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Chapter 1: Introduction and Planning

1.1 Purpose and Role of Water Treatment Plants

A water treatment plant (WTP) is a critical component of a municipal water supply system. Its
primary function is to treat raw water from surface or groundwater sources so that it meets
applicable drinking water quality standards and can be safely distributed to consumers. Treatment
processes are designed to control or remove physical, chemical, and biological contaminants that
may pose risks to public health or impair water quality.

In addition to meeting health-based requirements, a WTP must deliver water of acceptable
aesthetic quality, including low turbidity, acceptable taste and odor, and consistent appearance.
Public confidence in the water supply is closely linked to these factors. The plant must also operate
reliably under varying hydraulic and water quality conditions, including peak demand periods,
seasonal changes in source water characteristics, and equipment outages.

Modern water treatment planning increasingly incorporates sustainability considerations. These
include efficient use of energy and chemicals, minimization of waste residuals, adaptability to
future regulatory requirements, and resilience to long-term changes in climate and water
availability. Decisions made during the planning stage have long-term implications for capital cost,
operational complexity, and system performance.

1.2 Water Treatment Plant Planning Framework
Planning for a water treatment plant follows a structured and sequential process intended to reduce

technical, financial, and regulatory risks. The major elements of this process are summarized
below.

1.2.1 Water Demand Forecasting

Water demand forecasting establishes the design basis for plant capacity. Current water use is
evaluated and projected over the design horizon, typically ranging from 20 to 50 years. Forecasts
account for population growth, land-use changes, industrial and commercial demand, seasonal
variability, and anticipated conservation measures. Peak demand factors are applied to determine
maximum day and peak hour flows.

Planning begins with a detailed water demand analysis:

Qtotal = Qdomestic + Qindustrl’al + inre_flow

Where:
e Quaomestic = 150-250 L/capita/daydepending on the region,
e Qindustria; vVaries by industrial load,
*  Qrire rlow adds safety reserve.

Parameters, typical values, and design implications are summarized in Table 1.
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Table 1: Parameters, Typical Values, and Design Implications

Parameter H Typical Value H Design Implication

Per capita water 150-250

demand L/capita/day Sizing of storage tanks, pumps.

Peak factor 1.5-2 ‘ Hydraulic design of mains and treatment units.

Coagulant dose, flocculation, sedimentation

Turbidity 5-100 NTU sizing

Population projections are performed using exponential or logistic growth models. Engineers must
also conduct a source water assessment, identifying risks such as upstream contamination,
turbidity variations, and seasonal flows. Site selection requires analyzing topography, access to
transmission mains, environmental restrictions, and flood risk. Preliminary cost estimation should
consider capital, operational, and lifecycle costs.

1.2.2 Source Water Assessment

Available water sources are evaluated for both quantity and quality. This includes surface waters
such as rivers, lakes, and reservoirs, as well as groundwater sources. Key parameters include
turbidity, microbial contamination, natural organic matter, dissolved minerals, and seasonal
variability. The reliability of the source during droughts or extreme events is also assessed.

1.2.3 Site Selection

Potential plant sites are screened based on proximity to the water source and distribution system,
land availability, topography, geotechnical conditions, flood risk, environmental constraints, and
access for construction and operation. Site selection can significantly influence pumping
requirements, construction cost, and long-term operational efficiency.

1.2.4 Preliminary Cost and Environmental Review

Order-of-magnitude capital and operating cost estimates are developed to compare alternatives. At
the same stage, preliminary environmental reviews identify potential impacts related to land use,
residuals disposal, chemical handling, and noise. Early coordination with regulatory agencies helps
clarify permitting requirements and approval timelines.

1.2.5 Preliminary Treatment Concept

Based on projected demand and source water quality, an initial treatment concept is developed.
This includes the selection of major unit processes, preliminary sizing, process flow arrangement,
and allowances for redundancy and future expansion.

A typical water supply system schematic is shown in Figure 1. The overall planning sequence for
a water treatment plant is illustrated in Figure 2. The project life cycle for a water treatment facility
is presented in Figure 3.
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l Raw Water Source l

Coagulation

. = Sedimentation = Filtration = Filtration = Disinfection
& Flocculation

Intake =

Sludge Handling  Residuals Disposal

Figure 1: Typical Water Supply System Schematic.

Forecast Water Demand

Source Water Assessment

Site Selection Analysis

Preliminary Cost Estimation
Environmental Assessment

Regulatory Approvals
Feasibility Study and Planning Report

Figure 2: Water Treatment Plant Planning Process Flowchart
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Project
Lifecycle

Project Life-Cycle
for a Water Treatment Plant

Figure 3: Project Life-Cycle for a Water Treatment Plant.

An example treatment train concept is shown in Figure 4.

---F

Figure 4: Example Treatment Train Concept Diagram

1.3 Design Horizon and Planning Assumptions

The design horizon defines the period over which the plant must meet projected demand. Typical
planning assumptions include:

Design horizon: 20-50 years.
Per capita water demand: 1.20-250 L/person-day (30—65 gpcd).
Non-revenue water allowance: 10-30%.
Peak factors:
= Maximum day: 1.5-2.5 X average day demand.
= Peak hour: 24 x average hourly demand.

These values should be adjusted to reflect local conditions, climate, consumption patterns, and
regulatory guidance.
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1.4 Project Initiation and Data Collection

The project initiation phase establishes the foundation for subsequent design work. A
multidisciplinary team is formed, typically involving civil, environmental, mechanical, electrical,
and geotechnical engineers, along with planners and regulatory specialists.

Baseline data collection includes raw water quality sampling, topographic and geotechnical
investigations, assessment of existing infrastructure, and identification of constraints affecting
construction or operation. Preliminary conceptual layouts are developed to define major treatment
units, hydraulic profiles, and space requirements. At this stage, provisions for redundancy,
operational flexibility, and staged expansion are incorporated.

A preliminary project schedule, budget framework, and risk register are also prepared to guide
decision-making during later phases.

1.5 Regulatory and Design Standards

Water treatment plant planning and design must comply with applicable regulatory and technical
standards. These typically include:

Drinking water regulations: which specify maximum contaminant levels, monitoring
frequency, treatment requirements, and reporting obligations.

Engineering design standards and guidelines: which provide accepted practices for
sizing, hydraulic design, redundancy, and safety.

Environmental regulations: governing source protection, chemical storage, residuals
handling, noise, and environmental impact assessment.

Occupational health and safety requirements: influencing plant layout, equipment
selection, and access provisions.

Early consideration of these requirements reduces the risk of redesign and delays during permitting
and construction.

1.6 Example 1.1: Water Demand Estimation

A municipality is planning a new water treatment plant to serve a growing population. The
objective is to estimate the required plant capacity over a 30-year design horizon.

Given:
Current population, Py: 120,000
Annual growth rate, 7: 2.0%
Design horizon, n: 30 years
Per capita demand: 200 L/person-day
Non-revenue water allowance: 20%
Maximum day factor: 2.0
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Step 1: Design Population
P, =Py (1+1)"

P;o = 120,000(1.02)3° =~ 217,000 persons
Step 2: Average Day Demand (ADD)

ADD = P3; X q = 217,000 x 200 = 43.4 x 10° L/day
Including non-revenue water:

ADDypraq = 43.4 X 10® x 1.20 =~ 52.1 X 10° L/day
This corresponds to approximately 13.8 MGD.
Step 3: Maximum Day Demand (MDD)
MDD = ADD,ypq; X 2.0 = 104.2 x 10° L/day
This corresponds to approximately 27.5 MGD.
Step 4: Preliminary Plant Capacity

Allowing for operational flexibility and future uncertainty, the design capacity is rounded to:

1110 ML/day (= 29 MGD)|

Planning Note: Demand projections are sensitive to assumptions regarding population growth,
water use patterns, and losses. Conservative estimates reduce the risk of underdesign but should
be balanced against capital cost considerations.
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Chapter 2: Water Sources and Intake Structures

2.1 Water Sources for Public Supply

The selection of an appropriate water source is a fundamental step in water treatment plant
planning and design. The source determines the required treatment processes, operational
complexity, reliability of supply, and long-term sustainability of the system. Public water supplies
are generally derived from either surface water or groundwater sources, each presenting distinct
hydraulic, water quality, and environmental considerations.

2.1.1 Surface Water Sources

Surface water sources include rivers, lakes, and reservoirs. These sources are widely used for
municipal supply due to their ability to provide large volumes of water, particularly for urban and
regional systems. However, surface water quality is highly variable and subject to both natural
processes and human activities within the watershed.

Typical contaminants in surface water include suspended solids, natural organic matter, nutrients,
pathogens, and, in some cases, industrial or agricultural pollutants. Water quality can change
rapidly in response to rainfall events, seasonal runoff, or upstream discharges.

Water can come from surface water (rivers, lakes, reservoirs) or groundwater (wells, springs).
Surface water is often variable in turbidity, color, and microbial content, while groundwater tends
to be more stable but may require iron, manganese, or hardness removal. Table 2 illustrates typical
water quality parameters.

Table 2: Water Quality Parameters

‘ Parameter HSurface WaterHGroundwater‘
Turbidity  [5-100NTU [<5NTU |
pH l6-8 l6.5-8.5 |
‘Iron H0.1—2 mg/L HO.Z—S mg/L ‘
Microbial load||High ILow |

Advantages

o Capable of supplying large and continuous flows.
e Generally accessible with relatively shallow intake structures.

Challenges
o Significant variability in turbidity and microbial quality.
o Higher treatment requirements, particularly for coagulation, sedimentation, filtration, and
disinfection.
e Vulnerability to floods, droughts, and accidental contamination events.




Water Treatment Plants — C09-010

Example 2.1: A river supplying a major city experiences turbidity levels below 20 NTU during
dry periods but exceeding 500 NTU following heavy rainfall. During these events, coagulant
dosages and sedimentation detention times must be increased to maintain treated water quality.

2.1.2 Groundwater Sources

Groundwater is obtained from wells drilled into aquifers. As water percolates through soil and
rock, many suspended particles and microorganisms are naturally removed. As a result,
groundwater typically exhibits low turbidity and stable microbiological quality.

However, groundwater often contains elevated concentrations of dissolved minerals such as
calcium, magnesium, iron, manganese, or fluoride. In some regions, nitrate or arsenic
contamination may also be present.

Advantages

o Relatively consistent quality throughout the year.
e Lower turbidity and microbial contamination.
e Often requires less complex treatment.

Challenges

o Limited yield depending on aquifer recharge rates.
e Risk of long-term depletion if pumping exceeds recharge.
o Potential contamination from agricultural, industrial, or urban sources.

Example 2.2: A municipal well field supplies a town with stable raw water turbidity below 1 NTU

year-round. However, iron concentrations of 1.2 mg/L require aeration and filtration to prevent
discoloration and taste complaints.

2.1.3 Key Considerations in Source Selection
When evaluating alternative water sources, engineers consider the following factors:

Long-term availability and reliability.

Raw water quality and treatability.

Sensitivity to seasonal or extreme events.

Environmental and ecological impacts of abstraction.

Distance to the treatment plant and distribution system.

Capital and operational costs associated with treatment and pumping.

Historical records of flow, water levels, and water quality should be analyzed over several years
to capture seasonal patterns and extreme conditions. This reduces the risk of underestimating
treatment requirements or supply limitations.
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2.2 Intake Structure Design

The intake structure forms the physical connection between the water source and the treatment
plant. Its function is to withdraw raw water in a controlled manner while limiting the entry of
debris, sediment, and aquatic organisms that may interfere with plant operation. Intake structures
must operate reliably under fluctuating water levels, varying flow demands, and changing water
quality conditions.

2.2.1 Components of Intake Structures
Typical intake structures include the following elements:

1. Trash Racks: Heavy-duty bar screens installed at the intake opening to intercept large
debris such as logs, branches, and floating objects.

2. Coarse Screens: Screens with larger openings designed to remove medium-sized debris
and protect downstream equipment.
Fine Screens: Screens with smaller openings that prevent fine debris and aquatic life from
entering pumps and pipelines.
Conveyance System: Pumps or gravity conduits that transport raw water from the intake
to the treatment plant.
Sediment Control Features: Forebays or settling zones that reduce sediment loading
during high-flow events.

Figure 5 illustrates typical intake considerations for both surface and groundwater sources. A
typical river intake structure with screens and forebay is shown in Figure 6.

=

. Surface Water Intake | Groundwater Intarke':%

P To Treatment
Plant

=i To Treatment f o
Plant =

CheckValve:= [j - “w Flow Meter
in-) |

—

_— ————

= Fine Screen

- s Design Considerations:
. - - et : . = Rellability of Supply
Surface Water Intake Groundwater Intake = Debris & Sediment Control
= Hydraulic Efficiency
= Accessibility & Maintenance
= Environmental Protection

Figure 5: Water Intake Considerations for Surface and Groundwater Sources
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Considerations:

= Reliability of Supply

= Debris &« Sediment Control
= Hydraulic Efficiency

= Bacessiblity & Maintenance

Figure 6:Typical River Intake Structure with Screens and Forebay

2.2.2 Intake Design Considerations
Key factors influencing intake design include:

Design flow rate: including average and peak demands.
Hydraulic conditions: such as water depth and velocity distribution.
Accessibility for maintenance: including screen cleaning and inspection.
e Structural durability: accounting for corrosion, abrasion, and debris impact.
e Environmental protection: particularly for fish and aquatic habitats.

Example 2.3: A river intake located in a flood-prone area incorporates a forebay upstream of the
pumps. During high flows, suspended sediment settles in the forebay, reducing abrasive wear on
pumps and minimizing downstream treatment challenges.

2.3 Hydraulic Considerations at Intakes

Hydraulic performance is critical to the reliability and efficiency of intake structures. Poor
hydraulic design can lead to excessive head loss, sediment resuspension, uneven flow distribution,
and increased energy consumption.

Engineers consider:
e Flow uniformity: to prevent short-circuiting.
e Sediment deposition prevention: by optimizing intake depth.
e Environmental protection: fish screens, minimized thermal impact, and low noise.

2.3.1 Key Hydraulic Parameters

The intake structure delivers raw water to the WTP with minimal head loss and debris entry.
Typical components: coarse and fine screens, pumping station, and forebay. Design includes:




Water Treatment Plants — C09-010

L@
A
Where v = water velocity in the intake, Q = design flow, A = intake cross-sectional area. Velocities
are usually 0.3-0.6 m/s to prevent sediment resuspension.

Intake velocity: Typically limited to 0.3—-0.6 m/s to prevent sediment entrainment and
protect aquatic life.

Head loss: Should be minimized across screens, channels, and conduits.

Water level variation: Intake design must accommodate seasonal or operational
fluctuations.

The intake velocity and flow distribution diagram are represented in Figure 7.

Coarse Screen —»

Fine Screen —

.': - ~
I ‘E F|ow Proﬁle

Flow Profile

*« Uniform Flow

- Uniform Flow Typlcally 0.3—0. 6 m/s === g Unequal/swirling

Tap star T = ' : =P how wmmp

Figure 7: Intake Velocity and Flow Distribution Diagram

Example 2.4: Intake Velocity Check

Given:
e Design flow rate: 2.5 m?/s.
o Net intake opening area: 6.0 m>.

Step 1: Calculate Intake Velocity

= —2'5—042m/
v = _6.0_ . S

Step 2: Evaluate Acceptability
The calculated velocity of 0.42 m/s falls within the recommended range of 0.3—0.6 m/s, indicating

acceptable hydraulic performance.




Water Treatment Plants — C09-010

2.3.2 Pumping and Energy Considerations

Pump selection must account for static lift, friction losses, and variations in source water level.
Efficient pump operation reduces long-term energy costs and improves system reliability.
Variable-speed pumps are often used to match changing demand and intake conditions.

Hydraulic modeling tools are commonly employed to simulate flow patterns and optimize intake
geometry before construction.

2.4 Water Quality Considerations at the Intake

Raw water quality at the intake establishes the design basis for downstream treatment processes.
Both average conditions and extreme events must be evaluated to ensure consistent plant
performance.

2.4.1 Key Water Quality Parameters
The key water quality parameters to check are:

Turbidity: Influences coagulation, sedimentation, and filtration performance.
pH and temperature: Affect chemical reaction rates and disinfection efficiency.
Total dissolved solids (TDS): May necessitate softening or advanced treatment.
Microbial indicators: Determine disinfection requirements.

2.4.2 Seasonal and Climatic Effects

Water quality at the intake can vary significantly due to:
e Heavy rainfall and runoff events.
e Snowmelt or seasonal flooding.
o Extended drought conditions.
o Changes in upstream land use or discharges.

Design must accommodate:
e High turbidity during wet seasons (50—150 NTU).
e Low flows during droughts.
e Possible contamination events (industrial spills, algal blooms).

Example 2.5: A reservoir intake records turbidity below 10 NTU during summer stratification but
experiences values exceeding 150 NTU during spring snowmelt. Treatment processes must be
adjusted rapidly to maintain effluent quality.

2.4.3 Operational Monitoring

Installation of online sensors at the intake allows continuous measurement of turbidity, pH,
temperature, conductivity, and flow. Real-time data enables operators to respond promptly to water
quality changes and optimize treatment performance.
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Chapter 3: Regulations and Standards

3.1 Regulatory Framework

Water treatment plants operate within a defined regulatory framework intended to protect public
health, ensure consistent water quality, and provide accountability in system operation. These
regulations establish enforceable limits on contaminants, define monitoring and reporting
obligations, and guide the design and operation of treatment facilities. Regulatory requirements
typically exist at multiple levels and are applied collectively rather than independently.

At the international level, the World Health Organization (WHO) publishes the Guidelines for
Drinking-Water Quality, which provide science-based reference values for microbiological,
chemical, and radiological contaminants. Although not legally binding, these guidelines serve as
the foundation for national drinking water regulations, particularly in countries developing or
updating their regulatory frameworks.

National authorities translate international guidance into enforceable standards. For example, the
United States Environmental Protection Agency (EPA) enforces regulations such as the Surface
Water Treatment Rule, Total Coliform Rule, Lead and Copper Rule, and Disinfectants and
Disinfection Byproducts Rules. These regulations specify maximum contaminant levels (MCLs),
treatment technique requirements, monitoring frequencies, and reporting procedures.

Local or regional authorities may impose additional or more stringent requirements to address site-
specific risks. Areas with elevated natural arsenic, fluoride, or nitrate concentrations often require
enhanced monitoring or treatment beyond national minimum standards.

Practical Context

A surface-water treatment plant located downstream of agricultural land may be subject to national
nitrate limits (e.g., 10 mg/L as NOs™-N) while also complying with regional requirements for
increased microbial sampling during wet weather conditions.

Regulatory compliance is not only a legal obligation but also a fundamental element of public
health protection. Failure to comply can result in enforcement actions, public advisories, loss of
consumer confidence, and, in severe cases, system shutdowns. The regulatory hierarchy for
drinking water standards is represented in Figure 8.

International
/  World Health Organization (WHO)

o

National
piie § National Regulatory Body
E:Hﬂﬂﬂi@ (e.g, USEPA, Envir_onmenl Canada, etc.)

Local
=) = State, Provincial, Municipal Authorities

v ==

Local
= State, Provincial, Municipal Authorities

Figure 8: Regulatory Hierarchy for Drinking Water
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3.1.1 Key Parameters and Limits

The key parameters and limits are represented in Table 3 and the maximum contaminant levels
are illustrated in Figure 9.

