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ABSTRACT

India currently sustains approximately 18% of the global population using a disproportionately minimal 4% of
the world's freshwater resources. While historical discourse predominantly focuses on the agricultural sector—
accounting for 90% of national freshwater withdrawals—the rapidly expanding food and beverage processing
industry exerts massive, escalating pressure on water quantity and ecological quality. Food processing facilities
utilize immense volumes of pristine "blue water" for thermal regulation and product formulation, subsequently
discharging heavily contaminated "grey water" effluents. This exhaustive research synthesizes comprehensive
secondary data, governmental regulatory frameworks, and peer-reviewed literature (2020-2025). Employing the
ISO 14046 standard for water footprint assessment, Central Pollution Control Board (CPCB) and Central Ground
Water Authority (CGWA) guidelines, and multiple Water Quality Indices (WQI), the study evaluates industrial
basin impacts and the efficacy of water audits and Zero Liquid Discharge (ZLD) systems. Findings demonstrate
critical operational inefficiencies; for example, processing one kilogram of chicken meat requires up to 4,300
litres of water, while dairy operations consume roughly 1,078 litres per kilogram of milk. Untreated industrial
effluents heavily degrade surface water bodies, evidenced by the Brahmani River in Odisha, where toxic heavy
metal contamination (Pb? + Cu? + Zn?) frequently exceeds national safety thresholds, rendering 80% of sampled
water unfit for consumption. Conversely, facilities utilizing comprehensive 4R (Reduce, Reuse, Recycle,
Recover) water audits report freshwater consumption reductions of 25% to 45%. The inevitable transition from
linear water consumption paradigms to circular water management is imperative for the survival of the Indian
food processing sector. Enforcing rigorous CPCB standards, closing CGWA regulatory exemptions for micro-
enterprises, and expanding ZLD infrastructure are essential steps to align rapid industrial expansion with strict
ecological limitations, guaranteeing long-term water, food, and economic security.

Keywords: Sustainable agriculture, Zero Liquid Discharge, Industrial effluent, Water footprint assessment,
Food processing, Circular economy, Central Pollution Control Board.

Introduction

1.1 The Escalating Global and Indian Water Crisis: Water availability has emerged as one of the most
pressing socio-economic challenges of the 21st century. The UN Sustainable Development Goal (SDG) 6
mandates sustainable water management for all by 2030, a challenging target as global water withdrawal is
projected to increase by 53% by 2030. India is positioned at the critical nexus of this crisis. Supporting nearly
18% of the global population with only 4% of the world’s freshwater resources, India’s water scarcity has
transitioned from a seasonal inconvenience to a systemic national threat. The nation consumes the largest volume
of groundwater globally, extracting it at rates far exceeding natural aquifer recharge. Furthermore, shifting
monsoon patterns have exacerbated the crisis, minimised recharge and maximizing destructive surface runoff.

1.2 Shifting Demographics and the Water Footprint: As India urbanizes, dietary preferences are shifting
toward water-intensive proteins, refined sugars, and fats. Producing a single person's daily food intake requires
2,000 to 5,000 litres of water. This pressure is quantified using the Water Footprint Assessment (WFA), which
categorizes consumption into blue (surface/groundwater), green (rainwater), and grey (water required to
assimilate pollution) footprints. Urban Indian diets exhibit a significantly higher blue water footprint than rural
diets, correlating higher living standards with amplified blue water consumption.
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1.2 The Expanding Role of the Food Processing Industry: While agriculture accounts for over 90% of
national freshwater withdrawals, the food processing industry exerts massive, highly concentrated stress on
local aquifers. Food factories require vast volumes of high-purity blue water for thermal regulation, product
formulation, and rigorous Cleaning-In-Place (CIP) sanitation protocols. Beyond extraction, these facilities
generate a substantial grey water footprint. Wastewater from dairies, abattoirs, and beverage plants contains
extremely high concentrations of organic matter, chemical cleaning agents, and suspended solids.
Discharging this effluent without comprehensive treatment aggressively degrades aquatic ecosystems and
contaminates downstream agricultural and municipal water supplies.

1.3 Critical Review of Literature and Identified Gaps: Recent scholarly literature (2020-2025) successfully
models macro-level volumetric footprints of major crop systems, illustrating broad agricultural impacts.
Conversely, environmental engineering studies frequently detail micro-level wastewater treatment
technologies, such as advanced adsorption techniques. However, a pronounced gap remains in research
synthesizing these technological interventions with corporate policy and governmental compliance within
the Indian socio-economic context. Existing literature often fails to actively bridge the identification of
volumetric consumption (via water audits) with the elimination of the effluent footprint (via Zero Liquid
Discharge technologies) in a comprehensive circular economy framework.

1.5 Research Objectives:

Addressing these critical gaps, this comprehensive report aims to systematically deconstruct the water
management practices within Indian food factories, highlighting the absolute ecological and economic necessity
of transitioning toward circular water economies. The specific objectives of this study are:

1. To meticulously quantify the direct blue water consumption and establish baseline water footprints for major
Indian food processing sub-sectors, specifically focusing on the highly intensive dairy, meat, and beverage
industries.

