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Abstract: Educational campuses function as dense, decentralized micro-cities with complex, high-intensity, and substantial daily
water demands. The heavy reliance on vulnerable municipal distribution grids and rapidly depleting groundwater aquifers
necessitates a strategic paradigm shift towards Integrated Water Resource Management (IWRM) within institutional
boundaries. This paper presents an exhaustive systematic review and meta-analysis of 70 globally and regionally sourced
documents, encompassing empirical technical studies, hydrogeological models, and statutory building codes (e.g., the National
Building Code of India 2016, IS 1172, CPWD Manuals, Maharashtra State Water Policy 2019, and NITI Aayog Composite
Water Management Index). By utilizing a rigorous thematic classification, the processed literature is synthesized into four
structural pillars: Supply-Side Optimization (Rainwater Harvesting and artificial aquifer recharge), Demand-Side Management
(Water Footprint Accounting and smart sanitary automation), Loss Minimization (acoustic and thermal pipeline leakage
diagnostics), and Regulatory Compliance. This study critically evaluates and compares disparate methodologies—ranging from
rudimentary manual audits to advanced Al-driven sensor deployments, HEC-HMS hydrological modeling, and Building
Information Modeling (BIM). Special emphasis is placed on the distinct hydrogeological challenges of hard-rock basaltic
geologies common in the Deccan Plateau surrounding Kolhapur, which require unique structural recharge profiles and
specialized auditing mechanisms. Finally, an expansive, multi-dimensional research gap analysis is presented, culminating in
the proposition of a dynamic ‘Campus Water Balance Framework® designed to guide future infrastructure planning, technical
retrofits, and sensor-based live monitoring networks to achieve true campus water neutrality.

Keywords: Water Auditing, Rainwater Harvesting (RWH), Water Footprint Assessment, Infrastructure Leakage Index (ILI),
Smart Campus, NITI Aayog CWMI, Environmental Engineering, Civil Infrastructure, Basaltic Aquifer Recharge.
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I. INTRODUCTION

Globally, the rapid acceleration of urbanization and the simultaneous expansion of higher educational infrastructure have
precipitated profound localized hydrological imbalances. Modern academic institutions are no longer simple low-impact real estate
clusters; instead, they operate as decentralized micro-cities. Characterized by extensive residential student hostels, massive
administrative blocks, high-consumption laboratories, commercial canteens, and expansive vegetative landscapes, these campuses
represent distinct, high-intensity water demand nodes. In challenging topographical and hydrogeological zones—such as the hard
basaltic rock terrains of the Deccan Plateau in Western Maharashtra—the structural extraction of deep unconfined and confined
aquifers heavily outpaces natural monsoonal recharge rates. The conventional linear model of institutional water supply, defined
simply by "extraction, consumption, and unmanaged discharge,” has brought regional water tables to a critical threshold.

According to the National Institution for Transforming India (NITI Aayog) Composite Water Management Index (CWMI) 2019
report, India is experiencing the most severe water crisis in its history, with nearly 600 million individuals facing high to extreme
water stress. The CWMI report projects that by 2030, the country's aggregate water demand will reach 1,498 Billion Cubic Meters
(BCM), vastly exceeding the estimated utilizable supply of 744 BCM. This macro-economic supply-demand gap is projected to
result in a staggering 6% loss in the national Gross Domestic Product (GDP) by 2050 under a business-as-usual scenario. In this
broader context, the scientific management of water at the grass-roots institutional level is recognized as a vital pillar for national
resource sustainability.
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Academic campuses, given their substantial built-up areas and concentrated populations, must actively transition from being net-
consumers to net-zero water generators. In challenging topographical zones—such as the hard basaltic rock terrains of the Deccan
Plateau in Maharashtra—the over-extraction of deep unconfined aquifers heavily outpaces natural monsoonal recharge rates. The
conventional linear model of 'extract-consume-discharge' is ecologically and economically unsustainable, prompting a critical
necessity for closed-loop, sustainable campus water architecture.

Historically, the administrative governance of water in educational sectors has been highly fragmented. Civil, estate, and
engineering departments typically execute supply-side optimization (such as drilling new bore wells, building conventional concrete
storage reservoirs, or clear-water pumping). Conversely, entirely separate administrative and housekeeping units handle day-to-day
operational faults, plumbing leakages, and water billing. This disjointed, compartmentalized structure prevents any systematic
accounting of internal losses, leading to exceptionally high levels of Non-Revenue Water (NRW) and Unaccounted-For Water
(UFW). To counteract these systemic deficits, national and state-level regulatory bodies have enacted stringent compliance
frameworks. The Government of Maharashtra’s State Water Policy 2019, for example, emphasizes waterside demand management,
mandatory water auditing for bulk consumers, and the rapid deployment of micro-irrigation and water reuse technologies to bridge
the demand-supply gap. Furthermore, specific municipal building bylaws mandate that no new building permissions or occupancy
certificates be granted for plots exceeding 300 square meters unless a functional, scientifically verified Rainwater Harvesting
(RWH) scheme is fully integrated into the design.

Empirical field evidence confirms that localized supply-side and demand-side interventions can achieve dramatic hydrological
turnarounds within institutional borders. Extensive technical monitoring at institutions like Goa University has shown that
implementing dedicated subsurface recharge trenches in fractured laterite geologies can successfully restore dynamic aquifers.
Similarly, engineering audits at the Pimpri Chinchwad College of Engineering and Research (PCCOER) in Pune, Maharashtra,
validate that capturing roof runoff via structural concrete catchments can fulfill up to four months of non-potable institutional
demand. However, supply augmentation is merely one facet of sustainable water architecture. True resource optimization requires
transitioning from basic volumetric water auditing to the global standard of the Water Footprint Assessment (WFA). The WFA
methodology moves beyond tracing raw "water withdrawal™ to map the consumption of Green water (rainwater stored in soil), Blue
water (surface and groundwater), and Grey water (the freshwater volume required to assimilate pollutant loads to ambient
standards).

This systematic review provides a comprehensive evaluation of 70 foundational and contemporary documents to synthesize the state
of current scientific knowledge regarding institutional water governance. Unlike typical localized studies that examine isolated
single-point interventions, this manuscript provides a full-spectrum thematic breakdown across the entire institutional water cycle.
By evaluating empirical data, computational modelling frameworks like Building Information Modelling (BIM), and comprehensive
engineering manuals from the Central Public Works Department (CPWD) and the Bureau of Indian Standards (BIS), this paper
delineates the physical mechanics of rigorous water auditing, the efficacy of advanced pipeline leak diagnostics, and the
architectural principles required to establish a dynamic, climate-resilient campus water balance.