Table 3: Key Parameters and Limits

| Parameter | Unit |WHO| USEPA |
| Turbidity || NTU || <1 |<1 (post-filter)
|T0tal coliform HCFU/IOO mLH 0 “ 0 ‘
Chlorine residual| mg/L  [02-5 | 024 |

m Disinfectants & Byproducts Chemical Contaminants

Total Coliforms: Chlorine: < 4.0 mg/L Lead: <0.015manL
< 5% Positive Per Month
. TTHMs: < 0.0 Arsenic: < 0.010 mg/l
E. coli / Fecal Coliform: 80 myg/1 mg
0 (Absent)

HAAS: < 0,060 mg/L Nitrate (asN): < 10 mg/L
Giardia / Cryptosporidium.
99.9% Removal Chlorite: < 1.0 mg/L Benzene: < 0.005 ma/l

Figure 9: Maximum Contaminant Levels Chart

3.1.2 Multiple-Barrier Approach

Ensures safety by:
1. Source protection (watershed management, land use controls).
2. Treatment barriers (coagulation, filtration, disinfection).
3. Distribution system maintenance (residual disinfectant, corrosion control).

3.1.3 Compliance Monitoring

Continuous monitoring of key parameters (turbidity, chlorine residual, pH) ensures regulatory
compliance. Lab analysis validates process control and guides adjustments. SCADA integration
allows real-time alarm responses and trend analysis. The regulatory compliance process followed
by water treatment plants is summarized in Figure 10.

Distribbuton Water Treatment Plant

v
Routine Sampling & Testing |__y, e aitre Sty
= Microblological Total Coliform Rule  TCR
® Chemical Chilorine Residual Lead
Main Monitoring Nitrate Limit Nitrate
Points Arsenic Limit THMs
@ Raw Water Intake Turbidity Limit

o Fi
- A = Sampling and
.y Investigate and Correct Resample & Verify Testing Results

= Adjust Treatment Processes. Compliance * Corrective
® Conduct System Diagnostics Actions Taken

l Regulatory Agency
Routine Reporting | Stbaiesion

Detailed RecOrdkoeping hey. ~ Detailed Recordkeeping

Sampling and Testing Results
* Corrective Actions Taken
= Treatment Process Adjustments.

Figure 10: Regulatory Compliance Flowchart
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3.2 Regulated Water Quality Parameters

Drinking water regulations address three principal categories of parameters: microbiological,
chemical, and physical. Each category targets different risks and requires distinct monitoring
approaches.

3.2.1 Microbiological Parameters

Purpose:

Microbiological standards protect consumers from acute health risks associated with pathogenic
organisms.

Common Indicators and Pathogens:

o Total coliform bacteria.
o Escherichia coli.

o Giardia.

e Cryptosporidium.

Indicator organisms are used because direct pathogen testing is complex and time-consuming. The
presence of E. coli typically indicates recent fecal contamination and triggers immediate corrective
action.

Monitoring Practice: Sampling is conducted at raw water intakes, after filtration, and within the
distribution system. Surface-water systems generally require more frequent monitoring than
groundwater systems.

Example 3.1: Microbial Compliance Check

A treatment plant collects 100 distribution system samples per month. Regulations permit no more
than 5% total coliform-positive samples.

e Maximum allowable positives = 0.05 x 100 = 5 samples.
e Observed positives = 3 samples.

Result: The system remains in compliance. However, operational review is recommended if
repeated detections occur.

3.2.2 Chemical Parameters

Purpose:
Chemical standards protect against both short-term toxicity and long-term health effects.

Common Regulated Chemicals:
e Nutrients: nitrates, nitrites.
e Metals: arsenic, lead, copper, mercury.
e Fluoride.
e Disinfection by-products: trihalomethanes (THMs), haloacetic acids (HAAs).

Monitoring frequency varies by parameter and source water risk. Some contaminants are
monitored continuously or weekly, while others require quarterly or annual sampling.
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Example 3.2: Nitrate Compliance
e Measured nitrate concentration = 7.5 mg/L as NOs™-N.
e Regulatory limit = 10 mg/L.

Compliance Margin: 10 — 7.5 = 2.5 mg/L.
Although compliant, seasonal increases following fertilizer application may warrant closer
monitoring during high-risk periods.

3.2.3 Physical Parameters
Purpose: Physical parameters affect treatment performance and consumer acceptance.

Common Parameters:
e Turbidity.
e Color.
o Temperature.
e Taste and odor.

Turbidity is one of the most critical physical parameters and is often regulated as a treatment
technique requirement rather than a simple numeric limit.

Example 3.3: Filtered Water Turbidity

e Regulatory requirement: < 0.3 NTU for 95% of measurements.
e Daily readings (NTU): 0.22, 0.25, 0.28, 0.31, 0.27.

One reading exceeds 0.3 NTU, but overall compliance is maintained if exceedances remain below
allowable frequency. Operational review of filter performance is still recommended. Typical
regulated water quality parameters and monitoring locations are illustrated in Figure 11.

3.3 Multiple-Barrier Approach

The multiple-barrier approach forms the foundation of modern drinking water safety. Rather than
relying on a single protective measure, multiple independent barriers reduce the probability that
contaminants reach consumers.

Raw Water Intake s Distribution

Raw Water Intake @ Water Treatment Plant @&———  Distribution System @

0 Direct Sampling @ Online Monitoring: Turbidity, pH, Chiorine, Flow

Figure 11: Typical Regulated Water Quality Parameters and Monitoring Locations
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3.3.1 Source Water Protection

Protecting raw water quality reduces treatment complexity and operational risk. Measures include
watershed management, land-use controls, industrial discharge regulation, and agricultural best
practices.

3.3.2 Treatment Barriers

Conventional treatment processes provide sequential barriers:
e Coagulation and flocculation remove suspended particles.
e Sedimentation reduces solids loading.
o Filtration removes fine particles and protozoa.
o Disinfection inactivates remaining microorganisms.

3.3.3 Distribution System Protection
Post-treatment barriers maintain water quality:
o Disinfectant residuals prevent microbial regrowth.
e Corrosion control limits metal leaching.
e Pressure maintenance and leak control prevent intrusion.

Example 3.4: If filter performance temporarily degrades, maintained disinfectant residuals and
distribution system integrity provide continued protection until corrective actions are completed.

Figure 12 illustrates the multiple-barrier concept from source to consumer.

@ Source Protection Treatment Barriers Distribution Protection

Source Protection Treatment Barriers Consumer

Watershed Management Coagulation & Flocculation Disinfectont Residuals

Land-Use Controls Sedimentation Corrosion Control

Pollution Prevention Filtration Pressure Maintenance
Disinfection

Three independent barriers—source protection, treatment barriers, and distribution system protection—
work together to ensure safe drinking water

Figure 12: Multiple-Barrier Concept from Source to Consumer

3.4 Compliance Monitoring and Reporting

Compliance monitoring verifies that regulatory standards are consistently met and provides
documentation for oversight agencies.

3.4.1 Monitoring Components
o Sampling: Routine collection at defined locations.
e Testing: Laboratory and online analysis.
e Verification: Review against regulatory limits.
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e Corrective Action: Adjustment of processes when deviations occur.
Monitoring frequency depends on source type, system size, and historical performance.

3.4.2 Online Monitoring and Process Control

Continuous monitoring of turbidity, chlorine residual, pH, and flow enables immediate operational
response.

Example 3.4: Turbidity-Based Response
e Raw water turbidity increases from 20 NTU to 80 NTU following a storm.
e Online sensor triggers coagulant dose increase from 30 mg/L to 45 mg/L.
o Filter effluent turbidity remains below 0.3 NTU.

Laboratory confirmation validates compliance and supports regulatory reporting.

3.4.3 Reporting and Recordkeeping

Regulatory agencies require detailed records of:
Sampling results.
Instrument calibration.
Operational changes.
e Corrective actions.

Accurate documentation ensures traceability, supports audits, and demonstrates due diligence in

protecting public health. Compliance monitoring and reporting workflow are illustrated in Figure
13.

Q Source Protection Treatment Barriers Distribution Protection

Source Protection Treatment Barriers Consumer

Watershed Management Coagulation & Flocculation Disinfectont Residuals

Land-Use Controls Sedimentation Corrosion Control

Pollution Prevention Filtration Pressure Maintenance
Disinfection

Three independent barriers—source protection, treatment barriers, and distribution system protection—

work together to ensure safe drinking water
Figure 13: Compliance Monitoring and Reporting Workflow

3.5 Summary

This chapter establishes the regulatory foundation governing water treatment plant design and
operation. Understanding standards, monitoring requirements, and the multiple-barrier approach
allows engineers and operators to translate regulatory obligations into reliable, defensible
operational practices.




Water Treatment Plants — C09-010

Chapter 4: Preliminary Treatment and Screening

Preliminary treatment is the first operational stage of a water treatment plant and provides essential
protection for downstream processes. These initial units remove coarse materials, grit, and heavy
suspended solids that can cause mechanical damage, excessive wear, or operational instability if
allowed to enter subsequent treatment stages. Effective preliminary treatment improves plant
reliability, reduces maintenance requirements, lowers chemical demand, and extends the service
life of pumps, valves, and process units.

4.1 Screening

Screening is the initial physical barrier used to intercept large debris carried by raw water. Its
primary function is to protect mechanical equipment and prevent blockages in conveyance
systems.

Types of Screens
1. Coarse Screens
e Typical clear spacing: 25—75 mm.
o Installed at raw water intakes or headworks.
e Remove large debris such as branches, logs, leaves, and plastic waste.

Coarse screens are particularly important for surface water sources exposed to vegetation, floating
debris, or storm runoff.

2. Fine Screens
e Typical clear spacing: 2—10 mm.
o Installed downstream of coarse screens.
o Remove smaller debris such as rags, small plastics, and fibrous material.

Fine screens provide additional protection for pumps, flow meters, and mechanical grit removal
systems.

3. Operational Considerations
e Screens may be manual (hand-cleaned) or mechanically cleaned using rakes or traveling
screens.
Head loss across screens must be monitored; excessive clogging increases upstream water
levels and energy consumption.
Safe access for cleaning and debris disposal is essential for operator safety.

Screens are classified by opening size: coarse (25—75 mm), fine (2—-10 mm), and micro (0.5-2
mm). Flow velocity through the screen is designed to avoid clogging or excessive head loss:
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Where v = velocity (m/s), Q = flow (m?/s), A = screen area (m?). Coarse screens use mechanically
raked systems for high flows, while fine screens may use automated brushes. Design also considers
debris load, frequency of cleaning, and ease of maintenance.

Example 4.1: Screen Head Loss
A fine screen experiences the following conditions:
e Clean head loss: 50 mm
e Allowable maximum head loss before cleaning: 200 mm

If measured head loss reaches 180 mm, automated raking should be initiated to prevent flow
restriction and upstream surcharging. A coarse and fine screening arrangement at a surface water
intake is represented in Figure 14.

Coarse screens
Clear spacing: 25-75 mm

Figure 14: Coarse and Fine Screening Arrangement at a Surface Water Intake

4.2 Grit Removal

Grit removal targets heavy inorganic particles such as sand, gravel, and silt that are not effectively
removed by screening. If untreated, grit can abrade pump impellers, accumulate in pipelines, and
reduce the effective volume of downstream basins.

Common Grit Removal Systems

1. Detention (Settling) Basins
e Operate by reducing flow velocity.
e Dense inorganic particles settle while lighter organic matter remains in suspension.
e Suitable for relatively stable flow conditions.

2. Aerated Grit Chambers
e Introduce controlled air flow to create spiral circulation.
e Organic matter remains suspended, while grit settles at the bottom.
o Particularly effective for variable flows and high organic content.

3. Maintenance
Settled grit is removed periodically using hoppers, screw conveyors, or pumps. Regular removal
prevents accumulation and maintains design efficiency.
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4. Design Criteria
e Flow velocity: 0.3-0.6 m/s.
e Detention time: 2—4 minutes.
o Particle size removed: typically, > 0.15 mm.
e Basin slope: 1-3%.

Settling is governed by Stoke’s Law for particles:

L = o~ P9
s 18u
Where v = settling velocity, p, = particle density, p = water density, d = particle diameter, u =
water viscosity.

Example 4.2: Grit Chamber Sizing
Design flow: 1.5 m?/s

Target detention time: 3 minutes (180 s)
Required chamber volume:

V=0xt=15x 180 = 270 m3

This volume is divided among parallel chambers to allow maintenance without interrupting
operation. Figure 15 illustrates the aerated grit chamber showing flow patterns and grit settling
zone.

Wastewater Effluent
Inflow . __Outflow

Supply

Sludge

Figure 15: Aerated Grit Chamber Showing Flow Patterns and Grit Settling Zone




Water Treatment Plants — C09-010

4.3 Flow Measurement

Accurate flow measurement is critical for chemical dosing and process control. Common devices:
flumes, weirs, and ultrasonic flow meters. Considerations: low head loss, measurement accuracy
+2-5%, and maintenance frequency. Integration with SCADA allows automated dosing
adjustments.

Common Flow Measurement Devices
o Electromagnetic flow meters: High accuracy for pressurized pipelines.
o Ultrasonic flow meters: Suitable for large conduits and variable flows.
e Flumes: Open-channel measurement using controlled geometry.
e Weirs: Simple structures relating water depth to discharge.

Selection Criteria
Measurement accuracy and range.
Allowable head loss.
Sensitivity to debris and sediment.
Maintenance and calibration requirements.

Flow measurement devices are typically integrated with SCADA systems, allowing real-time
adjustment of chemical feed rates and pump operation.

Example 4.3: Flow-Based Chemical Control
Measured inflow: 80 ML/day

Target coagulant dose: 40 mg/L

Daily chemical requirement:

80 X 10° x 40 x 107° = 3,200 kg/day

Any change in measured flow is automatically reflected in chemical feed rates to maintain
consistent treatment. Figure 16 illustrates the flow measurement devices and SCADA integration
at plant headworks.
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Above-Groun Screen 57 o
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!
| Ultrasonic | ;.
Flow Meter SCADA
Integration

ST A o, Apye  Grit Sludge
Grit Settling Zone

Figure 16: Flow Measurement Devices and SCADA Integration at Pant Headworks
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4.4 Preliminary Sedimentation (Pre-Settling)

Preliminary sedimentation removes coarse suspended solids before water enters primary
coagulation and sedimentation units. This process is particularly beneficial for surface water
sources with high sand or silt loads. Detention tanks allow large solids to settle before the main
treatment process. Sludge is periodically removed to prevent resuspension. Operational
adjustments are made during storms to accommodate high-turbidity events.

Process Description
e Design surface loading: 1-2 m*/m¥h.
e Flow velocity is reduced in a basin to promote gravitational settling.
Typical detention time: 30—60 minutes.
Settled solids are collected and removed as sludge.

Design Considerations
o Basin geometry should minimize short-circuiting.
o Inlet and outlet structures must promote uniform flow.
e Sludge removal mechanisms must match solids loading and plant size.

Operational Benefits
e Reduces turbidity entering coagulation units.
e Lowers chemical demand.
o Improves filter run times and performance.

Example 4.4: Turbidity Reduction Impact

Raw water turbidity after storm: 500 NTU.

After pre-settling: 150 NTU. Reduction = 70% (100% - 150x100/500).

This reduction significantly lowers coagulant demand and reduces sludge production in
downstream processes.

The preliminary sedimentation basin with sludge collection system is illustrated in Figure 17.

Surface Skimming - — — \ Effluent
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Figure 17: Preliminary Sedimentation Basin with Sludge Collection System
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4.5 Integrated Preliminary Treatment Train
The preliminary treatment sequence typically follows:

Intake — Screening — Grit Removal — Flow Measurement — Preliminary Sedimentation.

This integrated approach ensures that raw water entering the main treatment processes is
hydraulically stable and free of damaging materials. Figure 18 illustrates the preliminary treatment
process flow diagram.

Intake Screening Grit Removal Flow Measurement Pr_eliminar,v
Sedimentation

Debris Filtering ) Sand, Gravel ) Flow Monitoring Settling.l‘?‘éniclebs"
& Grit

Figure 18: Preliminary Treatment Train

4.6 Summary

Preliminary treatment is a critical foundation for effective water treatment plant operation. Proper
design and operation of screening, grit removal, flow measurement, and pre-settling units protect
downstream infrastructure, stabilize process performance, and reduce long-term operating costs.
While often overlooked compared to advanced treatment stages, preliminary processes play a
decisive role in overall plant reliability and efficiency.
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Chapter 5: Raw Water Quality Characterization

Raw water quality directly affects the selection, sizing, and operation of water treatment processes.
Variations in physical, chemical, and microbiological characteristics influence chemical demand,
treatment efficiency, and overall plant reliability. Proper characterization of the source water is
therefore a key step in treatment plant design and operation.

5.1 Physical Parameters

Physical water quality parameters directly influence the selection, sizing, and performance of
treatment processes. They primarily affect solid-liquid separation efficiency, chemical dosing
requirements, and overall process stability. Variations in physical characteristics are often rapid
and seasonal, requiring treatment systems to be responsive and adaptable. The key physical water
quality parameters include turbidity, color, temperature, and Total Suspended solids (TSS).

Turbidity

Turbidity is a measure of the cloudiness of water caused by suspended and colloidal particles such
as clay, silt, algae, and finely divided organic matter. It is a critical design and operational
parameter because elevated turbidity reduces treatment efficiency and can compromise
disinfection performance by shielding microorganisms from disinfectants.

In surface water sources, turbidity typically ranges from 5 to 100 NTU under normal conditions,
but values may increase severalfold during storm events, snowmelt, or upstream disturbances.
Groundwater turbidity is generally low, often below 5 NTU, unless influenced by aquifer
disturbance or well construction issues.

High turbidity increases coagulant demand, affects floc formation, and places greater loading on
sedimentation and filtration units. Regulatory standards commonly require filtered water turbidity
to be maintained below 1 NTU, and in many cases below 0.3 NTU, to ensure effective microbial
control.

Example 5.1: During heavy rainfall, river turbidity may rise to 80 NTU or higher. To maintain
compliance, operators must increase coagulant dosage, optimize flocculation mixing, and extend
sedimentation detention time to prevent filter overloading and breakthrough.

Color

Color in raw water i1s primarily caused by dissolved organic compounds, particularly humic and
fulvic substances derived from the decay of vegetation and organic matter. Unlike turbidity, which
is associated with suspended solids, color is largely a dissolved parameter and is not removed by
sedimentation alone.

Although color does not typically present a direct health risk, it significantly affects the aesthetic
quality of drinking water and can lead to consumer complaints. More importantly, elevated color
is often associated with increased natural organic matter (NOM), which reacts with disinfectants
to form disinfection by-products such as trihalomethanes (THMs) and haloacetic acids (HAAs).
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Color removal generally relies on enhanced coagulation, adsorption processes (e.g., powdered or
granular activated carbon), or advanced treatment methods when conventional processes are
insufficient.

Example 5.2: Lakes influenced by forested watersheds may experience elevated color levels
during autumn leaf decomposition. In such cases, enhanced coagulation or activated carbon
treatment may be required to reduce color and limit disinfection by-product formation.

Temperature

Water temperature affects nearly all physical, chemical, and biological treatment processes. It
influences reaction kinetics, microbial activity, dissolved oxygen levels, and fluid viscosity,
thereby affecting sedimentation, filtration, and disinfection efficiency.

Typical raw water temperatures range from approximately 5 °C in winter to 30 °C in summer,
depending on climate and source characteristics. Lower temperatures slow coagulation and floc
formation, often requiring increased coagulant dosage or longer flocculation detention times.
Conversely, higher temperatures accelerate chemical reactions and microbial growth, increasing
disinfectant demand and the potential for biological fouling.

