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Abstract- Large institutional campuses — academic, 

research, industrial and township — behave as small cities, 

aggregating electrical distribution, water supply and 

pumping, HVAC, fire protection, security, transportation, 

medical facilities and, increasingly, communication 

networks and data centers into a single operational 

envelope managed by one engineering division. Energy 

efficiency, digitalization and reliability are conventionally 

pursued as separate initiatives, with energy decisions taken 

in isolation from condition data and breakdown-driven 

maintenance generating no measurable performance 

record. This paper presents an integrated framework in 

which energy efficiency, digitalization and reliability 

enhancement are treated as three mutually reinforcing 

objectives coupled to a single data backbone, so that 

efficiency gains are measured rather than assumed and 

reliability improvement is verified rather than asserted. 

Digitalization is realised through a five-layer architecture 

— sensing and instrumentation, communication, a 

supervisory platform (SCADA, BMS and IoT), analytics 

and alerting, and strategic planning — from which a 

condition-based maintenance regime and building-wise 

energy accounting are both derived. Energy efficiency is 

pursued through a three-principle framework — 

Awareness, Optimize and Generate — extended to 

renewable generation through rooftop solar, open-access 

procurement and battery energy storage. The framework is 

demonstrated through a quantified case study of an 

institutional campus covering pumping automation and 

central utility monitoring, reporting baseline-to-post-

implementation figures for energy consumption, reliability 

indices and monitored asset coverage, and is set out as a 

phased sustainability roadmap so that other institutions 

can plan a comparable transition. Expected outcomes 

include verified reduction in specific energy consumption, 

measurable improvement in system availability, creation of 

equipment history for capacity planning, and a credible, 

quantified pathway to a high renewable-energy share. 

 

Index Terms—Energy efficiency, digitalization, reliability 

enhancement, institutional campus, quantified case study, 

sustainability roadmap, battery energy storage, condition-

based maintenance, energy management, IoT, open 

access, renewable energy, SCADA. 

 

I. INTRODUCTION 

 

A large campus or a planned community 

accommodates residential, academic, research, 

industrial, medical and administrative facilities within 

a common boundary and under a common engineering 

administration. For the population served, the 

distinction between a utility and a service disappears: 

an interruption of water supply, a failure of the air-

conditioning plant in a laboratory, or the loss of a 

network link to a data center are all experienced as a 

failure of the campus itself. Ensuring uninterrupted 

supply and service availability is therefore a matter of 

public interest and not merely of departmental 

performance. 

 

Utility services of such a community can be grouped 

into essential and supporting categories. The 

conventional essential set comprises electricity, water 

supply, fire protection, security, medical services and 

transportation. With the digitization of banking, 

education, research and industrial activity, 

communication networks, internet connectivity and 

data center services have become equally critical; a 

modern campus cannot meet its performance 

indicators if these fail, even when all conventional 

utilities are available. Table I summarizes this 

classification. 

 

Among these, electricity is the primary and most 

pervasive requirement. Lighting, air circulation, 

HVAC, water pumping, networking, data centers, 

laboratory loads and industrial processes are all 

electrically driven, and electricity is critical across its 

entire chain — generation, transmission, distribution, 
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utilization, and the safety of both the user and the 

equipment. Electricity also directly determines the 

carbon footprint and a large fraction of the recurring 

operating cost of the campus. Four areas consequently 

demand sustained engineering attention in any campus 

electrical distribution network: 

 

1) Effective planning of capacities and 

upgradations; 

2) Safe and reliable operation; 

3) Monitoring and control; 

4) Energy conservation. 

 

These four are frequently pursued by separate groups 

using separate records. The central argument of this 

paper is that reliability, monitoring, control, 

upgradation and planning are interrelated and jointly 

define system capability and effectiveness, and 

therefore cannot be treated separately. A monitoring 

scheme that does not feed maintenance planning 

produces data without decisions; a maintenance plan 

without condition data produces intervention without 

evidence; an energy conservation programme without 

metering produces claims without verification; and 

capacity planning without load history produces either 

stranded assets or constrained growth. 

 

This paper accordingly proposes an integrated utility 

management model with three coupled objectives — 

digitization, reliability improvement and energy 

conservation — and sets out a road map by which a 

public or industrial community can move from a 

breakdown-driven regime to a data-driven one. The 

remainder of the paper is organised as follows. Section 

II describes the utility landscape of a large campus. 

Section III presents the proposed integrated model. 

Section IV develops the reliability-centered operations 

and maintenance regime. Section V presents the 

energy conservation framework. Section VI specifies 

the digitization and automation architecture. Section 

VII gives the implementation road map. Section VIII 

presents two case studies. Section IX defines expected 

outcomes and key performance indicators, Section X 

discusses limitations, and Section XI concludes. 

 

II. PROBLEM DEFINITION AND DESIGN 

REQUIREMENTS 

 

1. UTILITY LANDSCAPE OF A LARGE CAMPUS 

A.  Classification of Campus Utilities: 

Utility management typically evolves in layers. 

