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Smart Environmental Monitoring for Saudi Mega-Projects: Integrating Digital
Technologies with Environmental Compliance.

Abstract

Saudi Arabia’s rapid delivery of mega-projects under Vision 2030 is occurring alongside a strengthening
environmental compliance regime and an accelerating national digital transformation. This combination
creates a practical need to move environmental monitoring beyond periodic sampling and retrospective
reporting toward continuous, risk-based and auditable digital oversight. This paper develops a conceptual
framework for smart environmental monitoring in Saudi mega-projects by integrating Internet of Things (IoT)
sensors, edge computing, Building Information Modelling (BIM), Geographic Information Systems (GIS),
digital twins, artificial intelligence (Al), machine learning (ML), unmanned aerial vehicles (UAVs), cloud
platforms and secure data-traceability mechanisms with environmental management and regulatory
compliance processes. The study uses a structured narrative review of recent peer-reviewed literature and
official Saudi sources, including the National Center for Environmental Compliance (NCEC), Vision 2030
reporting and I1ISO 14001:2026. The synthesis identifies six core requirements for effective implementation: fit-
for-purpose sensing, data quality assurance, spatial and operational contextualisation, automated compliance
logic, accountable response workflows, and governance of data, cybersecurity and human decision rights. A
Smart Environmental Monitoring and Compliance Framework (SEMCF) is proposed for large infrastructure,
tourism, transport, urban and industrial developments. The framework links real-time environmental
measurements to permit conditions, risk registers, construction activities, predictive analytics, alerts, corrective
actions and regulatory evidence. Particular attention is given to dust and air quality, noise and vibration, water
and soil quality, waste and pollution incidents, biodiversity-sensitive areas and cumulative impacts. The paper
argues that digital monitoring creates value only when measurement quality, calibration, threshold governance
and response accountability are designed as part of the environmental management system rather than added
as isolated technology. The framework offers a practical research and implementation agenda for Saudi mega-
projects and can be empirically validated through future multi-project case studies, expert assessment and
longitudinal monitoring data.

Keywords: smart environmental monitoring; Saudi Arabia; Vision 2030; mega-projects; environmental
compliance; Internet of Things; digital twin; BIM; artificial intelligence; construction dust; NCEC; 1SO 14001

1. Introduction

Saudi Arabia is implementing one of the world’s most ambitious portfolios of large-scale infrastructure and
urban-development projects. Transport systems, tourism destinations, industrial zones, energy developments
and new urban districts are being delivered at a scale that places environmental management under sustained
operational pressure. At the same time, Vision 2030 has embedded sustainability and digital transformation
within the country’s development model. The result is a policy environment in which environmental
performance is expected to be both demonstrable and increasingly data driven (Saudi Vision 2030, 2026).

Conventional environmental monitoring on construction and infrastructure projects is often periodic. Air,
water, soil or noise measurements may be collected according to a schedule, analysed later, and then
incorporated into monthly or quarterly reports. Such systems remain necessary, particularly where accredited
sampling and laboratory analysis are required, but they can leave a significant visibility gap between sampling
events. Construction impacts are dynamic: dust concentrations can change within minutes as wind direction
shifts; noise varies with equipment and work sequencing; runoff quality can deteriorate during rainfall or
dewatering; and incidents such as fuel spills or uncontrolled discharges can emerge rapidly. A monitoring



43
44

45
46
47
48
49
50
51
52

53
54
55
56
57
58
59
60
61

62
63
64
65
66
67
68
69

70
71
72
73
74
75
76

77

78
79
80
81
82
83

84
85

system that only documents conditions after the event may therefore support reporting without fully supporting
prevention.

Saudi environmental regulation is moving toward more technology-enabled oversight. In 2026, NCEC and the
Royal Commission for Riyadh City announced construction dust-control requirements for qualifying projects
in Riyadh that include installation of air-quality measurement devices, connection to a unified construction-
dust monitoring platform and periodic environmental performance reporting. NCEC has also reported a risk-
based inspection approach that prioritises activities with higher environmental impact, while its broader
environmental-quality mandate covers air, water, soil, coastal environments, noise and light pollution (NCEC,
2026a; NCEC, 2026b; NCEC, n.d.-a). These developments make smart environmental monitoring directly
relevant to compliance practice rather than merely a future-oriented technology concept.