Temperature effects must be considered during design to ensure year-round performance,
particularly in regions with large seasonal temperature variations.

Example 5.3: During summer months, surface water temperatures of 25-30 °C may increase

chlorine decay rates. Operators may need to adjust chlorine dosing and contact time to maintain
adequate disinfectant residuals throughout the distribution system.

Total Suspended Solids (TSS)

Total suspended solids (TSS) represent the concentration of particulate matter suspended in water
and are closely related to turbidity, though the two are not directly interchangeable. TSS levels
typically range from 5 to 300 mg/L in surface waters, with higher values occurring during storm
runoff or erosion events.

TSS directly influences the design and sizing of sedimentation basins, sludge handling facilities,
and residuals management systems. High TSS loading increases sludge production and removal
frequency, affecting operational costs and maintenance requirements.

Effective preliminary treatment and sedimentation reduce TSS loading on downstream filtration
processes, improving filter run times and reducing backwash frequency.

Summary of Design Implications

Physical parameters:
e Control the performance of coagulation, sedimentation, filtration, and disinfection
processes.
Drive chemical dosing requirements and energy consumption.
Influence regulatory compliance, particularly turbidity limits.
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e Require flexible design and real-time monitoring to manage seasonal and short-term
variability.

Proper characterization and continuous monitoring of physical parameters are essential to
achieving stable treatment performance and maintaining regulatory compliance under varying
source water conditions. Table 4 summarizes the physical water quality parameters and treatment
implications.

Table 4: Summary of Physical Water Quality Parameters and Treatment Implications

Primary
Treatment
Processes Affected

Design and Operational

Parameter Implications

Typical Range

Determines coagulant dosage and
flocculation energy; affects
sedimentation basin loading and filter
run time; high turbidity can reduce
disinfection effectiveness by
shielding microorganisms.

Coagulation,
flocculation,
sedimentation,
filtration,
disinfection.

Surface water: 5—
100 NTU (higher
during storms)
Groundwater: <5
NTU

Turbidity

Indicates presence of natural organic
matter; influences enhanced
coagulation requirements and
disinfection by-product formation
potential.

5-50 CU (can
exceed 100 CU in
organic-rich
waters)

Coagulation,
adsorption
(activated carbon),
advanced treatment.

Affects reaction kinetics and floc
formation; low temperatures require
longer detention times; high
temperatures increase disinfectant
demand and decay rates.

Coagulation,
sedimentation,
filtration,
disinfection.

5-30°C

Temperature (seasonal)

Drives sedimentation basin sizing and

Preliminary

Total
Suspended
Solids (TSS)

5-300 mg/L
(event-driven
variability)

treatment,
sedimentation,
sludge handling.

sludge production; higher TSS
increases residuals handling and
disposal requirements.

Settleable
Solids

<1-10 mL/L
(after pre-
treatment)

Preliminary
sedimentation.

Influences need for pre-settling
basins and grit removal; excessive
levels increase wear on downstream
equipment.

Engineering Note

While turbidity is often used as a surrogate indicator for particulate removal performance, TSS
and color measurements provide complementary information essential for accurate process design,
sludge management planning, and control of disinfection by-products.
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5.2 Chemical Parameters

Chemical water quality parameters play a central role in determining treatment process selection,
unit sizing, chemical consumption, operational control, and regulatory compliance in a water
treatment plant (WTP). Unlike physical parameters, chemical parameters influence both process
performance and finished water stability, making them critical at every stage of treatment.

5.2.1 pH

pH is one of the most influential chemical parameters in water treatment, typically ranging between
6.5 and 8.5 in raw water sources.

Treatment Impacts
o Controls the effectiveness of coagulation, as common coagulants such as aluminum sulfate
and ferric chloride exhibit optimal performance within narrow pH ranges.
Strongly affects disinfection efficiency, particularly for chlorine-based disinfectants, which
are more effective at lower pH.
Influences corrosion potential and scaling tendency in distribution systems.

Design and Operational Considerations
e Low pH conditions may require alkalinity or lime addition to achieve optimal coagulation
and corrosion control.
High pH conditions may require acid dosing to maintain effective coagulation and
minimize scaling.
pH control systems must be responsive to rapid raw water fluctuations to prevent treatment
upsets.

5.2.2 Alkalinity

Alkalinity, commonly expressed as mg/L as CaCOs, typically ranges from 50 to 200 mg/L in
natural waters and represents the water’s capacity to resist pH change.

Treatment Impacts
e Provides buffering capacity during coagulation, where acid is consumed during hydrolysis
of metal salts.
Stabilizes pH during softening and disinfection processes.
Insufficient alkalinity can result in poor floc formation and unstable treatment
performance.

Design and Operational Considerations
o Low-alkalinity waters often require alkalinity supplementation (lime, sodium bicarbonate,
or soda ash).
o Chemical storage and feed systems must accommodate seasonal alkalinity variability.
o Alkalinity affects sludge production volume and composition.

5.2.3 Hardness (Calcium and Magnesium)

Hardness is caused primarily by dissolved calcium (Ca*") and magnesium (Mg?") ions and typically
ranges from 50 to 250 mg/L as CaCO:s.
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Treatment Impacts
o High hardness contributes to scaling in pipes, heat exchangers, and treatment equipment.
o Influences consumer acceptance due to soap consumption and taste.
o Determines whether softening processes are required.

Design and Operational Considerations
e Elevated hardness may necessitate lime-soda softening, ion exchange, or membrane
processes.
Softening significantly increases sludge generation, requiring robust solids handling
systems.
o Hardness removal impacts chemical storage sizing and operational cost.

5.2.4 Iron and Manganese

Iron and manganese are common in groundwater and some surface waters, with typical
concentrations:

e Iron: 0.1-5.0 mg/L.

e Manganese: 0.05-0.5 mg/L.

Treatment Impacts
o Cause discoloration, metallic taste, staining of fixtures, and filter clogging.
e Can interfere with disinfection and promote biofilm growth in distribution systems.

Design and Operational Considerations
e Removal typically requires oxidation (aeration, chlorine, potassium permanganate, or
ozone) followed by filtration.
» Biological filtration may be employed for stable long-term removal.
e Oxidation increases filter loading and backwash frequency.

5.2.5 Total Dissolved Solids (TDS)

Total dissolved solids represent the combined concentration of all inorganic and organic
substances dissolved in water.

Treatment Impacts
o High TDS affects taste, corrosion potential, and suitability for industrial or potable use.
o Conventional treatment processes have limited effectiveness for TDS removal.

Design and Operational Considerations
o Elevated TDS may require advanced treatment, such as reverse osmosis, nanofiltration, or
electrodialysis.
Membrane systems increase energy demand and produce concentrated brine streams
requiring disposal.
TDS levels influence material selection and corrosion control strategies.
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5.2.6 Overall Design Implications of Chemical Parameters

Chemical parameters directly influence:
o Basin sizing for coagulation, sedimentation, and softening.
e Chemical storage capacity and dosing system flexibility.
e Sludge production rate and handling requirements.
e Operational stability and compliance with drinking water standards.

Engineering designs must therefore incorporate sufficient flexibility to accommodate both long-
term trends and short-term fluctuations in chemical water quality. The chemical parameters vs.

treatment processes and regulatory limits are summarized in Table 5.

Table 5: Chemical Parameters vs. Treatment Processes and Regulatory Limits

Chemical
Parameter

Effect on
Treatment

Target /
Typical
Range

Affected
Processes

Regulatory
Considerations

Influences
coagulation,
disinfection,

corrosion
control.

Coagulation,
softening,
disinfection.

Must meet safe
drinking water
standards; influences
chemical dose.

Alkalinity

Buffers pH
changes,
stabilizes

coagulation.

50-200 mg/L
as CaCOs

Coagulation, lime
softening.

Helps prevent
excessive pH
swings; ensures
coagulant efficiency.

Turbidity

Indicator of
suspended
solids; affects
disinfection.

<1 NTU (after
filtration)

Coagulation,
flocculation,
sedimentation,
filtration.

WHO & EPA limits
for safe drinking
water.

Hardness
(Caz+ + Mg2+)

Scaling
potential; affects
soap efficiency.

50-150 mg/L
as CaCO:s
(desirable)

Lime softening,
ion exchange.

Local regulations
may limit excessive
hardness.

Chlorine
residual

Ensures
microbial
disinfection.

0.2-1 mg/L
(distribution)

Disinfection.

Must comply with
microbial safety
standards.

Aluminum
residual

Coagulant
byproduct

<0.2 mg/L

Coagulation

EPA recommends
<0.2 mg/L in
finished water

Iron

Aesthetic and
health concern

<0.3 mg/L

Oxidation,
filtration

EPA Secondary
Standard: 0.3 mg/L

Manganese

Aesthetic and
operational

issues

<0.05 mg/L

Oxidation,
filtration

EPA Secondary
Standard: 0.05 mg/L
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Target /
Typical
Range

Chemical Effect on
Parameter Treatment

Affected Regulatory
Processes Considerations

Prevents dental Addition during || Must meet public

Fluoride issues 0.7-1.2 mg/L treatment health guidelines

The chemical parameters and treatment processes are illustrated in Figure 19.

@t o
| ; . pH @ Chlorine Residual
O niainity Qutidey Qrutidey Q) ChlorineResidual gy ges @) Fuoride

© Turbidity © rron @ O Alkalinity

RAW WATER COAGULATION & SEDIMENTATION FILTRATION DISINFECTION DISTRIBUTION
FLOCCULATION

CHEMICAL PARAMETERS

ﬂﬂﬁ@@@é«s@ﬂ

Alkalinity Turbidity Hardness  Chlorine Residial ~ Al**/Fe lron / Fluoride
Ca*/mg?*

Figure 19: The Chemical Parameters and Treatment Processes
Numerical Example 5.4: Alkalinity Consumption During Coagulation

Scenario:
A water treatment plant is treating raw water with the following characteristics:
Raw water alkalinity: 150 mg/L as CaCOs
Raw water pH: 7.2
Coagulant used: Aluminum sulfate (Al2(SOs)3)
Dose: 40 mg/L (as Alz(SOa)s3)
Reaction stoichiometry (simplified): 1 mole Al:(SOa4); consumes 3 moles of alkalinity
(CaCO0s)

Step 1: Convert coagulant dose to moles
Molar mass of Al2(SO4)s = 342 g/mol

Moles of AL(SO liter = ——0meL 0000117 molL
oles of Alx( 4)3per1er—342’000mg/m01— . mo

Step 2: Calculate alkalinity consumption
From stoichiometry: 1 mol Alz(SO4)s consumes 3 mol alkalinity (as CaCO:3).
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Alkalinity consumed = 0.000117 X 3 = 0.000351 mol/L
Convert to mg/L as CaCOs (molar mass of CaCOs = 100 g/mol):

Alkalinity consumed (mg/L) = 0.000351 X 100,000 mg/mol = 35.1 mg/L
Step 3: Remaining alkalinity

Remaining alkalinity = 150 — 35.1 = 115 mg/L as CaCOs
Interpretation: The remaining alkalinity is sufficient to buffer pH changes and maintain
coagulation efficiency (typical WTP target: 100—200 mg/L as CaCO:3).

5.3 Microbiological Parameters

In a water treatment plant (WTP), the microbiological parameters primarily affect public health
protection, treatment process design, disinfection strategy, and operational control. Because
microbiological risks are acute and potentially severe, these parameters receive the highest
regulatory priority.

1. Public Health Protection (Primary Driver)
Microbiological parameters indicate the presence or risk of disease-causing organisms.

o Pathogens of concern
= Bacteria: E. coli, Salmonella.
= Viruses: enteric viruses.
= Protozoa: Giardia, Cryptosporidium.
o Indicator organisms
= Total coliforms and E. coli are used to indicate fecal contamination.

Impact: Failure to control microbiological parameters can result in immediate outbreaks of
waterborne disease.

2. Selection and Design of Treatment Processes
Microbiological parameters determine which treatment barriers are required and how robust they
must be.

o High microbial load
= Requires full conventional treatment: coagulation, sedimentation, filtration, and
disinfection.
e Protozoa presence
= Drives the need for effective filtration or membrane systems (protozoa are
chlorine-resistant).
e Source type
= Surface water typically requires more extensive treatment than groundwater.

Design impact: Filter loading rates, number of treatment barriers, and redundancy requirements.

32
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3. Disinfection Strategy and CT Requirements
Microbiological parameters control disinfectant selection, dose, and contact time.

e Chlorine

= Effective against bacteria and viruses.

= Less effective against protozoa.
e UV or ozone

= Required for Cryptosporidium and Giardia inactivation.
e CT (Concentration x Time)

= Higher microbial resistance — higher CT values.

Operational impact: Disinfection contact basin sizing and disinfectant dosing.

4. Operational Monitoring and Process Control
Microbiological indicators guide day-to-day operational decisions.

o Elevated coliform counts

= Trigger increased disinfection or investigation of treatment failures.
o Filter effluent turbidity

= Used as a surrogate indicator for microbial removal.
e Online monitoring

= Turbidity and chlorine residuals provide continuous indirect control.

Impact: Early detection of treatment process breakdowns.

5. Distribution System Integrity
Microbiological parameters affect post-treatment water safety.

e Residual disinfectant

= Maintains microbial control in the distribution system.
o Biofilm formation

= Influenced by nutrient levels and disinfectant residual.
o Cross-connections and leaks

= Can introduce pathogens if residuals are inadequate.

Impact: Determines minimum disinfectant residuals and flushing programs.

6. Regulatory Compliance and Risk Management
Microbiological parameters drive monitoring frequency, reporting, and compliance actions.

e Zero tolerance standards

= FE. coli must not be present in treated water.
e Increased sampling

= Required following detection of indicator organisms.
o Boil water advisories

= May be issued following microbiological failures.
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Impact: Strong influence on operational accountability and public communication.

Table 6 summarizes the effects of microbiological parameters in WTPs.

Table 6: Effects of Microbiological Parameters in WTPs

‘Microbiological ParameterH Primary Effect in WTP ’

| Total coliforms H Indicator of treatment/distribution integrity. |

| E. coli | Immediate public health risk. |

| Giardia, Cryptosporidium HDrives filtration and UV/ozone requirements.l

‘ Viruses H Disinfection dose and contact time. ‘

‘ Heterotrophic bacteria H Biofilm growth and system stability. ’

Key Takeaway
Microbiological parameters define the level of treatment required, dictate disinfection design and
operation, and serve as the primary indicator of public health protection in a water treatment plant.

5.4 Seasonal Variations and Design Implications

Raw water quality varies throughout the year in response to climatic conditions, hydrology, and
watershed activities. Storm events and snowmelt commonly increase turbidity and particulate
loading, placing greater demand on coagulation, sedimentation, and filtration processes. In
contrast, low summer flows and elevated temperatures may promote algal growth and alter organic
and nutrient concentrations.

Seasonal temperature changes influence microbial activity, reaction kinetics, and disinfectant
demand, requiring operational adjustments. To maintain filtered water turbidity below 1 NTU
under all conditions, coagulant dosage, flocculation energy, and detention time are adjusted in
response to changing raw water characteristics.

Treatment facilities must therefore be designed with sufficient operational flexibility. Features
such as variable chemical dosing systems, adjustable flocculation mixing, and modular or
redundant treatment units allow reliable performance during both typical conditions and short-
term extreme events.

Engineering Note

Continuous online monitoring of turbidity, pH, temperature, and disinfectant residual provides
real-time data for timely operational control and process optimization.
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Examples of Seasonal Variations

1. High Turbidity Events
* Rainfall or snowmelt increases sediment load.
* Design Response: Variable coagulant dosing, adjustable flocculation energy, and
flexible sedimentation capacity.

Temperature Fluctuations

» Warmer temperatures accelerate microbial growth and chemical reactions.

* Design Response: Seasonal adjustment of disinfectant residuals, pH control, and
coagulant dosing.

Upstream Activities

* Agricultural runoff or industrial discharges may temporarily alter chemical
composition.

* Design Response: Modular treatment units or supplemental processes such as activated
carbon.

Table 7 summarizes the typical raw water quality parameters and treatment implications.

Table 7: Typical Raw Water Quality Parameters and Treatment Implications

Surface
Parameter Water Typical
Range

Groundwater

Typical Range Treatment Implications

High turbidity increases coagulant
demand, requires efficient
sedimentation and filtration. Low
turbidity may allow simplified
treatment.

5—-100 (can
Turbidity (NTU) exceed 500
after storms)

<5 (usually
low)

High color caused by organic
matter may require coagulation,
Color (Pt-Co units) activated carbon, or oxidation to
improve aesthetics and reduce

disinfection by-products.

Affects microbial growth and
chemical reaction rates; warmer
water may require increased
disinfectant dose.

Temperature (°C)

High TSS increases sedimentation

Total Suspended 10 — 200 (after and filtration load, may require
Solids (TSS, mg/L) rain events) pretreatment (screening, grit
removal).

Influences coagulant selection,

pH 6.5-8.5 disinfection efficiency, and
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Surface
Parameter Water Typical
Range

Groundwater

Typical Range Treatment Implications

corrosion control. pH adjustment
may be needed.

Provides buffering capacity; low
alkalinity may require chemical
addition to stabilize pH.

Alkalinity (mg/L as
CaCo0:s)

High hardness may cause scaling;
100 — 500 may require softening (lime-soda
or ion exchange).

Hardness (mg/L as
CaCo0:s)

High iron causes staining and
Iron (mg/L) taste issues; requires oxidation
and filtration.

High manganese can cause
Manganese (mg/L) discoloration and taste; oxidation
and filtration needed.

May require adsorption,

<10 (varies < 10— 50+ coagulation, or membrane
with geology) treatment if concentrations exceed
regulatory limits.

Arsenic (ng/L)

High counts indicate microbial
contamination; disinfection
required.

Total Coliforms 0— 1000+
(MPN/100 mL) (after rainfall)

Presence indicates fecal
E. coli (MPN/100 mL) 0 - 500+ contamination; disinfection is
critical.

Requires filtration and
Giardia / 0—50cysts/L || Rarein deep || disinfection; protozoa resistant to

Cryptosporidium ||(surface water) wells chlorine may need UV or

membrane treatment.

Notes for Engineers

1. Surface water quality is highly variable and often requires flexible treatment strategies to
handle storms, seasonal changes, and upstream activities.

2. Groundwater is generally more consistent but may contain dissolved minerals requiring
softening or iron/manganese removal.

3. Regular online monitoring for turbidity, pH, temperature, and disinfectant residual helps
adapt treatment in real-time.

. Extreme events, such as floods or droughts, should be considered in design to ensure plant

reliability.
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Chapter 6: Treatment Objectives and Plant Design Basis

Water treatment plant design begins by defining treatment objectives based on source water
quality and regulatory requirements. These objectives establish the target finished water quality
and guide decisions related to unit process selection, sizing, and operation. Design parameters
such as chemical dosing, hydraulic detention times, and process configuration are all derived
from these objectives.

In modern facilities, automation and SCADA systems are commonly used to monitor flow rates,
chemical addition, and process performance in real time. At the conceptual stage, plant design
links raw water characteristics with treatment objectives and operational control strategies to
develop a treatment train that is reliable, flexible, and economically viable.