Electrical distribution, pumps, HVAC systems, 

generators, fire systems, and other assets may have 

their own operators, controllers, maintenance 

schedules, and records. Such specialization is 

necessary, but the resulting information silos can limit 

system-level decisions. A utility outage, for example, 

can have consequences for water pumping, HVAC, 

laboratories, communication systems, and occupant 

services. Similarly, an inefficient pump or cooling 

plant can create both reliability and energy 

consequences. 

 

Table I classifies campus utilities by criticality and by 

the tolerable interruption duration typically accepted 

by the user community. The tolerable duration is an 

operational planning input: it determines whether a 

service requires redundancy at the source, at the 

distribution level, or not at all, and it determines the 

response-time target for the maintenance organization. 

 

 

TABLE I.  CLASSIFICATION OF CAMPUS UTILITIES AND SERVICE CRITICALITY

  

Utility / service Principal dependency 
Typical tolerable 

interruption 

Electricity Grid supply, HT/LT distribution, DG, UPS Seconds to minutes 

Water supply 
Source, pumping, storage, distribution — 

electrically driven 
Hours 

Fire protection Hydrant and sprinkler pumps, detection, alarm 
Zero (standby must be 

continuous) 
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Utility / service Principal dependency 
Typical tolerable 

interruption 

Security / CCTV Power, network, recording infrastructure Minutes 

Medical services Power, HVAC, water, medical gases Zero for critical areas 

Transportation Roads, lighting, fleet, charging infrastructure Hours 

HVAC Chillers, AHUs, VRF, cooling water Minutes to hours by area 

Communication, internet, data 

centre 
Power, precision cooling, redundant links Seconds 

B.  Interdependence of Utilities 

The classification above conceals a stronger property: 

the utilities are not parallel services but a dependency 

graph rooted in electricity. Water supply depends on 

pumping, which depends on electricity. Fire protection 

depends on jockey and main pumps, which depend on 

electricity and on the reliability of their starters. 

Security and communication depend on both 

electricity and cooling. Cooling depends on electricity 

and on the availability of cooling water. A single 

distribution-level event therefore propagates into 

several services simultaneously, and the perceived 

severity of an electrical fault is far greater than its 

electrical magnitude alone would suggest. 

 

This interdependence has two consequences for 

management. First, reliability investment in the 

electrical system yields compounded returns across all 

dependent services, which justifies treating electrical 

reliability as the primary lever. Second, monitoring 

must be integrated across utilities: an alarm on a 

pumping station and an alarm on the feeder supplying 

it are the same event observed twice, and an integrated 

platform can correlate them where two isolated 

systems cannot. 

 

C. The proposed model therefore uses five design 

requirements: (1) continuity and safety of critical 

services; (2) visibility of equipment condition and 

operating parameters; (3) structured maintenance and 

asset history; (4) measurable energy performance; and 

(5) a feedback mechanism from operational data to 

capital and lifecycle planning. 

 

 

Table II. Design requirements of the integrated utility management model.

  

Requirement Management Question Digital/Operational Response 

Service continuity What must remain available? 
Criticality classification, redundancy, alarms, 

contingency plans 

Asset reliability What condition is the asset in? Condition monitoring, PM/CBM, trends, history cards 

Operational 

control 
What is happening now? SCADA/BMS/IoT, remote status and control 

Energy 

performance 
Where and why is energy used? Submetering, load profiles, KPIs, optimization 

Lifecycle planning 
What should be upgraded and 

when? 
Asset health, risk, capacity and cost analysis 

III. INTEGRATED UTILITY MANAGEMENT 

FRAMEWORK 

 

The proposed framework is organized as a closed 

management loop rather than a linear project. At the 

base are utility assets and users. Above them are 

operations and maintenance processes. Digitization 

provides continuous data acquisition and control. 

Analytics convert data into condition, performance, 

and energy information. Management decisions then 



© SEP 2026 | IRE Journals | Volume 10 Issue 3 | ISSN: 2456-8880 
DOI: https://doi.org/10.64388/IREV10I3-1723537 

 

IRE 1723537          ICONIC RESEARCH AND ENGINEERING JOURNALS 3743 

determine maintenance, optimization, replacement, 

and capacity actions. The outcomes are fed back into 

the system through updated operating limits, 

maintenance plans, budgets, and asset strategies. 

The framework can be represented as: 

 

Campus Utilities → Operations & Maintenance → 

Digitization → Analytics & Alerts → 

Reliability/Energy Decisions → Lifecycle Planning → 

Continuous Improvement 

 

A. Utility Operations 

Operations include load monitoring, load sharing or 

shifting, planned shutdowns, maintenance scheduling, 

safety controls, checklists, operating procedures, and 

emergency response. The source material emphasizes 

regular load monitoring and recording of critical 

parameters as a foundation for analysis.  

 

B. Reliability-Centered Maintenance 

The model combines preventive maintenance (PM) 

with predictive or condition-based maintenance 

(CBM). Preventive maintenance remains necessary 

for statutory, safety, lubrication, inspection, testing, 

and known-life activities. However, fixed intervals 

alone may not detect early deterioration and can lead 

to replacement of components that remain serviceable. 

