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Abstract: Saudi Arabia has exceptional solar resources, rapidly growing electricity
demand and a national commitment to energy diversification. The performance of
photovoltaic systems, however, is affected by high module temperature, dust
deposition, irradiance variability, equipment degradation, communication gaps and
maintenance quality. Internet of Things monitoring can improve solar-energy
harvesting by connecting field sensors, smart meters, inverters, weather stations
and maintenance systems to a governed operational platform. This integrative
review evaluates how [oT monitoring supports real-time performance assessment,
fault detection, soiling management, predictive maintenance, energy forecasting and
quality assurance in Saudi photovoltaic installations. It examines system
architecture, sensor selection, communications, data quality, cybersecurity,
analytics and human decision-making. The paper proposes a framework that
converts trustworthy measurements into normalized performance indicators,
diagnostic alerts, controlled work orders and verified energy outcomes. It
emphasizes that connectivity alone does not optimize generation; benefits depend
on calibrated instruments, appropriate baselines, reliable communications,
interpretable analytics and timely field action. Black-box optimization without local
validation can conceal sensor error or environmental effects. For Saudi Arabia, the
recommended approach prioritizes temperature and soiling correction,
geographically appropriate communication, secure integration with SCADA, and
phased deployment across utility, industrial and distributed systems. The
framework supports Vision 2030 through renewable-energy productivity, efficient
operations, local technical capability and evidence-based asset management.
Keywords: Solar Energy Harvesting, Internet of Things, Photovoltaic Monitoring,
Performance Optimization, Predictive Maintenance, Soiling, Saudi Arabia, Vision
2030.
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1 INTRODUCTION

Solar photovoltaic generation converts an

mismatch, inverter availability, cable losses, tracker
performance and maintenance response determine

abundant Saudi resource into electricity without fuel
combustion at the point of use. Installed capacity is
expanding across utility-scale plants, industrial sites,
commercial facilities and distributed applications.
Yet nameplate capacity does not guarantee delivered
energy. Module temperature, dust, shading,

how much usable electricity reaches the grid or
facility.

Monitoring is therefore central to solar-
energy harvesting. Conventional systems record
inverter output and selected weather variables, but
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modern Internet of Things architectures can connect
granular sensors, edge devices, gateways, cloud
services, SCADA platforms and maintenance
applications. This connectivity allows operators to
compare expected and actual generation, identify
abnormal strings, quantify soiling, detect thermal
stress and prioritize intervention. The operational
objective is not to collect maximum data; it is to
obtain sufficient trustworthy evidence for timely
decisions.

Saudi conditions create both opportunity
and challenge. Solar irradiance is high, but ambient
heat reduces photovoltaic conversion efficiency. Dust
and sand can obscure modules, while cleaning
consumes water, labor and access time. Remote
project locations require robust communications and
autonomous diagnostics. Coastal humidity and
salinity —affect enclosures and connections.
Monitoring strategies developed in temperate
climates  cannot be  transferred  without
environmental calibration.

IoT deployment also introduces
dependencies. Low-cost sensors may drift, wireless
links may fail, timestamps may differ and
cybersecurity weaknesses may expose control
interfaces. Analytics can produce false alerts if
baselines ignore temperature, irradiance or
curtailment. A successful system must integrate
electrical engineering, instrumentation,
communications, data governance, quality assurance
and maintenance.

The subject aligns with the research
scholar's background in SCADA, electrical systems,
commissioning, QA/QC, reliability and industrial
project management. This paper therefore treats IoT
solar monitoring as an operational and quality
system rather than a stand-alone digital application.

2 AIM OBJECTIVES AND RESEARCH
QUESTIONS

The aim is to develop an integrated
framework for optimizing solar-energy harvesting
through loT-based monitoring in Saudi Arabia.

The objectives are to identify major
environmental and technical causes of photovoltaic
underperformance; examine suitable IoT
architectures, sensors and communications; explain
how monitoring data can support diagnostics,
maintenance and cleaning; integrate quality and
cybersecurity controls; and define implementation
priorities aligned with Saudi Vision 2030.

The research questions are: Which variables
provide the most useful evidence of energy loss? How
should IoT data be normalized and converted into

reliable operational decisions? Which architecture
and communication choices suit Saudi solar
environments? How can cybersecurity, calibration
and quality assurance protect monitoring integrity?
What phased approach can scale from pilot systems
to large portfolios?