6.1 Establishing Treatment Goals
Clear treatment goals are required to ensure that finished water consistently meets health,
regulatory, and aesthetic standards.
Typical treatment goals include:
e Turbidity reduction: Achieve less than 1 NTU at the plant outlet to support
effective filtration and disinfection.
Pathogen control: Meet regulatory 3-6 logs log-removal requirements for
bacteria, viruses, and protozoa such as Giardia and Cryptosporidium.
Disinfectant residual: Maintain chlorine residuals in the distribution system
(typically 0.2-0.5 mg/L) to prevent microbial regrowth.
Aesthetic quality: Control taste, odor, and color.
Operational efficiency: Limit chemical consumption, energy use, and sludge
production where feasible.

Example 6.1: A river source experiencing seasonal turbidity increases up to 80 NTU requires
treatment objectives that ensure stable coagulation, sedimentation, and filtration performance
while maintaining adequate disinfectant residuals in the distribution network.

6.2 Unit Process Selection
Once treatment goals are established, appropriate unit processes are selected based on source water
quality, regulatory requirements, available footprint, and cost considerations.

Core processes: typically include coagulation/flocculation, sedimentation, filtration, and
disinfection. These processes work together to remove suspended solids, pathogens, and other
contaminants.

Advanced processes: may be required depending on water quality conditions. These include
membrane filtration, ion exchange or lime softening, and activated carbon adsorption.
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Example 6.2: Groundwater sources with elevated iron and manganese often require oxidation
followed by filtration, while surface water sources with high color may benefit from enhanced
coagulation and powdered activated carbon addition.

6.3 Conceptual Design Philosophy
Conceptual design defines the overall treatment train, plant layout, and design capacity. The design
philosophy should prioritize redundancy, flexibility, and operational reliability.

Redundancy is achieved through standby pumps, multiple treatment units, and backup chemical
feed systems. Flexibility is provided by modular designs that allow future expansion or adaptation
to changing water quality. Treatment units are typically sized to handle both average and peak
flow conditions.

Example 6.3: A treatment plant designed for an average capacity of 25 MLD with a peak factor
of 2.0 should have unit processes capable of handling flows up to 50 MLD without compromising
treatment performance.

6.4 Design Parameters and Ranges

Design parameters are selected based on empirical data, hydraulic principles, and regulatory
guidance. Typical ranges for conventional treatment processes are summarized in Table 8.
Typical ranges for conventional treatment processes are shown in Figure 20.

Table 8: Typical Ranges for Conventional Treatment Processes

Design Typical
Parameter Range

Process Notes

Coagulation (Rapid||G (velocity 700-1000 |Rapid mixing ensures uniform coagulant
Mix) gradient) s! distribution; detention 30—60 sec.

Low shear promotes floc formation;

. - -1
Flocculation G 20-80s detention 15—45 min.

Surface loading ||1-3 Detention time 2—4 h; allows heavy solids to

Sedimentation
rate m3/m?h settle.

Head loss 0.3-0.6 m; backwashing

Filtration Filtration rate  ||5-15 m/h )
frequency depends on water quality.
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Coagulation G (veloci Rapid mixing ensures uniform
(Ragpid Mix) gradicnl)ty 700-1000 5™ coagulant distribution; detention
30-60 sec.

L8y Low shear promotes floc formation;
-~ : X 1 »
9151 Flocculation G 20-90's detention 15-45 min.

Detention time 2-4 h; allows heavy

b oadad
i g Surface 1-3mYm%h  solids to settle.

- il loading rate

Head loss 0.3-0.6 m; backwashing
frequency depends on water quality.

9 Filtration  Filtration rate 5-15m/h
-

Figure 20: Typical Ranges for Conventional Treatment Processes

Example 6.4: A plant treating river water with turbidity around 50 NTU may require rapid
mixing at approximately 900 s™' and flocculation detention times near 30 minutes to produce
settleable flocs.

6.5 Case Studies
Lebanon: 25 MLD Surface Water WTP

Challenge: High turbidity during winter months (up to 75 NTU).

Solution: Enhanced coagulation with increased coagulant dose and flocculation detention.
Result: Outlet turbidity consistently <I NTU; pathogen log removal requirements fully
met.

Jordan: 10 MLD Groundwater WTP

Challenge: High iron (1.2 mg/L) and manganese (0.8 mg/L).
Solution: Oxidation with chlorine, followed by rapid sand filtration.
Result: Iron and manganese reduced to <0.05 mg/L; minimal taste and color issues.

Turkey: 40 MLD Surface Water WTP

Challenge: Seasonal algal blooms causing taste and odor problems.

Solution: Addition of powdered activated carbon after coagulation, combined with
standard sedimentation and filtration.

Result: Taste and odor compounds reduced below threshold; disinfection efficiency
maintained.

6.6 Design Considerations
Key design considerations include:

Sizing treatment units for maximum day and peak hour flows.

Accounting for seasonal variations in turbidity, microbial load, and chemical composition.
Ensuring continuous compliance with regulatory standards.

Optimizing energy and chemical usage to reduce operating costs.

Engineering Tip: Pilot testing or bench-scale studies are commonly used to refine coagulation,
filtration, and disinfection parameters before finalizing full-scale plant design.
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Chapter 7: Process Selection and Overall Plant Design Philosophy

Process selection and plant design philosophy are central to the performance, reliability, and long-
term viability of a water treatment plant. Design decisions at this stage determine the configuration
of the treatment train, the level of redundancy provided, and the ability of the plant to respond to
variations in raw water quality and future demand.. Engineers must balance treatment
effectiveness, capital and operating costs, energy consumption, and long-term operational
sustainability while maintaining compliance with regulatory standards.

Modern water treatment plants increasingly rely on automation and SCADA systems to support
real-time monitoring and operational control. A well-defined design philosophy ensures consistent
finished water quality, operational resilience, and flexibility for future expansion or changes in
source water conditions.

7.1 Treatment Train Selection

Selection of an appropriate treatment train is essential to achieve regulatory compliance,
operational reliability, and cost-effective water production. Conventional surface water treatment
typically includes the following core processes:

1. Screening and grit removal: Screening and grit removal are preliminary processes used
to remove large debris and heavy inorganic particles, protecting downstream equipment
and ensuring reliable operation.

Coagulation and flocculation: which destabilize and aggregate colloidal and suspended
particles. Coagulant type, dose, and mixing intensity depend on raw water characteristics.
Sedimentation: which allows formed flocs to settle, reducing the solids load on
downstream filters.

Filtration: which removes remaining suspended solids, protozoa, and microorganisms.
Disinfection: which provides microbiological safety for distribution.

Depending on source water quality, additional processes may be required. These can include pre-
oxidation for iron, manganese, or organic matter control; activated carbon adsorption for taste and
odor removal; or membrane filtration where higher levels of pathogen or contaminant removal are
needed.

Example 7.1: A river source with turbidity exceeding 50 NTU and seasonal organic matter may
require enhanced coagulation, extended flocculation detention, and high-rate sedimentation to
consistently achieve outlet turbidity below 1 NTU.

Example 7.2: Groundwater containing 2 mg/L iron and 1 mg/L manganese may require aeration
followed by oxidation and rapid sand filtration prior to disinfection to prevent staining and taste
issues.

Key considerations during treatment train selection include raw water variability, regulatory
requirements, available plant footprint, capital and operating costs, and future expansion needs.
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7.2 Redundancy and Reliability

Redundancy is essential to ensure continuous water supply during equipment maintenance or
unexpected failures. Critical treatment units, such as pumps, filters, and chemical feed systems,
are commonly installed in parallel to allow individual components to be taken offline without
interrupting production. Standby power generation is also provided to maintain operation during
power outages, and systems are often designed using N+1 redundancy configurations. Redundant
pumps allow continuous flow even if one fails. Reliability is improved by:

e Preventive maintenance schedules.
e Automated alarms and SCADA monitoring.
e Spare parts inventory for rapid replacement.

SCADA systems play a key role by continuously monitoring flows, chemical dosing, and water
quality parameters.

Example 7.3: In a 25 MLD plant, two parallel filters allow one unit to be backwashed while the
other remains in service. Similarly, parallel high-capacity pumps enable continued operation at
peak flow if one pump is unavailable.

Reliability is further supported by selecting proven equipment, implementing preventive
maintenance programs, and maintaining adequate chemical and spare parts storage.

7.3 Pilot Testing and Phased Expansion

Pilot testing replicates full-scale processes and is often used to confirm design assumptions under
site-specific conditions.

Pilot plants are used to:
e Determine optimal coagulant type and dose.
o Verify sedimentation basin performance.
o Evaluate filter media depth and filtration rate.
e Test disinfection contact time.

This approach reduces the risk of over- or under-design.

Example 7.4: Prior to constructing a 50 MLD surface water treatment plant, a pilot system treating
1-2 MLD may be used to evaluate enhanced coagulation during seasonal high-turbidity events.

Example 7.5: A laboratory jar test determines a coagulation dose of 25 mg/L alum for raw water
turbidity of 50 NTU, achieving < 1 NTU effluent.

Phased expansion allows plants to be constructed in stages, aligning capacity with demand growth
and reducing upfront capital costs. Modular design enables additional treatment units to be added
with minimal disruption.
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Example 7.6: A plant designed for 50 MLD may initially operate at 30 MLD, with additional
sedimentation basins and filter units installed as demand increases.

7.4 Operational Considerations

Operational performance is influenced by plant layout, process selection, and control systems. Key
operational considerations include:

1. Automation and SCADA integration: which enables continuous monitoring of turbidity,
pH, disinfectant residuals, and flow rates. Automated control improves consistency and
reduces chemical consumption.

Energy efficiency: achieved through optimized pump selection, efficient hydraulic design,
and the use of gravity flow where feasible.

Chemical usage: minimized through proper process design and real-time control.
Maintenance and access: ensured by layouts that allow safe and efficient access to
equipment for inspection and repair.

Table 9 represents typical hydraulic and mixing design criteria for the main unit processes in a
conventional water treatment plant. In other words, it summarizes the key design parameters and

their commonly accepted ranges that engineers use to size, design, and evaluate treatment units.

Table 9: Hydraulic and Mixing Design Criteria for the Main Unit Processes

‘ Unit Process H Design Parameter HTypical RangeH Notes |
| Rapid-mix || G (s | 700-1000 |  30-60sec |
| Flocculation | G(s) | 2080 | 1545min |
|
|

‘SedimentationHSurface loading (m3/m2/h)H 1-3 H Detention 2-4 h

‘ Filtration H Rate (m/h) H 5-15 HHead loss 0.3—0.6 m

Example 7.7: A plant equipped with variable-frequency drive pumps can adjust flow during low-
demand periods to reduce energy use, while SCADA systems trigger filter backwashing based on
actual head loss or turbidity rather than fixed schedules.

A typical conventional treatment train, including redundancy for critical units, is shown in Figure
21. The figure illustrates the sequence of coagulation, sedimentation, filtration, and disinfection,
as well as parallel unit arrangements that support operational reliability.

Pilot plant configurations used during design verification are also commonly derived from this
treatment sequence.

The redundancy layout for critical units for WTPs is illustrated in Figure 22. The pilot plant setup
is represented in Figure 23.
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Chapter 8: Coagulation

8.1 Coagulation Principles

Coagulation is a fundamental chemical process in water treatment used to remove colloidal
particles, fine suspended solids, and dissolved organic matter that cannot be removed by simple
sedimentation. These particles are typically stable in water due to their negative surface charges,
which cause mutual repulsion and prevent aggregation.

When a coagulant is added to raw water, it undergoes hydrolysis reactions, forming positively
charged species that neutralize the particle surfaces. Once destabilized, particles can collide and
attach to one another, forming microflocs that can later grow into larger, settleable flocs during
flocculation.

The effectiveness of coagulation depends on several interacting factors:
Coagulant type and concentration.
Water pH and alkalinity.
Temperature.
Mixing intensity and duration.
Nature of suspended and dissolved matter.

Proper coagulation significantly reduces turbidity, color, and natural organic matter (NOM), which
in turn improves filtration performance and reduces the formation of disinfection by-products
(DBPs) such as trihalomethanes (THMs). Figure 24 illustrates the coagulation principle in water
treatment.

ﬂ@ L
: c coagulant
tﬁ i
= 2

El Al Q) & P

- 000 =) —
AP neutralizes Neutralized particles
negatively charged particles form flocs

AP neutralizes negatively Neutralized particles aggregate to form flocs Flocs settle to the bottom
charged particles forming sludge

@ Negatively charged particle (colloid) @
© AP (trivalent aluminum ion) a
& Floc (aggregated particles)

Figure 24: Coagulation Mechanism in Water Treatment
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Example 8.1: A river water source with turbidity of 40 NTU and high organic content may appear
visually clear after sedimentation but still contain dissolved organic compounds. Effective
coagulation removes these compounds, improving both aesthetic quality and downstream
disinfection safety.

8.2 Coagulant Selection and Dosage
The selection of a coagulant is influenced by raw water chemistry, treatment objectives,
availability, and cost. The most commonly used coagulants are:

e Aluminum-based coagulants (e.g., aluminum sulfate, polyaluminum chloride):
= Effective for turbidity and particle removal.
= Require sufficient alkalinity.
=  Optimal performance typically in pH range 6.0-7.5.
o Iron-based coagulants (e.g., ferric chloride, ferric sulfate):
= Effective over a wider pH range (5-8).
= Superior color and organic matter removal.
=  Produce denser flocs with faster settling.
o Polymer coagulant aids:
= Improve floc strength and size.
= Reduce primary coagulant dose.
= Enhance settling and filtration performance.

Dosage Determination:

Coagulant dosage is established using jar testing, which simulates full-scale treatment under
controlled laboratory conditions. Typical dosages range from 10 to 100 mg/L determined via jar
testing, but may exceed this during extreme turbidity events. Figure 25 represents the coagulant
dosage versus turbidity removal.

Turbid Clearer

‘. T o Turbidity
regrowth

TURBIDITY ===~ === == = = = - + Optimal Dose: - - -
REDUCTION (%) -

Underdosing 1 i Overdosing

10 20 30 40 50 60 70 80
COAGULANT DOSAGE (mg/L)

A Note 0 & S, ALY S * Floc (aggregated particles)

Excessive doses can destabdze flocs and increase turbidity.

Figure 25: Coagulant Dosage vs. Turbidity Removal
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Example 8.2: Raw water flow =25 MLD, turbidity 60 NTU, alum dose = 25 mg/L. Daily alum
requirement:

Mass/day = 25 mg/L X 25 x 10° L/day = 625 kg/day

Example 8.3: A surface water plant may normally apply 25 mg/L of alum during dry seasons,
but increase dosing to 60 mg/L during storm runoff events to maintain turbidity below regulatory
limits.

8.3 Rapid Mixing Design

Rapid mixing (also called flash mixing) is essential to distribute the coagulant uniformly
throughout the water before significant hydrolysis or precipitation occurs. Effective rapid mixing
ensures immediate contact between the coagulant and suspended particles.

Design Criteria:
o Velocity gradient (G): 700—-1000 s™.
e Detention time: 15-45 seconds.
e Mixing methods: Mechanical mixers, hydraulic jump basins, or in-line static mixers.

Mechanical mixers provide precise control and are commonly used in large plants, while
hydraulic mixing may be sufficient for smaller or gravity-driven systems.

Poor mixing can result in:
e Localized overdosing.
e Incomplete particle destabilization.
e Poor floc formation downstream.

Figure 26 illustrates the rapid mix basin layout for water treatment.

= To Flocculation Basin

Coagulant
Dose
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QAl* (s0) _ with raw water
)3

&P Coagulant Dose

Figure 26: Rapid Mix Basin Layout for Water Treatment
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Example 8.4: In a 20 MLD WTP, inadequate rapid mixing led to uneven floc formation and
frequent filter clogging. Upgrading the mixer to achieve a G-value of 900 s significantly
improved sedimentation and filter run times.

8.4 Enhanced Coagulation

Enhanced coagulation is a modified coagulation strategy designed to achieve greater removal of
dissolved organic matter, particularly when raw water contains high levels of color or organic
carbon.

This approach may include:
e Increasing coagulant dose beyond conventional levels.
e Adjusting pH to optimize organic matter removal.
o Extending flocculation detention time.
o Using iron-based coagulants instead of aluminum-based ones.

Enhanced coagulation is especially important for compliance with regulations targeting DBP
precursors.

Example 8.5: During spring runoff, a reservoir experiences increased color due to decaying
vegetation. The treatment plant lowers pH from 7.5 to 6.2 and increases ferric chloride dosage to
improve NOM removal and reduce THM formation during chlorination.

8.5 Operational Challenges and Control Strategies

Coagulation performance is sensitive to raw water variability, making continuous monitoring and
operator response critical.

Common Operational Challenges:
e Sudden turbidity spikes during storms.
e Temperature drops affecting reaction rates.
o Changes in alkalinity affecting pH control.

Control Strategies:
e Online turbidity and pH sensors.
o Frequent jar testing during seasonal transitions.
e Automated coagulant dosing via SCADA systems.
o Alkalinity supplementation when required.

Example 8.6: A WTP equipped with automated dosing adjusts coagulant feed in real time based
on incoming turbidity. During a storm event, the system increases dosing within minutes,
preventing filter breakthrough.
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8.6 Case Studies

Case Study 1: Surface Water WTP (25 MLD)
e Source: River with winter turbidity up to 90 NTU.
e Solution: Enhanced coagulation using ferric chloride with pH control.
e Outcome: Effluent turbidity consistently <1 NTU and full pathogen log-removal
compliance.

Case Study 2: Reservoir-Fed WTP (15 MLD)
e Challenge: Seasonal color and organic matter increase.
e Solution: Alum with polymer aid and extended flocculation.
e Outcome: Improved filter performance and reduced disinfection by-product formation.

8.7 Examples

Example 8.7: Jar Test Interpretation for Coagulant Dose Selection
A water treatment plant treats surface water with the following characteristics:
e Raw water turbidity: 45 NTU
e Raw water pH: 7.4
e Temperature: 18°C
o Alkalinity: 80 mg/L as CaCO:s

A jar test is conducted using aluminum sulfate (alum) to determine the optimal coagulant dose.
Six jars are tested with increasing alum doses.

Jar Test Results

Table 10: Jar Test Results

‘J ar No.HAlum Dose (mg/L)HSettled Turbidity (NTU)H Floc Characteristics ‘

‘ H 10 H 18.5 HSmall, slow-settling ﬂocs‘
| | 20 | 6.2 | Medium flocs |
‘ H 30 H 1.8 HLarge, well-formed ﬂocs‘
‘ H 40 H 0.9 H Dense, fast-settling flocs ‘
l

H 50 H 0.8 H Similar to Jar 4 ‘
H 60 H 0.9 H Floc breakup observed ‘

Solution

Interpretation
o Significant turbidity reduction begins at 30 mg/L.
o Lowest turbidity is achieved at 40-50 mg/L.
e Overdosing effects appear at 60 mg/L, indicated by floc breakup.
e No significant improvement beyond 40 mg/L.
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Selected Design Dose
The optimal alum dose is selected as: 40 mg/L.

This dose provides excellent turbidity removal with stable floc formation while minimizing
chemical use.

Engineering Judgment
Although 50 mg/L gives slightly lower turbidity, 40 mg/L is preferred due to:

e Lower chemical cost.
e Reduced sludge production.
e Lower risk of overdosing during raw water fluctuations.

Example 8.8: Coagulant Dose Calculation for Full-Scale Plant
A water treatment plant has the following design parameters:

e Average flow rate: 25 MLD

o Selected alum dose: 40 mg/L

e Alum supplied as liquid solution (48% by weight)
e Alum density: 1.33 kg/LL

Determine:
1. Daily alum mass required.
2. Daily alum solution volume required.