Condition-based maintenance addresses this limitation 

by using measured parameters and data trends to 

identify deterioration.  

 

A practical hierarchy is therefore proposed: statutory 

maintenance → preventive maintenance → condition 

monitoring → predictive diagnostics → risk-based 

intervention. The maturity level can differ by asset 

criticality and data availability. 

 

 

 

 

C. Digital Utility Layer 

The digital layer collects parameters such as pressure, 

temperature, flow, humidity, current, voltage, power 

factor, breaker status, energy consumption, and 

running hours. Thresholds can be configured to 

generate real-time alarms. SCADA, BMS, and IoT 

platforms can provide the communications and 

visualization layer, while sensors, transducers, 

switches, and actuators connect field equipment to the 

digital system.  

 

For a large campus, the architecture should not require 

every system to be replaced simultaneously. A 

federated approach is more practical: retain existing 

PLCs, meters, protection relays, BMS and controllers 

where appropriate; add gateways and standardized 

data interfaces; and bring the resulting information 

into a common monitoring layer. 

 

D. Data-to-Decision Layer 

The value of digitization is not the dashboard itself. 

Data must lead to an operational or management 

action. A useful event chain is: measurement → 

validation → threshold/trend detection → alarm → 

acknowledgement → work order or operating action 

→ closure → history update → KPI review. This 

creates a traceable relationship between field 

condition and management decision. 

 

III. RELIABILITY-CENTERED OPERATIONS 

AND MAINTENANCE 

 

A.Reliability, monitoring, control, upgradation, and 

planning are interrelated. The source framework 

describes them as a connected system capability rather 

than independent activities. This paper extends that 

concept by treating the campus as a portfolio of assets 

with different criticalities, failure consequences, 

operating profiles, and lifecycle costs. 

 

Table III. Example condition-monitoring parameters for campus utility assets.

  

Asset Class Indicative Parameters Decision Trigger 

Electrical 

distribution 
V, I, kW, PF, temperature, breaker status 

Overload, abnormal temperature, 

protection/alarm 

Pumps Flow, pressure, current, run hours, level 
Low flow, high current, overflow risk, poor 

efficiency 
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HVAC 
Supply/return temperature, pressure, 

status, energy 

Temperature deviation, abnormal energy, 

equipment fault 

DG systems Run hours, load, fuel/energy, alarms 
Excessive runtime, alarm, abnormal 

consumption 

Water systems Tank level, flow, pressure, pump status 
Low level, overflow, leakage, pump 

abnormality 

Pic.1 Reliability cycle 

 

B.  Maintenance 

Maintenance is an important but unglamorous 

function, and it is habitually given lower priority than 

the production or academic output of the organization. 

Over the past two to three decades, however, the view 

of maintenance has been observed to change, and 

methodologies other than conventional breakdown 

maintenance have been adopted. Quality and asset 

management systems such as Six Sigma, Total 

Productive Maintenance, and the ISO family 

encourage preventive, predictive and condition-based 

maintenance by making explicit the necessity of 

maintenance planning and the cost of unplanned 

production outages and safety breaches. 

 

 

Table IV compares the four maintenance regimes on the criteria that matter for campus utilities.

  

Regime Trigger Data need 
Outage 

risk 
Principal limitation 

Breakdown Failure None High 
Unplanned outage, consequential 

damage, safety exposure 

Preventive (time 

based) 

Calendar or 

running hours 

History card, OEM 

manual 
Medium 

Early deterioration invisible; 

healthy components replaced 

Predictive / 

condition based 

Parameter 

deviation 

Trended condition 

parameters 
Low 

Requires instrumentation and 

analysis competence 

Digitized condition 

monitoring 

Automated alert on 

deviation 

Continuous sensed 

data 
Lowest 

Capital cost, integration and 

cybersecurity effort 
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1) Preventive maintenance plan 

A preventive maintenance plan can avert the 

occurrence of breakdowns and improve safe 

equipment operation by planning shutdowns and by 

reconditioning or servicing long-running equipment. 

Scheduling and the definition of test and restoration 

parameters are central to it. The history card of the 

equipment, the recommendations of the original 

equipment manufacturer, and information from 

operations and users together allow effective 

checkpoints to be established. 

 

The method has two well-recognized limitations. First, 

deterioration that begins between two scheduled 

interventions cannot be detected, so a fault that 

develops early in an interval progresses unobserved 

until the next visit or until failure. Second, the 

replacement of defined components at defined 

intervals necessarily discards healthy components and 

consumables, which is both a cost and, in a 

sustainability context, a material concern. 

 

2) Predictive and condition-based maintenance 

A further advance is condition-based maintenance. 

Instead of depending on a predefined schedule, a 

systematic condition monitoring scheme is prepared 

containing the critical system parameters that define 

the functioning and efficiency of the equipment. These 

parameters are observed at regular intervals and 

trended over time, and intervention is triggered by the 

trend rather than by the calendar. 