2. To assess the severe environmental degradation caused by poorly managed industrial effluents, utilizing
robust empirical data and multiple Water Quality Indices (WQI) from the Brahmani River basin in Odisha as a
primary case study.

3. To rigorously evaluate the efficacy and enforcement of existing regulatory frameworks, including the Central
Pollution Control Board (CPCB) effluent discharge standards and the Central Ground Water Authority (CGWA)
groundwater extraction guidelines.

4. To critically analyze the technological viability, economic payback periods, and systemic implications of
modern interventions—specifically the implementation of ISO 14046 compliant Water Audits and advanced
Zero Liquid Discharge (ZLD) systems—in fostering a sustainable Indian food processing landscape.
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Materials And Methods

To ensure a robust, objective, and scientifically rigorous analysis, this research employs a multi-tiered
methodological approach. The study synthesizes diverse streams of secondary data, established environmental
engineering assessment frameworks, thermodynamic process evaluations, and governmental regulatory policy
analysis. The design is explicitly structured to move seamlessly from macro-level national water accounting to
the micro-level realities of factory compliance and technological implementation.
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2.1 Study Design and Data Synthesis

This report is fundamentally grounded in a comprehensive systematic review of environmental databases,
government policy documents, industrial corporate sustainability reports, and peer-reviewed scientific literature
published primarily between the years 2020 and 2025. Data pertaining to national water availability, agricultural
water utilization, and state-level infrastructure compliance were extracted from the NITI Aayog Composite
Water Management Index (CWMI) and periodic reports from the Ministry of Jal Shakti. Sub-sector specific
production volumes and corresponding water usage metrics were derived from Ministry of Agriculture statistics,
the Department of Animal Husbandry and Dairying (DAHD), and industry association green papers, such as
those published by the Institution of Chemical Engineers (IChemE).

2.2 Water Footprint Assessment (WFA) Framework

To analyze the specific water consumption metrics of distinct food commodities, the study rigorously utilizes the
Water Footprint Assessment (WFA) methodology pioneered by the Water Footprint Network. This methodology
allows for the precise disaggregation of water use into blue, green, and grey components, facilitating a nuanced
understanding  of  where  specific  pressures are  applied within the supply chain.
For factory-level evaluations, the study relies on the principles outlined in the ISO 14046 standard for
environmental management and the AWWA/IWA (American Water Works Association/International Water
Association) Water Audit Methodology. This comprehensive accounting framework maps the facility-wide water
balance. It systematically categorizes volumetric flow into strict definitions:

e System Input Volume: The total water introduced into the facility, comprising volume from owned sources
(e.g., internal borewells) and imported water (e.g., purchased bulk municipal water).

e Authorized Consumption: The volume of water knowingly and necessarily used for production, domestic
administration, and essential utility operations.

e Water Losses: The critical metric divided into Apparent Losses (inaccuracies due to metering errors or
unauthorized usage) and Real Losses (physical leakages from pressurized mains, failing valves, or gross
inefficiencies in process engineering).

L]

2.3 Water Quality Assessment Indices

To empirically demonstrate the severe ecological impact of unchecked industrial effluent discharge, the report
incorporates high-resolution data from an extensive three-year hydro-chemical study (spanning 2022 to 2025) of
the Brahmani River in Rourkela, Odisha. This industrial region, dominated by metallurgical, paper, and food
processing facilities, serves as a prime indicator of systemic surface water degradation.
The severity of the river's water degradation is mathematically quantified using five distinct, internationally
recognized Water Quality Indices (WQI). These models aggregate complex arrays of physicochemical
parameters (including pH, electrical conductivity, total dissolved solids, biological oxygen demand, and specific
heavy metal concentrations) into singular, objective scores:

1. British Columbia WQI (BCWQI): Evaluates the scope, frequency, and amplitude of parameter deviations
from standard guidelines.

2. Canadian WQI (CWQI): A similar variance-based model heavily utilized in Commonwealth
environmental assessments.

3. Assigned WQI (AWQI): Utilizes weighted parameters based on their specific relevance to human health
and agricultural toxicity.

4. Malaysian WQI (MWQI) & Oregon WQI (OWQI): Employed to underscore complex interactions among
pollutants and track temporal variations across monsoon and pre-monsoon seasons.

2.4 Regulatory Framework Evaluation

The assessment of industrial accountability and compliance is firmly anchored in the statutory guidelines
established by the Government of India. The Central Pollution Control Board (CPCB) standards, formulated
under the Water (Prevention and Control of Pollution) Act of 1974 and the Environment (Protection) Act of
1986, were scrutinized to establish the maximum permissible limits for industrial effluent discharge across
various sub-categories (e.g., soft drinks, fruit processing, bakeries).

Concurrently, the Central Ground Water Authority (CGWA) guidelines were analyzed to delineate the legal
boundaries and regulatory mechanisms governing groundwater extraction. This includes the evaluation of No
Objection Certificate (NOC) prerequisites, the mandatory construction of piezometer monitoring wells, telemetry
system implementations, and the specific exemptions granted to micro and small enterprises drawing less than
10 cubic meters per day (10 KLD).