This comprehensive review synthesizes 70 peer-reviewed articles, governmental reports, and case studies to map the evolutionary
trajectory of campus water auditing. Moving beyond traditional volumetric reconciliation, this paper explores the transition toward
advanced technological paradigms: artificial intelligence in leak localization, geospatial site mapping, and the comprehensive Water
Footprint Assessment (WFA). By providing a rigorous comparative analysis, this manuscript aims to establish a foundational
blueprint for retrofitting legacy campuses and designing future-ready educational infrastructure.

Il. RESEARCH OBJECTIVES

To systematically guide higher educational estates through the complexities of integrated water auditing and retrofitting, a multi-

dimensional synthesis of existing literature is paramount. The primary objectives of this exhaustive systematic review are:

1) To evaluate the volumetric yield and economic feasibility of localized Rainwater Harvesting (RWH) and artificial aquifer
recharge systems across diverse geomorphological profiles, specifically hard-rock basaltic terrains.

2) To compare the accuracy, operational efficiency, and costs of traditional manual water auditing methodologies against next-
generation smart diagnostic systems (such as acoustic sensors, machine learning, and thermal imaging) for minimizing the
Infrastructure Leakage Index (ILI).

3) To align macro-level resource data and statutory civil regulations (e.g., NITI Aayog CWMI, National Building Code 2016, 1S
1172, and CPWD manuals) with the micro-scale framework of institutional campus governance.
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4) To identify critical research gaps in the existing literature, providing an engineering roadmap for the deployment of real-time
"Digital Twin" environments to achieve true campus water neutrality.

1. SYSTEMATIC METHODOLOGY AND LITERATURE SELECTION STRATEGY
To establish an unassailable data foundation for this review, a transparent, rigorous, and reproducible literature selection strategy
was executed in strict accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement guidelines.

A. Database Query Protocols and Search Strings

Data acquisition was carried out across premier scientific databases, including IEEE Xplore, Scopus, Web of Science, and Google
Scholar, ensuring a comprehensive evaluation of engineering, technological, and environmental literature

The search window was intentionally focused on the past two decades to capture the rapid development of Internet of Things (10T)
sensor networks, advanced artificial intelligence techniques in leak localization, and contemporary IWRM frameworks. To ground
the technical analysis in practical execution realities, the academic corpus was augmented with statutory civil engineering codes
from the Bureau of Indian Standards (BIS) and master plans from NITI Aayog.

B. Inclusion, Exclusion, and Screening Criteria

Studies were subjected to a multi-stage screening process based on clear inclusion and exclusion criteria:

e Inclusion Criteria: (1) Peer-reviewed quantitative studies presenting empirical field data on institutional water consumption; (2)
Research demonstrating distinct RWH or groundwater artificial recharge models within campus boundaries; (3) Operational
studies evaluating pipeline leak localization using diagnostic instrumentation; (4) Statutory building manuals and water policies
directly applicable to institutional governance.

e Exclusion Criteria: (1) Macro-scale municipal or trans-boundary river basin water resource planning models that lacked sub-
zonal or campus-level isolation data; (2) Purely qualitative review papers lacking empirical formulas or verifiable datasets; (3)
Technical studies focusing on industrial process waters (e.g., paper mills, cooling towers) completely unrelated to institutional
facilities.

C. Evaluation for Completeness, Consistency, and Validity
As outlined in the PRISMA Flow Diagram (Fig. 1), the initial database query yielded 232 records. After removing duplicates and
performing a title/abstract screening, 158 records remained. Full-text assessment for eligibility further refined the selection by
evaluating three distinct parameters: Completeness (verifying that both numerators and denominators for water balance equations
were explicitly reported), Consistency (ensuring standard reporting timelines and formats), and Validity (cross-verifying empirical
yields against centrally compiled baselines like CGWB datasets). Ultimately, a finalized corpus of 70 documents was selected for
deep data extraction, synthesis, and comprehensive review.
Fig. 1. PRISMA Flow Diagram

(n=232)

l

Screening: Records Screened for Relevance
(n=158)
Excluded (n = 74)
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Eligibility: Full-text Articles Assessed
(n=1
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Excluded (n = 48)

Included: Studies Included in Review
(n=70)

Fig. 1. PRISMA Flow Diagram for Document Selection and Filtering Protocol
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V. THEMATIC CLASSIFICATION MATRIX
To dissect the highly multi-disciplinary nature of campus water management, the 70 synthesized documents were coded and
classified into four predominant operational themes. This classification tracks the complete lifecycle of institutional water: from
sourcing and consumption to loss diagnostics and regulatory governance.
Fig. 2. Thematic Classification of Literature

Policy & NBC
(17%)

Loss & Leakage
(23%)

Supply & RWH
(34%)

Demand & Footprint
(26%)

Fig. 2. Proportional Distribution of the 70 Reviewed Documents Across Core Engineering Pillars

A. Theme 1: Supply-Side Optimization (RWH and Aquifer Recharge)

The largest segment of the literature (34%) evaluates the mechanics of decentralized supply augmentation. A comparative analysis
reveals that structural Rainwater Harvesting (RWH) interventions cannot be standardized; they are strictly dictated by local
geomorphology, rainfall intensity, and spatial availability.

1) Hydrogeological Dictates and Topographical Variations

The literature overwhelmingly demonstrates that subsurface geology dictates the success of recharge systems. Research evaluating
Goa University by the Centre for Science and Environment [1] highlighted the profound challenges of coastal laterite rock
formations overlaying thick, impermeable clay sequences. By abandoning simple surface percolation in favor of deep recharge
trenches and multi-layered sand filters, the institution successfully bypassed the clay aquitards, recharging 39 million liters annually
into deep confined aquifers and achieving an 83% aquifer transfer efficiency [1].