Research in construction and the built environment has simultaneously demonstrated the potential of 10T-
based particulate monitoring, BIM-integrated sensing, edge computing, predictive modelling, digital twins,
UAV-based spatial observation and blockchain-supported data traceability. Kim et al. (2021) developed an loT
particulate-matter monitoring system for construction sites; Xu et al. (2022) integrated BIM, edge computing
and prediction models for construction air-pollution management; Guo et al. (2022) combined IoT monitoring
with LSTM-based PM2.5 forecasting; and Zhong et al. (2022) demonstrated a blockchain framework for on-
site construction environmental monitoring. Digital twin research has further shown how real-time sensor
streams can be spatially and semantically connected to built assets to support environmental interpretation and
prediction (Wang et al., 2022; Kang & Mo, 2024).

However, a gap remains between technology demonstrations and a complete compliance operating model for
Saudi mega-projects. A sensor network alone does not establish compliance. Measurements must be accurate
enough for their intended purpose; sensor location and calibration must be governed; thresholds must reflect
permit and regulatory requirements; exceedances must trigger accountable actions; data must be retained with
a defensible audit trail; and environmental professionals must remain responsible for interpretation where
uncertainty is material. The research problem addressed by this paper is therefore how digital monitoring
technologies can be integrated into an environmental management and compliance architecture suitable for
large Saudi infrastructure projects.

The paper has four objectives: (1) to synthesise recent evidence on digital environmental monitoring
technologies relevant to construction and infrastructure; (2) to interpret these technologies within the Saudi
compliance context; (3) to develop a Smart Environmental Monitoring and Compliance Framework (SEMCF);
and (4) to identify practical governance, assurance and research requirements for implementation. The
contribution is conceptual and implementation-oriented. It does not claim measured performance improvement
on a particular Saudi project; instead, it provides a structured framework that can be tested empirically in
future project research.

2. Saudi Environmental Compliance and Vision 2030 Context

Saudi Vision 2030 links economic transformation with environmental sustainability and digital government.
The Vision 2030 Annual Report 2025 describes sustainability as integral to the national transformation and
reports strong progress in government digital-transformation maturity. This combination matters for mega-
project environmental management because compliance systems increasingly operate within a broader national
expectation of measurable performance, digital services and transparent accountability (Saudi Vision 2030,
2026).

NCEC is central to this operating environment. Established in 2020, the Center monitors the compliance of
development activities with approved environmental regulations, standards and requirements. Its



86
87
88
89
90
91
92

93
94
95
96
97
98
99
100

101
102
103
104
105
106
107

108
109
110
111
112
113
114

115
116
117
118
119

120

121
122
123
124
125
126
127
128

environmental-quality functions include oversight of monitoring and analysis across air, water, soil, coastal
environments, acoustic noise and light pollution. NCEC also operates electronic services for environmental
permits and monitoring reports and requires relevant reports and measurements to be prepared or implemented
by licensed environmental service providers where applicable (NCEC, n.d.-a; NCEC, 2026¢). This means that
digital monitoring should not be designed as a parallel technology system outside formal compliance. It should
support, and where permitted connect with, the evidence needed for regulatory reporting and environmental
management.

Recent developments demonstrate the direction of travel. The 2026 Riyadh construction requirements
introduced specific controls for dust-generating activities and require qualifying construction projects to install
air-quality monitoring devices and connect them to a unified monitoring platform. The requirement is
particularly significant because it converts continuous environmental sensing from an optional innovation into
a direct compliance mechanism for certain projects. NCEC also reported more than 11,000 inspection visits in
the first quarter of 2026 and described the use of data analysis, air-quality monitoring stations, smart buoys
and drones to support risk-focused oversight. These practices indicate a move toward continuous and
technology-assisted regulatory intelligence (NCEC, 2026a; NCEC, 2026b).

ISO 14001:2026 provides a complementary management-system foundation. The standard requires
organisations to manage environmental responsibilities systematically, meet compliance obligations, monitor
environmental performance and pursue continual improvement (ISO, 2026). Smart monitoring can strengthen
these functions by reducing the delay between environmental change, detection, interpretation and response.
Yet the same standard also reinforces the need for controlled processes, reliable evidence, competent personnel
and structured evaluation. Technology must therefore be embedded within an Environmental Management
System (EMS), not treated as a substitute for one.

