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Abstract: Industrial buildings depend on electrical services whose interruption can
disable process protection, ventilation, communications, security and emergency
response. Saudi Arabia's expanding industrial infrastructure therefore requires
power continuity strategies that address both routine equipment faults and
prolonged external disruptions. This review critically synthesises research
published between 2020 and 2025 on redundant uninterruptible power supplies,
automatic power transfer, standby generation and associated control systems.
Sources were examined through a structured, topic-led integrative review and
evaluated against failure independence, transfer behaviour, autonomy,
maintainability and service restoration. The synthesis finds that additional
equipment cannot guarantee resilience when redundancy shares batteries,
switchgear, cooling, control logic or maintenance exposure. Furthermore, an
automatic transfer switch normally introduces an interruption; genuinely
interruption-sensitive loads require an appropriately configured online UPS or
equivalent ride-through provision. A layered architecture is proposed in which
independently protected load paths are coordinated with verified source-transfer
sequences, conditioned battery capacity and tested emergency generation. The
review extends infrastructure-scale resilience principles to facility-level electrical
interfaces and identifies measurable acceptance criteria for industrial applications
in Saudi Arabia. Evidence gaps include sparse local field performance records,
limited joint modelling of transfer and battery failures, and insufficient validation
under compound heat, dust and utility disturbances. These findings provide a design
and assurance agenda rather than an assertion of measured performance at any
particular site.
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1. INTRODUCTION shutdowns and preserve the capability to recover

Critical industrial buildings are not simply after a disturbance. A loss of power may stop pumps
enclosed production spaces. They contain the and compressors immediately, but its more
electrical and digital functions that keep processes consequential  effects can emerge through
within safe operating limits, coordinate protective unavailable instrumentation, disabled cooling,
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inaccessible control rooms or failed communications.
As industrial systems become interconnected,
apparently local faults can cross physical and
operational boundaries. Recent energy resilience
literature consequently distinguishes the ability to
withstand disruption from the narrower probability
of satisfactory operation during ordinary conditions
[1-4].

In Saudi Arabia, this distinction matters for
petrochemical facilities, utilities, logistics complexes,
desalination infrastructure, industrial campuses and
digitally intensive manufacturing. Expansion and
diversification under Vision 2030 increase the
significance of dependable operational services,
while ambient heat, airborne dust and geographically
dispersed assets complicate equipment assurance.
These factors should inform engineering design
without implying that every Saudi location
experiences identical exposure. Research on power-
system resilience highlights the need to combine
infrastructure hardening with operational recovery,
rather than treat either as an independent solution
[5-7]. The building-level implications are particularly
important where a process can withstand a brief
voltage disturbance but cannot tolerate a loss of
control or emergency ventilation.

Conventional emergency power designs
often describe a utility supply, a standby generator
and a changeover device. Such descriptions conceal
the actual sequence through which critical loads
remain energised. Starting a diesel generator takes
time, switching a source can involve an open interval,
and a nominally redundant UPS can still depend on a
single upstream panel. Research on generator
performance shows that availability at the beginning
of an outage, successful starting and sustained
operation are distinct reliability questions [11, 12].
Facility owners therefore need an explanation of
power continuity at the load terminals, not an
inventory of installed equipment.

The aim of this review is to develop an
evidence-informed framework for strengthening
emergency electrical supply continuity in critical
Saudi industrial buildings. Its objectives are to
distinguish service continuity from component
redundancy; critically compare UPS and source-
transfer arrangements; explain battery and
generator coordination under compound failures;
and establish a verification framework connecting
technical design, maintenance and recovery. The
contribution lies in integrating device-level power
electronics with building-level functional resilience.
No site-specific outage data, reliability simulation or
experimental commissioning is claimed. Instead,
engineering propositions are separated from

reported findings so that their transferability
remains transparent.

2. REVIEW METHODOLOGY AND
ANALYTICAL BASIS

A critical integrative review was adopted
because the research question spans electrical power
conversion, switching logic, storage degradation,
emergency  generation and  interdependent
infrastructure. A purely statistical aggregation would
be misleading: the relevant studies evaluate
markedly different load classes, disturbance
definitions, battery technologies and observation
periods. The review considered research issued from
January 2020 through December 2025 and
prioritised peer-reviewed studies, technical reviews
and a directly relevant electrical engineering
standard possessing traceable digital identifiers.
Search concepts combined resilience, critical
buildings, UPS redundancy, automatic transfer,
emergency supply, battery autonomy, generator
reliability, microgrids and Saudi operating
conditions.

Material was identified through publisher
records, scholarly indexing and institutional research
repositories. Relevance screening required an
explicit connection to one or more of five themes:
interruption-sensitive loads, source diversity, failure
propagation, backup energy endurance or validation
of continuous service. Publications dealing only with
general renewable penetration, without a meaningful
continuity implication, received lower analytical
weight. Research on hospitals, data centres and
airports was retained when it examined electrical
functions transferable to industrial buildings; its
findings were not presented as direct Saudi industrial
measurements. Foundational concepts were
interpreted through the chosen 2020-2025 corpus,
and the thematic synthesis drew on thirty DOI-linked
works [1-30].