 

Typical condition parameters for campus utility assets 

include winding and oil temperature and dissolved gas 

content for transformers; contact resistance, operating 

time and mechanism condition for circuit breakers; 

insulation resistance, polarization index and partial 

discharge activity for cables and switchgear; vibration 

signature, bearing temperature, current signature and 

efficiency at duty point for motors and pumps; and 

approach temperature, pressure differential and 

specific power consumption for chillers. 

 

For further advancement, machine-based and 

automated monitoring should be preferred over 

manual data collection, for accuracy, for frequency of 

sampling, and because a manual regime degrades 

under workload pressure precisely when the plant is 

most stressed. 

 

C.  Reliability Measurement 

A reliability-centered model requires reliability to be 

measured rather than asserted. At the equipment level, 

mean time between failures, mean time to repair and 

availability are computed from the maintenance 

record. At the distribution level, interruption indices 

such as SAIFI, SAIDI and CAIDI, defined for 

distribution systems in, can be adapted to campus 

feeders and to individual buildings by treating each 

building service connection as a customer. These 

measures make the effect of an intervention visible 

and convert reliability from a qualitative claim into a 

reported quantity. 

 

D. Asset management  

Asset management principles can provide the 

governance layer for this approach. ISO 55000:2024 

establishes asset-management vocabulary, overview, 

and principles, while ISO 55001:2024 specifies 

requirements for an asset-management system. The 

2024 revision places additional emphasis on decision-

making, resources, data and information, and 

predictive action, which are directly relevant to a data-

enabled utility management model.  

 

A campus implementation should therefore maintain a 

minimum digital asset record for critical equipment: 

unique asset identifier, location, make/model, rating, 

installation date, criticality, maintenance history, 

failure history, operating parameters, statutory 

records, spare strategy, and replacement/upgrade 

status. 

 

IV. ENERGY CONSERVATION 

FRAMEWORK 

 

With rising power demand in society and industry, 

energy conservation is not only a necessity but a 

responsibility of every entity and every individual. 

The framework adopted here rests on three basic 

principles — Awareness, Optimize and Generate — 

applied in that order, because behavioral measures 

require no capital, efficiency measures require 

moderate capital with short payback, and generation 
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requires the largest commitment and is most effective 

once demand has already been reduced. 

 

A.  Awareness 

Awareness is created among the user community by 

various means, beginning with the implementation of 

minor tasks whose effect is visible to the user: 

• Lights are not switched on during daylight 

hours in adequately day-lit spaces. 

• Cooling and heating are optimised rather than 

maximised. 

• Water is not wasted and leakages are not 

tolerated, since every leak triggers pumping 

and therefore electricity consumption. 

• Responsibility for common utilities is accepted 

by occupants and not assigned solely to the 

maintenance division. 

• A considered choice is made between elevator 

and staircase for short vertical movements. 

• Public and shared transport options are 

preferred within and to the campus. 

 

The effectiveness of awareness campaigns is difficult 

to sustain without feedback. Publishing building-wise 

consumption obtained from the remote metering 

described in Section V converts a general appeal into 

a comparison between peer buildings, which is 

materially more effective and which costs nothing 

once metering exists. 

 

B.  Optimize 

Energy is reduced by the deployment of efficient 

appliances and by optimization of the operating 

regime. The principal measures applicable to a campus 

are summarized in Table III. 

 

 

TABLE III.  ENERGY EFFICIENCY MEASURES, INDICATIVE SAVINGS AND PAYBACK 

Measure Replaces 
Indicative 

saving 

Indicative 

payback 

LED luminaires 
Conventional and CFL 

lighting 
About 40 % Under 4 years 

BLDC ceiling fans Induction-motor ceiling fans About 55 % Under 2 years 

Inverter-based cooling systems 
Fixed-speed room air 

conditioners 
Site specific Site specific 

VRF systems for grouped air conditioning Multiple standalone units Site specific Site specific 

District cooling / common cooling plant for 

multiple facilities 

Distributed independent 

plants 
Site specific Site specific 

Temperature set-point optimization Uncontrolled set points Site specific Immediate 

Pump scheduling and level-based automation Manual pump operation Site specific Site specific 

The savings and payback figures in Table III are 

indicative values for planning purposes. Actual values 

depend on tariff, operating hours, ambient conditions 

and the baseline equipment being displaced, and 

should be established by measurement before and after 

implementation. The metering infrastructure 

described in Section V is what makes such verification 

possible; without it, savings remain estimates. 

Measurement and verification should follow the 

organization’s energy management system procedures 

[6]. 

C.  Generate: Renewable Energy 

Generating part of the power consumed by the 

community is both a need and a responsibility, and 

increasing the renewable component of campus 

consumption is among the most visible actions an 

institution can take. 