2.5 Technological and Economic Evaluation Models

To critically evaluate the proposed technological solutions for water conservation, the report applies the
fundamental 4R operational principle—Reduce, Reuse, Recycle, and Recover—as the diagnostic baseline for
assessing wastewater treatment plants.

The analysis deeply investigates the thermodynamic and mechanical separation processes inherent in Zero
Liquid Discharge (ZLD) systems. These systems typically employ a multi-stage process involving primary
physicochemical coagulation, secondary aerobic/anaerobic biological degradation (e.g., UASB reactors), tertiary
ultrafiltration, high-recovery Reverse Osmosis (RO), and terminal Mechanical Vapor Recompression (MVR) or
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multi-effect thermal evaporators and crystallizers. Furthermore, the methodology integrates the assessment of
Greenhouse Gas (GHG) emissions linked to the energy requirements of these advanced water pumping and
treatment facilities, ensuring a holistic understanding of the environmental trade-offs between water recovery
and carbon footprint expansion.

Results

3.1 Baseline Water Footprints in the Food Processing Sector: The transformation of raw agricultural
commodities into refined, safe, and shelf-stable food products demands an exceptionally high volume of
freshwater. The systematic analysis of specific water consumption metrics reveals that the Indian food industry
operates with a massive blue water footprint, placing intense and continuous pressure on regional aquifers,
particularly in heavily industrialized states like Punjab, Maharashtra, and Uttar Pradesh.

The meat and poultry processing sectors emerge as particularly resource-intensive operations. Producing a single
kilogram of processed chicken meat in India requires an aggregate of approximately 4,300 litres of water. While
a vast majority of this total represents the green water embedded in the cultivation of the 120 grams of daily feed
the broiler consumes, the factory-level slaughtering, defeathering, evisceration, and chilling stages still
aggressively consume 5 to 6 litres of pure blue water per bird. When scaled to national production levels—India
produced over 5.2 million tonnes of chicken meat in 2024—the aggregate industrial water withdrawal dedicated
solely to poultry processing is staggering. For larger livestock, the water demand escalates drastically; the
holistic production of sheep meat requires roughly 10,000 litres of water per kilogram, while buffalo meat
demands upward of 15,000 litres per kilogram. Given the 2024 production figures of 1.113 million tonnes of
sheep meat and 2.1 million tonnes of buffalo meat, the sheer volume of water channelled through these supply
chains is immense.

The dairy industry presents another highly critical area of intense localized water consumption. The global
average water footprint for milk production stands at 1,020 litres per kilogram; however, India's footprint is
notably less efficient, recorded at 1,078 litres per kilogram, trailing behind global leaders like the Netherlands
(528 L/kg) and the USA (796 L/kg). At the factory level, the direct processing of one litre of raw milk consumes
between 1 to 5 litres of blue water. A detailed operational evaluation of a standard Indian dairy factory producing
120,000 litres of milk per day illustrates the extreme localized water stress inherent in dairy engineering. Within
the plant, water is utilized in highly specific, large-volume ratios directly dependent on the thermodynamic
requirements of the processing stage. For instance, the critical blast cooling operations function on a 5:1 milk-to-
water ratio, requiring 24,000 litres daily. Conversely, the heating and pasteurization stages operate on an
intensive 1:2 ratio, meaning the heating stage alone can consume an astounding 240,000 litres of water daily in a
single medium-sized facility. In the state of Punjab alone, a study assessing nine dairy processing plants revealed
a direct combined blue water footprint of 1.54 Million Cubic Meters (MCM) per year, contributing significantly
to the unsustainable withdrawal and rapid drying of regional aquifers.

3.2 Surface Water Degradation: Evidence from River Basins

When food factories and allied industrial facilities fail to implement or maintain adequate Effluent Treatment
Plants (ETP), the resulting grey water footprint devastates local ecosystems. The extensive three-year study of
the Brahmani River in Rourkela, Odisha, serves as a profound empirical example of industrial water
mismanagement and its catastrophic downstream effects. Rourkela, popularly known as the "steel city" and
experiencing a rapid 20% decadal population growth rate, suffers from severely inadequate municipal sewage
infrastructure combined with heavy, uncontrolled industrial discharge from metallurgical plants, paper mills,
tanneries, and food processing units.

The water quality of the Brahmani River is heavily compromised, with degradation becoming acutely
pronounced during the pre-monsoon dry season when the river's natural dilution capacity is at its lowest and
industrial effluent concentration peaks. Physicochemical analyses reveal that the river water ranges from slightly
acidic to alkaline, with pH levels fluctuating between 5.33 and 7.06. Crucially, the river exhibits severe heavy
metal contamination, with concentrations of Lead Pb? Copper Cu? and Zinc Zn? consistently exceeding the safe
national standards established for potable water and ecological health.