Extraction proceeded conceptually rather
than through an invented quantitative dataset. For
each source, the assessment considered system
boundary, initiating hazard, available supply paths,
faultassumptions, claimed performance measure and
limitations of application. Findings were compared
using four layers: resistance before disruption,
uninterrupted support during transition, extended
supply following transition and controlled
restoration. Disagreements were resolved through
engineering scope: an architecture can be resilient to
loss of one UPS module without being resilient to
failure of a shared battery room. Such conditional
interpretation follows recent calls for resilience
metrics that identify the service being protected and
the event over which protection is evaluated [2-6].
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The evidence base supports a qualitative
design framework, not a calculated prediction of site
availability. A literature citation showing improved
outage survivability under a particular generator
network cannot be converted into a universal
percentage for a different plant. Likewise, no
documentary method can establish compliance with
a current local electrical code, protection settings or
manufacturer transfer limitations. These require
project-specific technical review. This explicit
boundary is important  because design
recommendations otherwise acquire an appearance
of precision that the published evidence cannot

justify.

3. Electrical Resilience as a Facility-Level
Function

Resilience must be specified at the level of a
protected service. A production line, distributed
control system, fire alarm panel and emergency
lighting network do not have the same tolerable
interruption or restoration sequence. The first design
task is therefore a critical-load schedule linking each
circuit to consequences, allowable disturbance,
minimum operating period and controlled shutdown
requirements. A single category labelled essential can
obscure differences between equipment requiring
effectively continuous alternating-current supply and
motors that may safely restart after a planned delay.
This service perspective is consistent with wider
reviews of disturbance severity and restoration
metrics [1-4].

Reliability and resilience also require
different evidence. Mean time between failures is
useful for comparing maintainable components
under assumed operating conditions, but it does not
describe how several elements behave during a
common-cause incident. A major heat event, flooded
switch room, control network failure or mistaken
isolation can remove supposedly independent paths
simultaneously. Quantitative work on infrastructure
interdependence  demonstrates that network
coupling changes the effects of disturbance relative to
analysis of isolated assets [22, 23]. Critical load
continuity should therefore be assessed through the
entire route from source to terminal, including
protection, switchboards, cable routes, power
conversion and environmental support.

A practical service metric is the proportion of
protected load supplied throughout an explicitly
defined outage interval. Further indicators include
the longest unserved interval at the load, expected
energy not supplied, probability of successful
generator acceptance, reserve battery endurance and
time to recover normal selective protection. These
measures should be recorded by load tier and
scenario rather than collapsed into one availability

figure. A system may restore its aggregate megawatt
demand promptly while failing a small safety
controller whose loss dominates the consequence.
Recent reviews similarly argue that restoration speed
and infrastructure performance must be measured
together [2-7].

Three classes of event should guide the
evaluation. First, local equipment faults challenge
module redundancy and downstream discrimination.
Second, source disturbances challenge detection
settings, synchronization and stored-energy ride-
through. Third, prolonged disturbances challenge
fuel logistics, battery ageing, cooling, access and
organisational capacity. The same installed
equipment may perform very differently across the
classes. The design question is not whether an
alternative supply exists in the drawings, but
whether usable electrical power can reach the correct
load during each credible failure and subsequent
maintenance state.

4. Redundant UPS Architecture and Failure
Containment

An uninterruptible power supply is a power-
conditioning system, not merely a battery attached to
an industrial switchboard. In an online double-
conversion arrangement, the rectifier and inverter
normally maintain the protected output while stored
energy supports the direct-current link when the
input disappears. The resulting ride-through function
is valuable for programmable logic controllers,
supervisory systems, network infrastructure and
selected protection devices. However, its continuity
depends on the inverter, static bypass, battery path
and downstream distribution remaining within
design limits. Research on battery autonomy and
power-device condition monitoring reinforces the
need to examine these elements as ageing electrical
assemblies rather than permanent nameplate
capacities [16-20].

A basic N architecture provides sufficient
capacity during normal conditions but little tolerance
for a module outage. N+1 arrangements add modular
capacity so that the design load can be sustained after
one module is unavailable, assuming distribution and
supporting systems remain healthy. Parallel modules
may nevertheless share a switchboard, control bus,
bypass feeder or cooling failure mode. A distributed
2N architecture provides two separately rated UPS
paths with independent components, while a dual-
corded load can obtain supply through diverse
terminal feeds. These are not interchangeable labels:
the degree of independence has to be proved across
upstream and downstream interfaces. Reviews of
resilience and microgrid design warn against
equating redundant equipment counts with
independent service routes [8, 9].
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Common-cause protection should begin with
physical and electrical segregation. Separate battery
isolators, suitably independent upstream breakers,
independent auxiliary supplies and diverse cable
routes reduce exposure to a single event. Where two
UPS trains feed a single-corded device, a properly
engineered static transfer arrangement may be
required; the switching device must be evaluated for
source synchronization, fault withstand, transfer
time and load compatibility. The two inputs must not
be connected through a hidden common bypass or
maintenance connection that defeats the intended
separation. Fault-tree reasoning is more informative
than a simplified multiplication of assumed
component reliabilities when common controls or
human actions remain shared.