 

1) Rooftop and in-house solar generation 

The first step is to identify rooftops and unused spaces 

suitable for solar generation, allowing for shading, 

structural capacity, and future building plans. A 
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suitable commercial model is then worked out, 

typically CAPEX, in which the institution owns the 

asset, or RESCO, in which a developer owns and 

operates it and the institution purchases the generated 

energy. A billing model must be created and the 

maintenance of the system — particularly module 

cleaning, string monitoring and inverter servicing — 

must be assured, since soiling and undetected string 

failures are the usual causes of underperformance. 

 

However, rooftop and in-house solar alone cannot 

completely meet the power requirement of a large 

campus. The available roof area is bounded by the 

built-up footprint, and generation is limited to daylight 

hours. Something larger is required to supply green 

power to the campus at a high or complete share. 

 

2) Open access procurement with storage 

The solution proposed for a net-zero pathway is open-

access procurement of solar or wind power, combined 

with battery energy storage to address the temporal 

mismatch between generation and campus load. The 

option is widely available in several models in the 

market. Three principal models are compared in Table 

IV. 

 

 

TABLE IV.  OPEN ACCESS PROCUREMENT MODELS 

Model User investment Advantages Considerations 

Captive 100 % by user 
Lowest long-run energy cost; 

full control of the asset 

Large capital outlay; user carries 

performance and O&M risk 

Group 

captive 

Minimum 26 % by user; 

balance by RESCO 

Balances tariff benefit against 

capital commitment 

Equity and consumption share conditions 

must be maintained continuously 

RESCO Nil; 100 % by RESCO 

No capital outlay; 

performance risk with 

developer 

Higher unit tariff; long-term contractual 

lock-in 

The choice among these models is governed less by 

engineering than by the capital availability, risk 

appetite and procurement rules of the institution, and 

by the prevailing regulatory position on open access 

charges, banking and cross-subsidy surcharge, which 

varies by state and changes over time. The engineering 

contribution is to establish the load profile, the firm 

and flexible components of demand, and the storage 

capacity required to achieve the targeted renewable 

share — all of which are derived from the metering 

and monitoring infrastructure described in Section VI. 

 

 

 

V. DIGITIZATION AND AUTOMATION 

 

In addition to preventive and predictive maintenance, 

current technological change creates both the 

possibility and the necessity of digitization in 

maintenance and system condition monitoring. 

Digitization provides the opportunity to monitor and 

record real-time equipment data continuously, which 

is the enabling condition for condition-based 

maintenance at campus scale. A scalable architecture 

separates field control from enterprise-level 

monitoring; the proposed model uses the four layers in 

Table IV. 

 

TABLE IV. PROPOSED FOUR-LAYER DIGITAL UTILITY ARCHITECTURE

  

Layer Typical Components Primary Function 

L1 — Field Sensors, meters, switches, actuators Measure physical condition and consumption 

L2 — Control 
PLC, RTU, protection relay, local 

controller 
Local logic, interlocks, protection and control 
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Layer Typical Components Primary Function 

L3 — Supervisory SCADA, BMS, IoT gateway, historian 
Visualization, alarms, trends and supervisory 

control 

L4 — 

Management 

Dashboard, CMMS/EAM, analytics, 

reports 

Work orders, KPIs, lifecycle and strategic 

decisions 

A. Sensing and Parameter Definition 

Pressure, temperature, flow, humidity, current, 

voltage, power factor, breaker position, energy 

consumption, running hours, and other values are 

acquired at L1. For each parameter, a minimum and 

maximum admissible range is defined so that real-time 

alerts are raised on any deviation. Defining these 

ranges is an engineering task, not a configuration task: 

ranges set too wide suppress useful alarms, and ranges 

set too narrow cause alarm flooding, after which 

operators begin to ignore the system. An alarm 

rationalisation review after the first months of 

operation should be planned from the outset. 

 

B. Platforms and Field Devices 

L2 and L3 are implemented through SCADA, BMS, 

and IoT-based platforms, using transducers, sensors, 

flow switches, level switches, and actuators. In 

practice the three coexist: SCADA supervises the 

substation and electrical distribution network; BMS 

supervises HVAC, lighting, and building services; and 

IoT gateways extend coverage to distributed assets — 

remote pumping stations, overhead tanks, street-

lighting feeder pillars, standalone meters — for which 

dedicated cabling would be uneconomic. 

 

C. Communication and Interoperability 

Interoperability determines whether these layers can 

be integrated later or must be replaced. Substation 

automation is conveniently standardised on IEC 

61850; building services commonly use BACnet or 

Modbus; and distributed IoT assets typically use 

MQTT over cellular, LoRaWAN, or campus Wi-Fi. 

Open, documented protocols should be specified at the 

procurement stage: a proprietary protocol adopted for 

a single subsystem becomes the principal obstacle to 

central monitoring three to five years later. A campus 

inevitably contains equipment from multiple OEMs 

and generations, so the integration strategy should 

prioritise standard protocols and gateway-based 

interoperability where technically and commercially 

appropriate, while preserving safety interlocks and 

manufacturer requirements. 