The application of multiple Water Quality Indices mathematically confirms the severity of the ecological
collapse:

e British Columbia WQI (BCWQI): Scores ranged dramatically from 2 to 95, with an average score of
52.80, categorizing the water as "Borderline." Most alarmingly, only 20% of the sampled sites across the river
basin were deemed suitable for human drinking purposes, with multiple locations recording massive
exceedances in Electrical Conductivity (EC), Total Dissolved Solids (TDS), alkalinity, and hardness.

e Canadian WQI (CWQI): Scores ranged from 27 to 98, effectively classifying 60% of the water samples in
the "Marginal" to "Poor" categories.

o Assigned WQI (AWQI): Scores spanned from 36 to 345. Approximately 40% of the tested sites were
classified as entirely "Unsuitable" for both domestic and agricultural use, driven by dangerously elevated TDS
and trace element mobilization. Only 20% of the samples managed to fall within the "Excellent" to "Good"
categories.
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e Malaysian WQI (MWQI) & Oregon WQI (OWQI): The OWQI specifically highlighted that 40% of the
samples were "Poor" to "Very Poor," capturing the deadly mobilization of heavy metals and the toxic adverse
impacts of monsoonal infiltration carrying agrochemical runoff into the river.

These heavy metals enter the river system via both natural geogenic weathering and aggressive anthropogenic
industrial origins. The persistence of Pb?and Zn? the aquatic environment links directly back to untreated factory
discharges. The long-term toxicological risks of this grey water footprint are severe; downstream agricultural and
residential communities face heightened risks of carcinogenicity (linked to Lead exposure), nephrotoxicity, and
neurotoxicity (linked to Copper and Zinc accumulations).

Similarly devastating practices are observed in other industrial clusters. For instance, paper mills and agro-
processing facilities near Muzaffarnagar on the Hindon River frequently bypass rudimentary treatment systems,
discharging chlorine-bleached, high-COD wastewater directly into roadside irrigation canals. Local farmers,
lacking alternative freshwater sources due to systemic aquifer depletion, are forced into a dangerous reliance on
this toxic industrial effluent to irrigate their crops.

3.3 Regulatory Compliance and Effluent Standards

To legally combat this catastrophic level of industrial pollution, the Central Pollution Control Board (CPCB) has
established a robust framework of strict effluent discharge limits targeted specifically at the food processing
industry. The guidelines are scientifically formulated to enforce mandatory upper limits on Biochemical Oxygen
Demand (BOD), Suspended Solids (SS), Oil and Grease, and pH levels before wastewater can be legally
released into the natural environment or municipal septic networks.

Table 1 meticulously outlines the specific CPCB effluent limits mandated for various sub-sectors within the food
and beverage industry:
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Data Source: Compiled from Central Pollution Control Board (CPCB) Guidelines for Effluent Treatment
Plants in Food and Beverage Industries. All concentrations must not exceed the stated mg/L, except for
the pH range.

Furthermore, the CPCB enforces a rigorous color-coding categorization system to classify industries based on
their inherent pollution potential. While highly toxic sectors like petrochemicals and distilleries are coded "Red,"
the vast majority of food processing industries—including fruit and vegetable processing—fall under the
"Orange" category, signifying moderate to high pollution potential that necessitates mandatory Consent to
Establish (CTE) and Consent to Operate (CTO) clearances from State Pollution Control Boards (SPCBs). Heavy
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metal limits are also strictly capped to prevent the kind of toxicity observed in the Brahmani River; for instance,
allowable limits dictate Lead (Pb) < 0.1 ppm, Copper (Cu) < 0.01 ppm, Zinc (Zn) < 0.1 ppm, and Mercury (Hg)
< 0.004 ppm.

In tandem with effluent regulations, the volumetric extraction of groundwater is closely monitored by the Central
Ground Water Authority (CGWA). Under the most recent 2024 guidelines, industries drawing less than 10 cubic
meters (10,000 litres) of groundwater per day are officially classified as Micro and Small Enterprises. Crucially,
these smaller units receive a lifetime exemption from obtaining a CGWA No Objection Certificate (NOC),
requiring only a self-declaration submitted via the BhuNeer Portal. However, medium to large-scale facilities
extracting more than 100 cubic meters of groundwater daily are subjected to rigorous oversight. They are legally
mandated to conduct certified industrial water audits biannually, construct piezometer monitoring wells, and
install high-quality, BIS-standard digital telemetry flow meters to provide continuous extraction data directly to
the regulatory authorities.

3.4 Interventions: Water Audits and Process Optimization

In direct response to these tightening regulatory frameworks, escalating freshwater acquisition costs, and the
intrinsic operational risks of water scarcity, leading Indian food factories are rapidly adopting comprehensive
Water Audits.

The certified industrial water audit serves as the fundamental diagnostic foundation for any viable conservation
strategy. Adhering strictly to the ISO 14046 standard and the AWWA/IWA methodology, the audit involves a
meticulous, multi-week investigative process.

e Phase 1 (Preliminary Survey): Engineers gather historical utility bills and establish baseline details of water
sources and distribution matrices.

e Phase 2 (Measurement): Quantitative flow meters are installed across intake points, cooling towers, and
discharge outlets to capture variations across complex production cycles, formulating a precise facility-wide
water balance.

e Phase 3 (Technical Analysis): Utilizing ultrasonic sensors and pressure tests, engineers categorize water
discrepancies into "apparent losses" (metering errors) and "real losses" (physical leaks or inefficient, continuous-
flow CIP protocols).