Saudi mega-projects create additional complexity. Their footprints can span large areas and multiple
environmental receptors; work packages may involve numerous contractors; construction phases can change
rapidly; and interfaces between earthworks, roads, utility corridors, camps, batching plants, crushers, marine
works and logistics create many potential emission and pollution sources. A centralised environmental team
cannot physically observe every source continuously. Digital systems are valuable precisely because they can
extend visibility spatially and temporally, but their architecture must be scalable and capable of distinguishing
project-related impacts from background conditions and regional environmental variability.

The compliance opportunity can therefore be stated clearly: use digital monitoring to create a verified chain
from environmental condition to management action. This chain begins with sensing, continues through data
validation and contextualisation, applies regulatory and project thresholds, triggers proportional action, verifies
the outcome and preserves an auditable record. The remainder of this paper develops the technical and
governance components needed to operationalise that chain.

3. Digital Technologies for Smart Environmental Monitoring

The first technology layer is the Internet of Things. IoT environmental systems combine sensors,
communications and software so that measurements can be captured at multiple locations and transmitted
automatically. Construction-specific research has demonstrated applications for particulate matter, gases,
meteorological variables and noise. Kim et al. (2021) showed the feasibility of distributed particulate
monitoring across construction sites, while Milivojevi¢ et al. (2023) used IoT devices to examine PM2.5,
PM10, NO2 and meteorological variables during construction operations. The major advantage is temporal
resolution: continuous or high-frequency data can show short peaks that periodic monitoring may miss. The
major limitation is measurement quality. Low-cost sensing can have strong relative precision while still
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exhibiting accuracy limitations, meaning such sensors should be used with calibration, co-location and quality-
assurance procedures when data may support formal compliance decisions.

Edge computing addresses the problem of latency, bandwidth and local reliability. Instead of transmitting
every raw value directly to a remote cloud platform, an edge gateway can perform time synchronisation,
sensor-health checks, averaging, anomaly screening and local alerting. Xu et al. (2022) integrated edge
computing, BIM and predictive models in a construction air-pollution platform, illustrating how local
processing can support faster emergency response. For remote Saudi sites or large developments with uneven
connectivity, an edge architecture also enables buffering during network interruptions and prevents monitoring
failure from becoming dependent on uninterrupted external connectivity.

BIM and GIS provide environmental context. A concentration reading becomes more useful when connected
to the location of the sensor, the active work package, the nearest sensitive receptor, prevailing wind direction
and the relevant permit condition. BIM can represent work areas, structures and construction activities; GIS
can represent larger spatial relationships such as wadis, coastlines, protected zones, residential areas and
monitoring stations. Digital twin approaches extend this by synchronising physical measurements with a
virtual representation of the project. Wang et al. (2022) demonstrated semantic integration of sensor data with
BIM through SensorML, while Kang and Mo (2024) emphasised connectivity and predictability in digital-twin
environmental monitoring. For mega-projects, this enables environmental events to be visualised spatially
rather than reduced to disconnected spreadsheet values.

Al and machine learning can transform monitoring from descriptive to predictive. Guo et al. (2022) applied
LSTM optimisation to PM2.5 monitoring and prediction, while Tripathi et al. (2024) combined IoT dust
monitoring with multiple machine-learning models. Predictive analytics may provide an early-warning
capability: for example, a model could estimate the probability of a PM10 exceedance based on current
concentrations, wind speed, humidity and planned earthworks. However, prediction introduces model risk.
Algorithms must be validated, retrained as site conditions change and presented with uncertainty. A black-box
prediction should not automatically override regulatory measurement protocols or qualified environmental
judgement.

UAVs and remote sensing expand monitoring into areas that are difficult to instrument continuously. Drones
can collect high-resolution visual, thermal or spectral data over large work fronts, inspect inaccessible
locations and support mapping of dust plumes, erosion, habitat disturbance or coastal turbidity. Bakirci (2024)
demonstrated drone-based mapping of air-pollutant distributions, and Noh et al. (2024) used RGB UAV
imagery to estimate suspended sediment at a coastal construction site. UAV deployment nevertheless requires
aviation compliance, safe operating procedures, privacy controls and risk assessment. Zhu et al. (2023) showed
that integrating drones into construction creates physical interaction risks that must themselves be managed.