 

D. Analytics, Alerts and History (L4) 

The analytics layer performs four functions: exception 

detection against defined ranges; trending of condition 

parameters to support predictive intervention; 

automatic construction of equipment history cards — 

running hours, operations counted, alarms raised, 

work executed; and generation of periodic reports for 

management. The automatic history card is the single 

feature with the greatest long-term value, as it removes 

the dependence of institutional memory on individual 

personnel. 

 

E. Cybersecurity and Resilience 

Connecting operational technology to campus 

networks introduces exposure that did not exist in 

isolated systems. Segmentation of the operational 

technology network from the administrative network, 

role-based access, controlled remote access, backup 

and recovery, audit trails, time synchronisation, 

configuration management, and secure change control 

should be included according to the criticality of each 

system, in accordance with the industrial automation 

security framework. Digital control should also fail 

safely: every automated system must remain operable 

in local manual mode, so that loss of the supervisory 

layer degrades visibility but does not disable essential 

local protection or interrupt the utility. 

 

F. Performance Measurement and Decision Support 

An integrated system requires a small set of actionable 

KPIs. The purpose is not to maximize the number of 

dashboard indicators but to connect measurements to 

service outcomes. 
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Table IV. Suggested KPI structure for integrated utility management.

  

Dimension Suggested KPI Use 

Reliability Availability; outage frequency; MTBF; MTTR 
Assess continuity and maintenance 

effectiveness 

Maintenance PM compliance; CBM coverage; repeat failures Measure maintenance maturity 

Energy kWh/m²; kWh/unit output; peak demand; PF Identify efficiency and demand opportunities 

Water kL/day; kL/user; pump energy per kL Track water and pumping efficiency 

Digital Asset coverage; alarm response; data quality Measure digital adoption and usefulness 

Planning 
Risk-ranked renewal backlog; capacity 

headroom 
Prioritize CAPEX and upgrades 

For energy projects, the preferred evaluation method 

is a measured baseline followed by normalized 

comparison with the post-implementation period. 

Where operating conditions vary, the analysis should 

account for relevant drivers such as occupancy, 

weather, production, operating hours, and process 

demand. For reliability projects, failure and 

interruption data should be recorded consistently 

before and after intervention. 

 

 

 

 

VI. IMPLEMENTATION ROADMAP 

 

This section sets out the phased roadmap by which an 

institutional campus can move from the current 

baseline to the target state of energy efficiency, 

digitalization and reliability described in Sections IV 

to VI, with indicative timelines, prerequisites, 

deliverables and quantified targets for each phase. 

 

The roadmap should translate the framework into a 

staged program. The source material identifies the 

need for an implementation roadmap with timelines 
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and focused actions for public or industrial 

communities.  

 

A practical sequence is to establish the baseline first, 

digitize high-criticality assets, integrate monitoring, 

implement targeted energy measures, and then use the 

accumulated data for lifecycle and strategic planning. 

 

Phase Indicative period Main actions Primary output / KPI 

0—Baseline 
Before 

implementation 

Asset register, SLD verification, 

load/energy baseline, failure history 

Verified baseline and 

criticality register 

1—Foundation 0–6 months 
PM plan, checklists, history cards, safety 

procedures, awareness 

PM compliance and 

documented asset history 

2—

Instrumentation 
6–18 months 

SCADA, remote metering, pumping, 

HVAC and DG monitoring 

Online coverage and data 

availability 

3—Integration 18–30 months 

Central monitoring, alarm 

rationalization, CBM triggers, 

cybersecurity 

Alarm-to-action ratio and 

CBM coverage 

4—Optimization 24–36 months 
Efficiency retrofits, set-point/scheduling 

optimization, M&V 
Verified energy savings 

5—Generation 30–60 months Rooftop solar, open access, BESS 
Renewable share and 

storage utilization 

 

 

VII. CASE STUDIES 

Two case studies are presented to illustrate the 

implementation of the proposed model. The first 

addresses reliability improvement and energy 

conservation in the campus pumping system through 

automation. The second addresses the creation of a 

central utility monitoring and control facility spanning 

several utility systems. 

 

A.  Case Study I: Campus Pumping Automation: 

Smart Pumping System Retrofit: An Integrated 

Reliability, Energy Saving and Digitalization Case 

Study 

 

This case study covers the application of the strategy 

to the pumping area, at two levels: automation of the 

main pumping station, and local or area-level pumping 
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automation for energy conservation and mitigation of 

overflow. 

 

1. Case Study Overview 

An institutional pumping system consisting of three 

conventional 150 kW pump-motor sets (450 kW total) 

was operated through manual ON/OFF control with 

limited operational feedback and no online condition 

monitoring. The proposed retrofit integrates three 40 

kW IE5 pump-motor sets, VFD-based pressure 

control, online electrical/hydraulic monitoring and 

Condition-Based Maintenance (CBM). The 

intervention therefore addresses three objectives 

simultaneously: improving reliability, reducing energy 

consumption and enabling digital utility management. 