The results derived from these audits are consistently transformative. According to data compiled from over 200
industrial audits by leading institutional bodies, tailored sector-focused water management programs allow
industrial facilities to reduce their total freshwater consumption by an impressive 25% to 45%. Specifically, low-
cost intervention strategies (such as fixing leaks and optimizing nozzle sizes) yield 15% to 20% water savings
with an incredibly short financial payback period of just 4 to 5 months. Medium-cost strategies yield 30% to
40% savings with a payback of 12 to 18 months, while aggressive wastewater recycling strategies can yield up to
50% total water savings.

3.5 Zero Liquid Discharge (ZLD) Implementations and Resource Recovery: While audits minimize the blue
water input, Zero Liquid Discharge (ZLD) technologies completely eliminate the grey water output, representing
the absolute pinnacle of sustainable industrial water management. A fully implemented ZLD system is an
advanced wastewater treatment matrix designed to recover and reuse 100% of the water utilized in
manufacturing, leaving absolutely zero liquid effluent discharge.

The technological progression of a ZLD plant typically involves initial physicochemical treatments to remove
suspended solids, followed by biological degradation (utilizing technologies like UASB reactors) to handle the
massive BOD and COD loads typical of food waste. The clarified water then passes through ultrafiltration and
high-recovery Reverse Osmosis (RO) membranes. The final, highly concentrated brine stream is subjected to
thermal evaporation and crystallization. The pristine, high-purity water recovered from this process is looped
directly back into the factory's cooling towers or high-pressure boiler systems, effectively severing the plant's
reliance on external freshwater sources for those specific, high-volume processes. The remaining dry solids—
comprising salts and organic sludge—are separated for safe landfill disposal or, increasingly, by product
valorization.

Driven by stringent environmental compliance mandates and the physical realities of water scarcity, the Indian
ZLD market is experiencing exponential growth. Market projections indicate an expansion from USD 1.14
billion in 2024 to a massive USD 1.84 billion by 2030. While the textile and chemical industries currently
dominate ZLD adoption, the Food and Beverage sector represents a rapidly growing 15% share of this market.
Real-world corporate implementations demonstrate the immense viability of these systems. For instance,
COFCO International implemented a closed-loop ZLD system at their Kandla refinery in India. Treating 150,000
to 180,000 litres of wastewater daily, the 2024 operationalization of their zero liquid discharge plant completely
eliminated their effluent footprint while supporting their global water intensity reduction goals. Similarly, within
the sugar processing sector, the installation of vinasse concentrators allows mills to extract and reuse water
directly from sugarcane by-products. This not only lowers the volume of fresh blue water withdrawn but retains
concentrated nutrients within the vinasse, which can be utilized for agricultural fertilization, concurrently
reducing the greenhouse gas emissions previously associated with transporting massive volumes of
unconcentrated liquid waste to fields.
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A TYPICAL ZERO LIQUID DISCHARGE (ZLD) SETUP

BEVERAGE FACTORY EFFLUENT =
(Wastewater)

HIGH BOD/COD WASTEWATER e Bk | )
el 1
BOTILING
TINES
High BOD/COD L% Ex:n::
Wastewater > Removal
(Reverse Osmosis - RO) LY
nog MtManAus
_MODULES CLEAN WATER
j RECOVERY
(REUSED AS PROGESS
BOTTLE WASHING)
T T
GEmmare E‘"‘..E"‘J:?:“, FEED WATER ConiNe
AL EvA Cﬁ’
THERMAL E\IAPORATIDN l!
& CRYSTALLIZATION -— —

ZERO ' 1DUID
SOLID SALT  _
EXTRACTION DA{?:E’I‘AIRE%E

Discussions

The empirical data, rigorous hydro-chemical analyses, and regulatory reviews presented here underscore a
profound paradox within India's food processing sector: an industry totally dependent on pristine freshwater is
actively contributing to the destruction of its own resource base. These findings reveal a complex matrix of
technological, economic, regulatory, and public health implications that must be urgently addressed to secure a
sustainable future.

4.1 Interpreting the True Cost of Water in Food Factories: The staggering volumetric data surrounding blue
water consumption—such as the 240,000 litres utilized daily merely for the heating stage of a single mid-sized
dairy plant, or the 4,300 litres required per kilogram of processed poultry—highlights entrenched operational
inefficiencies. In many conventional Indian food factories, water is traditionally treated as an infinite, heavily
subsidized utility rather than a highly valuable raw material. The continued reliance on single-pass cooling
systems, inefficient boiler blowdown protocols, and outdated manual cleaning procedures directly results in
excessive blue water withdrawal.