3 REVIEW METHODOLOGY

An integrative review design was used
because the topic spans photovoltaics, sensors,
communications, analytics, maintenance, energy
management and industrial control. The conceptual
search scope included Scopus, Web of Science, IEEE
Xplore, ScienceDirect and standards repositories.
Search concepts combined solar photovoltaic, energy
harvesting, I[oT monitoring, soiling, module
temperature, fault detection, performance ratio,
predictive maintenance, wireless sensor networks,
SCADA and Saudi Arabia.

Priority was given to peer-reviewed
research and authoritative standards relevant to
photovoltaic monitoring and IoT systems. Sources
were considered where they explained measurement
methods, loss mechanisms, data architectures, fault
diagnosis, forecasting, maintenance or security.
Studies without clear technical methods, purely
promotional claims and findings unrelated to field
operation were excluded from the synthesis.

Evidence was grouped into resource and
environment, architecture, measurement,
communications, analytics, operation, quality,
security and implementation. Because studies use
different climates, system sizes, sensor sets and
outcome definitions, results were synthesized
qualitatively rather than pooled statistically. No
fabricated screening counts or universal savings
percentages are presented. The proposed framework
requires validation against site-specific equipment,
climate, tariffs, grid requirements and operating
procedures.

Seasonal interpretation is necessary because
summer heat, winter irradiance, wind and rainfall
change both expected output and loss mechanisms. A
dashboard should compare performance with an
appropriate seasonal baseline rather than a single
annual threshold. After storms or unusual dust
events, temporary loss may justify inspection before
cleaning. Following rainfall, apparently clean
reference sensors and modules should be checked for
uneven residue. These contextual rules reduce
unnecessary dispatch and help operators distinguish
normal environmental variation from equipment
deterioration.
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4 Solar Energy Harvesting under Saudi Conditions

Photovoltaic output depends on incident
irradiance, cell temperature, spectral conditions,
angle of incidence and electrical conversion
efficiency. Saudi sites often receive strong irradiance,
but high temperature creates a counteracting loss
because module voltage and efficiency decline as cells
heat. Monitoring should therefore measure or
estimate module temperature rather than comparing
power only with irradiance.

Dust and sand deposition are major
operational variables. Soiling reduces transmitted
light and may create nonuniform patterns that
increase mismatch. Loss depends on particle
properties, wind, humidity, tilt, rainfall and cleaning
history. A single regional soiling factor is inadequate.
Paired reference devices, clean-versus-soiled
sensors, image methods or normalized energy trends
can support site-specific decisions.

Shading may arise from structures,
vegetation, adjacent rows, accumulated dirt or
tracker misalignment. Electrical mismatch can
develop through module ageing, damaged bypass
diodes, connector resistance and string imbalance.
Inverter clipping, efficiency, downtime and control
limitations also affect harvested energy. Grid
curtailment must be separated from equipment
underperformance so that maintenance teams are
not assigned to losses they cannot correct.

Environmental monitoring should include
irradiance, ambient temperature, module

temperature and relevant weather variables. Wind
influences module cooling and dust movement.
Humidity and rainfall affect soiling and corrosion.
The required sensor density depends on plant area
and microclimate variation. Additional sensors
should be justified by the decisions they improve,
since excessive instrumentation increases calibration
and maintenance burden.

A credible baseline uses normalized
indicators. Specific yield compares energy with
installed capacity. Performance ratio relates
delivered energy to in-plane irradiance while
accounting for reference conditions. Availability
distinguishes whether equipment was capable of
operating. Loss trees can allocate differences among
temperature, soiling, downtime, clipping, wiring and
curtailment. Definitions and data boundaries must
remain consistent over time.

Architecture selection should include
maintainability. Devices require accessible isolation,
clear labeling, replacement procedures and
supported firmware. Gateways installed in harsh
enclosures need thermal assessment and surge
protection. Spare strategy should cover failure-prone
communication and sensor components. The design
should also state what happens when a vendor
service ends. Documented protocols and exportable
data reduce the risk that monitoring capability
becomes unusable before the photovoltaic assets
reach the end of their operating life.