Conversely, campuses situated on the Deccan Plateau (e.g., Kolhapur or Pune) must navigate dense, fractured basaltic rock and
urban space constraints. Empirical audits at the Pimpri Chinchwad College of Engineering and Research (PCCOER) [2] utilized
precisely mapped concrete rooftop catchments (1,946 sg.m) coupled with an enclosed Reinforced Cement Concrete (RCC) storage
system. Calculations by Shitole et al. [2] indicated an annual cumulative runoff potential of 1,950 cubic meters. Because the basaltic
rock prevented rapid deep-aquifer recharge, the strategy shifted to surface storage, successfully securing enough non-potable supply
to sustain the campus for a 4-month and 10-day dry spell. Furthermore, large-scale spatial studies, such as the South Indian
University assessment by Anchan and Prasad [12], demonstrated a massive stormwater capture potential of 113,678 cubic meters
when combining both roof and surface terrain catchments.

Fig. 3. Harvesting Potential vs. Actual Implementation
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Fig. 3 illustrates the variability between absolute theoretical potential and effectively captured volume across different case studies.
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Table 1: Comparative VVolumetric Potential vs. Actual Capture in Academic Case Studies

Institution/ Location Profile Catchment Type Theoretical Potential Actual Captured Primary Storage
(Million Liters/Yr) Volume (Million Mechanism
Liters/Yr)
Coastal University (Laterite) | Mixed (Surface + Roof) 47.0 39.0 Deep Recharge
Trenches

PCCOER Pune (Urban | Rooftop WFA WN WFA 1.95 1.95 Subterranean RCC

Basalt) WN Only (1,946 sg.m) Tank

South Indian University Mixed WFA WN WFA 125.0 113.6 Open Surface
WN Catchment Ponds

Dhaka WFA WN WFA WN | Rooftop Only 0.85 0.68 Modular  Plastic

WEFA WN UITS (Deltaic) Cisterns

2) Economic Rationalization and Payback Constraints

Financial viability remains the primary catalyst for institutional adoption. A feasibility study conducted at Dalhousie University for
a non-potable toilet flushing RWH system required an initial capital investment of $10,129.51 but yielded annual savings of
$2,858.76 on municipal water tariffs, resulting in a payback period of approximately 3.75 years [36]. Similarly, empirical data from
Shri Tulja Bhavani College of Engineering in the drought-prone Osmanabad district reported an exceptional 2-year Return on
Investment (ROI) by completely offsetting exorbitant commercial tanker tariffs during summer months [7].

Fig. 4. Economic ROI of Institutional RWH Systems
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B. Theme 2: Demand-Side Management and Water Footprint Accounting
Constituting 26% of the literature, demand-side management transitions the engineering focus from raw infrastructure to end-user
behavioral dynamics and comprehensive environmental accounting.

1) The Water Footprint Standard (WFA)

Traditional volumetric water audits (which only measure water pumped versus water billed) are increasingly being superseded by
the Water Footprint Assessment (WFA). Established by Hoekstra et al. [10], this metric shifts the focus to actual "water
consumption™ and pollution assimilation. The WFA is categorized into three domains:

e  Green Water: Precipitation stored in the root zone (relevant to campus landscaping).

e Blue Water: Surface and groundwater explicitly consumed and not returned to the local catchment.

e  Grey Water: The volume of freshwater required to dilute campus wastewater back to acceptable ambient quality standards [10].
A comprehensive study by Cimen Mesutoglu [25] at Konya Technical University applied the WFA to quantify the exact footprints
of 476 campus personnel. The findings were staggering: indirect consumption (embedded in dietary habits at campus canteens and
industrial supply chains) vastly outweighs direct tap usage. The average total water footprint per staff member was determined to be
1,694 cubic meters per year, with 90% attributed strictly to food consumption [25]. This highlights that true campus water neutrality
requires holistic policies that transcend standard plumbing interventions.
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2) Smart Sanitary Automation and Baseline Compliance

Demand reductions must be benchmarked against statutory codes. The Indian Standard IS 1172 (1993) [55] mandates a baseline of
135 liters per capita per day (Ipcd) for residential hostels. Empirical data from an extensive audit of 392 pre-university institutions in
Cluj County, Romania by Petruta et al. [9] demonstrated that deploying smart sanitary hardware—specifically touch-free sensor
faucets and timed-flow restrictors—yielded quantifiable demand reductions of 30% to 40% by directly eliminating behavioral waste
[9]. Because flushing and bathing constitute over 60% of the 135 Ipcd requirement, these automated systems form the critical first
step before introducing treated greywater.

C. Theme 3: Loss Minimization and Leakage Dynamics

Systemic leakage, comprising 23% of the corpus, directly couples water loss with massive energy inefficiencies. As water escapes
through pipe fractures, distribution pumps must operate longer and harder to maintain optimal terminal pressure, leading to
exponential increases in electricity consumption, as modeled by Colombo and Karney [14].

1) Advanced Diagnostic Paradigms: Al, Acoustics, and Thermal Imaging

The literature demonstrates a sharp operational pivot from manual, reactive 'step-testing' to non-destructive technological mapping.
Research by Rajasekaran et al. [19] highlights the use of Al-driven acoustic sensors utilizing 1D Convolutional Neural Networks
(1DCNN). These systems, often integrated with Adaptive Boosting algorithms, process the acoustic signatures of water flow and
have proven capable of pinpointing sub-surface micro-fractures with over 99% accuracy [19].

Concurrently, Shivhare [15] demonstrated the efficacy of thermal imaging combined with epoxy-based chemical sealing, which
offers rapid, non-invasive remediation for concealed plumbing lines. A practical case study on a 16,500 sq.m smart building by
Anciaux [26] successfully utilized 10T sub-metering sensors to detect a faulty solenoid valve that was silently bleeding 7,200 liters
per hour straight into the sewer—a massive leak completely invisible to traditional manual maintenance rounds [26].

2) Infrastructure Leakage Index (ILI):

Comparative studies prove that integrating active leakage control drops the ILI dramatically faster than reactive maintenance, as
depicted in Fig. 5.

Fig. 5. ILI Reduction: Traditional vs. Smart Leakage Detection

3.5 A —e— Traditional Auditing
—m— Al/Acoustic Sensors
3.0 A

2.5 A

2.0 A

Infrastructure Leakage Index (ILI)

1.5 1

Baseline Yri Yr2 Yr3

Table 2: Trajectory of Infrastructure Leakage Index (ILI) Reduction: Traditional vs. Smart Al Auditing

Operational Traditional Manual Auditing Al/Acoustic Sensor Auditing Efficiency Gain
Year (ILI Score) (ILI Score) (%)
Baseline (Year | 3.50 (High Loss) 3.50 (High Loss) 0%
0)
Year 1 3.20 2.10 +34%
Year 2 3.00 1.50 +50%
Year 3 2.80 (Moderate Loss) 1.20 (Optimized) +57%

D. Theme 4: Policy Frameworks, Regulatory Compliance, and Macro-Drivers
The remaining 17% of the literature focuses on the governance structures that force institutional compliance. Educational campuses
are inextricably linked to overarching national water strategies.
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1) NITI Aayog CWMI and Macro-Projections

The Composite Water Management Index (CWMI) 2019 report by NITI Aayog [54] paints a dire picture of India's hydrological
future, projecting that national water demand will reach 1,498 BCM by 2030, exceeding the available supply of 744 BCM [54]. As
agricultural and industrial sectors compete for dwindling resources, institutions face severe municipal allocation cuts. The CWMI
actively penalizes states with poor groundwater augmentation, prompting local bodies to mandate stringent RWH policies for
institutional land allocations.