However, the most insidious threat lies in the "grey water footprint," a metric frequently ignored by operators
and policymakers alike. The true environmental cost of a food factory is not measured merely by the water it
pumps out, but by the exponentially larger volume of natural water required to physically dilute its poorly treated
effluents back to safe ambient standards. When industrial clusters continuously discharge heavy metals, toxic
bleach, and high-BOD organic matter into watersheds, they effectively "steal" clean water downstream. This
systemic pollution deprives municipalities of safe drinking water and forces agricultural communities to rely on
toxic wastewater for crop irrigation.

The severe toxicological risks identified in the Brahmani River study—where 80% of the water is unfit for
consumption—demonstrate unequivocally that industrial water mismanagement is a critical public health crisis.

4.2 The Economics, Energy Trade-offs, and Operational Resilience of ZLD: The transition toward circular
Zero Liquid Discharge (ZLD) systems frequently faces stiff financial resistance from facility owners due to the
substantial initial Capital Expenditure (CAPEX) required for advanced membrane bioreactors, reverse osmosis
units, and thermal crystallizers. However, the economic narrative is shifting rapidly, as evidenced by the
projected 60% growth in the Indian ZLD market by 2030. Forward-thinking enterprises recognize that ZLD is a
vital strategic asset in an era of acute water scarcity. By recovering up to 98% of the solvent water for immediate
reuse, ZLD drastically lowers the Operational Expenditure (OPEX) associated with purchasing municipal water,
running deep-well pumps, and paying state discharge surcharges. Comprehensive audits show that optimizing
stream separation—specifically isolating low-volume, highly concentrated organic process water from general
wash water—can reduce monthly discharge costs by up to 30%, rapidly accelerating the ROI.

Furthermore, the operational resilience provided by ZLD is invaluable. In regions facing chronic, climate-
induced drought and severe groundwater depletion, ZLD ensures unbroken production continuity. A factory
continuously recycling its internal water inventory becomes functionally immune to municipal rationing or
seasonal aquifer drops.

Nevertheless, it is critical to acknowledge ZLD's thermodynamic trade-offs. The advanced pumping, membrane
filtration, and thermal evaporation stages are highly energy-intensive. Achieving high water efficiency often
comes at the direct cost of decreased energy efficiency. To achieve true sustainability, ZLD implementation must
be tightly coupled with renewable energy sources and advanced heat-recovery systems.



116 Shivam Khamari et al.

4.3 Comparative Analysis with Recent Literature and Global Standards: Comparing current Indian practices
against recent international literature (2020-2025) reveals a stark contrast in industrial ambition. For instance,
the UK Food and Drink Federation successfully achieved a 16% reduction in water usage, saving 6.1 million
cubic meters of water, demonstrating that massive, industry-wide conservation is feasible through shared best
practices. Similarly, literature analyzing the EU's food consumption water footprint utilizes highly advanced,
scarcity-weighted AWARE models, assessing the "full supply chain" impact. If Indian regulatory bodies adopted
these models, regulatory pressure on factories operating in designated "Over-exploited" areas—where new
groundwater structures are strictly prohibited—would increase exponentially, forcing immediate technological
compliance.
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4.4 Regulatory Loopholes, Policy Implications, and the SDGs: A critical analysis of the current Indian
regulatory environment reveals a disturbing chasm between governmental intent and ground-level execution.
The Ministry of Jal Shakti has strongly advocated for the reuse of industrial wastewater, explicitly aligning with
UN SDG 6 and SDG 12.3. However, the NITI Aayog Composite Water Management Index reports that 16 Indian
states continue to perform abysmally in holistic water management, and the central mandate to achieve 20%
wastewater reuse remains severely unimplemented.

A major contributing factor to this systemic failure is the presence of cavernous regulatory loopholes within
CGWA guidelines. The specific exemption allowing Micro and Small Enterprises to extract up to 10 KLD of
groundwater without obtaining a No Objection Certificate or installing mandatory telemetry creates a massive
blind spot in national water accounting.

Because the Indian food sector is highly fragmented, this cumulative, unmetered extraction drastically
accelerates localized aquifer depletion. Without strict oversight and universal metering, the government's
mandate for industries to reduce groundwater use by 20% following an audit remains mathematically impossible
to enforce. Furthermore, enforcement mechanisms rely too heavily on sporadic, manual inspections by
underfunded State Pollution Control Boards (SPCBs). To prevent catastrophic river pollution, it is essential to
mandate the integration of continuous, loT-enabled real-time effluent monitoring systems on all factory
discharge pipes.

4.5 Implications for Public Health and Export Markets: The failure to properly manage industrial water
poses a direct threat to India's agricultural export economy. Global consumers and regulatory bodies are
increasingly savvy regarding supply chain sustainability. Leading publications in the UAE—a massive importer
of Indian foods—have explicitly warned that the persistent failure to meet international water quality standards
and the risks of irrigating crops with untreated wastewater threaten the viability of Indian agricultural exports. As
global markets impose stricter ESG compliance frameworks, factories operating with high water footprints will
find themselves locked out of lucrative supply chains.