Maintenance bypass design presents a
frequent contradiction. The system may meet its
nominal redundancy definition during operation, yet
a routine inverter service may expose every
protected load to raw upstream power. Maintenance
states therefore belong in the architecture study. A
credible design should support safe isolation of one
module, verified continuity on the remaining
capacity, and an operating instruction that prevents
accidental bridging of independent buses. Batteries
must remain accessible for inspection and
replacement without compromising the other path.
The 2022 battery guidance addresses selection,
sizing, maintenance and testing as linked elements of
UPS dependability [15].

Battery configuration deserves particular
attention because a healthy inverter cannot sustain
an outage once usable stored energy has been
exhausted. Separate strings are not fully independent
if they share a single charging circuit, protective fuse,
room temperature controller or inadequate
ventilation. Cell imbalance and connector resistance
can also alter effective autonomy under high
discharge. Experimental autonomy estimation
research demonstrates that battery behaviour
depends on operating conditions and ageing,
supporting verification against load and temperature
rather than the nominal ampere-hour label [16].
Consequently, continuity assurance should include
discharge profiles, end-of-life capacity margins and
clear alarms for reduced reserve.

A two-path scheme also requires disciplined
load allocation. Motor starting currents, transformer
inrush, nonlinear harmonic demand and bypass
overload behaviour can disrupt a train that appears
adequately rated by steady-state kilowatts. For
critical controllers, transient tolerance and
permissible waveform distortion should be obtained
from equipment requirements. Electrical harmonics
have been examined in a Saudi large-facility case,
illustrating that the interaction between generation
and nonlinear loads matters alongside energy
adequacy [25]. The protected-load schedule should
therefore link power quality, short-circuit
coordination and terminal-level continuity instead of
treating them as  separate  procurement
specifications.

LAYERED, INDEPENDENT CRITICAL-LOAD PATHS

UTILITY FEED A ATS A
s

Independent source route Source selection

UTILITY FEED B ATS B
—

Independent source route Source selection

STANDBY GENERATION

Shared recovery resource

Conceptual service architecture - subject to project-specific protection and segregation design

ONLINE UPS A

Dedicated battery A

ONLINE UPS B
Dedicated battery B

Source-transfer function is upstream of UPS ride-through

Redundant UPS outputs remain vulnerable if commeon feeds, controls or rooms are not managed

LOAD BUS A
Segregated route

CRITICAL

DUAL-INPUT LOAD

LOAD BUS B

Segregated route

Figure 1: Conceptual dual-path critical-load architecture with distinct UPS trains and coordinated
recovery sources. Shared generating resources are shown explicitly; the diagram is not an installation
single-line drawing
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Table 1: Comparative engineering characteristics of continuity architectures (qualitative synthesis)

Architecture Protected function

Residual exposure

Required evidence

Single UPS (N) Power conditioning and

short outage support

One module or DC path can | Document fault bypass
interrupt the protected load | behaviour and actual

autonomy

Modular N+1 UPS | Maintains rated load

Common bypass,
following one module loss switchboard, control or
battery exposure

Demonstrate loss-of-one
capacity and safe module
isolation

Segregated 2N Two independently
trains capable supply paths

Shared sources, rooms or
final load interfaces may
remain

Trace segregation to terminal
and through maintenance

Static transfer Alternative feed for

Source synchronism, fault

Test specified interruptions

interface selected single-input loads | clearing and transfer and input compatibility
limitations

ATS plus Bridges generator start Finite start success, open Witness timed sequence

generator and and restores extended transfer gap, fuel exhaustion | under representative loads

UPS supply

5. Automatic Transfer and Emergency Supply
Coordination

Automatic transfer switching responds to
inadequate  preferred-source  conditions by
connecting an alternative supply according to
predetermined logic. It does not, by itself, remove the
interruption produced by the loss of one source and
establishment of another. Open-transition equipment
deliberately disconnects before reconnecting; closed-
transition equipment operates under restrictive
synchronization and operating conditions and cannot
be assumed applicable during a dead-source failure.
Designs describing an ordinary generator transfer as
uninterrupted therefore confuse two different
functions. Research exploring multi-source transfer
confirms the flexibility of source selection, but the
actual continuity outcome depends on sensing,
switching and the characteristics of the connected
load [14].