Table 1: Principal solar-loss mechanisms and lIoT evidence

Loss mechanism | Monitoring evidence

Operational response

Temperature

Module and ambient temperature with

Normalize output and review cooling or

irradiance mounting
Soiling Soiling sensor, reference pair and yield Optimize zone-specific cleaning
trend
Electrical String current, voltage and thermal Inspect modules, connectors and bypass
mismatch evidence paths
Inverter Status, alarms, temperature and energy gap | Prioritize diagnosis and repair
downtime
Curtailment Grid command and plant capability Separate commercial loss from equipment

fault

5 IoT Monitoring Architecture

An IoT solar-monitoring system can be
described in layers. Field devices measure weather,
electrical and equipment states. Edge devices
acquire, validate and aggregate signals. Gateways
connect local networks to supervisory or cloud
platforms. Applications provide visualization, alarms,
analytics and work-management integration.
Governance controls identifiers, access, configuration
and data retention across all layers.

At field level, inverter and meter data should
be combined with independent reference
measurements. Relying entirely on one device can
conceal a common measurement error. Smart
combiner boxes, string current sensors, tracker
controllers, protection devices and thermal sensors
may provide deeper visibility where consequence
justifies cost. Distributed rooftop systems may use
fewer points and portfolio-level comparison.
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Edge computing is valuable in remote or
bandwidth-constrained locations. Local rules can
detect missing data, calculate summaries and retain
information during communication loss. Critical
protection and safe control must remain local and
should not depend on cloud availability. When
connectivity returns, buffered records require
timestamp and  sequence checks  before
synchronization.

Platform integration should maintain
separation between monitoring and control. Read-
only exchange may be appropriate for many
analytics. Commands to inverters, trackers or
cleaning equipment require authorization, validation,
interlocks and audit trails. Interfaces with SCADA,
computerized maintenance managementand energy-
management systems should use defined data
ownership and failure behavior.

Scalability requires a stable naming model.
Each plant, inverter, string, sensor and
communication device needs a unique identifier
connected to location, rating and configuration.
Metadata should include engineering units, valid
range, sampling interval, calibration status and
quality flag. Without this context, portfolio analytics
may compare unlike signals or interpret stale values
as real operating conditions.

Measurement uncertainty should be
matched to the decision. Portfolio screening may
tolerate greater uncertainty than contractual
performance verification or warranty claims. The
monitoring plan should define uncertainty budgets
for important derived indicators and identify which
input dominates. When a calculated loss is smaller
than measurement uncertainty, dispatching a field
team may not be justified. Reporting uncertainty also
prevents minor numerical differences from being
interpreted as real performance changes.

6 Sensors Measurement Quality and Calibration

Sensor quality determines the ceiling of
analytical quality. Pyranometers, reference cells and
irradiance sensors have different response
characteristics, accuracy and maintenance needs.
Selection should consider the intended uncertainty,
spectral response, temperature behavior and
cleaning regime. A sensor installed at the wrong tilt
or allowed to soil differently from the array can
distort performance assessment.

Electrical measurements include direct-
current voltage and current, alternating-current
power, energy, power factor, frequency and
equipment status. Meter class, wiring, current-
transformer ratio, polarity and synchronization
should be verified during commissioning. String-level

measurement can locate localized faults, while
inverter-level measurement may be sufficient for
smaller systems. The design should match the
diagnostic requirement.

Module temperature can be measured using
attached sensors or estimated from environmental
models. Attached sensors require correct placement
and thermal contact. One point may not represent a
large array with different wind or mounting
conditions. Thermography can identify hotspots,
connector heating and diode problems, but
interpretation depends on irradiance, loading, angle,
emissivity and inspection method.

Calibration is not an administrative
formality. Drift can create apparent degradation or
improvement. The programme should define
calibration intervals, reference standards, as-found
and as-left results, field verification and rules for
handling data collected while a sensor was out of
tolerance. Quality flags should travel with
measurements into dashboards and analytics.

Commissioning should verify end-to-end
data integrity. A field stimulus or known operating
event should be traced through sensor, gateway,
database, display and alarm. Units, scaling,
timestamps, sign convention and asset mapping must
be checked. This process prevents visually
convincing dashboards from concealing systematic
errors.

Remote sites need power resilience for
monitoring equipment. Gateways, network switches
and reference sensors may depend on auxiliary
supplies that fail during the same event being
investigated. Backup duration should support the
required diagnostic record, and restart behavior
should preserve clocks and configuration.
Communication alarms should differentiate a failed
device from a failed backhaul. This distinction directs
technicians correctly and prevents lost connectivity
from being mistaken for plant outage.