Solution

Step 1: Convert Flow Rate to Liters per Day

25MLD = 25 x 10° L/day
Step 2: Calculate Daily Alum Mass

Alum mass = Flow X Dose
= 25 x 10° L/day x 40 mg/L
= 1.0 X 10° mg/day

Convert to kilograms:
= 1,000 kg/day

Step 3: Adjust for Alum Solution Concentration
Since the alum solution is 48% active, the required solution mass is:

Soluti —1'000—2083k/d
olution mass = 048~ g/day




Water Treatment Plants — C09-010

Step 4: Convert Mass to Volume

Volume = 2083 kelday . e
ome = e kel 4

Final Answer
e Alum required: 1,000 kg/day (dry basis).
e Liquid alum solution required: =~ 1,570 L/day.
Example 8.9: Seasonal Adjustment of Coagulant Dose
During winter storms, raw water turbidity increases from 45 NTU to 90 NTU. Jar testing indicates
the required alum dose increases from 40 mg/L to 65 mg/L.
Determine the percentage increase in alum consumption for the same 25 MLD plant.
Solution

Step 1: Calculate Original Alum Mass

25 x 106 x 40 = 1,000 kg/day

Step 2: Calculate Winter Alum Mass

25 X 10° x 65 = 1,625 kg/day

Step 3: Calculate Percentage Increase

1,625 — 1,000
% Increase = x 100

1,000
=62.5%

Interpretation
e Alum demand increases by ~63% during high-turbidity events.
e Chemical storage and feed systems must be sized to handle peak dosing conditions.
e SCADA-based automatic dosing is highly beneficial during storm events.

Example 8.10: pH Adjustment Requirement for Enhanced Coagulation
Enhanced coagulation requires lowering raw water pH from 7.6 to 6.3. Raw water alkalinity is
90 mg/L as CaCO:s.

Estimate whether alkalinity is sufficient or supplemental acid may be required.
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Solution
Engineering Rule of Thumb

e Alum consumes approximately 0.5 mg alkalinity (as CaCOs) per mg of aluminum added.

At 65 mg/L aluminum:

Alkalinity consumed = 65 X 0.5 = 32.5 mg/L

Remaining alkalinity:

90 — 32.5 = 57.5mg/L

Conclusion
e Remaining alkalinity is sufficient.
e No additional alkalinity addition is required.
e pH depression will aid enhanced coagulation without destabilizing the system.

Key Takeaways for Engineers
o Jar testing is essential for dose optimization and seasonal adjustment.
e Always design chemical feed systems for peak raw water conditions.
e Overdosing can reduce performance and increase costs.
o Enhanced coagulation requires careful control of pH and alkalinity.
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Chapter 9: Flocculation

Flocculation is a critical intermediate step in conventional water treatment, bridging the chemical
destabilization achieved during coagulation and the physical separation that occurs in
sedimentation. While coagulation neutralizes particle charges, flocculation provides the controlled
hydraulic environment necessary for destabilized particles to collide, adhere, and grow into larger
aggregates. The success of downstream sedimentation and filtration processes depends heavily on
the size, strength, and settleability of flocs formed during this stage. Poorly designed or operated
flocculation basins can negate the benefits of effective coagulation, leading to high effluent
turbidity and increased filter loading.

9.1 Floc Formation Mechanisms

Flocculation promotes the aggregation of destabilized particles into larger, visible flocs through
particle collision and attachment under gentle mixing conditions. Once charge neutralization has
occurred during coagulation, particles can approach one another closely enough for attractive
forces, such as van der Waals forces and polymer bridging to dominate.

Three primary collision mechanisms contribute to floc formation:
1. Brownian Motion (Perikinetic Flocculation):

Dominant for very fine particles (<1 pm), where random thermal motion causes
collisions. This mechanism is most relevant in low-energy environments and early floc
formation stages.
Fluid Shear (Orthokinetic Flocculation):
Caused by velocity gradients created by mixing. This is the dominant mechanism in
engineered flocculation basins, where controlled energy input promotes frequent particle
collisions.
Differential Settling:
Larger particles settle faster than smaller ones, colliding as they move downward. This
mechanism becomes more relevant as flocs grow in size.

The floc growth stages are illustrated in Figure 27.

MICROFLOC MATURE,
FORMATION AGGREGATION SETTLEABLE FLOCS

Figure 27: Floc Growth Stages
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Example 9.1: In a surface water treatment plant treating river water with initial turbidity of 50
NTU, effective coagulation produces microflocs that are not yet settleable. Flocculation allows
these microflocs to grow to diameters of 0.5-2 mm, making them sufficiently dense to settle in
downstream clarifiers.

9.2 Hydraulic vs. Mechanical Flocculation

Flocculation basins are designed to provide gentle and uniform mixing using either hydraulic
energy or mechanical energy.

Hydraulic Flocculation

Hydraulic flocculators use baffles, channels, or serpentine flow paths to create velocity gradients
as water flows through the basin. Mixing energy is derived from the available hydraulic head.

Advantages:
e No moving parts.
e Lower maintenance requirements.
e Suitable for small to medium plants.

Limitations:

o Limited operational flexibility.
o Energy input depends on flow and headloss.
o Difficult to adjust for seasonal water quality changes.

Example 9.2: A small 5 MLD rural water treatment plant uses a baffled channel flocculator with
decreasing channel widths to provide staged velocity gradients. This approach minimizes

mechanical complexity while achieving adequate floc growth.

Mechanical Flocculation

Mechanical flocculators use rotating paddles or impellers driven by motors to impart controlled
mixing energy.

Advantages:
e Precise control of velocity gradient (G).
o Easy adjustment for changing raw water conditions.
o Well-suited for large and variable-flow plants.

Limitations:
o Higher capital and operational costs.
e Requires regular maintenance.

Example 9.3: A 50 MLD urban water treatment plant employs three-stage mechanical flocculation
with variable-speed paddle mixers. During high-turbidity storm events, paddle speeds are

increased slightly to enhance collision frequency without causing floc breakage.

Figure 28 represents a schematic of the mechanical flocculator.
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Figure 28: Mechanical Flocculator Schematic

9.3 Design Ranges

Flocculation design focuses on providing sufficient mixing energy and detention time to allow
gradual floc growth while avoiding shear-induced breakage.

Typical Design Ranges
e Velocity Gradient (G): 20-80 s™.
e Detention Time: 1545 minutes.
e Number of Stages: 2—4 (commonly 3).

Multi-stage flocculation is widely used because it allows higher G-values in early stages for
rapid microfloc growth and lower G-values in later stages to protect fragile flocs:

o Stage 1: rapid aggregation.

o Stage 2: floc growth.

o Stage 3: floc consolidation.

Example 9.4:

For a 30 MLD plant:
o Stage 1: G=60s", detention = 10 min.
e Stage 2: G=40 s, detention = 10 min.
o Stage 3: G=25s", detention = 10 min.

This configuration promotes efficient floc growth while minimizing floc breakup before
sedimentation.

Seasonal variations, such as colder winter temperatures, may require increased detention time or
slightly higher G-values to compensate for reduced particle collision efficiency.

Figure 29 illustrates the multi-stage flocculation basin layout.
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Medium G-Value

Figure 29: Multi-Stage Flocculation Basin Layout

9.4 Operational Considerations

Operational control of flocculation is essential for consistent treatment performance. Operators
routinely evaluate:

Floc size and appearance (visual inspection).
Floc strength (resistance to breakage).
Effluent turbidity from flocculation basin.
Settling behavior in sedimentation tanks.
Adjust paddle speed or hydraulic mixing.
Maintain uniform flow distribution.

Common Operational Issues
o Excessive Mixing:
Leads to floc breakup, producing pin floc and increased turbidity.
Insufficient Mixing:
Results in small, weak flocs that do not settle efficiently.

Example Adjustment

During a cold-weather period, a plant observes smaller floc sizes and increased settled water
turbidity. Operators respond by slightly increasing paddle speed in the first flocculation stage and
extending detention time, restoring optimal floc formation.

Routine inspection of paddle alignment, gearbox lubrication, and basin cleanliness ensures long-
term reliability.
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9.5 Case Studies

A 50 MLD surface water treatment plant serving a rapidly growing urban area implemented
three-stage mechanical flocculation to improve performance during seasonal turbidity
fluctuations.

Key outcomes:
o Improved floc size consistency.
e 15% reduction in sedimentation effluent turbidity.
e Reduced filter run times due to lower solids loading.

Daily monitoring of floc characteristics and outlet turbidity enabled operators to fine-tune paddle
speeds, demonstrating the importance of active operational control in flocculation performance.

9.6 Examples

Example 9.5: Flocculation Basin Volume and Detention Time
A water treatment plant treats 40 MLD of surface water. The design calls for three-stage
mechanical flocculation with a total detention time of 30 minutes. Determine:

1. The total flocculation basin volume.
2. The volume of each flocculation stage (equal volumes).

Solution
Step 1: Convert flow rate to m?/s

Q = 40MLD =

J

0 0.463m?
86,400 _ 403 m/s

Step 2: Convert detention time to seconds
t =30min = 1,800s

Step 3: Calculate total basin volume
V=Qxt
V =0.463 x 1,800 = 833 m?®

Step 4: Volume per stage

Vstage =
Answer

e Total flocculation volume: = 833 m?
e Volume per stage: =~ 278 m?
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Example 9.6: Velocity Gradient (G) Calculation
A flocculation basin has the following characteristics:

Power input: 6.0 kW
Basin volume: 300 m?

Water temperature: 20°C
Dynamic viscosity of water at 20°C:

1 = 1.0 x 1073 N\cdotps/m?

Determine the velocity gradient (G) and verify whether it falls within the recommended design
range.

Solution
The velocity gradient is calculated using:

Step 1: Substitute values

- 6,000
~ (1.0 x 1073)(300)

Step 2: Compute denominator
uV =0.001 x 300 = 0.3

G = 6,000 20,000
] 03 ’

G=141s71

Step 3: Compute G

Answer

Velocity gradient: 141 s7!
Design assessment:
Too high for flocculation.
More suitable for rapid mixing.
Recommended action: Reduce mixer power or increase basin volume to achieve G =20-80 s,
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Example 9.7: Multi-Stage Flocculation Design (G-t Concept)
Design a three-stage flocculation system for a 25 MLD plant using the following target velocity
gradients:

Table 11: Target Velocity Gradients

|Stage“Target G (s“)HDetention Time (min)‘
I 10 |
2] 40 | 10 |
(3 25 | 10 |

Calculate:

1. Flow rate (m?/s).
2. Basin volume per stage.

Solution

Step 1: Convert flow rate

_25000
Q=g6200  0-289m/s

Step 2: Convert detention time
t =10min = 600s

Step 3: Basin volume per stage
V=0Qxt
V =0.289 X 600 = 173 m3

Answer
o Flow rate: 0.289 m?/s
e Volume per stage: = 173 m?
o Total flocculation volume:
3x173 =519 m3

Example 9.8: Effect of Temperature on Flocculation Energy
A flocculation basin operates at 20°C with a velocity gradient of 40 s™'. During winter, water
temperature drops to 5°C, increasing viscosity to:

psec = 1.52 x 1073 N\cdotps/m2

If mixer power remains constant, calculate the new velocity gradient.

Solution
Velocity gradient varies as:




Water Treatment Plants — C09-010

1
G x |—
U

HUz0
Gsoc = Gapoc X /_
Us

G 40 1.0
op = X _
>¢ 1.52

GS°C =40 X% 0.81 = 32 S_1

Substitute values

Answer
e New G-value: =32 57!
e Operational implication:
Cold water reduces collision efficiency — mixer speed or detention time should be
increased.

Example 9.9 Diagnosing Floc Breakage
A plant observes:

o Large flocs exiting flocculation.

e Increased turbidity after sedimentation.

e High paddle speeds in final flocculation stage.
Identify the issue and corrective action.

Solution

Diagnosis:
o Excessive velocity gradient in final stage.
o Shear forces breaking mature flocs.

Corrective Actions:

e Reduce paddle speed in last stage.

o Lower G-value to 20-30 s™".

o Verify floc strength visually and via turbidity trends.
Typical flocculation design targets are listed in Table 12.

Table 12: Typical Flocculation Design Targets

’ Parameter HTypical Range‘
Velocity gradient (G)]| 20-80s' |
‘ Detention time H 1545 min ‘
‘ Number of stages H 24 ‘
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Parameter

HTypical Range‘

‘ Paddle tip speed H 0.2-0.5 m/s ‘

Basin depth

35m |
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Chapter 10: Sedimentation & High-Rate Clarification

Sedimentation is a critical solid—liquid separation process that follows coagulation and flocculation
in conventional water treatment plants. Its primary purpose is to remove flocculated particles by
gravity settling, thereby reducing turbidity and particulate loading on downstream filtration units.
Properly designed sedimentation units improve overall plant reliability, reduce filter backwashing
frequency, and lower operational costs.

10.1 Gravity Settling Principles

Sedimentation relies on the principle that suspended particles, once aggregated into flocs, will
settle under the influence of gravity if the upward water velocity is less than the particle settling
velocity. For small, discrete particles under laminar conditions, settling behavior can be
approximated using Stokes’ Law:

o = 90— p)d?
s 18u

v, = settling velocity (m/s).

d = particle diameter (m).

Pp, Pw = particle and water density (kg/m?).
p = dynamic viscosity (N-s/m?).

In practice, water treatment sedimentation deals mainly with flocculent settling, where particles
grow in size as they settle. Therefore, design is based less on individual particle properties and
more on surface overflow rate (SOR), which represents the critical settling velocity that particles
must exceed to be removed.

Effective sedimentation significantly lowers turbidity, typically achieving 80-95% removal of
suspended solids, and stabilizes plant performance during variable raw water conditions.

10.2 Conventional Sedimentation Basins

Conventional sedimentation basins may be rectangular or circular and are designed to provide
uniform flow distribution and sufficient time for flocs to settle.

Key Design Parameters

e Surface loading rate (SOR): 1-3 m*/m?-h.

e Detention time: 2—4 hours.

e Weir loading rate: 125-300 m*/m-day.

o Length-to-width ratio (rectangular): 3:1 to 5:1.

Inlet structures (baffles, ports) are critical to prevent short-circuiting and turbulence, while outlet
weirs must distribute flow evenly to avoid re-suspension of settled solids. Sludge removal systems
(chain-and-flight scrapers, suction headers, or hoppers) continuously or intermittently remove
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accumulated sludge to prevent anaerobic conditions and loss of effective settling volume. A
conventional sedimentation basin is illustrated in Figure 30.

alniand—Tﬁght Sludge Hoppe~
Sludge Scraper

Figure 30: Conventional Sedimentation Basin

Figure 31 illustrates the sludge removal diagram.

st ,W.f,,.‘.-
Pipe Withdrawal SSSS5 chiain and Flight =
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. v —— . <
~__ Suction Draft Tube
Figure 31: Sludge Removal Diagram

Example 10.1: A conventional basin treating river water during dry weather may operate near the
lower end of the SOR range. During storm events, operators may reduce flow or increase coagulant
dose to maintain acceptable effluent turbidity.

Example 10.2: Design flow @ = 25 MLD, basin area A = 2500 m?. The SOR is:

SOR = Q _ 25x10°/86400
A 2500

~ 0.115 m/s
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10.3 High-Rate Clarifiers

High-rate clarification technologies, such as lamella plate settlers and tube settlers, significantly
increase the effective settling area by inserting inclined surfaces within the basin.
Operating Principle

Inclined plates (typically at 60°) shorten particle settling distance. Settled solids slide down the
plates into a sludge hopper, while clarified water rises upward between plates.

Advantages
e Up to 3-5 times higher surface loading rates.
e 40-70% reduction in footprint.
o Rapid response to flow and turbidity fluctuations.

Design Considerations
Plate spacing: 40—75 mm.
Plate angle: 60°.
Plate length: 1-2 m.
Uniform influent distribution.
Frequent sludge removal to prevent plate fouling.

Typical Applications

o Plants with limited land availability.
e Retrofits and upgrades.
o Highly variable or high-turbidity surface waters.

Figure 32 represents a layout of the lamella plate clarifier.

’ o
Gl Spair

::_:-:-f Influent = [T - l s = H

)
e —

_ Lamella Plates —

= ;, - . ! Sludge Withdrawal

Figure 32: Lamella Plate Clarifier
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10.4 Operational Considerations

Sedimentation performance is continuously assessed through:
o Effluent turbidity.
e Sludge blanket depth.
e Visual inspection of floc carryover.

Operational issues may include:
e Sludge buildup, reducing effective volume.
e Hydraulic short-circuiting.
e (Cold-water effects, reducing settling velocity.

Operators adjust sludge withdrawal frequency, flow rates, and upstream coagulation conditions
to maintain optimal settling.

10.5 Case Studies

Case Study — High-Rate Clarification in Lebanon
A 25 MLD surface-water treatment plant experienced severe turbidity spikes during winter
rainfall (> 500 NTU). Conventional basins were insufficient during peak events.

Solution:
e Retrofit with lamella plate settlers.
e Increased allowable SOR from 2 to 6 m*/m?-h.
o Integrated sludge blanket monitoring.

Results:
e 40% reduction in basin footprint.
o Effluent turbidity consistently <1 NTU.
e Improved filter run time by 25%.

10.6 Examples

Example 10.3: Sedimentation Basin Surface Area
Design a sedimentation basin for a 30 MLD plant using a surface loading rate of 2.5 m?*/m?-h.
Solution

Step 1: Convert flow rate

_ 30,000
Q= 24

= 1,250 m3/h

Step 2: Calculate required surface area

Q

A=——
SOR

L0

~ 5 0 m
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Answer
e Required sedimentation surface area: 500 m?.

Example 10.4: Detention Time Check

A sedimentation basin has:

e Volume = 1,800 m3

o Flow rate =20 MLD
Check whether detention time meets design guidelines.
Solution

20,000

— 3
o4 = 833m’/h

Answer
o Detention time: 2.16 hours.
e Within recommended range (2—4 h).

Example 10.5: Footprint Reduction Using Lamella Plates

A conventional basin requires 900 m? of surface area. Lamella plates increase effective settling
area by a factor of 3.5. Estimate the new footprint.

Solution

900 ,
Anew = ﬁ =257 m

Answer
e New footprint: = 260 m>.
e Area reduction: ~71%.

Example 10.5: Diagnosing Poor Sedimentation Performance
Observed Conditions

o Rising effluent turbidity.

o Thick sludge blanket.

o Stable influent turbidity.

Diagnosis
o Infrequent sludge withdrawal.
o Reduced effective settling depth.

Corrective Actions
e Increase sludge removal frequency.
e Check scraper operation.
e Verify inlet flow distribution.
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Chapter 11: Filtration

Filtration is the final particulate removal step in conventional drinking water treatment and serves
as a critical safeguard for downstream disinfection. After coagulation, flocculation, and
sedimentation, filtration removes residual suspended solids, fine flocs, and microorganisms that
escape earlier processes. Proper filter design and operation are essential for achieving low effluent
turbidity, protecting public health, and ensuring stable plant performance.

11.1 Granular Media Filters

Granular media filters remove particles through a combination of straining, sedimentation,
interception, and adsorption as water passes downward through a porous bed of filter media.
Rapid sand filtration is the most widely used configuration in municipal water treatment.