The intended sequence begins with a
disturbance threshold, not with an indiscriminate
response to every voltage fluctuation. Under-voltage,
frequency deviation, loss of phase and phase
imbalance require detection windows chosen to
avoid nuisance transfer while remaining compatible
with equipment ride-through. Following a confirmed
failure, the controller issues a generator start
command or selects an already viable alternative. The
automatic transfer switch changes position only
when source conditions satisfy interlocking rules.
Throughout this interval an online UPS supplies the
loads requiring continuous power. Generator
acceptance then restores the UPS input, allowing the
battery to recharge under a controlled current limit.

This sequence introduces temporal
dependencies. If a generator takes longer to become
acceptable than the usable battery reserve,
interruption remains possible despite technically
successful equipment operation. Conversely,

excessively rapid retransfer can destabilise operation
during utility recovery. Correct coordination
therefore specifies a minimum ride-through budget,
credible starting delay, transfer time, generator
voltage stabilisation, recharge demand and staggered
load restoration. The budget should also allow failed-
start retries or explicitly define the condition under
which a protected process must undergo a safe
shutdown. A hospital microgrid study demonstrates
why generator, storage and solar resources must be
assessed jointly across outage scenarios rather than
individually [26].

Selective protection becomes especially
important after transfer. Standby generators and
inverter-based supplies may contribute lower or
differently shaped fault current than a strong utility
network. Breakers and protective relays adjusted for
utility conditions may consequently operate too
slowly or fail to discriminate on the emergency
source. The solution is not simply a larger generator;
protection settings, generator decrement curves,
inverter fault limits and neutral-earthing
configurations must be analysed across operating
modes. A transfer that maintains voltage but defeats
fault clearance cannot be described as resilient.
Functional acceptance tests should therefore include
representative downstream faults, interlocks and
source return conditions wherever safe and practical.

Control-system dependencies also deserve
scrutiny. Digital transfer controllers, communicating
breakers and microgrid controllers can improve
monitoring while introducing network and software
vulnerabilities. Cyber-physical microgrid reliability
studies show that communications availability can
affect overall electrical performance [21]. A resilient
transfer system needs a defined local fallback mode,
loss-of-communications behaviour, independent
control power, secure settings management and
event records sufficient to reconstruct a failure.
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Manual intervention should remain possible through
a controlled procedure rather than an undocumented
override that defeats electrical interlocks. These

safeguards make automatic transfer a governed
process rather than an isolated switchgear feature.

01 - NORMAL 02 - DETECT

Utility conditions Source failure
within limits confirmed

ONLINE UPS / SENSITIVE LOAD

SEQUENCE OF EVENTS: LOSS OF THE PREFERRED SUPPLY

lllustrative states only - actual threshelds and delays must be validated at the protected load

03 - BRIDGE

04 - QUALIFY 05 - RESTORE
UPS battery Generator starts; UPS recharges;
ATS changes input controlled return

supports critical load

Continuous output is the design target, not an automatic consequence of installing an ATS

Non-UPS loads may experience a defined open-transfer interruption

Figure 2: Conceptual transition sequence. Continuous UPS output is a separate performance requirement
from successful changeover between upstream sources

6. Storage, Generation and Long-Duration
Endurance

UPS autonomy is the time for which required
load can be supplied under specified battery
conditions. It is not a fixed property of a battery
nameplate, because discharge rate, temperature, age,
state of charge, inverter efficiency and shutdown
threshold alter the usable period. Capacity tests and
condition-monitoring  trends  provide  more
meaningful assurance than elapsed installation age
alone. The literature on lead-acid prediction
demonstrates the value of adapting autonomy
estimates to observed operation [16], while the UPS
failure analysis from a hospital environment
illustrates how maintenance process weaknesses can
be systematically identified and reduced [17].
Neither study establishes a single suitable autonomy
period for every industrial service.

Technology selection also changes the risk
profile. Valve-regulated lead-acid batteries are
established in standby applications but require
ventilation, inspection and planned replacement.
Lithium-ion systems can reduce footprint and offer
different cycle characteristics, yet they require
chemistry-specific  battery  management, fire
protection and thermal controls. Comparative
technical discussion distinguishes lithium iron
phosphate from nickel-rich chemistries on discharge
response, thermal stability and calendar ageing [18].
Reviews of energy-storage incidents caution that
compliance testing alone does not eliminate thermal
runaway risk and that facility-level separation and
emergency procedures remain necessary [19]. In

high-temperature = environments, battery-room
cooling becomes part of the critical supply chain.

A standby generator converts stored fuel
into electrical energy for periods extending beyond
the intended UPS bridge. Its resilience contribution
must be expressed through separate probabilities of
being available, starting, accepting load and running
continuously. Analysis of emergency generators
provides empirical grounds for treating these
probabilities as finite; their deterioration with outage
duration can outweigh optimistic assumptions about
installed generating capacity [11]. Subsequent
comparisons indicate that sharing properly managed
resources across a network can improve long-
duration service under specific assumptions [12].
Such benefits depend upon distribution survivability
and do not remove the possibility of common
generator-room, fuel or control failures.