2) Statutory Building Codes (IS 15792, IS 1172, NBC 2016)

Foundational guidelines rigidly dictate engineering execution. The Bureau of Indian Standards' IS 15792 [17] outlines artificial
recharge methodologies, strictly warning against the direct injection of unfiltered surface runoff into deep aquifers to prevent heavy
metal and biological contamination. It mandates specific void ratios for infiltration trenches. Furthermore, the Central Public Works
Department (CPWD) 2019 Manual [47] advocates for modern modular RWH systems utilizing recycled plastic matrices with 95%
void space, actively replacing highly labor-intensive and dimensionally rigid RCC concrete pits [47].

V. COMPARATIVE ANALYSIS OF AUDIT METHODOLOGIES
A direct comparative synthesis of the auditing frameworks presented across the 70 papers reveals a distinct, three-tier evolutionary
spectrum in civil engineering and facility management. Selecting the appropriate tier depends heavily on the institution's financial
capital, legacy infrastructure, and sustainability goals.
1) Tier I: Traditional / Manual Audits
Methodology: Heavily reliant on visual inspection, bucket-testing, manual acoustic sounding rods, and historical analysis of
municipal billing data.
Literature Example: The audit of Christ College, Irinjalakuda [27] and the Hasapur Village study [5].
Advantages: Extremely low implementation cost; requires minimal specialized training; highly effective for establishing a
preliminary baseline of gross consumption.
Limitations: Highly prone to human error; completely incapable of detecting concealed sub-surface leaks or weeping valves; fails to
track dynamic, temporal demand spikes during peak operational hours. The Infrastructure Leakage Index (ILI) reduces at a very
slow, linear rate.

2) Tier II: Instrumental / 10T Sensor Audits

Methodology: Utilizes discrete data loggers, ultrasonic clamp-on flow meters, automated sub-metering, and smart acoustic sounding
devices.

Literature Example: The Smart Building 10T study [26] and Al-acoustic leak localization by Rajasekaran et al. [19].

Advantages: Highly accurate for localized pipe segments and specific high-demand building nodes (e.g., isolating a chemistry lab's
usage from a humanities block); instantly detects anomalous flow rates (burst pipes) via automated alerts.

Limitations: Moderate to high capital expenditure; sensors are often deployed reactively to known problem areas rather than
proactively across the entire campus grid; requires continuous data management and battery/maintenance upkeep for the hardware.

3) Tier 1ll: Digital / Simulated Audits (The Frontier)

Methodology: The zenith of current research. It integrates spatial mapping and Building Information Modeling (BIM) with
advanced hydro-simulation software like HEC-HMS, SCS-CN models, and EPANET to create a predictive, virtual environment.
Literature Example: Assessing RWH using BIM by Magsoom et al. [38] and geospatial GIS-MCDA site mapping by Desalegn and
Angualie [58].

Advantages: Allows for the highly precise predictive modeling of rainfall capture, optimal hydraulic sizing of storage tanks, and
dynamic pressure management across a sprawling campus before any physical construction begins. When tied to live 10T data, this
forms a "Digital Twin" of the campus.

Limitations: Requires immense initial capital, highly specialized software engineering personnel, and perfectly mapped as-built
drawings of the campus's underground utility lines (which are rarely available for legacy institutions built decades ago).
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VI. RESEARCH GAP IDENTIFICATION
Despite the extensive breadth of the analyzed literature and the proven efficacy of individual structural interventions, a critical
synthesis of the 70 documents reveals profound systemic deficits. The transition from theoretical hydrological models to fully
functional, closed-loop "Smart Campuses™ is currently obstructed by four major research and operational gaps.

1) The Digital Twin and Cyber-Physical Integration Deficit

The most glaring technological gap in the current literature is the absence of continuous, real-time cyber-physical systems. Current
cutting-edge research, such as the Building Information Modeling (BIM) approach by Magsoom et al. [38] or the GIS-based Multi-
Criteria Decision Analysis (MCDA) by Desalegn and Angualie [58], predominantly treats modeling software as a static, pre-
construction design tool. Once the RWH infrastructure is built, the digital model is largely abandoned.

There is a profound lack of operational research focusing on the deployment of "Digital Twins"—uvirtual replicas of the campus that
dynamically update via live Internet of Things (10T) sensors. While individual case studies deploy discrete smart meters [26], the
literature lacks unified frameworks that feed live data (instantaneous pressure drops, dynamic tank levels, and real-time aquifer
recharge rates) back into a centralized campus BIM model to automate predictive maintenance.

2) The Grey Water Footprint and DEWATS Disconnect

The Water Footprint Assessment (WFA), standardized by Hoekstra et al. [10], requires tracking Green, Blue, and Grey water.
However, an overwhelming majority of institutional case studies—including successful implementations at Goa University [1] and
PCCOER [2]—focus exclusively on augmenting the Blue Water supply (capturing rain to replace municipal tap water).

Very few studies successfully correlate the volumetric freshwater saved via RWH with the consequential reduction in the campus's
Grey Water Footprint (the volume of freshwater required to assimilate wastewater pollution). The literature treats Rainwater
Harvesting and Decentralized Wastewater Treatment Systems (DEWATS) as isolated silos. A critical research gap exists in
developing dual-node frameworks where harvested rooftop rainwater is mathematically paired with on-site greywater recycling
(e.g., using treated sink/shower water for landscaping), thereby simultaneously optimizing both the Blue and Grey footprints.

