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Message from the Coordinator

r Namita Mathur Coordinator, Sulabh

International Institute of Health and Hygiene
(IIHH) Environmental Information, Awareness,
Capacity Building and Livelihood Programme
(EIACP) — Resource Partner under the aegis of
Ministry of Environment, Forest and Climate
Change Government of India.

Water represents the fundamental essence of
life, and its sustainable management profoundly
influences the health, equity, and developmental
progress of nations. India currently faces a
critical juncture characterized by escalating
water demand juxtaposed against diminishing
availability. Official estimates indicate that India’s
per capita water availability has declined from
1,816 m® in 2001 to 1,486 m3 in 2021, placing
numerous regions under severe water stress.
Globally, over 80% of wastewater is released
untreated into the environment (UN-Water,
2023), resulting in contamination of rivers,
soils, and ecosystems. These alarming statistics
necessitate an urgent paradigm shift from linear
to circular and regenerative approaches for water
utilization.

This special publication on “Zero Liquid
Discharge (ZLD) and Water Reuse Technologies”
has been developed to address these critical
challenges. The document synthesizes innovative
technologies, scientific principles, and policy
frameworks that enable industries, urban
utilities, and institutions to recover, recycle, and
reuse water responsibly. By implementing ZLD
systems and structured water reuse pathways, we
can establish closed-loop water cycles, minimize
pollution, and maximize resource recovery—key
pillars for achieving the vision of a sustainable
and circular water economy.

This publication draws upon diverse expertise
from researchers, engineers, field practitioners,
policymakers, and environmental regulators. It
presents:

e A comprehensive overview of India’s water
stressscenarioandtheevolution of sustainable
wastewater management strategies

e Step-bep insights into ZLD processes, from
pretreatment and membrane filtration to
evaporation and crystallization

e Water reuse applications and quality
standards for industrial, agricultural, and
urban applications

e Emerging trends in this field, including hybrid
systems, low-energy membranes, and Al-
based process optimization

* Policy recommendations and implementation
roadmaps for advancing ZLD adoption across
sectors

We believe that environmental sustainability
must be rooted in innovation, inclusivity, and
informed action. This publication is intended to
support stakeholders—governments, industries,
researchers, and citizens—in understanding
and applying ZLD and water-reuse technologies
as practical tools for safeguarding precious
resources.

Let us reaffirm our collective responsibility
to treat water as a circular, renewable asset
rather than a disposable commodity. Through
science, policy, and community participation,
we can transform “zero discharge” from merely
a regulatory target into a national sustainability
standard.



SulabhEIACP

Special Publication

Executive Summary

Water constitutes the lifeline of our planet,
yet it is becoming increasingly scarce and
contested. Rapid urbanization, industrialization,
and  population growth  have placed
unprecedented pressure on freshwater reserves
worldwide. India, which sustains nearly 18% of
the global population with only 4% of the world’s
freshwater resources, is experiencing a sharp
declinein per capita water availability, from 1,816
m3 in 2001 to 1,486 m? in 2021 (Ministry of Jal
Shakti, 2023). Projections indicate this figure will
drop further below 1,200 m? by 2050, signaling
an impending crisis of severe water scarcity in
the region.

Inadequate wastewater management
compounds this challenge. Globally, 80% of
wastewater is discharged untreated into the
environment (UN-Water, 2023), while in India,
only approximately 28% of the 72,000 million
liters per day (MLD) of sewage generated
receives  effective  treatment. Industrial
effluents further exacerbate this pollution load,
particularly in sectors such as textiles, tanneries,
pharmaceuticals, and chemicals.

Against this backdrop, Zero Liquid Discharge
(ZLD) and water reuse technologies have
emerged as sustainable and forward-looking
solutions. These approaches shift the paradigm
from “treat and dispose” to “recover and reuse,”
aligning with global efforts to promote a circular
water economy and achieve United Nations
Sustainable Development Goal 6 (clean water

and sanitation).