Fuel resilience requires more than storage-
volume calculation. Fuel quality, transfer pumps, day
tanks, filtration, replenishment arrangements and
emergency access are part of the endurance model. A
nominally sufficient tank becomes irrelevant if
electrical controls for the fuel pump depend on the
failed distribution system. Likewise, a generator may
be mechanically available but unable to carry chilled-
water starting transients or a large UPS recharge
step. Project testing should reproduce credible
loading sequences and establish shedding priorities
for non-critical loads. Research on integrated
building emergency power systems suggests that
shared resources can improve utilisation, but
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optimisation must preserve the capacity reserved for
emergency duty [13].

Additional photovoltaic or battery resources
may extend supply duration when they are designed
to operate in the intended islanded mode. Their
contribution must not be treated as a firm substitute
for protected inverter capacity without evidence of
control stability and resource availability. Reviews of
microgrids describe the potential for resilience
enhancement alongside protection and operational
complexity [9-30]. A data-centre study on
coordinated supply and storage illustrates useful
optimisation opportunities [27], although
operational cost improvements are not equivalent to
proven  zero-interruption performance. The
appropriate design hierarchy is therefore safety
continuity first, endurance second and energy
optimisation only within validated boundaries.

7. Application to Saudi Industrial Environments

Translation of international evidence into
Saudi industrial practice requires attention to both
environmental exposure and facility purpose. High
seasonal ambient temperatures place sustained
demands on UPS electronics, generator cooling and
battery-room  environmental control. Dust
infiltration can obstruct ventilation, degrade contact
surfaces and increase maintenance frequency,
particularly where filtration and enclosure
protection are poorly matched to site conditions.
These are design hazards to evaluate, not evidence
that every Saudi installation already suffers from a
particular defect. A local study of hybrid microgrid
supply in Al Uyaynah demonstrates the relevance of
resource sizing and continuous service requirements,
although its assumptions cannot stand in for an
industrial site acceptance test [24].

Industrial geography produces another
distinction. A compact plant may have two nominal
grid feeders supplied from the same upstream
substation, while a remote campus may depend on a
long distribution spur. Source diversity must be
established by tracing the complete electrical
topology and not inferred from a drawing containing
two incomers. For shared utility corridors, the risk
assessment should address flooding, excavation, fire
spread and access restrictions. Recent infrastructure
resilience assessments and interdependency models
underline why geographically concentrated assets
can propagate disruption across services [22-28].
The facility study should explicitly identify common
substations, transformer rooms, fuel routes and
communication nodes.

The economic evaluation should likewise
consider avoided consequence rather than compare
capital cost alone. For a critical shutdown system, the

value of uninterrupted operation may concern
worker safety and environmental containment
before production loss. For a packaging line, a short
stoppage may have primarily commercial
consequences. This differentiation supports tiered
investment: duplicated online UPS trains for the most
sensitive controls, supported transfer and generation
for essential process equipment, and managed restart
for deferrable loads. Research on airport microgrid
dispatch and resilience illustrates how protected load
prioritisation can shape investment appraisal [10].
Outcomes should nevertheless be evaluated with
Saudi project costs, actual load records and local
maintenance capabilities.

8. Proposed Assurance Framework and Testable
Propositions

The proposed framework links five
decisions. First, owners establish the consequences
and tolerable interruption for each protected service.
Second, designers map the complete source-to-load
architecture, flagging shared dependencies and
maintenance bypass states. Third, a sequence-of-
events study confirms the required relationship
between UPS support, source qualification, transfer,
generator loading and battery recharge. Fourth, a
scenario-based endurance study addresses short
faults, repeated disturbances and extended outages.
Fifth, evidence from commissioning and periodic
testing is recorded against the original service
requirement. Figure 1 depicts the resulting layered
architecture, while Figure 2 expresses the sequence
as a continuity state model.

Assurance should use falsifiable acceptance
criteria. For each interruption-sensitive load, the test
record should specify allowable output deviation and
maximum interruption, measured at its terminals
rather than inferred from breaker position. For each
UPS train, evidence should demonstrate isolation of a
failed module without exceeding remaining capacity.
For each automatic transfer arrangement, testing
should record detection delay, interlock behaviour,
source qualification and unsuccessful-start response.
For each generator, the record should cover loading,
extended running and return-to-normal logic. The
construction of these evidence chains follows the
broader literature's movement towards explicit,
scenario-dependent resilience metrics [2-28].

Four propositions emerge for future
investigation. First, verified electrical separation
should predict protected-load continuity more
strongly than nominal module count. Second, battery
reserve should be evaluated as a distribution of
usable endurance, especially where environmental
temperature and maintenance vary. Third, transfer-
related failures should be modelled jointly with
generator start failures, because neither hazard is
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independent of the timing sequence. Fourth,
maintenance and controls should be represented as
active parts of resilience, rather than administrative
variables applied after equipment selection. These
propositions can be tested through anonymised
event logs, commissioning reports and asset-level
performance histories from Saudi industrial facilities.