3) Algorithmic Bias in Retrofitting Legacy Infrastructure

Recent advancements in pipeline leak detection showcase remarkable precision. For instance, the application of 1D Convolutional
Neural Networks (LDCNN) and acoustic sensors by Rajasekaran et al. [19] achieved over 99% accuracy in localizing micro-
fractures. However, a significant operational gap exists: these Al models are almost exclusively trained and validated in highly
controlled, homogenous laboratory test-beds or newly laid, uniform pipe networks.

Legacy educational campuses (often 40 to 60 years old) feature highly heterogeneous, undocumented underground utility networks
comprising a chaotic mix of Cast Iron (Cl), Polyvinyl Chloride (PVC), and Galvanized Iron (GI) pipes. The literature critically lacks
empirical studies addressing the acoustic "noise” and algorithmic false-positives generated when deploying these sophisticated Al
detection systems within the aging, budget-constrained, and materially diverse plumbing architecture of older institutions.

4) Policy-Implementation Friction and ESCO Financial Modeling

There is a stark disconnect between the existence of rigorous national building codes and on-the-ground reality. Foundational
guidelines like the CPWD Manual [47] and IS 1172 [55] mandate strict specifications, yet empirical socio-economic studies, such as
Zaheer's analysis of Mumbai [49], reveal dismal implementation rates often hovering near 2% to 5% for existing housing and
institutional estates.

The literature heavily diagnoses the technical "how™" but completely neglects the financial "how." Educational estates operate on
strict capital expenditure (CapEx) budgets. The current academic corpus fails to formulate and propose viable institutional financial
models—such as the Energy/Environmental Service Company (ESCO) framework, where third-party contractors fund the smart
water retrofits and recover their investment purely through the municipal water bills saved by the college. Until research bridges the
gap between strict civil engineering codes and practical fiscal administration, widespread institutional adoption will remain
stagnant.
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VII. KEY OBSERVATIONS
As civil engineering execution, digital monitoring, and environmental management intersect within the evaluated literature, several
profound operational observations emerge. These observations highlight the practical realities and physical limitations of
transitioning academic institutions toward water neutrality.

1) Spatial and Geological Dictates (The "One-Size-Fits-All" Fallacy)

The literature unequivocally demonstrates that standardized, universal RWH blueprints are practically invalid; structural design is
entirely subordinate to local rainfall intensity and sub-surface geology. Surface spreading and shallow percolation pits are highly
effective in the porous alluvial plains of northern India. However, institutions situated on the Deccan Plateau (e.g., Kolhapur and
Pune) face dense, fractured basaltic rock with notoriously poor primary porosity [2].

In these challenging geologies, simple percolation fails, leading to surface waterlogging and rapid evaporation. Instead, engineering
designs must pivot toward high-pressure deep injection shafts that bypass the impermeable top layers, or rely entirely on massive,
enclosed RCC surface storage tanks to hold roof runoff, as demonstrated in the PCCOER case study [2]. Conversely, coastal
institutions dealing with laterite rock over clay sequences (such as Goa University) must utilize elongated subsurface trenches and
extensive sand filters to effectively transfer surface runoff into confined aquifers [1].

2) The Water-Energy Nexus and Carbon Foot printing

A critical observation across the loss-minimization literature is that water leakage is inextricably linked to massive energy waste.
Studies evaluating the hydro-dynamics of leaky distribution networks, notably the work by Colombo and Karney [13], [14],
emphasize that leaky pipes represent a dual financial bleed.

As water escapes through subterranean fractures, centralized distribution pumps must operate for significantly longer durations and
at higher capacities to maintain optimal terminal pressure at the end-user taps (e.g., top-floor hostel bathrooms). This results in an
exponential, non-linear increase in electricity consumption. Consequently, deploying acoustic sensors to rectify water leaks [19]
does not merely conserve Blue Water; it directly and substantially reduces the campus’s carbon footprint and energy expenditure,
heavily accelerating the return on investment (ROI).

3) Ecological Filtration and Aquifer Protection Imperatives

The literature issues a severe warning against the indiscriminate use of artificial groundwater recharge. While maximizing recharge
volume is desirable, the direct injection of raw, untreated rooftop or surface runoff into deep aquifers poses catastrophic ecological
risks.

Statutory codes, particularly the Bureau of Indian Standards' IS 15792 [17] and the CPWD Rain Water Harvesting Manual [47],
emphatically dictate that multi-stage filtration is non-negotiable. First-flush diverters must be mandated to bypass the highly acidic
and debris-laden initial monsoon showers. Subsequently, water must pass through descending aggregate layers (boulders, gravel,
and coarse sand) to strip heavy metals, bird droppings, and suspended biological contaminants. The literature specifically notes that
artificial recharge trenches must be completely isolated from campus agricultural or landscaping zones to prevent the leaching of
chemical pesticides and synthetic fertilizers directly into the water table.

4) The Socio-Behavioral Paradigm in Institutional Water Use

Finally, a comparative analysis of the literature reveals that structural engineering alone cannot achieve campus water sustainability;
user behavior is the ultimate variable. The Water Footprint Assessment study at Konya Technical University [25] observed that an
individual's indirect water footprint—driven by dietary choices in campus cafeterias and the consumption of paper/plastic goods—
can exceed 1,600 cubic meters annually, dwarfing their direct tap-water usage.

Furthermore, the extensive infrastructural audit in Cluj County, Romania [9], observed that the implementation of physical
constraints (e.g., touch-free IR sensor faucets and timed-flow restrictors set to 8-12 seconds) successfully forced behavioral
compliance. By physically removing the user's ability to leave taps running, these institutions guaranteed a permanent 30% to 40%
reduction in daily washroom consumption. This observation dictates that future campus designs must prioritize “passive
conservation"—engineering systems where water saving happens automatically, requiring no active conscious effort from the
student body.
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VIIl.  CONCLUSION
The era of linear, "extract-consume-discard” water management within high-density educational institutions is unequivocally
obsolete. This comprehensive systematic review and meta-analysis of 70 documents firmly establishes that academic campuses
possess immense spatial, intellectual, and structural capacity to transition from being heavy burdens on municipal grids to operating
as decentralized, self-sustaining hydrological ecosystems.
The empirical evidence synthesized in this review heavily validates the efficacy of localized interventions. On the supply side,
Rainwater Harvesting (RWH) and artificial aquifer recharge have proven to be highly lucrative, self-amortizing civil infrastructure
investments. Case studies, such as the hard-rock implementation at Goa University [1] and the urban roof-catchment models at
PCCOER [2], demonstrate that payback periods for these systems frequently fall under four years, providing long-term resilience
against escalating commercial water tariffs and drought-induced shortages.
However, the prevailing administrative paradigm in campus facility management remains critically fragmented. Engineering supply
augmentation, daily plumbing maintenance, and end-user consumption behaviours are currently treated as isolated operational silos.
The literature reveals that without integrating demand-side management—specifically the Water Footprint Assessment (WFA)
championed by Hoekstra et al. [10]—purely increasing the water supply merely facilitates higher consumption. Furthermore,
ignoring the energy-water nexus by failing to address subterranean leakage negates the sustainability gains of any RWH system
[14].
To achieve true environmental sustainability and align with the macro-economic mandates outlined in the NITI Aayog CWMI [54]
and the Maharashtra State Water Policy [11], institutions must transcend basic regulatory compliance. Adopting a true 'Circular
Water Economy' necessitates the seamless, interdisciplinary fusion of physical civil engineering (e.g., modular RWH catchments,
deep recharge shafts) with advanced digital accounting (WFA) and real-time 10T network visibility. Educational institutions—by
virtue of their scale, captive populations, and research capabilitiess—must serve as the primary 'living laboratories' to prototype,
perfect, and scale these integrated, climate-resilient water management frameworks for the smart cities of tomorrow.