Single-Media and Dual-Media Filters

o Rapid sand filters: typically consist of a uniform sand layer supported by graded gravel.
Particle removal occurs mainly near the top of the bed, which can lead to rapid head loss
buildup.
Dual-media filters: usually composed of anthracite over sand, promote deeper penetration
of solids. Because anthracite has a lower density and larger grain size, it allows larger
particles to be captured near the surface while finer particles are removed deeper in the
sand layer.
Multi-media filters: may include a third layer, such as garnet, to further improve depth
filtration and solids-holding capacity.

Depth filtration delays surface clogging and improves solids-holding capacity. A cross-section of
a rapid sand filter is represented in Figure 33 and a dual media filter in Figure 34.

Influent e

- Effluent

Sand Layer
AN
Gravel Layer
Injection
Backwash

Backwash P =P’ Outflow
Inflow

*'5" pup Backwash Inflow

Figure 33: Cross-Section of a Rapid Sand Filter
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Influent

T-__ P Effluent

Polymer
Injection

Backwash
Inflow

J“)ﬁh Backwash Inflow
Figure 34: Cross-Section of a Dual-Media Filter

Typical Design Parameters
o Filtration rate: 5-15 m/h.
e Sand effective size: 0.45—0.70 mm.
e Media depth:
= Sand: 0.6-1.2 m.
=  Anthracite: 0.3-0.6 m.
e Terminal head loss: 2-3 m (prior to backwashing).

Example 11.1: A surface-water plant treating moderately turbid river water operates rapid sand
filters at 8 m/h. During seasonal turbidity increases, filter run times decrease due to faster head
loss buildup. Converting to dual-media filters allows deeper solids capture, extending run times

without increasing backwash frequency.

11.2 Membrane Filtration

Membrane filtration systems, including microfiltration (MF) and ultrafiltration (UF), provide a
physical barrier to suspended solids, bacteria, and protozoa. Unlike granular media filters,
membranes rely on pore size rather than depth filtration. Membrane filtration typically replaces
conventional filtration but may still require coagulation as pretreatment.

Key Characteristics
e MF pore size: 0.1-1.0 pm.
e UF pore size: 0.01-0.1 um.
o Typical operating flux: 10-50 L/m?h.
e Operating pressure: 0.1-0.5 bar.

Membrane systems are commonly configured in hollow-fiber or flat-sheet modules and operate
under constant flux or constant pressure modes. A membrane filtration system is illustrated in
Figure 35.

Advantages
o Consistently low effluent turbidity (< 0.1 NTU).
o Effective removal of Giardia and Cryptosporidium.
e Compact footprint.
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Limitations
e Higher capital and energy costs.
o Sensitivity to fouling by organic matter or iron.
e Requirement for regular chemical cleaning.

Feed Water In

Cleaning
Cycle

CIP Chemicals

Cleaning Pump - % = Backwash

a Air Scour i Backwash
* CIP Chemicals
* Backwash
* Backwash

Figure 35: Membrane Filtration Module

Example 11.2: A treatment plant drawing water from a reservoir with elevated natural organic
matter adopts ultrafiltration to meet strict turbidity and microbial regulations. Although operating
costs increase, the system provides stable effluent quality and simplifies downstream disinfection
control.

11.3 Filter Operation and Maintenance

Filter performance depends not only on design but also on effective operation and maintenance
practices.

Backwashing
As solids accumulate, head loss increases and effluent quality may deteriorate. Filters are
backwashed using a combination of:

o Water alone, or

e Air scour followed by water wash.

Typical backwash parameters:
o Water backwash rate: 30—-50 m*/m?-h.
e Duration: 5-10 minutes.
o Expansion of media bed: 20-40%.

Operational Monitoring
Operators routinely track:
e Influent and effluent turbidity.
o Differential head loss.
o Filter run time.
o Backwash water usage.
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o Filter-to-waste practice during startup.

Abnormally short filter runs may indicate upstream process issues such as poor coagulation or
floc breakage.

Maintenance Considerations
e Periodic media inspection and leveling.
e Removal of mud balls or biofilm buildup.
e Replacement of worn or fouled media.

11.4 Case Studies
Dual-Media Filter Upgrade — 50 MLD WTP

A 50 MLD surface-water treatment plant experienced frequent filter backwashing due to rapid
head loss buildup in single-media sand filters.

Improvement Measures
e Retrofit to anthracite—sand dual-media filters.
e Adjust filtration rate from 10 to 12 m/h.
e Optimize backwash sequence with air scour.

Results
o Filter run time increased from 24 to 36 hours.
o Backwash water usage reduced by 20%.
o Improved effluent turbidity stability during peak demand.

11.5 Numerical Examples

Example 11.3: Rapid Sand Filter Sizing

A water treatment plant treats 40 MLD of clarified water using rapid sand filters. The design
filtration rate is 10 m/h. Determine the required total filter area and propose a practical filter
arrangement.

Given
e Plant flow, Q = 40MLD

o Filtration rate, v = 10m/h

Step 1: Convert Flow Rate

40,000 m3
day

40 MLD =

40,000

=1 3/h
o1 667 m3/

Q
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Step 2: Calculate Required Filter Area

Step 3: Filter Configuration
Select 6 filters, each with an area of:

166.7 )
Af = 3 ~ 27.8m

A practical filter size would be 5.5 m X 5.0 m (27.5 m?).
Engineering Note

Providing multiple filters allows one unit to be taken out of service for backwashing while
maintaining plant capacity.

Example 11.4: Estimation of Filter Head Loss
Estimate the clean-bed head loss across a rapid sand filter operating at 8 m/h, using a sand bed of
depth 0.7 m and effective size 0.55 mm.

Given
o Filtration velocity, v = 8m/h = 0.0022 m/s.
e Sand depth, L = 0.7m.
o Typical hydraulic conductivity coefficient for clean sand: k ~ 3 x 10~ 3m/s.

Step 1: Apply Darcy’s Law

L _00022%07 _
f="3x103 0™

Result
e Clean-bed head loss = 0.5 m.
Design Interpretation

o Initial head loss is within the acceptable range.
o Backwashing is typically initiated when total head loss reaches 2—3 m.
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Operational Note
Rapid increases in head loss often indicate poor upstream coagulation or floc carryover.

Example 11.5: Filter Backwash Water Volume
A dual-media filter with an area of 30 m? is backwashed at a rate of 40 m?*/m?-h for 8 minutes.
Determine the backwash water volume and percentage of treated water used for backwashing if
the plant treats 50 MLD.
Given

o Filter area, A = 30m?

e Backwash rate, R = 40m3/m?-h

o Backwash duration, t = 8min=0.133 h
Step 1: Calculate Backwash Flow Rate

Qpw = AXR =30x%x40 =1,200m3/h

Step 2: Calculate Backwash Volume

Viw = Qpw X t = 1,200 x 0.133 = 160 m?

Step 3: Percentage of Treated Water Used

Daily production = 50,000 m3/day

Assuming one backwash per filter per day and 6 filters:

Total backwash = 6 X 160 = 960 m3/day

P tage = )60 X 100 = 1.9%
ercenage—so’oo0 =1.9%

Result
o Backwash water consumption = 2% of treated water.

Design Guideline
Typical backwash water usage ranges from 2—5% of total production. Values above this range
suggest inefficient filtration or excessive solids loading.

Engineering Insight Box
o Short filter runs — check coagulation and flocculation.
o High backwash water use — review filtration rate and media condition.
o Stable effluent turbidity (<0.3 NTU) — indicator of effective filtration and upstream
treatment.
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Chapter 12: Disinfection & Residuals

Disinfection is the final critical barrier in drinking water treatment and is essential for protecting
public health. While earlier treatment processes remove the majority of suspended solids and
microorganisms, disinfection provides inactivation of remaining pathogens and safeguards water
quality throughout the distribution system. Proper selection, design, and operation of disinfection
systems must balance microbial safety, chemical stability, and control of disinfection by-products.

12.1 Disinfection Methods

Several disinfection methods are used in water treatment, either alone or in combination,
depending on source water quality, regulatory requirements, and operational objectives.

Chlorination

Chlorine is the most widely used disinfectant due to its strong oxidizing power, proven
effectiveness against bacteria and viruses, and ability to maintain a residual in the distribution
system. Chlorine may be applied as chlorine gas, sodium hypochlorite, or calcium hypochlorite.
Free chlorine is most effective at lower pH due to higher hypochlorous acid (HOCI) fraction.

Key advantages include:
o Effective microbial inactivation.
e Low cost and simple application.
e Provision of a measurable residual.

Limitations include reduced effectiveness against protozoa such as Cryptosporidium and the
formation of disinfection by-products. A chlorination contact tank schematic is illustrated in Figure
36.
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Figure 36: Chlorination Contact Tank Schematic
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Chloramination
Chloramines are formed by combining chlorine with ammonia. They provide a more stable
residual than free chlorine and reduce the formation of trihalomethanes.

Applications:
o Long distribution systems.
o Systems with high water age.

However, chloramines are weaker disinfectants and are typically used after primary disinfection.
Nitrification control is an important operational consideration in chloraminated systems.

Ozone

Ozone is a powerful disinfectant and oxidant capable of inactivating bacteria, viruses, and
protozoa. It is particularly effective for taste, odor, and color control. Ozone is typically followed
by biological filtration to remove oxidation by-products.

Limitations:
e No residual in distribution.
o High capital and energy costs.
o Potential formation of bromate in bromide-rich waters.

Ultraviolet (UV) Disinfection
UV disinfection inactivates microorganisms by damaging their DNA. It is effective against

chlorine-resistant pathogens such as Cryptosporidium and Giardia.
UV systems are commonly used in combination with chlorine to provide both primary disinfection
and distribution system protection. A UV reactor layout is represented in Figure 37.
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Figure 37: UV Reactor Layout

Example 12.1: A surface water plant with periodic Cryptosporidium detections installs UV
disinfection upstream of chlorination. UV provides primary inactivation, while chlorine maintains
a residual in the distribution system.
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12.2 Maintaining Residuals

A disinfectant residual is required to protect water from microbial contamination after treatment.
Residual maintenance is particularly important in large or aging distribution systems.

Typical Residual Targets
e Free chlorine: 0.2—0.5 mg/L.
e Chloramine residual: 1.0-2.5 mg/L.

Residual levels must be sufficient to prevent microbial regrowth while avoiding taste, odor, or
corrosion issues. Booster chlorination may be required in large systems.

Operational Practice
Residual disinfectant is monitored:
e At the treatment plant outlet.
e At storage tanks.
e At critical locations in the distribution network.

Chemical dosing is adjusted based on flow rate, water temperature, and system demand.
Example 12.2: In summer months, higher water temperatures increase chlorine decay rates.

Operators increase the chlorine dose at the plant outlet to maintain a minimum residual of 0.2 mg/L
at system extremities.

12.3 Disinfection By-Product (DBP) Control

Disinfection by-products form when disinfectants react with natural organic matter present in
treated water. The most common regulated DBPs are:

e Trihalomethanes (THMs).

o Haloacetic acids (HAAS).

Factors Affecting DBP Formation
e Organic carbon concentration.
o Disinfectant type and dose.
o Contact time.
e pH and temperature.

Control Strategies
Enhanced coagulation to remove organic precursors.
Use of chloramines instead of free chlorine.
Activated carbon adsorption.
Optimization of disinfectant type and application point.
pH adjustment to limit DBP formation.

Example 12.3: A treatment plant experiencing elevated THM levels relocates chlorine application
from the sedimentation outlet to post-filtration. Combined with improved organic removal, THM
concentrations fall below regulatory limits.
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12.4 Operational Considerations
Effective disinfection requires continuous monitoring and strict safety protocols.

Process Monitoring
Operators monitor:
o Disinfectant concentration.
e Contact time (CT value).
e pH and temperature.
o Turbidity entering disinfection units.

SCADA systems are commonly used to automate chemical dosing in response to flow variations
and residual measurements.

Chemical Safety
Chlorine handling requires:
e Secure storage facilities.
e Leak detection systems.
e Operator training.
o Emergency response plans.

Alternative disinfectants may be selected where chlorine gas handling presents unacceptable risk.
A distribution system residual monitoring points is represented in Figure 38.

Q Elevated Tank

Booster
Chlorination

~

= —P> Near—System
Chlorine Tank Monitoring

Figure 38: Distribution System Residual Monitoring Points

12.5 Case Studies
Combined UV and Chlorination — 30 MLD WTP

A 30 MLD water treatment plant serving a mixed urban—rural area faced rising THM
concentrations during summer months.




Water Treatment Plants — C09-010

Implemented Measures
o Installed UV disinfection for primary pathogen inactivation.
e Reduced free chlorine dose at plant inlet.
e Applied chlorination post-filtration for residual maintenance.

Results
o Consistent compliance with microbial log-removal requirements.
e THM concentrations reduced by over 35%.
o Improved stability of residual chlorine in the distribution system.

12.6 Numerical Examples

Example 12.4: CT Calculation for Chlorination

A water treatment plant applies free chlorine as the primary disinfectant after filtration. The
clearwell has a volume of 3,600 m? and treats a flow of 30 MLD. The free chlorine residual at the
clearwell outlet is 1.2 mg/L. Determine whether the system meets a required CT value of 30
mg-min/L for virus inactivation at pH 7.5 and 10°C.

Solution
Step 1: Calculate Detention Time

Flow rate:

Q = 30 MLD = 30,000 m*/day

Convert to minutes:

30000 ol
Q= 2axe0 ~ 20-83m"/min

Detention time:

vV _3600_
—0 2083 /°mm

Apply a baffling factor (assume 0.7 for a moderately baffled clearwell):
Ceffective — 173 x 0.7 = 121 min

Step 2: Calculate CT Value

CT =Cxt=12x121 = 145 mg\cdotpmin/L
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Step 3: Compare with Required CT
Required CT = 30 mg-min/L
Achieved CT = 145 mg-min/L

Conclusion:
The disinfection system exceeds the required CT and provides adequate virus inactivation under
the given conditions.

Example 12.5: Chlorine Dose Estimation

A treatment plant processes 20 MLD of filtered water. Jar testing and operational data indicate:
e Chlorine demand = 1.5 mg/L
e Desired free chlorine residual at plant outlet = 0.4 mg/L

Estimate:
1. Required chlorine dose (mg/L).
2. Dalily chlorine consumption (kg/day).

Solution
Step 1: Determine Required Chlorine Dose

Chlorine Dose = Demand + Residual
Dose = 1.5 + 0.4 = 1.9 mg/L

Step 2: Calculate Daily Chlorine Mass

Flow:

Q = 20 MLD = 20,000 m3/day

Since 1 mg/L =1 g/m?:
Chlorine mass = 1.9 x 20,000 = 38,000 g/day

Convert to kilograms:

= 38 kg/day
Answer
e Required chlorine dose: 1.9 mg/L.
e Daily chlorine consumption: 38 kg/day.

Example 12.6: Effect of Reduced Contact Time

Due to increased demand, plant flow increases from 25 MLD to 35 MLD while the clearwell
volume remains 3,000 m?®. The chlorine residual is maintained at 0.8 mg/L. Determine whether a
required CT of 40 mg-min/L is still achieved, assuming a baffling factor of 0.6.
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Solution
Step 1: Calculate New Detention Time

35000 24.3m?
T 24%x60  min

=299 123 mi
T 243 eomm

Effective detention time:

Ceffective — 123 X 0.6 = 74 min

Step 2: Calculate CT
CT = 0.8 X 74 = 59 mg\cdotpmin/L
Conclusion
Required CT =40 mg-min/L.
Achieved CT = 59 mg-min/L.

The system continues to meet disinfection requirements, but with reduced safety margin. Further
flow increases may require higher chlorine residuals or additional contact volume.

Example 12.7: Chlorine Feed Rate (Gas Chlorine)
A plant requires 45 kg/day of chlorine. Chlorine is supplied from pressurized gas cylinders.

Determine the required feed rate in kg/hr.

Solution

45
F = — = 1.88 kg/h
eed rate o2 88 kg/hr

Answer: The chlorine gas system must be capable of supplying approximately 1.9 kg/hr under
average operating conditions. Peak demand conditions may require higher short-term feed
capacity.
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Chapter 13: Chemical Feed and Sludge Handling

Following disinfection, which ensures microbial safety and maintains residuals in the distribution
system, water treatment plants must also manage the inputs and outputs that support these
processes. Accurate chemical dosing is essential not only for disinfection but also for coagulation,
pH adjustment, corrosion control, and overall treatment efficiency. Simultaneously, the solids
removed during treatment, collectively referred to as sludge, require careful handling, thickening,
dewatering, and environmentally responsible disposal. Understanding the interplay between
chemical feed and sludge management is critical to maintain continuous, safe water supply,
optimize operational costs, and comply with environmental regulations. Chapter 13 builds on the
principles of treatment and disinfection to focus on these operational and engineering practices.

13.1 Chemical Feed Systems

Chemical feed systems are critical for accurate dosing of treatment chemicals such as coagulants,
pH adjusters, corrosion inhibitors, disinfectants, and antiscalants. Precise chemical addition
ensures treatment efficiency, reduces operational costs, and minimizes residual chemicals in the
treated water.

System Components:

o Storage Tanks: Sized based on chemical consumption and delivery frequency. For
example, a 25 MLD plant may use a 5 m*® aluminum sulfate tank to cover one week of
operation. Tank sizing should include safety factors and minimum freeboard.

Dosing Pumps: Meter chemicals accurately into the water line. Positive displacement
pumps or peristaltic pumps are commonly used.

Flow Meters and Control Valves: Ensure proportional dosing relative to water flow,
maintaining target coagulant doses even during flow fluctuations.

Monitoring and Automation: SCADA systems can adjust chemical feed in real time
based on online turbidity, pH, or chlorine sensors.

A typical chemical feed system is illustrated in Figure 39.

Chemical
Storage Tank

1 :
Chemical —b . .
Feed Line Chemical Dosing Flow Control  Control
Feed Line Pumps Meter Valve Valve

Figure 39: Chemical Feed Schematic
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Example 13.1: At a 30 MLD plant, jar testing determined that 30 mg/L of ferric chloride was
required for turbidity spikes during winter. An automated feed system adjusted dosing between
20-35 mg/L depending on raw water turbidity readings, maintaining effluent turbidity <1 NTU.

Safety Considerations:
e Secondary containment for storage tanks to prevent spills.
e Proper ventilation in chemical rooms for chlorine and acid handling.
e Emergency shutdowns and alarm systems for pump failures.

13.2 Sludge Production and Handling

Sludge is generated during coagulation, sedimentation, and filtration processes. Efficient handling
prevents operational problems, reduces environmental impact, and facilitates disposal.

Sludge Handling Processes:
1. Thickening: Concentrates sludge by removing water. Methods include gravity thickeners
or rotary drum thickeners.
2. Dewatering: Further removes water using belt presses, centrifuges, or filter presses.
Dewatering reduces volume for transport and disposal.
3. Storage and Transfer: Temporary holding tanks or hoppers store sludge before disposal.

A sludge handling process flowchart is illustrated in Figure 40.

Coagulation— Sedimentation=» Thickening —» Dewatering —» Disposal

Figure 40: Sludge Handling Flowchart

A belt filter press dewaters sludge by applying gravity drainage followed by mechanical between
moving porous belts, producing a semi-solid cake with significantly reduced moisture content. A
belt filter press layout is represented in Figure 41.

Example 13.2: A 50 MLD surface water plant produces ~80 m?/day of wet sludge with 1%
solids. Gravity thickening increases solids to 5%, and a belt filter press further concentrates it to
20%, reducing final disposal volume to 16 m?*/day. Filter backwash solids also contribute to the
total sludge volume.
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Sludge Feed Tensioning Rollers

Sludge Feed
Pump

:I')'

Drainage Scraper Drive
Blade Rollers

Figure 41: Belt Filter Press Layout

13.3 Sludge Disposal and Environmental Considerations

Disposal strategy depends on sludge characteristics, regulatory limits, and local availability of
disposal options.