 

 

2. Integrated Transformation 

Focus Area Existing Condition Proposed Smart System Expected Improvement 

Reliability 

Manual operation; limited 

feedback; breakdown-oriented 

maintenance 

Continuous parameter monitoring, 

alarms, CBM and standby 

management 

Early fault detection, 

improved availability and 

planned maintenance 

Energy 

Saving 

3 × 150 kW fixed-speed motors; 

operation not matched to demand 

3 × 40 kW IE5 motors with VFD 

and pressure feedback 

Demand-based pumping and 

reduced unnecessary energy 

consumption 

Digitization 
No online electrical/hydraulic 

monitoring 

Sensors → PLC → BMS/SCADA 

→ dashboard/analytics 

Real-time visibility, trend 

analysis and data-driven 

decisions 

3. Reliability Enhancement 

The principal reliability improvement is the transition 

from reactive/preventive maintenance to condition-

based maintenance. Motor current, voltage, kW, 

discharge pressure, flow, pump status and VFD faults 

are continuously monitored. Alarm thresholds and 

trend analysis enable abnormal operating conditions to 

be identified before they develop into major failures. 

 

The system can identify conditions such as increasing 

power for the same hydraulic output, pressure 

deviation, flow deterioration, repeated VFD trips and 

excessive pump starts. These trends can indicate 

hydraulic deterioration, impeller wear, mechanical 

problems, increased system resistance or motor/VFD 

abnormalities, allowing maintenance to be planned 

based on actual equipment condition. 

 

Reliability KPIs: MTBF, MTTR, equipment 

availability, breakdown frequency, VFD faults, 

emergency interventions, standby availability and 

CBM compliance. 

 

4. Energy Saving 

The installed motor capacity is reduced from 450 kW 

to 120 kW, representing a 73.3% reduction in installed 

motor capacity. This should not, however, be reported 

as a 73.3% measured energy saving. Actual energy 

performance must be established through operating-

load and energy-meter data. 

 

The proposed VFD-based system continuously adjusts 

pump speed according to pressure demand. For 

centrifugal pumps, power approximately follows the 

cube of speed; consequently, reduced-speed operation 

can provide substantial energy reduction under 

suitable system conditions. 

 

The recommended energy KPI is Specific Energy 

Consumption (SEC): 

 

SEC = Energy consumed (kWh) / Water pumped (m³) 

Pre- and post-retrofit measurements of energy, flow, 

pressure, operating hours and motor/VFD loading 

should be used to quantify the actual saving. 

 

5. Digitalization 

The retrofit establishes a Digital Pump Management 

System: 
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Sensors + IE5 Motor + VFD → PLC/Controller → 

BMS/SCADA → Dashboard → Energy Analytics + 

Maintenance Alerts 

 

This architecture provides real-time visibility of pump 

electrical and hydraulic performance, operating status, 

alarms and trends. It also creates the foundation for 

integration with a broader institutional utility-

management platform. 

 

Digital data can therefore be used not only for 

monitoring but also for performance benchmarking, 

early fault detection, energy analysis, maintenance 

planning and management decision-making. 

 

6. Integrated Outcome 

The project transforms a 450 kW conventional fixed-

speed pumping system into a 120 kW smart pumping 

system with three mutually reinforcing layers: 

 

RELIABILITY 

Continuous monitoring → Early abnormality 

detection → CBM → Planned intervention → 

Improved availability 

 

ENERGY SAVING 

IE5 motors → VFD control → Demand-based 

operation → Reduced unnecessary pumping → 

Verified SEC reduction 

DIGITIZATION 

Sensors → PLC → BMS/SCADA → Dashboard → 

Analytics → Data-driven utility management 

 

7. Case Study Significance 

The key value of the retrofit is not simply the 

replacement of pumps or motors. It demonstrates an 

integrated utility-management approach in which 

reliability, energy efficiency and digitalization are 

developed together. The system moves from manual 

operation and breakdown response toward intelligent, 

measurable and condition-based utility management. 

Performance validation: Actual energy savings should 

be established through pre- and post-implementation 

metering of kWh, flow, pressure, operating hours and 

motor/VFD loading. 

 

A.Central Utility Monitoring and Control 

The second case study covers substation SCADA, 

water-pumping automation, remote electricity and 

water metering, DG monitoring, HVAC monitoring 

and common-area lighting automation. The intended 

outcomes are online monitoring, abnormality alerts, 

equipment history and a defensible basis for capacity 

planning and upgradation. 

 

Data domain Required observation Management interpretation 

Electrical 
Feeders, substations, loading, events 

and alarms 

Identify capacity constraints, abnormal conditions and 

outage patterns 

Water 
Meters, tank levels, pump status and 

flow 

Correlate pumping demand with water delivery and 

leakage/overflow events 

DG 
Runtime, load, fuel/energy 

consumption and alarms 
Reconcile operation and identify abnormal consumption 

HVAC 
Status, temperatures, energy and 

alarms 

Identify abnormal energy and service-performance 

conditions 

Maintenance 
Alerts, work orders, closure and repeat 

failures 

Determine whether monitoring is influencing 

maintenance outcomes 

Table IX. Central monitoring data and management interpretation. 

