOF
E=
2 106/9171/2023/DEL 202311049898 0 — FORM28 | —-
TransactionID Payment Mode Challan Identification Number Amount Paid Head of A/C No
N=0001187893 Online Bank Transfer 2407230053615 1600.00 1475001020000001
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Appendix 2: External Review and Meetings

A) Review meeting on project & research work; Dr. Prasanjit Mondal
(II'T Roorkee), Dr. Jitendra K. Pandey (Pl and PhD Guide. UPES
Dehradun)
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B) Visit of hostel owner to discuss for implementation of prototype on

premises

T 20200121 15’:5}?ﬂ
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Appendix-3: Session and events organised for awareness of

Greywater

3.1Seminar and Brainstorming session on Greywater treatment

technology, opportunity and challenges

Media Reports:

Annexure 3.2: Garhwal Post Media Coverage
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Annexure 3.3: The pioneer Media Coverage

DEHRADUN | FRIDAY | JANUARY 10, 2020

Grey water treatment workshop concludes

PNS W DEHAADUN

Adl_\long workshop on
opportunities and chal
lenges in grey watet treatment
technology concluded at the
UPES. The Uttarakhand State
council for Sclence and
Technology (UCOST) direc-
tor general Rajendra Dobhal
presided over the workshop
sponsored by the Depastment
of Science and Technology
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Delhi, Raman Sharma spoke

about revival of water bodies
and lakes carried out by
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support. Brij Mohan Sharma
from Society of Pollution and
Environmental Conservation
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his field experiences and case

Annexure 3.4: Rashtriya Sahara Media Coverage
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Annexure 3.5: The Himachal Times Media Coverage

Dehradurn S Shimia 7ist year of Publication Founded by S.P Pandhi

DEHRADUN

The Himachal Times

UTTARAKHAND EDITION

Thursday — 9™ January 2020
By Our Staff Reporter

“SEMINAR ON ‘GREYWATER TREATMENT TECHNOLOGY’ CONCLUDES SUCESSFULLY AT UPES ”

Dehradun : A workshop on ‘Greywater Treatment Technology: Opportunities & Challenges’, organized by the Research & Development (R&D)
UPES, concluded successfully at the Bidholi campus of University. The daylong event, sponsored by the ‘Department of Science & Technology
(DST)’, Govt. of India under its ‘Water Technology Initiative (WTI)’, was presided by Dr. Rajendra Dobhal - Director General, Uttarakhand State
Council for Science & Technology (UCOST) as the ‘Chief Guest’. Eminent Water Tr & Mar Professionals - Dr. Raman Sharma -
Senior Scientist, CSIR-NEERI Delhi and Dr. Brij Mohan Sharma, Secretary - Society of Pollution & Environmental Conservation Scientists (SPECS)
graced the event as ‘Invited Experts’.

Briefing the media on the event, Mr. Arun Dhand - Sr. Director, Public Affairs UPES shared that the conservation & protection of water resources
and environment has always been a prime concern for UPES. “This workshop has been sponsored by the Department of Science & Technology
under its Water Technology Initiative for development of technology and to address the diversified water challenges ranging from various
fundamental research based issues to management, policy & societal awareness” Mr. Dhand shared. Delegates from reputed educational
institutions viz. Graphic Era University, Dehradun; SGRR University, Dehradun; Tulas Institute, Dehradun; Dev Sanskriti Vishwavidyalaya, Haridwar,
SPECS, industry participant M/s Evian Engineering Private Limited, Delhi along with the hosts UPES participated in the seminar.