Common Methods:
o Land Application: For nutrient-rich sludge, applied to agricultural land under permit.
o Landfilling: For sludge with low reuse potential; requires dewatering to reduce volume.
e Incineration: For hazardous or high-organic-content sludge.
o Beneficial Reuse: Treated sludge can be pelletized or composted.

Environmental Considerations:
e Minimize odor and leachate production.
e Monitor heavy metals, pathogens, and chemical residues.
e Minimize greenhouse gas emissions by reducing anaerobic decomposition.

Example 13.3: A municipal WTP in Lebanon land-applied dewatered sludge at a rate of 10
tons/day during winter, following soil and heavy metal testing, while using odor-control covers
to meet environmental standards.

13.4 Operational Considerations

e Chemical Feed:
= Schedule deliveries to match plant consumption.
= (alibrate dosing pumps regularly.
= Track chemical usage for cost and regulatory reporting.
e Sludge Handling:
= Schedule sludge withdrawal to prevent accumulation in sedimentation basins.
= Ensure adequate storage capacity for peak production periods.
=  Monitor dewatering efficiency to optimize filter press operation.
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Example 13.4: An automated feed system adjusted aluminum sulfate dosing every 10 minutes
based on online turbidity measurements. Simultaneously, sludge from sedimentation basins was
thickened daily, and the belt press ran on a schedule based on flow and solids content, maintaining
consistent plant operation without backups.

13.5 Case Studies

1. 50 MLD Surface Water WTP:
* Implemented thickening and belt filter press dewatering.
= Reduced final disposal volume by 60%, lowered chemical consumption by 10%,
and improved filter run times.
2. 30 MLD River-Sourced Plant:
= Automated ferric chloride feed optimized using real-time turbidity data.
= Achieved consistent turbidity < 1 NTU and minimized coagulant overuse.

13.6 Numerical Examples

Example 13.5: Coagulant Dose Calculation

A 25 MLD surface water plant treats river water with an average turbidity of 35 NTU. Jar tests
show that 30 mg/L of aluminum sulfate (Al2(SO4)s;-14H20) achieves target turbidity removal (< 1
NTU). Calculate the daily chemical mass requirement.

Given:
e Plant flow: 25 MLD =25 x 10°¢ L/day
e Coagulant dose: 30 mg/L

Solution:
1. Daily mass of coagulant (kg/day):

Mass = Flow X Dose

Mass = 25 x 10° L/day X 30 mg/L

Mass = 25 x 10® x 0.03 g/L = 750,000 g/day
Mass = 750 kg/day

Answer: 750 kg/day of aluminum sulfate.

Example 13.6: Chemical Storage Tank Sizing
The plant operates 7 days between chemical deliveries. Calculate the minimum storage tank
volume needed for aluminum sulfate.

Given:
e Daily requirement: 750 kg/day.
o Storage duration: 7 days.
e Chemical density: 1.27 kg/L (liquid aluminum sulfate solution).
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Solution:
1. Total mass for 7 days:

Total mass = 750 kg/day X 7 = 5,250 kg

2. Convert mass to volume:

Mass 5,250
Density  1.27

Volume = ~4134L = 4.1m3

Answer: Minimum storage tank =~ 4.1 m?. Include 10-20% extra volume for safety: use a 5 m?
tank.

Example 13.7: Sludge Volume Reduction via Thickening
Sludge from sedimentation has a solids concentration of 1%. The plant produces 80 m*/day of

wet sludge. Gravity thickening increases solids to 5%. Calculate the new sludge volume.

Solution:
1. Initial sludge solids mass:

Solids mass = Volume X Concentration = 80 m*/day X 0.01 = 0.8 m? solids/day

2. After thickening to 5% solids:

Solids mass 0.8

Thickened volume = = 16 m*/day

New concentration  0.05

Answer: Thickened sludge volume = 16 m?/day (80% reduction in volume).

Example 13.8: Belt Filter Press Dewatering
A belt filter press further concentrates the thickened sludge (5% solids) to 20% solids. Calculate
the final dewatered sludge volume.

Solution:

Solids mass 0.8
Dewatered volume = — = — = 4 m’/day
New concentration 0.2

Answer: Final dewatered sludge volume = 4 m?/day.

Note: Dewatering reduces transport volume by 75% compared to thickened sludge, saving costs
and storage space.
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Example 13.9: Chemical Feed Rate for Coagulant

Determine the continuous feed rate (L/h) of aluminum sulfate solution (1,270 g/L) for 25 MLD
flow with 30 mg/L target dose.

Solution:
1. Daily chemical mass requirement = 750 kg/day
2. Chemical solution density = 1,270 g/L = 1.27 kg/L
3. Daily solution volume:

_ 750kg
~ 1.27kg/L

~ 590 L/day

4. Continuous feed rate:

_ 590 L/day 24.6 L/h
~ 24nh T

Answer: Feed rate = 25 L/h.
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Chapter 14: Plant Instrumentation and Control

Effective monitoring and control are essential for ensuring that a water treatment plant consistently
produces safe, high-quality drinking water. Instrumentation and automation systems provide
operators with the tools to measure process variables, detect deviations, and respond in real time.
By integrating sensors, controllers, and supervisory platforms, plants can optimize chemical
dosing, maintain hydraulic balance, and ensure compliance with regulatory standards. Modern
WTPs rely on these systems not only to safeguard public health but also to improve operational
efficiency, reduce costs, and support predictive maintenance.

14.1 Instrumentation Overview

Instrumentation provides the eyes and ears of a water treatment plant (WTP). It enables real-time
monitoring of water quality, flow, pressure, and equipment performance. Typical sensors and
instruments include:

Flow meters at intakes, chemical feed points, and distribution lines to measure volumetric
flow rates.

Level sensors in tanks, basins, and chemical storage to prevent overflow or emptying.
Pressure sensors in pipelines, pumps, and filters to detect blockages or leaks.

Water quality sensors measuring pH, turbidity, conductivity, temperature, dissolved
oxygen, and chlorine residual.

Strategic placement is critical: sensors at the intake, post-coagulation, sedimentation, filtration,
and disinfection stages ensure that operators can monitor and respond to both process changes and
sudden water quality events. For example, a sudden turbidity spike after a storm can be detected
at the sedimentation inlet, allowing rapid adjustment of coagulant dosing. The instrumentation
placement diagram is illustrated in Figure 42.

Control Valve &
Actuator

Fuel Gas
Boiler

Controller

Temperature
Transmitter

1:) Flow Meter O Pressure Gauge @ Pressure Transmitter O Level Transmitter

Figure 42: Instrumentation Placement Diagram
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14.2 SCADA Systems

Supervisory Control and Data Acquisition (SCADA) systems integrate all instrumentation into a
centralized platform. SCADA provides:

Real-time monitoring: Continuous data collection from all sensors.

Automated control: Chemical dosing, pump speeds, and valve positions can be adjusted
automatically based on real-time measurements.

Alarm management: Alerts operators to deviations from set thresholds.

Data logging and trend analysis: Supports performance tracking, regulatory reporting,
and predictive maintenance.

Example 14.1: At a 50 MLD plant, SCADA monitored chlorine residuals, turbidity, and flow in
real-time. The system automatically adjusted coagulant feed rates during periods of high turbidity,
maintaining effluent quality without overusing chemicals.

14.3 Control Loops and Automation

Control loops, usually PID (Proportional-Integral-Derivative), regulate plant operations such as:

e Chemical feed rates for coagulation, pH adjustment, and disinfection.
e Pump operation to maintain desired flow and pressure.
e Valve positioning to control distribution or bypass flows.

Automation ensures rapid response to changes in water quality or demand, reduces human error,
and allows operators to focus on process optimization. Redundant loops and fail-safes are
incorporated to prevent service interruptions. The control loop schematic is represented in Figure
43,

Error Control Signal Output

f Setpoint Process | Sensor ‘
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1 (Reference Input) r | [ (Plant) ! | (Measurement)

A

Feedback Signal
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{ |
summing \¥__/  Feedback Path
Junction

Figure 43: Control Loop Schematic

Example 14.2: If filter head loss exceeds a threshold, the control loop can automatically initiate
backwash while maintaining overall flow through parallel filters, ensuring uninterrupted supply.

14.4 Operational Considerations

o Calibration: Sensors require periodic calibration against known standards to maintain
accuracy.
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Maintenance: Includes cleaning probes, replacing worn components, and verifying
electronic connections.

Data analysis: Operators use SCADA data to optimize chemical dosing, filter run times,
and sludge withdrawal schedules.

Training: Staff must be proficient in interpreting trends, responding to alarms, and
performing manual overrides when necessary.

Figure 44 illustrates a SCADA-Controlled Coagulant Feed Loop.

Flow Meter » Q — g &
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PID Controller

* Setpoint: 37.0 mg/L

« Reads turbidity and flow

« Adjusts coagulant feed rate
« Sends control signal to pump!

To Filtration

Figure 44: SCADA-Controlled Coagulant Feed Loop

Example 14.3: Weekly calibration of turbidity sensors ensures correct coagulant dosing. In a 30
MLD plant, this prevented overuse of aluminum sulfate, reducing costs and residual sludge
production.

14.5 Case Studies

A 50 MLD WTP implemented a fully integrated SCADA system covering chemical feed, pump
stations, and distribution monitoring. Benefits included:

e 15% reduction in coagulant use due to automated dose adjustments.
o Improved filter performance with extended filter run times.
e Remote monitoring of pumping stations with alarm notifications for abnormal conditions.

Operators reported increased efficiency and reduced operational risk, demonstrating the value of
instrumentation and automation in modern WTPs.
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14.6 Numerical Example

Example 14.4: Automatic Coagulant Feed Using SCADA Data

A 25 MLD (million liters per day) WTP treats surface water with variable turbidity. The plant
uses aluminum sulfate (alum) as the coagulant. The coagulant dose is based on raw water
turbidity measured by online sensors connected to the SCADA system. The dose is determined
using a proportional relationship:

Coagulant Dose (mg/L) = 5 + 0.8 X Turbidity (NTU)

The plant flow varies between 20-30 MLD, and the SCADA system automatically adjusts the
coagulant feed pump speed to match both the dose and the flow. Determine:

1. The required coagulant dose for turbidity = 35 NTU.
2. The mass of coagulant to feed per hour if flow =28 MLD.
3. Pump rate (L/h) if the stock solution is 10% w/v aluminum.

Solution
Step 1: Calculate Coagulant Dose

Dose =5+ 0.8 x35 =5+ 28 =33 mg/L
Required coagulant dose =33 mg/L.

Step 2: Convert Flow to L/h

Flow = 28 MLD = 28 X 10° L/day

Convert to liters per hour:
6

28 X 10

Step 3: Calculate Mass of Coagulant per Hour

Mass (mg/h) = Dose (mg/L) X Flow (L/h)

Mass = 33 X 1,166,667 = 38,500,000 mg/h = 38.5 kg/h
Mass of coagulant to feed = 38.5 kg/h.

Step 4: Determine Pump Rate for Stock Solution
Stock solution = 10% w/v — 10 g/L = 10,000 mg/L

Mass of coagulant per hour (mg/h)

P Flow (L/h) =
ump Flow (L/h) Stock solution concentration (mg/L)

P Fl _ 38,500,000 3,850 L/h
U EOW =" 0,000

Pump must deliver 3,850 L/h of 10% aluminum solution.
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SCADA adjusts pump speed in real time as turbidity or flow changes. For example, if turbidity
rises to 50 NTU, the SCADA system automatically calculates a new dose and adjusts the pump
accordingly: Dose = 5 + 0.8 X 50 = 45 mg/L.

Step 5: SCADA Integration Notes

SCADA reads turbidity sensors at the sedimentation inlet every 5 minutes.

Flow meters provide real-time plant throughput.

The control loop multiplies flow % dose to calculate coagulant feed rate.

Pump speed (VFD-controlled) is adjusted continuously to maintain target chemical feed.

Table 13 represents a SCADA-based coagulant feed example.

Table 13: SCADA-Based Coagulant Feed Example

Parameter
Turbidity (NTU)

|

|

‘ Coagulant Dose (mg/L)

| Plant Flow (MLD) |
l

|

Mass Coagulant Required (kg/h)H 38.5
Stock Solution 110% w]
Pump Flow Rate (L/h) H 3,850 ‘

Key Takeaways:

SCADA automates chemical feed adjustments in response to fluctuating water quality.
Real-time dosing ensures regulatory compliance while avoiding overuse of chemicals.
Integration with flow sensors allows proportional dosing based on plant throughput.
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Chapter 15: Water Quality Monitoring and Laboratory
Management

Reliable water treatment depends not only on well-designed processes and equipment, but also on
accurate and timely water quality data. The laboratory serves as the analytical backbone of a water
treatment plant (WTP), translating analytical results into operational decisions. While online
instruments provide continuous monitoring, laboratory testing remains essential for verification,
compliance reporting, and detailed analysis that cannot be achieved in the field alone. Effective
laboratory management ensures that treatment processes respond appropriately to changing source
water conditions and that finished water consistently meets health and aesthetic standards.

15.1 Laboratory Role in WTP Operation

The water treatment laboratory plays a central role in day-to-day plant operation, regulatory
compliance, and long-term performance evaluation. Laboratory staff routinely analyze samples
from the intake, intermediate treatment stages, finished water, and the distribution system. These
results are used by operators and engineers to confirm that treatment objectives are being met and
to diagnose operational problems.

For example, a sudden increase in settled water turbidity observed in the lab may indicate
inadequate coagulation or flocculation, prompting operators to review chemical dosing or mixing
conditions. Similarly, laboratory confirmation of chlorine residuals supports adjustments made by
automated dosing systems. Beyond operations, laboratory data form the basis of mandatory
regulatory reports and provide documented evidence of compliance during inspections.

A well-functioning laboratory is therefore not isolated from plant operations; it operates as an
integral part of the treatment system, supporting informed decision-making and continuous
improvement. Laboratory staff therefore work closely with operations personnel to ensure timely
interpretation and response to water quality data. Figure 45 illustrates the laboratory workflow

schematic.
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| &logging
v
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L
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Color, Temp |
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Figure 45: Laboratory Workflow Schematic
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15.2 Microbiological Analysis

Microbiological testing is critical for protecting public health and verifying the effectiveness of
treatment barriers. Common indicators include total coliforms and Escherichia coli, which signal
potential contamination and failures in treatment barriers or distribution system integrity. In
surface water systems, protozoa such as Giardia and Cryptosporidium are of particular concern
due to their resistance to chlorine.

Laboratory methods include membrane filtration, multiple-tube fermentation (most probable
number), and enzyme-based rapid tests. Samples are collected at strategic locations such as raw
water intake, filter effluent, and distribution system endpoints. Positive detections trigger
immediate operational responses, including increased disinfection, system flushing, or
investigation of possible intrusion points.

As an example, detection of coliform bacteria at a distribution system sampling point may indicate
a loss of disinfectant residual or a localized pipe leak. Follow-up sampling and targeted corrective
actions help prevent broader system contamination. Figure 46 represents the sample collection
points.
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Raw Water
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[ Onine Instruct E] Online Instrument

Figure 46: Sample Collection Points

15.3 Chemical Analysis

Chemical testing supports both process control and regulatory compliance. Routine analyses
include pH, alkalinity, hardness, residual disinfectants, metals, nutrients, and disinfection by-
product precursors. These parameters influence treatment efficiency, corrosion control, and
finished water stability.

For instance, laboratory measurement of alkalinity helps operators determine whether sufficient
buffering capacity is available for effective coagulation. Low alkalinity results may require lime
or sodium bicarbonate addition to maintain proper pH. Similarly, iron and manganese analysis in
groundwater systems informs oxidation and filtration strategies to prevent staining and taste issues.

Standardized analytical methods and proper sample handling are essential to ensure accuracy.
Laboratory results are often used to validate online sensors, providing confidence in automated
control systems. Disinfection by-products such as Trihalomethanes (THMs) and Haloacetic Acids
(HAAs) are typically monitored periodically rather than continuously.
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15.4 Physical Parameter Monitoring

Physical parameters such as turbidity, color, temperature, and conductivity provide rapid insight
into water quality changes and treatment performance. While many of these parameters are
continuously monitored online, laboratory measurements serve as confirmation and calibration
checks.

Turbidity is particularly important, as it is closely linked to microbial removal and filtration
performance. Laboratory turbidity measurements of filter effluent are used to verify online
readings and to assess filter condition following backwashing. Temperature measurements help
explain seasonal variations in coagulation efficiency and disinfection performance, while
conductivity can indicate changes in source water composition or intrusion of saline water.

For example, an unexpected increase in conductivity detected in the laboratory may signal
contamination from upstream industrial discharge or seawater intrusion in coastal aquifers,
prompting further investigation.

15.5 Quality Assurance, Quality Control, and Data Management

Quality assurance and quality control (QA/QC) procedures ensure that laboratory data are
accurate, reliable, and defensible. These procedures include routine instrument calibration,
analysis of standard reference materials, duplicate and blank samples, and proper documentation
of methods and results.

Laboratory data are increasingly integrated with SCADA systems, allowing operators and
engineers to correlate analytical results with process conditions. Consistent data management
supports trend analysis, helping identify gradual changes in source water quality or treatment
performance that may not be immediately apparent.

Good record-keeping also simplifies regulatory reporting and audits, reducing the risk of
compliance violations due to missing or inconsistent data. Chain-of-custody procedures are
particularly important for compliance-related samples. Figure 47 illustrates the QA/QC process.

Instrument
Calibration

Y

Standard Solution
! Check

v
Duplicate / Blank
Samples

A

‘
Data Storage

& Reporting -

Prerccnnn -

Figure 47: QA/QC Process
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15.6 Case Study

A 30 MLD surface water treatment plant combined continuous online turbidity monitoring with
weekly laboratory microbiological testing. During periods of heavy rainfall, laboratory results
confirmed increases in raw water microbial counts, even when online turbidity remained within
normal ranges. Based on this information, operators temporarily increased coagulant dosage and
adjusted disinfection contact time. As a result, the plant maintained regulatory compliance and
avoided distribution system contamination during high-risk conditions. Robust QA/QC procedures
ensured confidence in the laboratory data used to support these operational decisions.

15.7 Numerical Examples

Numerical Example 15.1: Interpreting Online vs. Laboratory Turbidity Data
A surface-water WTP continuously monitors turbidity at the filter effluent using an online

turbidimeter connected to SCADA. Regulatory compliance requires effluent turbidity to remain
below 0.3 NTU for 95% of readings.

During routine operations, the following data are recorded:
e Online turbidity reading (SCADA): 0.22 NTU.
o Laboratory turbidity measurement (grab sample): 0.34 NTU.
o Instrument accuracy:
=  Online sensor: £0.05 NTU.
= Laboratory benchtop turbidimeter: £0.02 NTU.

Determine:
1. Whether the readings are consistent within measurement uncertainty.
2. Which value should be used for compliance evaluation.
3. The appropriate operational response.

Solution

Step 1: Account for Measurement Uncertainty
Online sensor range:

0.22 4+ 0.05 = 0.27 to 0.27 NTU
Laboratory measurement range:

0.34 £ 0.02 = 0.32to 0.36 NTU

Since these ranges do not overlap, the difference cannot be attributed to instrument uncertainty
alone.
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Step 2: Compliance Determination
Regulatory agencies typically consider laboratory-confirmed values as the reference for
compliance when discrepancies occur.

e Lab turbidity = 0.34 NTU.
e Regulatory limit = 0.30 NTU.