A suitable comparative study would stratify
facilities by load criticality, system architecture and
geographic exposure. Researchers could then analyse
observed transfer performance, battery discharge
outcomes and restoration intervals without
publishing sensitive plant schematics. The outcome
measures should include maximum critical-load
interruption, expected energy not supplied,
successful autonomous transition and safe shutdown
completion. Research on power-outage impacts
demonstrates the value of viewing electrical
disruption through both technical and service
consequences [29]. Without this multidisciplinary
measurement, projects may overstate resilience by
reporting generator starts while overlooking failed
controls or unacceptable transient voltage
excursions. An important distinction is the treatment
of latent failures. A standby component may appear
available for months because it has not been asked to
operate under demand. Periodic exercise should
therefore include actual mechanical actuation,
instrumented load response and the relevant alarm-
to-action pathway. Evidence from generator research
shows why successful starts do not guarantee
sustained operation [11, 12]. For power electronics,
monitoring trends should be linked to actionable
thresholds and formal corrective work orders, not
retained as isolated dashboard indicators [17-20].

Electrical fault containment also places
boundaries on source sharing. A bus tie may improve
flexibility, but it can expose both trains to one
protection error or arc-flash incident. Conversely,
permanently segregated systems can create
avoidable difficulties during planned maintenance if
alternative routes cannot be verified. Design reviews
must examine both operational diagrams and
switching procedures, including lockout, position
indication and restoration authority. The preferred
arrangement  is  therefore  determined by
consequence and proof of isolation, not by assuming
either complete interconnection or separation is
universally optimal.

For battery systems, reserve duration must
be defined at an end-of-service condition rather than
only at commissioning. A wuseful evaluation
distinguishes energy needed to bridge normal
generator starting, margin for an unsuccessful first
attempt and energy retained for a controlled

shutdown. Each portion depends on discharge
capability at the stated temperature and load. Where
generator failure triggers load shedding, the selected
sequence should preserve instrumentation and
emergency communication until the final safety
action is confirmed. This is a functional safety
requirement, not simply an efficiency measure.

The proposed review also has a practical
procurement implication. Equipment schedules often
state capacity and nominal redundancy while leaving
transfer timing, alarm supervision, bypass
configuration and replacement access in narrative
specifications. Contract documents should instead
connect each requirement to a test method and
acceptance evidence. Independent witnesses can
verify that the installed arrangement reflects the
approved single-line diagram, that settings match the
protection study and that operating teams can
recover safely from a failed automatic sequence. Such
documentary discipline reduces the gap between
design intent and long-term facility performance.

Finally, assurance should continue after
handover. Seasonal performance checks, updated
critical-load inventories, battery-health trending,
generator fuel inspections and controlled drills help
reveal drift from the original assumptions. An
additional server cabinet or modified ventilation unit
can consume the very redundancy margin intended
for fault survival. Asset changes should trigger re-
evaluation of steady-state loading, transient
behaviour and achievable autonomy. A facility should
be called resilient only for the scenarios it has
analysed and the service outcomes it can
demonstrate.

A further research priority concerns event
chronology. Existing summaries frequently report
whether the standby source became available
without preserving the milliseconds surrounding
load loss, UPS inverter response and transfer
initiation. Time-synchronised waveform capture at
selected critical terminals would allow investigators
to distinguish voltage sag tolerance from genuine
supply continuity. Pairing these records with
generator start logs, battery condition and protective
relay events could reveal sequences otherwise
misclassified as unrelated equipment defects. The
resulting evidence should be anonymised and
grouped by equipment duty, event severity and
maintenance state before wider comparison. This
approach would support causal investigation without
presenting proprietary industrial schematics, while
creating stronger evidence for future performance
specifications and context-specific design guidance in
Saudi facilities and procurement decisions.
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Table 2: Scenario-based commissioning and lifecycle assurance matrix for essential electrical services

Failure scenario

Failure mechanism

Minimum functional
safeguard

Acceptance / follow-up
evidence

Preferred utility
source fails

Loss of input and
changeover delay

UPS output remains within
load tolerance; ATS qualifies
alternative

Time-stamped output
waveform and switching
event record

fails to start

become insufficient

executes within usable
autonomy

One UPS module is Capacity margin and | Remaining train or modules Witnessed isolation and
isolated shared bypass risk sustain the specified critical load-sharing test

tier
Standby generator Battery reserve may | Alarm, retry or safe shutdown | Failed-start simulation plus

measured reserve

Battery string loses

Ride-through

End-of-life margin, individual
alarms and replacement plan

Load-conditioned capacity
and diagnostic reports

capacity shorter than
assumed
Controller Remote logic
communications are unavailable or
lost inconsistent

Local interlocks and defined
manual fallback remain
functional

Loss-of-link and restoration
procedures

Severe thermal or
dust exposure

Derating or common
cooling outage

Protection, segregation and
planned environmental
maintenance

Environmental alarms,
inspection and periodic
revalidation

9. LIMITATIONS, IMPLICATIONS AND
CONCLUSION

The principal limitation of this review is
evidence transferability. Several informative studies
concern hospitals, data centres, campuses or broad
distribution networks rather than Saudi industrial
sites. Published models also differ in assumed repair
resources, load priorities, generator maintenance
and outage length; numerical results cannot
legitimately be pooled into one predicted facility
availability. The source set enables a reasoned
architecture and assurance approach, but it cannot
resolve manufacturer-specific switching tolerances,
site earthing, actual battery ageing or local regulatory
approval. Those questions require original
engineering data and independent verification.