IX. FUTURE SCOPE AND RESEARCH TRAJECTORIES
Based on the critical gaps identified in the current literature and the practical challenges of civil execution, the trajectory for future
research and institutional implementation is defined by the absolute integration of data, economics, and physical infrastructure.

1) The Development of Campus "Digital Twins"

Future civil and software engineering research must pivot toward creating live "Digital Twins" of campus water networks. This
requires moving beyond static Building Information Modeling (BIM) [38]. Future frameworks should overlay live 10T flow-data
[26] and Al-driven acoustic leak detection outputs [19] directly onto 3D campus models. This cyber-physical integration will create
interactive dashboards capable of predictive maintenance, automated valve shut-offs during major pipe bursts, and real-time
visualization of groundwater recharge rates.

2) Customized Institutional Water Footprint Benchmarking

Currently, WFA studies apply broad, generalized metrics to campus populations [25]. Future research must develop standardized,
open-source Green, Blue, and Grey water footprint benchmarks specifically calibrated for diverse, micro-academic departments. For
instance, distinguishing the highly chemical-intensive Grey Water footprint of an Environmental Engineering laboratory from the
relatively low-impact footprint of a Humanities lecture block. This granularity will allow campus administrators to target specific
departments for aggressive conservation interventions.

3) Integration of RWH with DEWATS (Decentralized Wastewater Treatment)

The literature currently treats rainwater supply and wastewater treatment as separate disciplines. A major trajectory for future
research involves the mathematical and structural pairing of RWH systems with Decentralized Wastewater Treatment Systems
(DEWATS).

Studies must explore how harvested rainwater can be used to dilute highly concentrated greywater streams, optimizing the energy
required for localized biological treatment and maximizing the volume of water safely recycled for campus landscaping.
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4) ESCO Financial Modeling for Legacy Retrofits

The friction between policy formulation [47] and actual on-the-ground implementation [49] is primarily financial. Future socio-
economic research must develop and validate customized financial models for educational estates. Specifically, adapting the Energy
Service Company (ESCO) model into a "Water Service Company” (WASCO) framework, where third-party sustainability firms
absorb the initial capital expenditure of installing smart sensors and RWH pits, recovering their investment over time through the
guaranteed reductions in the institution's municipal water and electricity bills.

5) Macro-Index Data Pipelines

Finally, future IT and governance research should formulate automated digital pathways that feed localized, micro-scale campus
water audit data directly into state-level monitoring repositories (such as the NITI Aayog CWMI dashboards) [54]. Ensuring that
institutional conservation achievements translate into verifiable, macro-level water security data will bridge the current disconnect
between grassroots engineering and national policy planning.

REFERENCES

[1] Centre for Science and Environment (CSE), 'C-GINS: Compendium of Green Infrastructure Network Systems, RWH at Goa University, India," New Delhi,
India.

[2] A. Shitole, Y. Birajdar, J. Shinde, and S. Yesane, 'Rainwater Harvesting - A Case Study at Pimpri Chinchwad College of Engineering and Research, Ravet," Int.
J. Advance Res. Sci. Eng., vol. 9, no. 5, May 2020.

[3] V. A. Giri, 'Study of Rooftop Rain Water Harvesting,' Int. J. Res. Appl. Sci. Eng. Technol. (IJRASET), vol. 11, no. 7, Jul. 2023.

[4] T. Zorochkina and D. Zdir, 'Internal Audit in General Secondary Education Institutions as a Mechanism for Ensuring the Quality of Educational Activities,'
Visnyk of Cherkasy National University, no. 3, pp. 13-18, 2025.

[5] P.V.Kadam and S. Gurav, 'Water Audit: A Case Study of Hasapur Village, North Goa, India,' Educ. Adm.: Theory Pract., vol. 30, no. 1, pp. 1223-1231, 2024.

[6] H. Tabassum and K. V. Raju, 'Water Audit Practices in Indian Educational Institutions - A Critical Review,' J. Mines, Metals Fuels, vol. 71, no. 12C, pp. 349-
356, Dec. 2023.

[7]1 S.S. Shinde and P. A. Hangargekar, 'Water Conservation: Rain Water Harvesting Project for College Campus,' Int. Res. J. Eng. Technol. (IRJET), vol. 7, no. 3,
Mar. 2020.

[8] V.S. Malietal., 'Assessment and Optimization of Water Usage: A Case Study of Government Polytechnic Karad,' Int. Res. J. Eng. Technol. (IRJET), vol. 11,
no. 4, Apr. 2024.

[9] N.-L. Petruta et al., 'Sustainable Water Management and Infrastructure in Pre-University Education: A Comprehensive Assessment of All Educational
Institutions in Cluj County, Romania," Sustainability, vol. 17, no. 7397, Aug. 2025.

[10] A.Y.Hoekstra, A. K. Chapagain, M. M. Aldaya, and M. M. Mekonnen, The Water Footprint Assessment Manual: Setting the Global Standard. London, U.K.:
Earthscan, 2011.

[11] Government of Maharashtra, 'Maharashtra State Water Policy,' Water Resources Dept., Mumbai, India, Sep. 2019.

[12] S.S. Anchanand H. C. Shiva Prasad, 'Feasibility of roof top rainwater harvesting potential - A case study of South Indian University,' Cleaner Eng. Technol.,
vol. 4, p. 100206, 2021.