7 Communications and Data Management

Communication choice depends on distance,
terrain, device density, bandwidth, power availability
and criticality. Wired industrial networks provide
predictable performance within plant areas. Cellular
and long-range wireless technologies can connect
dispersed assets. Short-range wireless may suit
rooftop or sensor clusters. Satellite may support
remote locations where terrestrial coverage is
limited. Hybrid architectures often provide the best
balance.

Reliability should be designed rather than
assumed. Link budgets, antenna placement,
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interference, environmental enclosures and power
backup require engineering review. Monitoring
should identify packet loss, latency, gateway health
and clock status. Store-and-forward capability
preserves data during interruption, while local
alarms protect urgent functions.

Sampling rates should reflect process
dynamics. Irradiance and power require intervals
capable of representing cloud transients and
equipment response, whereas slow environmental
variables may need less frequent collection.
Excessive sampling increases storage and network
load without improving decisions. Aggregation rules
must preserve peaks, outages and quality
information.

Data management should retain raw or
appropriately granular records for investigation
while providing validated operational datasets.
Missing values should not be silently interpolated for
compliance or performance reporting. Corrections,
substitutions and modelled values require clear flags.
Time synchronization is essential when comparing
irradiance, inverter response, protection events and
maintenance actions.

Retention policy should consider warranty,
degradation analysis, dispute resolution and
research needs. Access should be role based. Data
exports and interfaces should avoid vendor lock-in by
using documented formats where practical.
Ownership must be clear when platforms are hosted
by engineering contractors, equipment vendors or
service providers.

Peer comparison is effective when
equipment is genuinely comparable. Strings should
have similar orientation, module type, shading and
operating state. Inverters may have different
firmware, loading or clipping behavior. Analytics
should exclude assets under maintenance or
curtailment and retain the reason for exclusion. A
peer group that changes silently can shift the baseline
and conceal degradation. Governance should
therefore version group membership and review it
after plant modification.

Model validation should include abnormal
and normal periods. A detector that performs well
only during clear-sky operation may generate
excessive alarms during variable clouds. Validation
should report precision, recall, energy consequence,
detection lead time and false-alarm burden.
Operators should be able to see the variables
supporting a diagnosis. When confidence is low, the
platform should recommend verification rather than
presenting an uncertain classification as a confirmed
fault.

8 Analytics for Performance Optimization

The first analytical task is performance
normalization. Actual power should be compared
with an expected value derived from irradiance,
temperature, installed capacity, equipment
availability and known operational constraints. A
fixed threshold is inadequate because expected
output changes continuously. Baselines may use
physical models, historical clean performance or
carefully validated machine-learning methods.

Fault detection can operate at several levels.
Rule-based checks identify missing signals, limit
violations and inconsistent states. Statistical methods
detect deviations from peers or historical behavior.
Machine learning can model complex relationships,
but it requires representative training data and
monitoring for drift. Diagnostic outputs should
identify likely causes and confidence, not only label
an anomaly.

Soiling optimization compares expected
energy recovery with cleaning cost, water use, access
risk and forecast weather. Cleaning every array at a
fixed interval may waste resources, while delayed
cleaning sacrifices energy. [oT evidence can support
zone-specific schedules. Automated cleaning systems
require confirmation that they operate effectively
and do not damage modules.

Predictive maintenance uses trends in
inverter temperature, fan operation, fault codes,
string imbalance, insulation alarms and
communication health. The purpose is to create
sufficient lead time for intervention. An alert should
connect to a defined inspection or work order. False-
positive burden, missed detections and maintenance
outcomes should be measured.

Forecasting supports grid and facility
planning. Short-term forecasts combine weather
information with plant behavior; longer horizons
support maintenance and energy budgeting. Forecast
error should be reported by horizon and weather
regime. Curtailment and outages must be treated
separately to avoid training models on artificial
underproduction.

Optimization recommendations must
remain within electrical, warranty, grid and safety
constraints. Models should not change inverter
settings or tracker behavior without approved
authority. Human review is particularly important
when data quality is uncertain or recommended
action affects availability.

Cleaning verification should compare
normalized performance before and after work while
considering irradiance and temperature. Visual
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appearance alone is insufficient. Records should
identify cleaned zones, method, water use, timing and
any damage found. If performance does not recover,
the loss may arise from sensor error, electrical
mismatch or equipment condition. This feedback
prevents repeated cleaning from masking a different
failure mechanism and improves future scheduling.