The central conclusion is that critical
building resilience is achieved through a validated
continuity chain, not through the presence of backup
equipment alone. Redundant UPS paths protect
interruption-sensitive loads only when shared failure
mechanisms are controlled. Automatic transfer
switches support source recovery but must be paired
with ride-through where the load cannot tolerate
transfer gaps. Generators, batteries, protective
devices and maintenance arrangements must be
tested as one timed operating system. Applying this
layered approach to Saudi Arabia would help
designers and facility operators translate
infrastructure resilience ambitions into auditable
electrical performance, while providing a focused
agenda for local field research.

REFERENCES

1. Jasiunas ], Lund PD, Mikkola ]. Energy system
resilience: A review. Renewable and Sustainable
Energy Reviews. 2021; 150:111476.
https://doi.org/10.1016/j.rser.2021.111476

2. Umunnakwe A, Huang H, Oikonomou K, Davis KR.
Quantitative analysis of power systems
resilience: Standardization, categorizations, and
challenges. Renewable and Sustainable Energy
Reviews. 2021; 149:111252.
https://doi.org/10.1016/j.rser.2021.111252

3. Paul S, Poudyal A, Poudel S, Dubey A, Wang Z.
Resilience assessment and planning in power
distribution  systems: Past and future
considerations. Renewable and Sustainable
Energy Reviews. 2024; 189:113991.
https://doi.org/10.1016/j.rser.2023.113991

4. Zidane TEK, Muis ZA, Ho WS, et al. Power
systems and microgrids resilience enhancement
strategies: A review. Renewable and Sustainable
Energy Reviews. 2025; 207:114953.
https://doi.org/10.1016/j.rser.2024.114953

5. Mohanty A, Ramasamy AK, Verayiah R, et al.
Power system resilience and strategies for a
sustainable infrastructure: A review. Alexandria
Engineering Journal. 2024; 105:261-279.
https://doi.org/10.1016/j.aej.2024.06.092

6. Afzal S, Mokhlis H, Illias HA, Mansor NN, Shareef
H. State-of-the-art review on power system
resilience and assessment techniques. IET
Generation, Transmission & Distribution. 2020;
14(25):6107-6121.
https://doi.org/10.1049/iet-gtd.2020.0531

7. Erenoglu AK, Sengor I, Erding O. Power System
Resiliency: A Comprehensive Overview from
Implementation  Aspects and Innovative

© 2026: Global Academic Journal’s Research Consortium (GAJRC)

1979



Shaikh, A. M., Glob Acad ] Econ Buss; Vol-8, Iss-6 (Nov-Dec 2026): 1971-1981

10.

11.

12.

13.

14.

15.

16.

17.

Concepts. Energy Nexus. 2024; 15:100311.
https://doi.org/10.1016/j.nexus.2024.100311
Mishra S, Anderson K, Miller B, Boyer K, Warren
A. Microgrid resilience: A holistic approach for
assessing threats, identifying vulnerabilities, and
designing corresponding mitigation strategies.
Applied Energy. 2020; 264:114726.
https://doi.org/10.1016/j.apenergy.2020.1147
26

Hamidieh M, Ghassemi
Resilience: A Review.
10:106059-106080.
https://doi.org/10.1109/ACCESS.2022.321151
1

Masrur H, Sharifi A, Islam MR, Hossain MA,
Senjyu T. Optimal and economic operation of
microgrids to leverage resilience benefits during
grid outages. International Journal of Electrical
Power & Energy Systems. 2021; 132:107137.
https://doi.org/10.1016/j.ijepes.2021.107137
Marqusee ], Jenket D. Reliability of emergency
and standby diesel generators: Impact on energy
resiliency solutions. Applied Energy. 2020;
268:114918.
https://doi.org/10.1016/j.apenergy.2020.1149
18

Marqusee ], Ericson S, Jenket D. Impact of
emergency diesel generator reliability on
microgrids and building-tied systems. Applied
Energy. 2021; 285:116437.
https://doi.org/10.1016/j.apenergy.2021.1164
37

Zhang L, Yang Y, Li Q, Gao W, Qian F, Song L.
Reliability and cost analysis of the integrated
emergency power system in building complex.
Energy Exploration & Exploitation. 2022;
40(2):501-527.
https://doi.org/10.1177/01445987211036824
Barnwal R, Clark SW, Yogi B, Balal A. Automatic
Transfer Switch for Critical Loads Between
Renewables, Storage, Mains, or Generator. 2024
IEEE Texas Power and Energy Conference. 2024;
pp. 1-5.
https://doi.org/10.1109/TPEC60005.2024.104
72269