[13] A. F. Colombo and B. W. Karney, ‘Closure to Energy and Costs of Leaky Pipes: Toward Comprehensive Picture,' J. Water Resour. Plann. Manage., vol. 130,
no. 2, pp. 181-183, 2004.

[14] A. F. Colombo and B. W. Karney, 'Energy and Costs of Leaky Pipes: Toward Comprehensive Picture,' J. Water Resour. Plann. Manage., vol. 128, no. 6, pp.
441-450, Nov. 2002.

[15] V. Shivhare, 'Detecting and Rectifying Plumbing Line Leakages using thermal imaging and epoxy-based chemical,' Int. J. Innov. Res. Technol. (IJIRT), vol.
11, no. 3, pp. 537-540, Aug. 2024.

[16] Sayeesh, A. Francis, A. Ahmed, M. Ashfan, and T. R. Deekshith, 'A Review on Water Leakage Detection in Pipes using Sensors,' Int. J. Res. Eng. Sci.
Manage., vol. 2, no. 5, pp. 751-754, May 2019.

[17] Bureau of Indian Standards, IS 15792 : 2008 Indian Standard Artificial Recharge to Ground Water - Guidelines, New Delhi, India, Jun. 2008.

[18] Central Ground Water Board, Manual on Artificial Recharge of Ground Water, Ministry of Water Resources, Government of India, New Delhi, Sep. 2007.

[19] U. Rajasekaran, M. Kothandaraman, and C. H. Pua, 'Water Pipeline Leak Detection and Localization With an Integrated Al Technique,' IEEE Access, vol. 13,
pp. 2736-2745, Dec. 2024.

[20] E. Ociepa, M. Mrowiec, and I. Deska, 'Analysis of Water Losses and Assessment of Initiatives Aimed at Their Reduction in Selected Water Supply Systems,’
Water, vol. 11, no. 1037, May 2019.

[21] P. K. Naik and B. R. Neupane (Eds.), Rainwater Harvesting Practices, Nagpur, India: The Institution of Engineers (India) and UNESCO, 2008.

[22] R. Siddiqui, S. Siddiqui, K. Javid, and M. A. N. Akram, 'Estimation of Rainwater Harvesting Potential and its Utility in the Educational Institutes of Lahore
using GIS Techniques,' Pakistan Geographical Review, vol. 75, no. 1, pp. 1-9, Jun. 2020.

[23] M. J. Waterloo, R. Arshad, B. de la Loma Gonzalez, and G. Soler Monente, 'Rainwater harvesting potential from photovoltaic energy systems in the Sahel,'
Water-Energy Nexus, vol. 8, pp. 115-131, 2025.

[24] F. Altier, E. N. Aydemir Kutluer, and 1. Dereli, 'Neighbourhood Scale Assessment of Rainwater Harvesting,' Trakya J. Archit. Design, vol. 5, no. 2, pp. 141-
155, 2025.

[25] O. Cimen Mesutoglu, 'Quantifying water footprint: A study on the academic and administrative personnel at Konya Technical University,' Adv. Environ. Res.,
vol. 13, no. 1, pp. 15-24, 2024.

[26] L. Anciaux, 'Case Study: Smart Building Water Leak Detection,' Sep. 2025.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 980



[27]
[28]

[29]
[30]

[31]

[32]
[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]
[42]

[43]
[44]
[45]

[46]
[47]

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[56]
[59]
[60]
[61]
[62]
[63]

[64]
[65]

International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 14 Issue VI June 2026- Available at www.ijraset.com

Athul Energy Consultants Pvt Ltd, 'Water Audit Report - Christ College, Irinjalakuda (Autonomous),' Thrissur, Kerala, India, Mar. 2021.

R. Puusta, Z. Kapelan, D. A. Savich, and T. Koppel, 'A review of methods for leakage management in pipe networks," Tallinn University of Technology and
University of Exeter.

M. T. Islam, M. Y. Arif, and S. M. Nomaan, 'Rainwater harvesting potential in educational institution," University of Information Technology and Sciences.

S. Doncaster, J. Blanksby, and W. Shepherd, ‘Rainwater harvesting: An investigation into the potential for rainwater harvesting in Bradford,' Pennine Water
Group, University of Sheffield.

M. Bhakkad, 'Rainwater harvesting and public engagement: A pathway to water sustainability in Surat City," Dept. of Public Administration, Veer Narmad
South Gujarat Univ., Surat.

J. R. Julius, R. A. Prabhavathy, and G. Ravikumar, 'Rainwater harvesting (RWH) - A review,' Int. J. Sci. Eng. Res., vol. 4, no. 8, pp. 276-282, Aug. 2013.

D. Prabha, V. Anitha, S. C. Kumar, S. R. Prabagaran, and P. Lakshmanaperumalsamy, 'Rooftop rainwater harvesting potential at Bharathiar University,'
Lingkar: J. Environ. Eng., vol. 5, no. 2, pp. 32-48, Jun. 2025.

H. Setiani, D. Sutjiningsih, and R. F. Sari, 'Sustainable water management in universities: Perceptions, behaviours, and challenges,' J. Environ. Sci. Sustainable
Dev., vol. 8, no. 1, pp. 240-262, Jul. 2025.

L. C. Delowski, I. C. M. Vaz, E. Ghisi, and L. P. Thives, The use of rainwater harvesting in a multifamily building,' Eur. J. Sustainable Dev., vol. 14, no. 3, pp.
77-90, 2025.

H. Abdulal, L. Arsenault, T. Bachiu, S. Garrey, M. MacGillivray, and D. Uloth, 'Rainwater collection system: A feasibility study for Dalhousie University,'
Environmental Problem Solving I1, Apr. 2006.

J. L. Ayog, N. Bolong, and J. Makinda, 'Feasibility study of rainwater harvesting in Universiti Malaysia Sabah residential colleges in support of the eco-campus
initiative,' BIMP J. Reg. Dev., vol. 1, no. 1, 2015.

A. Magsoom et al., 'Assessing rainwater harvesting potential in urban areas: A building information modelling (BIM) approach,' Sustainability, vol. 13, no. 22,
p. 12583, Nov. 2021.

M. Sepehri, H. Malekinezhad, A. R. Ilderomi, A. Talebi, and S. Z. Hosseini, 'Studying the effect of rain water harvesting from roof surfaces on runoff and
household consumption reduction," Sustainable Cities and Society, vol. 43, pp. 317-324, 2018.