4.6 Acknowledgment of Study Limitations: While this research provides a comprehensive overview of water
management within Indian food factories, certain methodological limitations exist. The reliance on synthesized
secondary data models means that highly localized variances in factory operations and state-level dynamics may
be underrepresented. The Water Quality Indices applied to the Brahmani River provide a robust snapshot of
regional impact; however, without isotopic tracing, isolating the precise pollutant contribution of a single food
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factory versus an adjacent metallurgical plant remains complex. Finally, economic cost-benefit analyses for ZLD
systems remain vulnerable to fluctuations in local energy grid prices.

Conclusion

5.1 Summary of Key Findings

The Indian food processing industry currently stands at a highly critical operational, ecological, and economic
crossroads. As the subcontinent grapples with rapidly depleting aquifers, highly erratic monsoon patterns driven
by global climate change, and the nutritional demands of an ever-expanding population of 1.4 billion people, the
archaic, linear industrial model of unlimited freshwater extraction and unmitigated toxic effluent discharge is
unequivocally obsolete. This comprehensive research demonstrates that vital sub-sectors—particularly dairy,
meat, and beverage processing—consume vast, unsustainable quantities of blue water. Simultaneously, they
contribute massively to the irreversible degradation of essential surface water networks, as vividly illustrated by
the severe heavy metal and physicochemical contamination of the Brahmani River basin in Odisha.

5.2 Practical Implications for Indian Food Factories

The pathway to industrial sustainability and ecological balance is both technologically viable and, over the
medium term, economically highly advantageous. The rigorous implementation of certified, ISO 14046
compliant water audits, guided fundamentally by the 4R principles, equips factory management with the precise
diagnostic data necessary to eliminate gross inefficiencies, plug physical leaks, and optimize thermodynamic
processes. These relatively low-cost interventions consistently yield freshwater savings of 25% to 45% with
remarkably short financial payback periods. Furthermore, the aggressive, industry-wide adoption of Zero Liquid
Discharge (ZLD) systems possesses the transformative potential to convert hazardous, high-BOD wastewater
from a severe environmental liability into a renewable, internally controlled operational resource, rendering
factories resilient against external water scarcity.

5.3 Directions for Future Research

To secure India's future food and water security, legislative and scientific paradigms must shift simultaneously.
Policymakers must urgently close existing regulatory loopholes—most notably the unmetered groundwater
extraction allowances granted to micro and small enterprises—and strictly enforce CPCB effluent limits through
mandatory, real-time digital IoT monitoring. Future academic and engineering research must prioritize the
development of novel, low-energy membrane technologies and renewable thermal energy integration to
drastically reduce the capital and operational carbon costs of ZLD systems. Making circular water management
technologically accessible and economically viable for food factories of all scales is no longer merely a matter of
regulatory compliance; it is the fundamental, non-negotiable prerequisite for the continued economic survival
and public health of the nation.

Bibliography

In this article, the bibliography refers to a comprehensive source of books, journals, periodicals and different
websites consulted and cited by the author but the author not directly copied from the author regarding content,
diagrams, facts and findings to the related article. Thus, we the authors, solemnly declare that this is our own
creativity with maintaining originality. Some extent we may refer previous publications cited it in the literature
review section with due permission of previous authors.

Key aspects of Bibliography:

Purpose: This article / research paper supports the academic integrity of the research scholars and professors,
and helps to authors for their citations located and develop the motivation of readers for their happiness.
Content: The content of article is maintaining author identification, names, title, publication, Date of Indexing
(DOI), Ordering. The article maintaining proper format and order of IEEE Template guidelines i.e. Title- 20 pt,
Abstract: 10 pt, Heading: 12pt, Body: 10 pt

Acknowledgments: The comprehensive synthesis of this research report was made possible through the robust
environmental data frameworks provided by the Central Pollution Control Board (CPCB), the Central Ground
Water Authority (CGWA), the NITI Aayog Composite Water Management Index, and the invaluable empirical
river basin studies conducted by dedicated environmental engineering researchers and hydrologists across India.

Funding Statement: This research report received no specific grant from any funding agency in the public,
commercial, or not-for-profit sectors. The analysis, data synthesis, and manuscript preparation were conducted as
an independent, self-funded academic inquiry into sustainable industrial engineering practices and environmental
policy.

Conflict of Interest Disclosure: The authors declare that there are no known competing financial interests,
commercial affiliations, or personal relationships that could have appeared to influence, bias, or alter the
objective findings and analyses reported in this paper.



10.

11.

12.

13.

14.

15.

16.

17.

18.

118 Shivam Khamari et al.

Data Availability Statement: All statistical data, regulatory frameworks, and empirical measurements utilized in
the formulation of this report are derived entirely from publicly accessible government documents,
environmental policy guidelines, and published, peer-reviewed open-access literature. Specific regulatory
metrics regarding CPCB effluent guidelines, CGWA groundwater compliance regulations, and national water
footprint statistics can be directly accessed via the respective official Indian governmental and institutional
portals.

References

L. Garcia Herrero, D. Gibin, M. Damiani, E. Sanye Mengual, and S. Sala, "What is the water footprint of EU
Food consumption A comparison of water footprint assessment methods," Journal of Cleaner Production, vol.
415, p. 137807, 2023, doi: 10.1016/j.jclepro.2023.137807.