ZLD represents an advanced wastewater
management approach that ensures no liquid
effluent leaves the boundary of a facility or
industrial unit. Instead of discharging treated
wastewater into the environment, ZLD systems
recover, recycle, and reuse the maximum
possible quantity of water while converting
remaining contaminants into solid residues that
can be safely disposed of or repurposed. This
closed-loop system eliminates pollution risks and
significantly reduces dependency on freshwater
sources, proving particularly valuable in water-
scarce regions and pollution-sensitive zones
where discharge is restricted or prohibited.

Beyond pollution prevention, ZLD supports
resource recovery and circular economy
objectives by converting wastewater into
reusable water, recoverable salts, biogas,
and nutrients. The integration of Al-driven
monitoring, energy recovery systems, and low-
energy membranes marks the next phase of ZLD
technology evolution.

This  special publication consolidates
current knowledge, best practices, and future
directions for ZLD and water reuse. It presents
a comprehensive roadmap for India (2025-
2035), recommending policy actions, financial
incentives, and technological innovations to
accelerate large-scale adoption across industrial,
municipal, and agricultural sectors.



India’s Water Crisis:

The Imperative for Action

Water serves as the foundation of life and
an indispensable resource for all social,
economic, and ecological systems worldwide.
However, rapid urbanization, population
growth, and industrial expansion have led
to unprecedented stress and depletion of
freshwater resources. Globally, the imbalance
between water demand and availability has
become a defining environmental challenge of
the 21st century.

This challenge is particularly acute in
India. The country supports 18% of the world’s
population with only 4% of global freshwater
resources. Per capita water availability, which
stood at 1,816 cubic meters in 2001, declined
sharply to 1,486 cubic meters in 2021 (Ministry
of Jal Shakti). This places India in the category of
a “water-stressed nation,” as the threshold for
water stress is 1,700 cubic meters per person
annually. Continued population growth and
economic development are expected to reduce
this figure further, potentially below 1,200 cubic
meters by 2050, approaching conditions of
severe water scarcity.

Poor wastewater management exacerbates
this scarcity. Globally, an estimated 80% of
wastewater is discharged untreated into
water bodies, contaminating rivers, lakes, and
groundwater reserves (UN-Water, 2023). In
India, untreated or partially treated sewage and
industrial effluents constitute primary causes
of surface and groundwater pollution, leading
to ecosystem degradation, health hazards, and
biodiversity loss. Urban centers alone generate
over 72,000 MLD of sewage, of which only
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approximately 28% receives effective treatment.
Industrial effluents further contribute to this

pollution load, particularly in sectors such
as textiles, tanneries, pharmaceuticals, and
chemicals.

Amid these challenges, Zero Liquid Discharge
(ZLD) and water reuse technologies have gained
increasing prominence as sustainable and
forward-looking solutions. These approaches
shift the paradigm from “treat and dispose” to
“recover and reuse,” aligning with global efforts
to promote a circular water economy and achieve
United Nations Sustainable Development Goal 6
(clean water and sanitation).
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Understanding Zero

Liquid Discharge

Definition and Core Concepts

Zero Liquid Discharge (ZLD) represents an
advanced wastewater management approach
that ensures no liquid effluent leaves the
boundary of a facility or industrial unit. Instead
of discharging treated wastewater into the
environment, ZLD systems recover, recycle, and
reuse the maximum possible quantity of water
while converting remaining contaminants into
solid residues that can be safely disposed of or
repurposed.