Blockchain and tamper-evident data architectures offer a different capability: trust. Environmental compliance
often involves multiple parties with different contractual interests. Zhong et al. (2022) developed a proof-of-
concept blockchain architecture for construction environmental monitoring and smart-contract evaluation of
pollutant performance. Full blockchain deployment may not be necessary in every project, but the underlying
principle is valuable: environmental records should have controlled timestamps, clear provenance, version
management and protection against untracked alteration.

The literature therefore points to an integrated stack rather than a single preferred technology. Sensors generate
observations; edge systems validate and transmit them; BIM/GIS and digital twins add context; Al predicts or
classifies risk; UAVs provide spatial coverage; and secure data governance protects evidence. The
management challenge is to combine these elements without creating a technically sophisticated system that is
disconnected from regulatory obligations and field response.
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Table 1. Digital technologies and their environmental compliance roles

Technology

Primary function

Typical applications

Principal value

Key limitations

10T sensor networks

Continuous multi-point
measurement

Air quality, noise,
weather, water

High temporal
resolution; early warning

Calibration drift;
power/connectivity;
maintenance

Edge computing

Local preprocessing and
alerting

Remote sites; rapid
response

Low latency; resilience
during network loss

Configuration control,
device security

BIM/GIS Spatial and asset context | Source—receptor Links readings to Interoperability; model
mapping; work packages | activities and receptors upkeep
Digital twin Live virtual Integrated programme Contextual visualisation; | Data integration
representation monitoring scenario analysis complexity; governance
Al /ML Prediction and anomaly Dust forecasting; source Preventive action; Model drift;

detection

attribution

pattern recognition

explainability; validation

UAV / remote sensing

Wide-area spatial
observation

Coastal turbidity; habitat;
dust plumes

Rapid coverage of
difficult areas

Flight rules; weather;
privacy; safety

Blockchain / tamper-

evident logs

Data provenance and
trust

Multi-party compliance
records

Traceability; immutable
event history

Complexity; integration
overhead

4. Methodology

This paper adopts a structured narrative review and conceptual-framework development method. The objective
is not to estimate a pooled effect size but to integrate diverse evidence from construction engineering,
environmental monitoring, digital twins, 10T, Al, remote sensing and Saudi regulatory sources into an
implementation model. The method is appropriate because the research question is systems-oriented: it asks
how technologies and compliance processes should connect rather than whether one specific sensor or
algorithm statistically outperforms another.

Academic literature was prioritised from 2021 to 2024, with emphasis on peer-reviewed studies that addressed
real-time environmental sensing, construction-site pollution, digital twins, BIM-integrated monitoring, Al-
based prediction, UAV monitoring or data traceability. Official Saudi sources were used to establish the
current compliance context, including NCEC material on environmental-quality monitoring, environmental
reporting services, construction dust controls and risk-based inspections, together with Vision 2030 reporting.
ISO 14001:2026 was used as the management-system reference point. Older literature was not relied upon
where recent studies addressed the same technology more directly.

The synthesis was performed in four stages. First, technologies were coded according to their principal
function: sensing, connectivity, spatial contextualisation, analytics, remote observation or evidence assurance.
Second, compliance functions were coded as monitoring, threshold evaluation, notification, corrective action,
verification and reporting. Third, cross-cutting implementation risks were identified, including calibration,
missing data, cybersecurity, interoperability, model uncertainty, role ambiguity and over-reliance on low-cost
sensors. Fourth, the technology and compliance codes were integrated into a layered framework designed for
project implementation.

Eighteen selected peer-reviewed studies formed the core technology synthesis. The technology categories are
non-exclusive because a single study may combine loT, Al, BIM and digital-twin methods. The resulting
coding is presented only as a descriptive synthesis of the selected literature, not as a bibliometric
representation of the entire research field. No fabricated project measurements, survey responses or
performance improvements are used in this paper. Where implementation metrics are proposed, they are
identified as suggested key performance indicators for future validation.

The framework was evaluated conceptually against five design criteria: regulatory relevance, technical
feasibility, scalability to mega-project conditions, traceability of evidence and compatibility with an ISO



204
205

206

207
208

209

210
211
212
213
214

215
216
217
218
219
220

221
222
223
224
225
226

14001-style EMS. This produces a normative framework that can be empirically tested through expert review,
case-study deployment and longitudinal data analysis in future research.