Welcoming the ‘Chief Guest’, ‘Invited Experts’, Dr. S.J. Chopra - Chancellor UPES, Dr. Deependra Jha - Vice Chancellor UPES, Dr. Kamal Bansal -
Dean, Academic Development & Innovation UPES and all the delegates to the event, Dr. Jitendra Kr. Pandey - Associate Dean Research UPES &
‘Seminar Chair’ shared that the seminar was specially customized to benefit students, educators, researchers, scientists, engineers & industrialists
engaged in a wide range of water related research, applications & entrepreneurial activities. “The dissemination of knowledge from the invited
lectures by experienced researchers, expert talk by the Hon’ble Chief Guest, presentations by the participants along with the brainstorming session
& panel discussion will provide valuable learnings to the delegates” he stated. Dr. Pandey hosted the proceedings of the seminar jointly with Dr.
S.M. Tauseef - Associate Professor & Assistant Dean (Research), School of Engineering, UPES. A brainstorming session on the treatment of
Greywater from various sources witnessed eminent speakers from industries & reputed institutions addressing the key issues in ‘Greywater
Technology - challenges & opportunities’; ‘Greywater Treatment - reuse & its societal impact’ and ‘Entrepreneurial Opportunities in Water
Domain’.

Delivering the Chief Guest lecture, Dr. Rajendra Dobhal spoke on the current water availability scenario focusing his discussions on its
management. “In view of the current water resource scarcity scenario, its effective management has become even more important. The need of
the hour is to regularly undertake requisite steps for its proper management to avoid association of additional challenges with this already scarce
resource” he said. Speaking on the current technology to treat the used water (greywater) for quality & making it reusable for various purposes
other than the human consumption, the Chief Guest apprised the gathering about his personal experience on water conservation gained while
visiting various foreign nations. “Water is a most precious resource. Even though 70% of the earth's surface is covered by water but less than 1%
only is available for human use, therefore is becomes even more essential that everyone should contribute for its conservation for the coming
generations. Researchers & scientists need to develop technology for water solutions and collate its valuable data for the next generations” Dr.
Dobhal added. Amongst the Invited Experts, Dr. Raman Sharma spoke about revival of waterbodies & lakes in with NEERI & Delhi Jal Board’s
support and shared case study of the projects completed by NEERI and referred to ‘In-SITU’ & ‘Ex-SITU’ technologies for treatment of
contaminated soil. Dr. Brijmohan Sharma too shared his field experiences & case studies on Water Treatment Units in Dehradun while addressing
the audience. In his talk on ‘Wastewater Treatment using the novel SHEFROL Bioreactor Wastewater Treatment System’, Dr. S.M. Tauseef quoted
his research experiences. “Water scarcity & its management poses a big challenge that should have been acted upon by yesterday instead of
today or tomorrow. We are already late but it is still better to be late than never” Dr. Tauseef shared. A presentation by Mr. Mahendra Rana from
State Intern College, Shilodi (Pauri Garhwal) on “Loss of Water in Mountains due to Lack of proper Water Management” and a talk by Ms. Sakshi
Gupta, from Graphic Era University on “Rainwater Harvesting & Entrepreneurial Opportunities” were well received by all.

The event concluded with a ‘Vote of Thanks’ by Dr. Jitendra Pandey who acknowledged WTI-DST Govt. of India for supporting the Greywater
Treatment project. Thanking the Chief Guest, Invited Experts & the delegates, Dr. Pandey appreciated the organizing team for conducting the
event successfully. “Greywater could be a valuable asset to handle the water management, and water scarcity challenges. Generated in form of
water ousted from households, office buildings & streams without the fecal contamination, the use of treated greywater will help save large
amounts of freshwater. The treated water has its usage for Irrigation, Gardening, Cleaning, Mopping, Flushing, Road Making, Sprinkling, Railways,
Private Sectors, Housekeeping services etc.” he informed. The ‘Organizing Team’ constituted of Dr. Tarun Dhingra, Dr. SM Tauseef & Dr. Kiran K
Ruvulakollu as ‘Conveners’; Mukesh Chandra Kestwal & Ravi Kumar Patel as ‘Seminar Secretary’ and Rakhi Ruhal, Surajit Mondal, P. Swami Sairam
, Abhishek Sharma, Nikhil Raj, Anurag Barmola & Charu Chandra Pant as ‘Steering Committee Members’.
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Annexure 4: Code for Decision Matrix