 

Again, the source material provides the scope and expected outcomes but not measured field results. Therefore, 

outage-detection improvement, restoration-time reduction, energy savings and availability improvement should be 

reported only after extracting comparable pre- and post-implementation data. 

 

A tentative presentable monitoring system can be shown as follows. 
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CENTRAL UTILITY MONITORING SYSTEM (model) 
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X. PERFORMANCE INDICATORS 

 

Domain Indicator Data source Interpretive use 

Reliability 
Availability; MTBF; MTTR; 

SAIFI/SAIDI where applicable 

SCADA event log + 

maintenance record 

Quantify continuity and 

restoration performance 

Maintenance 
Planned/unplanned work ratio; schedule 

compliance; failures preceded by alerts 

Work orders + alert 

log 

Measure maintenance 

maturity and predictive 

value 

Digitization 
Critical assets monitored online; data 

availability; alarm-to-action ratio 
Monitoring platform 

Measure useful digital 

adoption 

Energy 
Specific kWh/m²; kWh/unit volume; 

verified savings 
Remote metering 

Normalize and verify 

energy performance 

Renewable 
Renewable share; solar performance 

ratio; storage utilization 

Generation metering + 

energy accounts 

Measure renewable 

contribution and utilization 

Planning 
Risk-ranked renewal backlog; capacity 

headroom 

Asset/EAM + load 

history 

Prioritize CAPEX and 

capacity augmentation 

Table X. Integrated KPI structure. 

 

The KPI set is intentionally compact. The central 

principle is that each indicator should be computable 

from data already generated by the management 

system. The source manuscript similarly emphasizes 

availability, MTBF/MTTR, maintenance ratios, digital 

coverage, specific energy consumption and renewable 

indicators.  

VIII. DISCUSSION 

 

The principal contribution of the consolidated model 

is integration rather than the introduction of an 

individual technology. SCADA, BMS, IoT, remote 

metering and analytics are enabling layers; their value 
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arises when their outputs influence maintenance, 

operations, energy optimization and capital planning. 

The quantitative information currently available in the 

source documents is intentionally limited to indicative 

energy-efficiency planning values. This is a 

methodological strength if the paper is positioned as 

an implementation framework: it avoids presenting 

unverified savings or reliability improvements as 

experimental results. The next stage is to replace the 

case-study data placeholders with measured campus 

records and to apply normalized measurement and 

verification. 

 

The main implementation risks identified in the 

manuscripts are incomplete asset records, inconsistent 

naming, legacy equipment, communication failures, 

cybersecurity exposure, poor sensor calibration, 

inadequate ownership of maintenance actions and 

insufficient data governance. Digital systems should 

therefore include network segmentation, role-based 

access, controlled remote access, logging, 

backup/recovery and manual fallback for critical 

functions.  

 

The model is also scalable. A smaller campus may 

begin with remote metering and a limited dashboard, 

whereas a large campus may require SCADA, BMS, 

IoT gateways, a historian, CMMS/EAM integration 

and advanced analytics. The underlying management 

architecture remains the same. 

 

IX. LIMITATIONS 

 

Three limitations are material. First, the numerical 

energy-saving and payback figures are indicative 

planning values and are not measured results. Second, 

renewable open-access arrangements depend on the 

regulatory and tariff environment applicable at the 

time and location of implementation. Third, the 

benefits of digitization depend on organizational 

capacity, alarm rationalization, data quality and the 

ability of operators and maintenance teams to act on 

information. These limitations are explicitly 

recognized in the source manuscript. A further 

limitation of the present consolidated paper is that the 

supplied case-study sections do not contain actual 

numerical baseline/post-implementation datasets. 

Consequently, the paper provides a validated 

measurement framework but does not claim field-

verified performance improvements. 

 

X.  CONCLUSION 

 

This paper consolidates two closely related 

manuscripts into a single integrated utility 

management framework for large campuses. 

Reliability is treated as the central service objective, 

while monitoring, operations and maintenance, 

digitization, energy conservation, and lifecycle 

planning operate as a closed management loop. 

 

The five-layer architecture connects field sensing to 

communication, supervisory platforms, analytics and 

strategic planning. The maintenance model progresses 

from breakdown maintenance through preventive and 

condition-based regimes to digitized intervention. The 

energy framework combines Awareness, Optimize 

and Generate, followed by renewable pathways 

including rooftop solar, open-access procurement and 

battery energy storage. 

 

The supplied quantitative data support an indicative 

planning interpretation: LED conversion is associated 

with about 40% indicative saving and payback below 

four years, while BLDC ceiling fans are associated 

with about 55% indicative saving and payback below 

two years. These figures are not presented as measured 

campus results. The proposed case-study tables and 

KPI structure provide the required method for 

converting future field data into verified evidence. 

 

The principal methodological conclusion is that utility 

digitization should be judged by the decisions it 

enables rather than by the number of sensors or 

dashboard points installed. When load, condition, 

energy, alarm, maintenance and asset-history data are 

connected to action and lifecycle planning, a campus 

can move from reactive utility management toward 

evidence-based reliability and resource management. 
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