IEEE Standards Association. IEEE Guide for
Batteries for Uninterruptible Power Supply
Systems (IEEE Std 1184-2022). IEEE. 2022;
Standard 1184-2022.
https://doi.org/10.1109/IEEESTD.2022.977433
6

Bolsi PC, Prado EO, Lima ACC, Sartori HC,
Pinheiro JR. Battery autonomy estimation
method applied to lead-acid batteries in
uninterruptible power supplies. Journal of
Energy Storage. 2023; 58:106421.
https://doi.org/10.1016/j.est.2022.106421
Huang LL, Wang ZW, Xu HR, Wang BL, Chen WW.
FMEA-based risk mitigation for hospital UPS

M. Microgrids and
IEEE Access. 2022;

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

failures. Results in
27:106833.
https://doi.org/10.1016/j.rineng.2025.106833
VanZwol ]. Chemistry Options for Lithium-Ion
UPS and BBU [Expert View]. IEEE Power
Electronics Magazine. 2022; 9(1):48-50.
https://doi.org/10.1109/MPEL.2021.3139254
Lystianingrum V, Priyadi A, Negara IMY. Lessons
learned from large-scale lithium-ion battery
energy storage systems incidents: A mini review.
Process Safety Progress. 2023; 42(2):348-355.
https://doi.org/10.1002/prs.12448

Wei ], Liang F, Feng H, Ran L. Condition
Monitoring of Discrete Power Devices: A Data-
Driven Approach With Stress Quantification and
Mold Temperature Sensing. IEEE Journal of
Emerging and Selected Topics in Power
Electronics. 2024, 12(3):2569-2579.
https://doi.org/10.1109/JESTPE.2024.3387652
Barani M, Vadlamudi VV, Heegaard PE. Reliability
analysis of cyber-physical microgrids: Study of
grid-connected microgrids with communication-
based control systems. IET Generation,
Transmission & Distribution. 2021; 15(4):645-
663. https://doi.org/10.1049/gtd2.12049
Magoua J], Wang F, Li N. High level architecture-
based framework for modeling interdependent

Engineering. 2025;

critical infrastructure systems. Simulation
Modelling Practice and Theory. 2022;
118:102529.

https://doi.org/10.1016/j.simpat.2022.102529
Belle A, Zeng Z, Duval C, Sango M, Barros A.
Modeling and vulnerability analysis of
interdependent railway and power networks:
Application to British test systems. Reliability
Engineering & System Safety. 2022; 217:108091.
https://doi.org/10.1016/j.ress.2021.108091
Alsubaie HT. The Development of a Hybrid
Microgrid System to Improve the Robustness of
Electrical Services in Al Uyaynah City, Saudi
Arabia.  Advances in  Transdisciplinary
Engineering. 2024;
https://doi.org/10.3233/ATDE240350
Al-Sharif YM, Sowilam GM, Kawady TA. Harmonic
Analysis of Large Grid-Connected PV Systems in
Distribution Networks: A Saudi Case Study.
International Journal of Photoenergy. 2022;
2022:8821192.
https://doi.org/10.1155/2022/8821192
Hervas-Zaragoza ], Colmenar-Santos A, Rosales-
Asensio E, Colmenar-Fernandez L. Microgrids as
a mechanism for improving energy resilience
during grid outages: A post COVID-19 case study
for hospitals. Renewable Energy. 2022; 199:308-
319.
https://doi.org/10.1016/j.renene.2022.08.132
Wang Z, Yin Z, Yang ], Wang ]. Coordinated
optimization of distributed energy system and
storage-enhanced uninterruptible power supply

© 2026: Global Academic Journal’s Research Consortium (GAJRC)

1980



Shaikh, A. M., Glob Acad ] Econ Buss; Vol-8, Iss-6 (Nov-Dec 2026): 1971-1981

28.

in data center: A three-level optimization
framework with model predictive control.
Energy Conversion and Management. 2025;
342:120137.
https://doi.org/10.1016/j.enconman.2025.1201
37

Mishra DK, Eskandari M, Abbasi MH, et al.. A
detailed review of power system resilience
enhancement pillars. Electric Power Systems
Research. 2024; 230:110223.
https://doi.org/10.1016/j.epsr.2024.110223

29.

30.

Ptak T, Brooks ], Stock R. A systematic review and
typology of power outage literature: Critical
infrastructure, climate change and social
impacts. Renewable and Sustainable Energy
Reviews. 2025; 218:115778.
https://doi.org/10.1016/j.rser.2025.115778

Uddin M, Mo H, Dong D, Elsawah S, Zhu ],
Guerrero JM. Microgrids: A review, outstanding
issues and future trends. Energy Strategy
Reviews. 2023; 49:101127.
https://doi.org/10.1016/j.esr.2023.101127.

© 2026: Global Academic Journal’s Research Consortium (GAJRC)

1981