K. Valta, T. Kosanovic, D. Malamis, K. Moustakas, and M. Loizidou, "Overview of water usage and wastewater
management in the food and beverage industry," Desalination and Water Treatment, vol. 53, no. 12, pp. 3335—
3347, 2015, doi: 10.1080/19443994.2014.934100.

C. Lopes, L. T. Antelo, A. Franco-Uria, A. A. Alonso, and R. Pérez-Martin, "Chitin production from crustacean
biomass: Sustainability assessment of chemical and enzymatic processes,”" Journal of Cleaner Production, vol.
172, pp. 4140-4151, 2018, doi: 10.1016/j.jclepro.2017.01.082.

Y. Li, L. Lu, Y. Tan, L. Wang, and M. Shen, "Decoupling Water Consumption and Environmental Impact on
Textile Industry by Using Water Footprint Method: A Case Study in China," Water, vol. 9, no. 2, p. 124, 2017,
doi: 10.3390/w9020124.

L. Zhuo, M. M. Mekonnen, and A. Y. Hoekstra, "The effect of inter-annual variability of consumption,
production, trade and climate on crop-related green and blue water footprints and inter-regional virtual water
trade: A study for China (1978-2008)," Water Research, vol. 94, pp. 73-85, 2016, doi:
10.1016/j.watres.2016.02.037.

Y. Tian, M. Ruth, and D. Zhu, "Using the IPAT identity and decoupling analysis to estimate water footprint
variations for five major food crops in China from 1978 to 2010," Environment, Development and Sustainability,
vol. 19, no. 6, pp. 2355-2375, 2017, doi: 10.1007/s10668-016-9860-1.

Y. Cai, W. Yue, L. Xu, Z. Yang, and Q. Rong, "Sustainable urban water resources management considering life-
cycle environmental impacts of water utilization under uncertainty," Resources, Conservation and Recycling,
vol. 108, pp. 21-40, 2016, doi: 10.1016/j.resconrec.2016.01.008.

B. D. Coday et al., "The sweet spot of forward osmosis: treatment of produced water, drilling wastewater, and
other complex and difficult liquid streams," Desalination, vol. 333, no. 1, pp. 23-35, 2014, doi:
10.1016/j.desal.2013.11.014.

G. G. Simons, W. W. Bastiaanssen, and W. W. Immerzeel, "Water reuse in river basins with multiple users: a
literature review," Journal of Hydrology, vol. 522, pp. 558—571, 2015, doi: 10.1016/j.jhydrol.2015.01.016.

C. N. Ong, "Water reuse, emerging contaminants and public health: state-of-the-art analysis," International
Journal of Water Resources Development, vol. 32, no. 4, pp. 514-525, 2016, doi:
10.1080/07900627.2015.1096765.

R. B. Panda and A. A. Karim, "Assessment of Water Quality of Subarnarekha River in Balasore Region, Odisha,
India," Current World Environment, vol. 9, no. 2, pp. 437-446, 2014, doi: 10.12691/ajwr-6-2-4.

J. Struk-Sokolowska and J. Tkaczuk, "Analysis of bakery sewage treatment process options based on COD
fraction changes," Journal of Ecological Engineering, vol. 19, pp. 226-235, 2018.

M. A. Abdel-Fatah, H. O. Sherif, and S. I. Hawash, "Design parameters for waste effluent treatment unit from
beverages production," Ain Shams Engineering Journal, vol. 8, pp. 305-310, 2017.

A. Amann et al., "Environmental impacts of phosphorus recovery from municipal wastewater," Resources,
Conservation and Recycling, vol. 130, pp. 127-139, 2018.

D. Nayyar, T. Nawaz, S. Noore, and A. P. Singh, "Food Processing Wastewater Treatment: Current Practices and
Future Challenges," in Pollution Control Technologies, Singapore: Springer, 2021.

A. Kant, "Composite Water Management Index," NITI Aayog, 2018. [Online]. Available:
https://www.niti.gov.in/sites/default/files/2023-03/Composite WaterManagementIndex-CWMI.pdf.

S. Jain, "Notification Number 3289(E) - Declaration to be submitted by food business operators extracting
ground water," Food Safety and Standards Authority of India (FSSAI), 2021. [Online]. Available:
https://foscos.fssai.gov.in/assets/docs/ CGWA_NOC dated 11.01.2021.pdf.

"What is a Water Audit in India? Process, Benefits, and Importance for Industry," Chola MS Risk Services.
[Online].  Available:  https://cholarisk.com/blog/what-is-a-water-audit-process-benefits-and-importance-for-
indian-industry/.


https://www.niti.gov.in/sites/default/files/2023-03/CompositeWaterManagementIndex-CWMI.pdf
https://foscos.fssai.gov.in/assets/docs/CGWA_NOC_dated_11.01.2021.pdf
https://cholarisk.com/blog/what-is-a-water-audit-process-benefits-and-importance-for-indian-industry/
https://cholarisk.com/blog/what-is-a-water-audit-process-benefits-and-importance-for-indian-industry/