Non-compliant condition identified.

Step 3: Operational Interpretation

Possible causes include:
o Fouling or drift of the online turbidimeter.
e Poor sample representativeness at the online sensor location.
o Short-term turbidity spikes not captured by averaging.

Step 4: Corrective Actions
1. Clean and recalibrate online turbidity sensor.
2. Increase monitoring frequency (lab + online).
3. Inspect filter performance and backwash timing.
4. Document deviation and corrective action for regulatory records.

Engineering Insight: Online instruments support real-time control, but laboratory data provide
verification and regulatory confidence. Both must be used together to ensure safe and compliant
operation.

Numerical Example 15.2: Using Laboratory Data to Adjust Coagulation
Laboratory jar testing indicates that optimal coagulation occurs when settled water turbidity is <
2.0 NTU.

Measured values:
o Raw water turbidity: 48 NTU.
e Current coagulant dose: 35 mg/L.
o Settled water turbidity (lab): 3.6 NTU.

Jar test results:

Table 14: Jar Test Results Example 15.2

|Alum Dose (mg/L)|[Settled Turbidity (NTU)|
| 35 | 3.6 |
| 40 | 2.4 |
| 45 | 1.8 |
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Determine:
1. Required dose adjustment.
2. Operational recommendation.

Solution

Step 1: Identify Target Performance
Target settled turbidity < 2.0 NTU.

The minimum dose meeting this target is: |45 mg/L

Step 2: Calculate Dose Increase
ADose = 45 — 35 = 10 mg/L

Step 3: Operational Decision
e Increase alum dose by 10 mg/L.

e Verify filter effluent turbidity after adjustment.
o Update SCADA dose setpoint.

Engineering Insight: Laboratory jar testing remains essential for validating and adjusting
automated dosing strategies, particularly during high-turbidity events.
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Chapter 16: Safety, Environmental, and Regulatory Compliance

Water treatment plants operate at the intersection of public health protection, environmental
stewardship, and occupational safety. In addition to producing potable water that meets stringent
quality standards, utilities are responsible for protecting workers, preventing environmental harm,
and complying with applicable regulations. Deficiencies in safety or compliance can result in
injuries, contamination incidents, regulatory enforcement actions, financial penalties, and erosion
of public confidence.

This chapter presents the core principles and practices governing occupational safety, chemical
management, environmental compliance, and sustainability in water treatment facilities. Emphasis
is placed on practical implementation, operational controls, and continuous improvement rather
than theoretical compliance alone. When safety management and environmental protection are
integrated into daily plant operations, facilities are better positioned to achieve reliable
performance, regulatory conformance, and long-term sustainability.

16.1 Occupational Safety

Ensuring the safety of plant personnel is a primary responsibility of water utility management.
Treatment plant operators routinely work around rotating equipment, pressurized systems,
electrical installations, elevated platforms, and confined spaces. Without adequate controls, these
hazards can lead to serious injuries or fatalities.

Standard occupational safety measures include the use of personal protective equipment (PPE)
such as hard hats, safety glasses, chemical-resistant gloves, hearing protection, and steel-toed
footwear. For tasks involving chemical handling or confined spaces, respirators and protective
suits may be required. PPE selection must be task-specific and supported by regular training and
enforcement.

Lockout/tagout (LOTO) procedures are critical during maintenance and repair activities. These
procedures ensure that pumps, mixers, blowers, and electrical systems are fully de-energized and
isolated before work begins. For example, before replacing a pump seal in a chemical feed system,
the electrical supply is locked out, valves are closed, and residual pressure is relieved to prevent
accidental startup or chemical release.

Confined space entry is another significant safety concern. Clearwells, wet wells, valve vaults, and
sludge tanks may contain low oxygen levels or hazardous gases such as hydrogen sulfide. Entry
into these spaces requires atmospheric testing, ventilation, a written entry permit, an attendant, and
rescue provisions. Many utilities restrict confined space entry to trained personnel and use remote
inspection tools where feasible.

Emergency preparedness and response planning further support worker safety. Plants typically
maintain written procedures for fires, chemical leaks, power failures, and medical emergencies.
Regular drills ensure that operators are familiar with evacuation routes, emergency shutdown
procedures, and communication protocols. Safety performance is reinforced through routine
inspections, near-miss reporting, and corrective action tracking. A typical water treatment plant
safety protocol flowchart is illustrated in Figure 48.
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Figure 48: Safety Protocol Flowchart

16.2 Chemical Safety

Chemical safety is a central component of water treatment plant operations. Common treatment
chemicals such as chlorine, sodium hypochlorite, alum, ferric salts, lime, acids, and polymers
present risks including toxicity, corrosivity, and reactivity. Improper handling or storage can
endanger personnel and the surrounding environment.

Chemical storage areas must be designed to prevent accidental releases and incompatible reactions.
Secondary containment is typically required for bulk liquid chemicals to capture spills or tank
failures. Ventilation systems are installed in chlorine rooms and acid storage areas to prevent the
accumulation of hazardous vapors. Segregation of incompatible chemicals, such as acids and
hypochlorite solutions, reduces the risk of dangerous chemical reactions.

Automated chemical dosing systems improve both safety and process control by minimizing
manual handling. For example, chlorine gas systems equipped with vacuum regulators and
automatic shutoff valves reduce the likelithood of uncontrolled releases. In liquid chemical
systems, metering pumps with leak detection and interlocks can stop dosing when abnormal
conditions are detected.

Safety Data Sheets (SDS) provide essential information on chemical hazards, required PPE, first
aid measures, and spill response procedures. Operators must have ready access to SDS
documentation and be trained in its use. Routine inspections of chemical tanks, feed lines, and
injection points help identify leaks, corrosion, or equipment degradation before failures occur.

Emergency response equipment, such as chlorine leak repair kits, eyewash stations, and safety
showers, must be strategically located and regularly tested. For facilities using chlorine gas,
coordination with local emergency responders is often required, including joint drills and
community notification planning. A chemical storage layout is represented in Figure 49.
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Figure 49: Chemical Storage Layout

16.3 Environmental Compliance

Water treatment plants are subject to environmental regulations governing treated water quality,
residuals management, and chemical usage. Compliance ensures that plant operations do not
adversely affect receiving waters, soil, or air quality.

Treated water leaving the plant must meet regulatory limits for turbidity, disinfectant residuals,
pH, and other parameters. Continuous monitoring instruments, such as online turbidimeters and
chlorine analyzers, provide real-time data to support compliance. Deviations from permit limits
require immediate investigation, corrective action, and documentation.

Residuals generated during treatment, including sludge from sedimentation basins and spent filter
backwash water, must be managed in accordance with environmental regulations. Sludge disposal
options may include land application, landfill disposal, or further treatment such as dewatering and
stabilization. Regulatory requirements typically address pathogen reduction, heavy metal
concentrations, and moisture content.

Environmental compliance also extends to chemical storage and handling practices. Spill
prevention, control, and countermeasure (SPCC) plans are commonly required to address the
potential release of oils or hazardous substances. Proper recordkeeping, reporting, and periodic
audits demonstrate compliance and support regulatory inspections.

Increasingly, utilities are also expected to address broader environmental considerations such as
energy consumption, greenhouse gas emissions, and water resource protection. While not always
mandated, these factors influence permitting decisions, public perception, and long-term
operational viability. A simplified environmental compliance framework is shown in Figure 50.
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Figure 50: Environmental Compliance Diagram

16.4 Sustainability Practices

Sustainability in water treatment focuses on reducing resource consumption, minimizing waste,
and improving operational efficiency without compromising water quality or reliability. Many
sustainability measures also provide direct economic benefits through reduced energy and
chemical costs.

Energy efficiency initiatives often begin with pump and motor upgrades. Variable frequency drives
(VFDs) allow pumps to operate at speeds matched to demand, reducing energy use and mechanical
wear. For example, installing VFDs on high-service pumps can significantly lower power
consumption during off-peak demand periods.

Chemical optimization is another key sustainability practice. Enhanced process monitoring and jar
testing can identify opportunities to reduce coagulant and disinfectant dosages while maintaining
treatment performance. Lower chemical usage reduces costs, sludge production, and
environmental impacts associated with chemical manufacturing and transport.

Water reuse strategies, such as recycling filter backwash water or reclaiming non-potable water
for plant washdown, reduce raw water withdrawals and discharge volumes. These practices are
particularly valuable in regions facing water scarcity or stringent discharge limits.

Lifecycle assessments and periodic process audits help utilities evaluate the long-term
environmental and economic impacts of design and operational decisions. By considering
equipment lifespan, maintenance requirements, and energy consumption, plants can prioritize
investments that provide sustained benefits over time. These practices complement regulatory
compliance by enhancing efficiency and resilience rather than substituting mandated controls.
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16.5 Case Study

A conventional surface water treatment plant with a capacity of 30 million liters per day (MLD)
implemented a series of safety, environmental, and sustainability improvements as part of a
modernization program. Variable frequency drives were installed on raw water and high-service
pumps, allowing flow rates to be adjusted based on demand. This change reduced overall energy
consumption by approximately 15 percent.

The plant also conducted a detailed coagulation optimization study, resulting in improved chemical
feed control and a 10 percent reduction in coagulant usage. Filter backwash water was captured,
clarified, and returned to the head of the plant, reducing raw water demand and decreasing sludge
disposal volumes.

These measures improved regulatory compliance margins, lowered operating costs, and enhanced
environmental performance without major structural modifications. The project demonstrates how
targeted operational improvements can simultaneously address safety, environmental
responsibility, and sustainability objectives.
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Chapter 17: Plant Expansion, Optimization, and Future Trends

Water treatment facilities must continuously adapt to changing demands, regulatory requirements,
and environmental conditions. Population growth, urbanization, industrial development, and
climate variability place increasing pressure on existing infrastructure. At the same time, advances
in treatment technologies and digital tools provide new opportunities to improve performance and
sustainability.

This chapter addresses strategies for plant expansion, operational optimization, and the adoption
of emerging technologies. Emphasis is placed on flexible design, data-driven decision-making,
and resilience planning to ensure that water treatment plants remain reliable and effective
throughout their service life.

17.1 Modular Expansion and Capacity Planning

Water treatment plants are rarely static systems. Demand for treated water typically increases over
time due to population growth, economic development, and changes in per capita consumption.
Designing plants with modular expansion capability allows capacity to be increased incrementally
without extensive reconstruction or prolonged shutdowns.

Modular expansion involves dividing the treatment process into parallel units, such as additional
sedimentation basins, filters, or membrane skids, that can be added as demand increases. For
example, a plant initially designed for 30 MLD may include space and hydraulic provisions for
future filter units, allowing capacity to be expanded to 50 MLD or more by installing additional
modules.

Capacity planning relies on population projections, water demand forecasting, and hydraulic
modeling. Engineers assess peak demand scenarios, seasonal variations, and emergency conditions
to determine required redundancy and reserve capacity. Hydraulic models are used to evaluate
headloss, flow distribution, and system bottlenecks under both current and future operating
conditions.

Redundancy is a critical component of capacity planning. Key systems such as pumps, power
supplies, and disinfection units are often designed with standby capacity to ensure uninterrupted
operation during maintenance or equipment failure. Properly planned modular expansion reduces
capital risk, extends asset life, and allows utilities to align investments with actual demand growth.
A modular expansion layout is represented in Figure 51.

17.2 Process Optimization

Process optimization focuses on improving treatment efficiency, consistency, and cost-
effectiveness using existing infrastructure. Rather than increasing capacity, optimization seeks to
extract better performance from current systems through operational adjustments and improved
monitoring.
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Figure 51: Modular Expansion Layout

Common optimization practices include jar testing to refine coagulant type and dosage, filter run-
time analysis to balance water quality and backwash frequency, and adjustment of disinfectant
contact time to achieve regulatory compliance with minimal chemical usage. For example,
optimizing coagulation conditions can reduce sludge production and improve filter performance,
leading to longer filter runs and lower backwash water losses.

Supervisory Control and Data Acquisition (SCADA) systems play a central role in modern

optimization efforts. Real-time monitoring of turbidity, flow, pressure, chemical residuals, and
energy consumption allows operators to respond quickly to changing source water conditions.
Automated control loops can adjust chemical feed rates or pump speeds dynamically, improving
process stability. A process optimization flowchart is illustrated in Figure 52.
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Figure 52: Process Optimization Flowchart

Optimization also extends to maintenance practices. Trend analysis of equipment performance
data can identify early signs of wear or inefficiency, enable preventive maintenance and reduce
unplanned downtime. Over time, systematic optimization improves water quality consistency,
lowers operating costs, and extends the useful life of plant assets.
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17.3 Advanced Treatment Technologies

As water quality challenges become more complex, conventional treatment processes may be
supplemented or replaced by advanced technologies. These technologies are often driven by
stricter regulations, emerging contaminants, or the need to treat lower-quality source waters.

Membrane filtration systems, including ultrafiltration (UF) and reverse osmosis (RO), provide
high levels of particulate and pathogen removal and are increasingly used in both surface water
and groundwater applications. Advanced oxidation processes (AOP), such as ozone combined with
hydrogen peroxide or UV, are effective for removing organic micropollutants and taste-and-odor
compounds.

Ion exchange systems are commonly applied for selective removal of nitrate, hardness, or specific
inorganic contaminants, while biological treatment processes can be used for nutrient removal or
biodegradable organic matter reduction. The selection of advanced treatment technologies depends
on source water characteristics, treatment objectives, energy requirements, and lifecycle costs.

Digital twins and predictive modeling tools are emerging as powerful planning and operational
aids. A digital twin is a virtual representation of the treatment plant that simulates hydraulic,
chemical, and biological processes. Operators and engineers can use these models to test
operational changes, evaluate expansion scenarios, and predict maintenance needs without
affecting actual plant performance. A digital twin schematic for water treatment operation is
provided in Figure 53.
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Figure 53: Digital Twin Schematic

17.4 Sustainability and Climate Adaptation

Future water treatment plants must operate within increasingly constrained environmental and
climatic conditions. Sustainability and climate adaptation are therefore central considerations in
plant design and operation.

Water reuse initiatives, such as indirect potable reuse or non-potable reuse for irrigation and
industrial applications, reduce pressure on freshwater sources. Energy recovery systems, including
biogas utilization from sludge treatment or pressure recovery in membrane systems, improve
overall plant efficiency.
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Renewable energy integration, such as on-site solar or wind power, reduces dependence on grid
electricity and lowers greenhouse gas emissions. Decentralized and satellite treatment systems
may also be used to serve remote or rapidly growing areas, reducing transmission losses and
infrastructure costs.

Climate adaptation planning addresses the risks posed by extreme weather events, droughts,
floods, and sea-level rise. Design measures may include flood protection for critical equipment,
alternative water sources for drought conditions, and emergency operating procedures for extended
power outages. Resilient plants are those that can maintain safe water supply under a wide range
of operating conditions.

17.5 Case Study

A conventional surface water treatment plant originally designed for 30 MLD was upgraded and
expanded to meet growing regional demand. The expansion was implemented in phases, allowing
capacity to increase to 50 MLD without major disruption to ongoing operations.

Ultrafiltration membranes were added downstream of conventional clarification to improve
turbidity removal and pathogen control. SCADA-based optimization was introduced to adjust
coagulant dosing and membrane backwash frequency based on real-time water quality data. As a
result, finished water turbidity was consistently maintained below 0.1 NTU, and regulatory
pathogen removal targets were achieved.

Chemical consumption was reduced by approximately 12 percent due to improved process control,
while energy efficiency improvements offset the additional power demand associated with
membrane operation. This project illustrates how modular expansion, advanced treatment, and

optimization can be combined to enhance performance while maintaining operational continuity.
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Chapter 18: Summary and Best Practices

This chapter consolidates the technical, operational, and managerial concepts presented throughout
the preceding chapters into a unified framework for effective water treatment plant design and
operation. While individual treatment processes and systems have been discussed in detail, their
successful application depends on integrated operation, disciplined management practices, and
adherence to recognized standards and guidelines. The chapter summarizes the overall treatment
philosophy, highlights proven operational best practices, and draws practical lessons from real-
world applications. It also identifies key reference documents that support sound engineering
judgment, regulatory compliance, and continuous improvement in drinking water treatment
facilities.

18.1 Summary of Treatment Processes

A water treatment plant transforms raw surface water or groundwater into safe, potable water
through a carefully sequenced combination of physical, chemical, and biological processes.
Preliminary treatment units, such as intake screening and grit removal, protect downstream
equipment and ensure stable hydraulic conditions. Coagulation and flocculation destabilize and
aggregate fine particles, enabling effective removal during sedimentation. Filtration provides a
critical barrier for particulate matter and pathogens, while disinfection ensures microbiological
safety prior to distribution.

Supporting systems are essential to the reliability of the core treatment processes. Chemical storage
and feed systems enable precise dosing of coagulants, disinfectants, and conditioning chemicals.

Sludge handling facilities manage residuals generated during clarification and filtration, ensuring
environmentally compliant disposal or beneficial reuse. Instrumentation, automation, and control
systems provide continuous feedback on process performance, allowing operators to maintain
water quality within regulatory limits. Together, these elements form an integrated treatment
system designed to consistently meet public health objectives. A water treatment plant schematic
is illustrated in Figure 54.

Figure 54: Water Treatment Plant Schematic
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18.2 Best Practices for Operations

Efficient and reliable plant operation is achieved through disciplined application of established
best practices. Routine monitoring of raw water quality allows operators to anticipate changes in
turbidity, organic content, or microbial risk and adjust treatment processes accordingly. Treated
water monitoring confirms compliance with regulatory standards and verifies the effectiveness of
process adjustments. A schematic of monitoring points and control system diagram is represented
in Figure 55.
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Figure 55: Monitoring Points and Control System Diagram

Chemical optimization is a central operational focus. Regular jar testing, combined with online
sensor data, supports accurate coagulant and disinfectant dosing, minimizing chemical costs while
maintaining performance. Redundancy in critical units, such as pumps, filters, and disinfection
systems, ensures continuity of service during maintenance or equipment failure.

Preventive maintenance programs reduce unplanned downtime and extend equipment life.
Maintenance scheduling based on manufacturer recommendations, operational data, and condition
assessments improves system reliability. The integration of supervisory control and data
acquisition (SCADA) systems further enhances operational control by enabling real-time
monitoring, alarm management, data trending, and historical analysis. Together, these practices
promote consistent water quality, cost efficiency, and regulatory compliance. An optimization
workflow diagram is illustrated in Figure 56.
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Figure 56: Optimization Workflow Diagram

18.3 Lessons from Case Studies

Case studies from operating water treatment plants demonstrate the value of flexible design and
adaptive operation. Facilities serving surface water sources often experience seasonal variations
in turbidity, temperature, and organic matter, requiring adjustments in coagulation and filtration
strategies. Plants that incorporate pilot testing and process flexibility are better equipped to respond
to such variations without compromising water quality.

High turbidity events, extreme weather, and long-term population growth present additional
challenges. Successful plants address these issues through modular expansion, phased capacity
upgrades, and conservative design margins. Automation and real-time monitoring enable rapid
response to changing conditions, while energy-efficient equipment and optimized chemical use
reduce operational costs. Collectively, these experiences highlight the importance of continuous
optimization, proactive planning, and data-driven decision-making.
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