In operational terms, ZLD constitutes a
closed-loop system where every drop of water is
reclaimed for beneficial use, with none wasted.
This approach eliminates water pollution
risks and significantly reduces dependency on
freshwater sources. The facility boundary or
site property line housing the industrial process
serves as the border or “boundary condition”
where wastewater must be treated, recycled,
and converted into solids for disposal to achieve
zero liquid discharge.
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Objectives

The primary objectives of implementing ZLD
systems include:

e Elimination of Liquid Discharge: Prevent
the release of untreated or treated effluent
from facilities to avoid pollution of surface or
groundwater resources.

e Maximization of Water Recovery and Reuse:
Recover the maximum possible fraction of
influent wastewater for reuse within industrial
processes, utilities, or cooling applications,
thereby reducing freshwater intake.

e Resource Recovery: Convert waste streams
into recoverable solids (salts, minerals, and
metals), potentially enabling reuse or value
capture.

e Regulatory and Environmental Compliance:
Meet increasingly stringent discharge
standards, reduce environmental liabilities,
and support sustainability goals of industries
and regions.




Principles and Key Drivers

LD implementation is guided by several design
and operational principles:

Closed-Loop Water Circuit: Recycling treated
water within processes rather than allowing it
to exit the system

Contaminant Concentration: Treating
wastewater to concentrate dissolved salts and
pollutants, making final volumes manageable

Solidification of Residuals:  Processing
remaining concentrated brine into solid salts
or sludge that can be handled, disposed of, or
reused

Energy and Cost Optimization: Designing
systems to integrate efficient membranes,
evaporators, crystallizers, and heat recovery
devices to minimize costs and footprint, given
ZLD’s energy-intensive nature

Environmental and Regulatory Drivers

and
reducing intake/discharge becomes essential
in water-stressed regions, including many
parts of India

Water Scarcity: Maximizing reuse

Pollution Control: Industries generating high-
salinity, high-TDS, or toxic effluents face
regulatory pressure to reduce discharge and
protect water bodies

Circular Economy and Resource Efficiency:
ZLD aligns with global trends in transforming
waste into resources by extracting salts and
minerals and recovering water as a reusable
asset

Regulatory Mandates: Many jurisdictions now
require ZLD or near-ZLD for specific industrial
sectors (e.g., textiles, tanneries, power plants)
to meet environmental standards
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ZLD Technology Framework

System Components Overview

comprehensive ZLD system integrates
multiple treatment technologies in a
sequential configuration to achieve complete
water recovery and solid residue management.

The structured treatment train ensures
wastewater undergoes progressive purification,
concentration, and conversion into reuse-quality
water and solid waste, thereby avoiding liquid
discharge into the environment.
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Process Flow and Integration

The fundamental ZLD process flow follows a
logical progression:

e |nfluent Wastewater Collection: Raw
wastewater from industrial processes or
municipal sources

e Pre-treatment: Initial conditioning to protect
downstream systems

e Membrane-Based Concentration: Volume
reduction and partial purification
e Thermal Concentration: Further volume

reduction through evaporation

e Crystallization: Solid residue formation from
concentrated brines

e Water Polishing and Reuse: Final treatment
for specific reuse applications

RO Brine Brinc_:
Pretreatment concentrator  Srystallizer
e Solid Residue Management: Handling,

disposal, or valorization of solids

Performance Metrics
Key performance indicators for ZLD systems
include:

e Water Recovery Rate: Percentage of influent
water recovered for reuse (typically 90-99%)

e Energy Consumption: Specific energy
consumption per cubic meter of water treated
(kWh/m3)

e Salt Recovery Efficiency:
dissolved solids recovered
products

e OQOperational Reliability: System uptime and
maintenance requirements

e Economic Viability: Capital and operational
costs relative to water savings and resource
recovery benefits

Percentage of
as valuable



Stage 1: Pre-treatment

Systems

Purpose and Critical Functions

Pre-treatment serves to prepare raw wastewater
streams to protect downstream membrane
and thermal systems from fouling, scaling, and
operational challenges. Effective pre-treatment
is critical because it prevents premature fouling
of downstream membranes and evaporators,
thereby maintaining high recovery rates and
minimizing operating costs.