9 Maintenance Quality Assurance and
Operational Response

Monitoring creates value only when the
organization responds. Alarm rationalization should
define the abnormal condition, consequence, priority,
responsible role and expected action. Duplicate and
chattering alarms should be corrected. Operators
need overview displays that separate plant-wide
resource changes from equipment-specific problems.

Work-management integration  should
retain the evidence behind an alert. The work order
should identify asset, symptoms, relevant trends,
diagnostic confidence and required safety controls.
Field findings should return to the monitoring system
so that models and thresholds can be evaluated.
Closure should confirm performance recovery, not
only completion of a task.

Quality assurance covers equipment receipt,
installation, commissioning, calibration,
documentation and corrective action. Module
identification, connector compatibility, cable routing,
earthing, torque, enclosure integrity and protection
settings influence  long-term performance.
Construction defects may appear later as monitoring
anomalies; traceability helps distinguish design,
installation and operating causes.

Nonconformities should state the
requirement, evidence and immediate control. Root-
cause analysis should consider recurring defects
across equipment families. Corrective actions require
verification. Where an underperforming asset
remains in service, temporary controls, monitoring
frequency, owner and expiry date should be
documented.

Performance reviews should combine
energy and reliability. Useful measures include
normalized yield, performance ratio, availability,
soiling loss, inverter downtime, alarm response,
defect closure and sensor validity. Energy gains
should not be claimed when caused by favorable
weather, changed curtailment or revised data
treatment.

Security procurement should address
support duration, vulnerability notification, secure
update mechanisms and access logging. Low-cost
devices may become unmanaged when suppliers

discontinue platforms. Asset owners need
inventories of hardware, firmware, certificates and
external connections. Risk acceptance should
consider whether a device can be isolated or replaced
without disrupting generation. Security review
should be repeated when remote-service
arrangements or control interfaces change.

10 Cybersecurity Privacy and Resilience

IoT expands the digital attack surface
through field devices, wireless links, gateways,
remote services and application interfaces.
Compromise can disrupt monitoring, manipulate
performance data or provide a path toward control
systems. Security must be designed according to
consequence and system architecture.

Device identity, strong authentication, least
privilege, secure configuration, encrypted
communications where appropriate, network
segmentation and controlled remote access form the
foundation. Default credentials and unmanaged
vendor accounts should be prohibited. Firmware and
configuration changes require testing, approval and
rollback arrangements.

Monitoring networks should be separated
from safety-critical and protection functions.
Gateways require logging, health monitoring and
backup. Cloud services need contractual -clarity
regarding data location, retention, incident
notification and recovery. Security controls must
remain maintainable over the expected plant life.

Resilience includes offline operation,
buffered data and trusted restoration. The
organization should know how to rebuild gateways,
recover configurations and verify data integrity after
an incident. Exercises should involve operations,
electrical engineering, information technology,
cybersecurity and vendors. A system that cannot
recover reliably may reduce rather than improve
operational confidence.

The framework should use staged autonomy.
Early deployment can provide advisory alerts that
engineers review. After accuracy and operating
procedures are proven, selected low-consequence
actions may be automated within limits. Higher-
consequence commands should remain approved
and interlocked. This progression allows the
organization to learn how models behave under local
conditions and prevents premature automation from
turning uncertain analytics into physical control.

11 Integrated IoT Solar Optimization Framework

The proposed framework begins with
operational objectives and a verified asset model. The
facility defines which losses and decisions matter,
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then selects measurements capable of resolving
them. Commissioning establishes trustworthy
sensors, scaling, timestamps and baseline
performance. Secure communications and edge
validation transport data with quality status.

The analytical layer normalizes output for
resource and temperature, then allocates losses
among soiling, equipment condition, downtime,
wiring, clipping and curtailment. Alerts are
prioritized by energy consequence, safety, confidence
and response urgency. Recommendations enter
controlled cleaning, inspection or maintenance
workflows. Field results verify whether the action
recovered performance.

The final layer reviews outcomes and
updates models. Sensor drift, false alerts, missed
faults and changing environmental conditions feed
back into calibration, thresholds and architecture.
This learning cycle prevents the platform from
becoming a static dashboard.