# Enable logging to capture the performance at each stage
logging.basicConfig(filename='greywater_treatment.log', level=logging.INFO,
format="'%(asctime)s %(message)s')

# Adjustable parameters for simulation flexibility
class GreywaterTreatmentSystem:
def __init__(self, initial_turbidity, acceptable_turbidity, acceptable_do):
self.initial_turbidity = initial_turbidity
self.acceptable_turbidity = acceptable_turbidity # Target: 30 NTU for safe outcome
self.acceptable_do = acceptable_do #e.g., 2 mg/L minimum DO level as per system
requirement
self.current_turbidity = initial_turbidity
self.current_do =0 # Initial DO setto 0

logging.info(f"Initialized system with turbidity {self.initial_turbidity} NTU and acceptable
standards")

def check_turbidity_initial(self):
logging.info(f"Checking initial turbidity: {self.current_turbidity:.2f} NTU")
return self.current_turbidity

def sand_filtration(self):
# Sand filtration process reducing NTU from 800 to around 100
reduction = self.current_turbidity - 100 # Simulate fixed reduction to around 100 NTU
self.current_turbidity = 100
logging.info(f"Turbidity after sand filtration: {self.current_turbidity:.2f} NTU")
return self.current_turbidity

def check_do(self):
# Checking DO sensor values based on system requirements from image
self.current_do = 1.5 # Initially DO is less than the desired 2 mg/L
logging.info(f"Dissolved Oxygen (DO) level: {self.current_do:.2f} mg/L")
if self.current_do < self.acceptable_do:
logging.info(f"DO is below threshold, initiating aeration")
self.aeration()
return self.current_do

def aeration(self):
# Aeration process to increase DO to desired level
logging.info("Performing Aeration...")
self.current_do = 3.0 # After aeration, DO is increased to 3.0 mg/L
logging.info(f"DO after aeration: {self.current_do:.2f} mg/L")
return self.current_do
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def final_turbidity_check(self):

# Final turbidity check reducing NTU to around 30

logging.info("Performing Final Turbidity Check...")

final_improvement_factor = self.current_turbidity - 30 # Simulate reduction to around
30 NTU

self.current_turbidity = 30

logging.info(f"Final turbidity after filtration improvement: {self.current_turbidity:.2f}
NTU")

return self.current_turbidity

def disinfection(self):
# Disinfection process that minimally reduces the NTU further
logging.info("Performing Disinfection...")
final_reduction_factor = self.current_turbidity * 0.95 # Minimal change post
disinfection
logging.info(f"Turbidity after disinfection: {final_reduction_factor:.2f} NTU")
return final_reduction_factor

def decision_matrix(self):
# Simulating the full process
self.check_turbidity_initial()

# If the initial turbidity is too high, filter it
if self.current_turbidity >= 11:
self.sand_filtration()

# Check Dissolved Oxygen levels and aerate if necessary
self.check_do()

# Perform final turbidity check
self.final_turbidity_check()

# Disinfect the water
final_turbidity = self.disinfection()

# Evaluate final quality
logging.info(f"Final Treated Water Quality: Turbidity {self.current_turbidity:.2f} NTU, DO
{self.current_do:.2f} mg/L")

if self.current_turbidity <= self.acceptable_turbidity and self.current_do >=
self.acceptable_do:
logging.info("Water quality meets the required standards for reuse.")
print("Water quality meets the required standards for reuse.")
else:
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logging.info("Water quality does not meet the required standards.")
print("Water quality does not meet the required standards.")

# Run a simulation with fixed initial turbidity of 800 NTU, target turbidity of 30 NTU, and
minimum DO of 2 mg/L

greywater_system = GreywaterTreatmentSystem(initial_turbidity=800,
acceptable_turbidity=30, acceptable_do=2)

greywater_system.decision_matrix()
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