Key Technologies and Design Considerations
Primary pre-treatment technologies include:

e Screening and Grit Removal: Physical
separation of large solids and abrasive
particles

e QOil and Grease Separation: Removal of
hydrophobic contaminants that can foul
membranes

e Equalization Tanks: Buffer systems to
accommodate flow and load fluctuations,
ensuring consistent feed quality

e Chemical Dosing: Coagulation/flocculation
processes for large-particle removal and
heavy-metal precipitation

e pH Adjustment: Optimization of wastewater
chemistry for downstream processes

e Antiscaling/Antifouling Chemical Addition:
Prevention of scale formation on membrane
surfaces

Performance Optimization Strategies

System design must incorporate sufficient buffer
capacity to accommodate influent variability.
Continuous monitoring of suspended solids,
oils, and chemical oxygen demand (COD)

enables optimization of downstream process
performance. Advanced control systems can
adjust chemical dosing rates based on real-time
water quality parameters, reducing chemical
consumption by up to 25% while improving
treatment efficacy.

Stage 2: Membrane-Based

Concentration

Ultrafiltration and Microfiltration Applications

Ultrafiltration (UF) and microfiltration (MF)
membranes remove fine particulates, colloids,
and microbes from wastewater streams. These
technologies serve as critical barriers protecting
downstream reverse osmosis systems from
particulate fouling.

Nanofiltration Applications

Nanofiltration (NF) systems soften water and
reduce multivalent ions through size exclusion
and charge-based separation mechanisms.
NF proves particularly effective for treating
wastewater with high hardness or specific
contaminant profiles.

Reverse Osmosis Systems

Reverse osmosis (RO) represents the primary
desalination and concentration step in ZLD
systems, producing high-quality permeate
suitable for reuse and a concentrated high-
TDS brine. By concentrating wastewater with
membranes, the volume requiring thermal
evaporation is dramatically reduced, improving
overall energy efficiency.

Operational Challenges and Solutions

Membrane scaling and fouling, especially with
high-TDS or organic-rich brines, remain key
operational challenges. Robust pretreatment
protocols and optimized antiscalant dosing are
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critical for maintaining membrane performance.
Recent advancements include self-cleaning
membrane surfaces that resist fouling and
scaling, extending operational lifespans by up to
300% and reducing maintenance requirements.

Stage 3: Thermal
Concentration Technologies

Multi-Effect Evaporators (MEE)

Multi-effect evaporators utilize vapor from one
“effect” as the heating medium for the next
effect at lower pressure/temperature, thereby
improving energy efficiency in concentrating
brines. These systems achieve thermal efficiency
ratios of 15-30 kWh per cubic meter of water
processed, representing a 40-60% improvement
over conventional thermal evaporators.

Mechanical Vapor Recompression (MVR)

Mechanical  vapor  recompression units
compress low-pressure vapor to higher
pressure/temperature, reusing it as the heating
medium and reducing external steam or energy
requirements. MVR systems can achieve thermal
efficiency ratios of 15-30 kWh per cubic meter,
significantly lowering operational costs compared
to conventional evaporation.

Energy Efficiency Considerations

Thermal concentration is essential because
membrane processes face concentration
limitations due to osmotic pressure and scaling
constraints. Evaporation overcomes these
barriers and effectively manages high-salinity
brines. The primary design challenge involves

Special Publication

managing high thermal energy consumption
while maximizing heat recovery from steam
and waste heat sources through efficient
thermodynamic design.

Stage 4: Crystallization and

Solidification

Crystallization Technologies

In the crystallization stage, concentrated brine
is brought to saturation through evaporation,
causing dissolved solids (including various
salts, heavy metal compounds, and gypsum) to
precipitate and separate in crystallizers or dryers.
Common crystallizer designs include forced
circulation crystallizers and agitated thin-film
dryers.

Solid Waste Management

Crystallized salts or sludge may be disposed of
through landfill or secure storage, or valorized
through salt sales or cement kiln co-processing.
Advanced ZLD systems aim to recover value from
these wastes, transforming them from disposal
liabilities into revenue streams.