Governance crosses every layer. Asset
identifiers, access rights, calibration, configuration,
model version, data correction and decision authority
require named owners. High-consequence actions
remain subject to engineering review. The
framework measures success through verified
energy and reliability outcomes rather than
connected-device counts.

Portfolio governance should allow local
variation within common standards. Central teams
can define naming, cybersecurity, quality flags and
performance metrics, while site teams calibrate
environmental thresholds and maintenance
responses. Central comparison can identify systemic
inverter or module issues, whereas local expertise
interprets weather and access conditions. Clear
division of responsibility prevents centralized
dashboards from bypassing the engineers who
understand the plant.

Solar resource
and asset data

Edge validation
and secure transfer

Normalized loss
and fault analytics

Verified energy
and model update

Cleaning and
maintenance action

Governance: calibration | metadata | cybersecurity | decision authority | quality assurance

Figure 1: Integrated IoT framework for solar-energy optimization
Source: Author synthesis

12 Saudi Arabia Vision 2030 and Implementation
Priorities

IoT-enabled solar optimization supports
Saudi energy diversification by increasing the usable
output and reliability of installed photovoltaic
capacity. The strongest Vision 2030 alignment is
operational: better renewable-asset productivity,
reduced avoidable loss, efficient water and
maintenance use, digital capability and local
engineering development.

Implementation should begin with a
representative pilot that includes weather sensing,
inverter data, selected string measurements,
communications health and maintenance integration.
The baseline should cover seasonal conditions before
savings are claimed. Pilot evaluation should
document data availability, diagnostic accuracy,
response time, recovered energy and operating cost.

Utility plants, industrial facilities and
distributed rooftops require different architectures.

Large plants justify granular sensors and dedicated
networks. Industrial sites benefit from SCADA and
energy-management integration. Distributed
portfolios need standardized gateways, remote
diagnostics and scalable device management. A single
design should not be imposed on every use case.

Saudi environmental calibration is essential.
Sites should quantify local soiling, temperature
behavior, rainfall, wind and cleaning effectiveness.
Coastal and desert locations may need different
enclosure, corrosion and communication strategies.
Water  scarcity should influence cleaning
optimization.

Local capability can be developed through
joint projects among operators, universities,
laboratories, integrators and equipment suppliers.
Knowledge transfer should include sensor validation,
data engineering, cybersecurity, analytics and field
maintenance. Complex methods should be adopted

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

1658



Lateef, M. A., Glob Acad ] Econ Buss; Vol-8, Iss-5 (Sep-Oct 2026): 1652-1661

only when local teams can understand, challenge and
sustain them.

The findings also show that operational
feedback is a data source. Technician observations,
replaced components, photographs and restoration
tests can label events more accurately than
automated signals alone. Integrating this evidence
supports supervised learning and rule improvement.
Feedback fields should be simple enough for field use
but controlled enough for analysis. Poorly structured
free text may retain knowledge for one person while
remaining unusable for portfolio learning.

13 DISCUSSION

The review shows that IoT improves solar-
energy harvesting through visibility, normalization,
diagnosis and coordinated response. Sensors
establish environmental and electrical context.
Communications make dispersed evidence available.
Analytics convert data into likely loss mechanisms.
Maintenance and cleaning actions recover
performance. Quality assurance verifies that
measurements and interventions are trustworthy.

The main limitation of technology-led
approaches is the assumption that more connectivity
produces more energy. Poorly placed sensors,
inconsistent metadata, missing calibration and
ungoverned algorithms can generate false
conclusions at scale. The optimization chain is only as
strong as its weakest measurement or decision
process.

Saudi conditions make temperature, soiling
and communication reliability priority design
variables. They also strengthen the case for edge
processing and site-specific baselines. Portfolio
comparisons should normalize climate and
equipment differences. Performance targets
transferred from another region may be unrealistic
or misleading.

Economic evaluation should compare
recovered energy and avoided downtime with
Sensors, networks, licenses, calibration,
cybersecurity, cleaning and maintenance costs.
Benefits should be verified against a documented
baseline and adjusted for weather, curtailment and
equipment changes. This discipline supports credible
investment decisions.