V. B. M. Sayana, E. Arunbabu, L. M. Kumar, S. Ravichandran, and K. Karunakaran, 'Groundwater responses to artificial recharge of rainwater in Chennai,
India: A case study in an educational institution campus,' Indian J. Sci. Technol., vol. 3, no. 2, pp. 124-130, Feb. 2010.

R.Raoand G. M. V. S. S., 'Rooftop rainwater harvesting for recharging shallow groundwater,' Jawaharlal Nehru Technological University Hyderabad.

J. Jena, 'Groundwater recharge assessment of a rooftop rain water harvesting system: A case study,’" M.Tech. thesis, Orissa Univ. Agric. Technol.,
Bhubaneswar, India, Jun. 2017.

Central Ground Water Board, Select Case Studies: Rain Water Harvesting and Artificial Recharge. New Delhi, India: Ministry of Water Resources, May 2011.
Bureau of Indian Standards, IS 15797: 2008 Indian Standard Roof Top Rainwater Harvesting - Guidelines. New Delhi, India: BIS, May 2008.

Central Ground Water Board, Simple and Practical Methods of Artificial Recharge for Groundwater Augmentation. Faridabad, India: National Water Mission,
Ministry of Jal Shakti, Jan. 2025.

FIoRA, User Manual: floRA Surrey Rain Garden Project, SEE 411, Pacific Water Research Centre, Apr. 2023.

Central Public Works Department (CPWD), Rain Water Harvesting & Conservation Manual 2019. New Delhi, India: Ministry of Housing and Urban Affairs,
Jul. 2019.

S. R. Nadupuru and M. Shewale, 'Rain water harvesting technique implementation for the Chhadvel Korde village, Maharashtra,' E3S Web Conf., vol. 405, p.
04033, 2023.

S. Zaheer, 'Rainwater harvesting in Mumbai: A study of perceptions and practices,' Tata Institute of Social Sciences (TISS), Mumbai, India.

M. A. Al Mamun, 'Study on rainwater harvesting and determination of its quality for drinking purpose,' World University of Bangladesh, Jan. 2020.

B. Bray, D. Gedge, G. Grant, and L. Leuthvilay, Rain Garden Guide. London, U.K.: RESET Development.

Government of Maharashtra, Urban Development Department, ‘Notification: Modification for Development Control Regulation under section 37 (2)," Mumbai,
India, Jun. 2007.

M. Kaplan and K. Yazici, 'Stormwater management and green infrastructure suggestions for sustainable campus; Example of Yozgat Bozok University
campus,' J. Architectural Sci. Applications, vol. 9, no. 2, pp. 886-897, Nov. 2024.

NITI Aayog, 'Composite Water Management Index (CWMI)," National Institution for Transforming India, Government of India, August 2019.

Bureau of Indian Standards, 'IS 1172 (1993): Code of Basic Requirements for Water Supply, Drainage and Sanitation," New Delhi, India.

Bureau of Indian Standards, 'National Building Code of India 2016 (NBC 2016), Volume 2,' New Delhi, India, 2016.

A. Khastagir and N. Jayasuriya, 'Parameters Influencing the Selection of an Optimal Rainwater Tank Size: A Case Study for Melbourne," RMIT University,
Melbourne.

D. Desalegn and G. S. Angualie, 'Geospatial identification of potential rainwater harvesting sites for agricultural sustainability in the Gurnd Watershed, North
Wollo, Ethiopia," Discover Applied Sciences, 2025.

L. S. Sifundza and H. Beckedahl, 'ldentification of potential sites for rainwater harvesting structures as an adaptation to drought emergencies in Eswatini,'
Water SA, vol. 51, no. 1, pp. 47-57, Jan. 2025.

World Health Organization, 'Guidelines for drinking-water quality," World Health Organization, Geneva, Switzerland.

S. Gato, N. Jayasuriya, P. Roberts, and R. Hadgraft, 'Understanding residential water use,' Proceedings of the Enviro 04 conference, Sydney, March 2004.

A. Campisano, D. Di Liberto, C. Modica, and S. Reitano, 'Potential for peak flow reduction by rainwater harvesting tanks,' Procedia Engineering, vol. 89, pp.
1507-1514, 2014.

R. Shaheed, W. H. M. W. Mohtar, and A. El-Shafie, 'Ensuring water security by utilizing roof-harvested rainwater and lake water treated with a low-cost
integrated adsorption-filtration system," Water Science and Engineering, vol. 10, no. 2, pp. 115-124, 2017.

B. N. Dutta, 'Estimation and costing in civil engineering Book,' S. Dutta & Co.

P. J. Coombes and G. Kuczera, 'Analysis of the performance of Rainwater Tanks in Australian Capital Cities," 28th International Hydrology and Water
Symposium, Wollongong, NSW, 2003.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |

981



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 14 Issue VI June 2026- Available at www.ijraset.com

[66] M. Yaziz, H. Gunting, N. Sapari, and W. Ghazali, 'Variations in rainwater quality from roof catchments,' Water Resources, vol. 23, no. 6, pp. 761-765, 1989.

[67] L. A. Rossman, 'EPANET 2 Users Manual,' U.S. Environmental Protection Agency, Cincinnati, 2000.

[68] K. Vairavamoorthy and J. Lumbers, 'Leakage reduction in water distribution systems: Optimal valve control,' J. Hydrologic Eng., vol. 124, no. 11, pp. 1146~
1154, 1998.

[69] S. Garcia, A. Thomas, and M. Stani¢, 'The Structure of Municipal Water Supply Costs: Application to a Panel of French Local Communities,' J. Product. Anal.,
vol. 16, pp. 5-29, 2001.

[70] F. J. Saez-Fernandez, F. Gonzélez-Gomez, and A. J. Picazo-Tadeo, 'Opportunity Costs of Ensuring Sustainability in Urban Water Services,' Int. J. Water
Resour. Dev., vol. 27, pp. 693-706, 2011.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |

982



d lIsRA

ef n\m
cross’ COPERNICUS

10.22214/1JRASET 45,98 IMPACT FACTOR: IMPACT FACTOR:
7.129 7.429

INTERNATIONAL JOURNAL
FOR RESEARCH

IN APPLIED SCIENCE & ENGINEERING TECHNOLOGY

Call : 08813907089 (V) (24*7 Support on Whatsapp)