Quality Control and Optimization

Crystallizer selection significantly impacts
solid particle quality, handling characteristics,
and downstream processing costs. Design
optimization should consider salt composition,
target particle size, moisture content, and
contaminant levels. Advanced control systems
can optimize crystallization parameters in real-
time, improving product quality and reducing
energy consumption.



Water Recovery and Reuse Applications
Industrial Process Water

reated water of high quality is reused in
boiler systems and within process loops in
industries (textile, chemical, pharmaceutical) to
reduce freshwater intake and effluent generation.
For boiler feed reuse, additional polishing (silica
removal and degasification) is typically required.

Cooling and Boiler Feed Water

Industries frequently reuse treated effluents for
cooling towers and condenser systems, reducing
reliance on freshwater. In India, major industrial
reuse projects have identified cooling and boiler
makeup as primary targets for water reuse
initiatives.

Agricultural and Landscape Irrigation

Treated municipal or industrial effluent is utilized
for landscape irrigation, horticulture, urban
parks, and peri-urban agriculture. This approach
conserves potable water and reduces discharge
to receiving water bodies.

e Quality Standards and Treatment

Requirements

e Water quality requirements vary significantly
based on reuse applications:

Moderate quality
scaling and

e Cooling Water:
requirements, focusing on
corrosion control

e Boiler Feed Water: High purity requirements,
necessitating extensive polishing

e Process Water:

Quality
dependent on specific industrial processes

specifications

e |rrigation Water: Focus on nutrient content,
salinity, and pathogen removal

e Potable Reuse: Stringent quality standards
requiring advanced treatment barriers

e Resource Recovery and Value Creation

Salt and Mineral Recovery

High-TDS streams from ZLD systems, particularly
those following membrane and evaporation
stages, vyield concentrated brines containing
recoverable salts (e.g., sodium sulfate, chlorides)
and other minerals. For example, in one chemical
industry ZLD plant in India, high-quality sodium
sulfate crystals (>99% purity) were recovered
from concentrated reject streams and sold
as commercial raw materials. Such recovery
reduces solid residue volumes, provides revenue
streams, and embodies the “waste to raw
material” concept of circularity.

Energy Recovery from Biogas

Sludge generated from wastewater treatment
processes often contains substantial organic
content. Biogas (methane + CO,) can be generated
from this sludge through anaerobic digestion
(AD) or thermochemical conversion techniques
and used for onsite power generation or heating.
By integrating AD with ZLD sludge handling,
facilities can approach energy neutrality or even
become net energy producers, reducing their
carbon footprint and operational costs.
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Nutrient Recovery (Nitrogen, Phosphorus,
Potassium)
Wastewater and sludge streams contain

nutrients—nitrogen (N), phosphorus (P), and
potassium (K)—that can be recovered and reused
as fertilizers or soil amendments. Technologies
such as struvite precipitation, hydrothermal
carbonization (HTC) of sludge, and nutrient-rich
digestate treatment are emerging as practical
pathways. Nutrient recovery aligns with zero-
waste goals and reduces reliance on mined
fertilizer raw materials.

Co-processing Opportunities

Sludge, concentrated brines, or other solid
residues from ZLD systems can be diverted
for co-processing in industrial facilities, such
as cement kilns. In the cement industry, high-
temperature kilns can safely destroy organic
content, recover embedded minerals, and reduce
fossil fuel use by substituting waste-derived fuels
or raw materials. Co-processing offers several
advantages, including landfill diversion, reduced
raw material extraction, and industrial symbiosis.