Experimental studies should also compare
alternative cleaning triggers under the same
environmental and commercial assumptions. Energy
recovery alone is not sufficient because a strategy
may increase water consumption, equipment wear or
worker exposure. Researchers should report the
condition of reference sensors, module technology,
tilt, particle characteristics and weather during each
trial. Replication across seasons would clarify
whether a threshold remains effective as dust
composition and rainfall change. Open reporting of
uncertainty and operational constraints would make
results more useful to Saudi asset owners selecting
practical control rules.

Table 2: Balanced measures for IoT solar-monitoring performance

Dimension | Illustrative measure Why it matters

Energy Normalized yield and recoverable loss Separates resource from controllable
performance

Reliability Availability and repeated fault time Tracks sustained generation capability

Data quality | Valid sensor coverage and calibration status | Protects analytical credibility

Maintenance | Response and verified recovery time

Connects alerts to operational value

Resilience

Communication uptime and restoration test | Supports dependable remote operation

14 Research Gaps and Future Research

Longitudinal Saudi datasets are needed to
characterize soiling, temperature loss, sensor drift
and equipment degradation across regions. Research
should compare monitoring architectures using
consistent definitions of energy recovery, diagnostic
accuracy, water use and life-cycle cost. Unsuccessful
pilots and false alerts should be reported.

Future studies should investigate
interpretable models that combine physical
knowledge with machine learning. Uncertainty
estimates are necessary when data are missing or
environmental conditions fall outside training
ranges. Digital twins could test cleaning, tracker and
inverter strategies before field deployment.

Research is also needed on cybersecurity,
communication resilience, device lifecycle and
workforce interaction. Human factors determine
whether operators trust alerts and whether
maintenance feedback improves models. Common
anonymized data structures could accelerate
research while protecting commercially sensitive
information.

Investment approval should include
recurring costs. Sensors require calibration and
replacement; communication services require
subscriptions; analytics require support; and
cybersecurity requires monitoring and updates. A
low initial price can create higher life-cycle cost if
devices fail rapidly or data cannot be exported. The

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

1659



Lateef, M. A., Glob Acad ] Econ Buss; Vol-8, Iss-5 (Sep-Oct 2026): 1652-1661

business case should compare alternative
architectures over the expected service period and
include the cost of maintaining evidence quality.

15 Practical Managerial and Policy Implications

Managers should define operational
decisions before purchasing sensors. Engineering
teams should own asset models, measurement
requirements and acceptance criteria. QA/QC should
control calibration, installation and records.
Operations should own alarm response, while
maintenance should verify field outcomes.
Cybersecurity should approve connectivity and
remote access.

Contracts should require documented
interfaces, data export, device management, security
support and knowledge transfer. Acceptance testing
should include communication loss, sensor failure,
incorrect scaling, time synchronization, alarm
routing and recovery. Performance guarantees
should distinguish equipment capability from
weather and grid curtailment.

Policy can support standardized
terminology, calibration capability, interoperability,
cybersecurity and professional development.
Incentives should reward verified energy and
reliability outcomes rather than device deployment
alone. Water and environmental impacts should be
considered in cleaning optimization.

Regular governance reviews should confirm
that monitoring priorities still match plant objectives,
asset condition, grid arrangements and available
maintenance capability.

16 Limitations

This integrative review combines
heterogeneous studies, standards and technical
guidance. It does not provide a meta-analysis or a
universal percentage improvement. Solar
technologies, climates, tariffs, communication
coverage and maintenance practices differ. No
original Saudi plant dataset was available. The
framework  therefore  requires  site-specific
validation, cybersecurity review and calibration
against  equipment, grid and regulatory
requirements.

17 CONCLUSION

IoT-based monitoring can improve solar-
energy harvesting in Saudi Arabia when trustworthy
measurements are connected to normalized analysis,
controlled decisions and verified field action. The
most important applications are performance-loss
allocation, soiling optimization, fault detection,
predictive maintenance, forecasting and
communication-health management.

Successful implementation requires
calibrated sensors, reliable timestamps, resilient
communications, governed metadata, interpretable
analytics, cybersecurity and competent maintenance
response. Connectivity without these foundations
can increase complexity without recovering energy.
Algorithms should support engineering judgment
and remain bounded by safety, warranty and grid
requirements.

The proposed framework links objectives,
asset models, sensing, edge validation, secure
transport, loss analytics, work management and
feedback. It is suitable for phased adaptation across
utility, industrial and distributed systems. By
improving renewable-asset productivity, operational
efficiency and local digital capability, this approach
offers a practical contribution to Saudi Vision 2030.
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