Innovation & Future Directions

Emerging Technologies and Innovations
Next-Generation Membrane Materials

e Recent material science breakthroughs
have revolutionized membrane filtration
technology:

e Graphene Oxide Membranes: Ultra-thin
membranes (as thin as 1 nanometer) that
filter salts and contaminants while allowing
water molecules to pass through at rates 2-3
times faster than conventional membranes

e Biomimetic Membranes: Inspired by cellular
water channels (aquaporins), achieving up
to 70% higher water flux while consuming
20% less energy than conventional reverse
osmosis membranes

¢ Self-Cleaning Membrane Surfaces: Surface
modifications creating membranes that resist
fouling and scaling, extending operational
lifespans by up to 300% and reducing
maintenance requirements

e Ceramic-Polymer Composite Membranes:
Hybrid materials combining ceramic durability
with polymer cost-effectiveness, enabling
operation under extreme pH conditions and
high temperatures

Recent field tests demonstrate that
these advanced membranes can reduce pre-
concentration stage energy consumption by 30—
45%, significantly improving overall ZLD system
economics.

Enhanced Thermal Technologies

Although membrane systems have gained

thermal
processes remain essential for final concentration
and crystallization:

prominence in pre-concentration,

e Multi-Effect Vacuum Evaporators with MVR:
Achieving thermal efficiency ratios of 15-30
kWh per cubic meter of water processed

e Forward Osmosis-Based Volume Reduction:
Utilizing natural osmotic pressure differences
instead of hydraulic pressure, reducing energy
consumption by up to 30% compared to
reverse osmosis for high-salinity wastewaters

e Crystallizers with Improved Heat Transfer
Design: New fluidized bed and draft tube
crystallizers achieving 25-35% higher heat
transfer coefficients

e Spray Dryers with Heat Recovery Systems:
Incorporating multiple heat recovery stages,
recycling up to 70% of thermal energy

Al and Digital Optimization

Artificial intelligence and machine learning are
transforming ZLD operations from reactive to
predictive systems:

e Real-Time Predictive Analytics: Al algorithms
predicting scaling and fouling events 12—
24 hours in advance, enabling preventive
measures instead of reactive maintenance

e Digital Twin Technology: Virtual replicas of
physical ZLD systems enabling operators
to simulate process changes and optimize

parameters  without disrupting actual
operations, improving recovery rates by
5-10%
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e Automated Chemical Dosing: Smart systems
adjusting chemical addition rates based
on real-time water quality data, reducing
chemical consumption by up to 25%

e Remote Monitoring and Management:
Cloud-based platforms allowing 24/7 expert
oversight, reducing response times to system
anomalies from hours to minutes

Energy Integration and Recovery

New approaches to energy integration are
significantly improving ZLD economic viability:

e Waste Heat Recovery Systems: Advanced
heat exchangers and thermal integration
recovering up to 80% of waste heat from
industrial processes

e Renewable Energy Integration: Solar thermal
collectors providing 30-50% of thermal energy
requirements for evaporation processes in
high-solar-radiation regions

e Pressure Energy Recovery Devices: Systems
recovering up to 60% of pressure energy in
reverse osmosis reject streams

e Combined Heat and Power (CHP) Systems:
Integration with on-site power generation
providing both electricity and thermal energy,
achieving overall energy efficiency of 70—-80%

Smart ZLD Systems

loT and Sensor Integration

Special Publication

Internet of Things (loT) technologies enable
comprehensive monitoring and control of ZLD
systems through networked sensors measuring
critical parameters including flow rates, pressure
differentials, temperature profiles, conductivity,
pH, turbidity, and specific ion concentrations.
Real-time data acquisition facilitates immediate
response to process deviations and supports
long-term performance optimization.

Predictive Maintenance

Advanced analytics platforms utilize historical
performance data and real-time sensor inputs
to predict equipment failures before they
occur. Machine learning algorithms identify
patterns indicative of impending issues, enabling
scheduled  maintenance during planned
downtime rather than emergency repairs. This
approach increases system availability by 15—
20% and reduces maintenance costs by 25—-35%.

Remote Monitoring Capabilities

Cloud-based monitoring platforms enable
centralized oversight of distributed ZLD
installations. Remote access to system data and
controls allows expert intervention from any
location, reducing the need for on-site technical
staff while ensuring optimal performance.
These systems typically include automated
alert generation for parameter excursions,
performance degradation, or equipment
malfunctions.



Implementation Roadmap for India
(2025-2035)

Policy and Regulatory Priorities

Mandate Sector-Wise Phased ZLD/Near-
ZLD Targets: Require high-polluting sectors
(textiles, tanneries, pharmaceuticals,
distilleries, chemicals, thermal power) to
adopt ZLD or approved near-ZLD practices
within fixed timelines, with exemptions
only after documented technical/economic
assessments.

Standardize National Reuse Quality Standards
and Reuse Hierarchy: Publish clear water-
quality tiers for reuse (cooling, boiler feed,
process, landscaping, potable-indirect) and
harmonize state rules to enable interstate
reuse and trading.

Streamline  Permitting and  Fast-Track
Approvals: Create single-window CPCB/
SPCB procedures and standard operating
procedures for CETP-to-ZLD conversions and
common infrastructure projects.

Technology Deployment Strategies

Promote  Hybrid  Energy-Efficient  ZLD
Architectures:  Encourage RO/NF  pre-
concentration combined with thermal

concentration using MEE + MVR hybrids
to minimize specific energy consumption.
Pilot demonstration projects should validate
techno-economic performance under Indian
feedstock conditions.

Scale Cluster/CommonZLDPlantsforIndustrial
Estates: Shared CETP-to-ZLD upgrades reduce
per-unit capital and operational expenditures
while enabling centralized resource recovery

(salts, gypsum).

Digitize Monitoring and Control: Mandate
real-time online monitoring (flow, TDS,
conductivity) and data reporting to CPCB
portals for compliance verification and
performance benchmarking.

Finance and Incentive Mechanisms

Create Blended Finance Windows: Combine
concessional loans, performance-linked
grants, and green bonds for ZLD -capital
expenditures through special windows via
NABARD/State funds. Link incentives to
demonstrable water savings and resource
recovery performance.

Introduce Water-Reuse Credits and Tariff
Reforms: Facilitate water-reuse trading or
crediting mechanisms for industries supplying
treated water to other users (municipal
or industrial), supported by state policy
frameworks.

Capacity Building Initiatives

Establish National Training and Certification
Programs: Develop certified courses
(operators, O&M managers, plant auditors)
in collaboration with CPCB, IITs, and technical
institutes. Require certified operators for all
ZLD facilities.

Create Technical Helpdesks for CETP to ZLD
Conversion: CPCB/State agencies should
provide design, permitting, and tendering
templates to reduce transaction costs and
accelerate implementation.
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e Sector-Specific Applications and Case Studies

Textiles and Chemicals Sector

The textile industry represents one of the most
water-intensive industrial sectors, with dyeing
and finishing processes generating large volumes
of high-TDS, colored wastewater. Successful
ZLD implementations in this sector have
demonstrated water recovery rates exceeding
95% while recovering salts for reuse in dye
fixation processes.

Pharmaceuticals and Distilleries

Pharmaceutical manufacturing produces
complex wastewater streams containing active
pharmaceutical ingredients, solvents, and high
organic loads. ZLD systems in this sector typically
incorporate advanced oxidation processes
(AOPs) for contaminant destruction followed
by membrane and thermal concentration. Case
studies show compliance with stringent discharge
regulations while recovering high-purity water
for non-critical process applications.

Power Generation

Thermal power plants require substantial

Special Publication

water for cooling systems and generate
blowdown streams with high scaling potential.
ZLD implementations in this sector focus on
maximizing water recovery for cooling tower
makeup while minimizing chemical consumption
for scale control. Successful projects have
demonstrated freshwater intake reductions of
70-80% through comprehensive water reuse
strategies.

Success Stories and Lessons Learned

A chemical manufacturing facility in Germany
transformed its ZLD system into a profit center
by recovering sodium sulfate with 99.4% purity,
generating additional revenue of €1.2 million
annually. This case demonstrates the economic
potential of resource recovery when integrated
with ZLD implementation.

In India, several textile clusters have
implemented common ZLD facilities serving
multiple manufacturing units, reducing individual
capital costs while achieving economies of
scale in operation. These projects highlight the
importance of cluster-based approaches for
small and medium enterprises.



Quality Standards and
Regulatory Guidelines

National Standards for Treated Wastewater
Reuse

India is developing comprehensive standards for
wastewater reuse across different applications.
Key parameters typically regulated include:

e Microbiological Parameters: Total coliform,
fecal coliform, E. coli counts

e Physical Parameters: Turbidity, color, odor

e Chemical Parameters: pH, TDS, BOD, COD,
heavy metals, nutrients

e Specific Contaminants: Priority pollutants
based on source wastewater characteristics
International Benchmarks

e |SO 16075: Guidelines for treated wastewater
use for irrigation

e WHO Guidelines: Safe use of wastewater,
excreta, and greywater

e USEPA Guidelines: Water reuse guidelines for
various applications

e European Union Directives: Water framework
directive and urban wastewater treatment
directive

Compliance Monitoring Requirements

ZLD facilities must implement continuous
monitoring systems for key parameters including
flow rates, TDS concentrations, pH, and specific
contaminants of concern. Data must be reported
to regulatory authorities at specified intervals,
with automated alert systems for parameter
excursions beyond permitted limits.
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Glossary and Technical

Abbreviations

ZLD: Zero Liquid Discharge: A wastewater
treatment strategy in which no liquid effluent is
discharged from a facility; water is recovered for
reuse, and residues are converted into dry solids
for disposal or reuse.

RO: Reverse Osmosis: Membrane-based
separation process in which pressure is applied
to force water through a semi-permeable
membrane, leaving behind most dissolved salts,
organics, and other impurities.

MVR: Mechanical Vapor Recompression: A
thermal-evaporation technique in which low-
pressure vapor is mechanically compressed to
a higher pressure/temperature and reused as
the heating medium, thereby reducing external
steam or energy requirements.

MEE: Multi-Effect Evaporator: A thermal
concentration system in which vapor from one
“effect” isused asthe heating medium forthe next
effect at lower pressure/temperature, thereby
improving energy efficiency in concentrating
brines.

MBR: Membrane Bioreactor: A wastewater

treatment configuration that combines a
biological reactor (activated sludge) with
membrane  filtration  (microfiltration  or

ultrafiltration) to produce high-quality effluent.

TDS: Total Dissolved Solids: The measure of
all dissolved inorganic and organic substances in
water, usually expressed in mg/L. High TDS levels
are a key consideration in designing ZLD systems.

BPE: Boiling Point Elevation: Increase in the
boiling temperature of a solvent (e.g., water)
upon dissolution of a non-volatile solute. In

ZLD evaporator design, BPE affects boiling
temperature and energy requirements.

AQOP: Advanced Oxidation Process: Treatment
technology involving reactive oxidants (e.g.,
ozone, hydrogen peroxide, UV) to degrade
persistent organic pollutants for disinfection and
polishing steps.

UF: Ultrafiltration: Membrane filtration
process removing particles, colloids, and
macromolecules typically in the 0.01-0.1-micron
range.

NF: Nanofiltration: Membrane process
intermediate between reverse osmosis and
ultrafiltration, effective for softening and organic
removal.

COD: Chemical Oxygen Demand: Measure of
the oxygen equivalent of organic matter content
in water that can be oxidized chemically.

BOD: Biochemical Oxygen Demand: Measure
of the oxygen consumed by microorganisms
during organic matter decomposition.

MLD: Million Liters per Day: Standard unit for
measuring wastewater flow rates.

CETP: Common Effluent Treatment Plant:
Shared wastewater treatment facility serving
multiple industrial units in a cluster or industrial
estate.

CPCB: Central Pollution Control Board: India’s
central regulatory body for pollution prevention
and control.

SPCB: State Pollution Control Board: State-
level regulatory bodies for environmental
protection.
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