Technology emphasis in the literature synthesis

loT / sensors

BIM / digital twin

Al /ML

UAV / remote sensing

Blockchain / traceability

0 2 4 6 8 10
Number of selected peer-reviewed studies mentioning the technology

Categories are non-exclusive; one study may contribute to more than one technology category.

Figure 1. Technology emphasis in the selected peer-reviewed literature used for the conceptual synthesis.
Categories are non-exclusive.

5. Smart Environmental Monitoring and Compliance Framework (SEMCF)

The proposed SEMCF has six integrated layers: sensing; edge and connectivity; data integration; analytics;
compliance control; and governance and assurance. The architecture is shown in Figure 1. The framework is
deliberately modular because environmental risks vary by project phase and location. A marine package may
emphasise turbidity and water quality; a major earthworks package may emphasise dust, noise and runoff; an
operational transport asset may emphasise air quality, energy, emissions and noise.

The sensing layer converts environmental conditions into observations. It can include reference-grade
instruments, low-cost distributed sensors, weather stations, acoustic monitors, water-quality probes, smart
cameras, UAV imagery, satellite products and manual field measurements. Sensor selection should be risk
based. Parameters linked directly to permit limits or potential enforcement action may require higher-grade
instrumentation, accredited laboratory analysis or documented equivalency. Lower-cost devices can still be
valuable for screening, spatial mapping and early warning if their limitations are formally understood.

The edge and connectivity layer ensures reliable transmission and initial quality control. Every data point
should carry a timestamp, sensor identifier, location and data-quality status. Gateways should check whether
readings fall within plausible ranges, identify loss of signal, retain data during communication failure and flag
overdue calibration. In a mega-project context, network architecture may combine local wireless systems,
cellular connectivity and project fibre or 5G infrastructure. Redundancy is important because environmental
evidence should not disappear when a single communications pathway fails.
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The data-integration layer connects environmental measurements with spatial and operational information.
This is where BIM, GIS and digital-twin capabilities generate practical value. A dust exceedance should be
linked to the work zone, haul route, crusher, batching plant or excavation activity occurring at the time. A
water-quality change should be linked to drainage catchments, dewatering outlets, rainfall, upstream
conditions and nearby works. This contextual layer supports source investigation and makes dashboards more
meaningful for managers who need to decide what action to take.

The analytics layer has three levels. Level 1 applies deterministic rules: thresholds, rolling averages, rate-of-
change alarms and permit conditions. Level 2 applies diagnostic analytics to identify probable sources or
correlations. Level 3 applies predictive models to estimate future conditions or exceedance probability.
Moving from Level 1 to Level 3 should increase—not reduce—the need for governance. Predictive models
should have documented training data, validation metrics, retraining triggers and human approval rules. A
model warning can support preventive action, but a model should not silently redefine a regulatory limit.

The compliance-control layer converts information into accountability. Each regulated parameter should have
a digital compliance register containing the relevant legal or permit requirement, monitoring method,
frequency, trigger level, responsible person, required action, verification step and reporting obligation. When a
trigger is reached, the system should send the alert to named roles rather than a generic dashboard. Escalation
should depend on severity: advisory alerts may prompt inspection or preventive controls, while significant
exceedances may require activity modification, temporary suspension, incident notification or regulator
engagement according to applicable procedures.

The governance and assurance layer protects credibility. It includes sensor calibration, laboratory interfaces,
cybersecurity, access rights, data retention, version control, competency requirements and internal audit. It also
defines ownership of the system. Environmental teams should own the compliance logic; digital teams should
manage the technology platform; construction teams should own operational response; and senior management
should review unresolved or recurring nonconformities. Where regulatory reporting requires licensed
environmental service providers, the digital platform should support those providers rather than bypass them.

The core design principle is closed-loop control. Monitoring is not complete when a dashboard displays a red
icon. The loop closes only after the condition is validated, action is taken, effectiveness is verified, the event is
documented and the risk register or control plan is updated where necessary. Figure 2 presents this operating
loop.



Integrated Smart Environmental Monitoring and Compliance Architecture

Sensing layer Edge & connectivity Data platform Analytics Compliance layer
PM2.5 / PM10 gateways cloud / data lake threshold rules permit limits
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maintenance cybersecurity continuous improvement
256 Conceptual architecture developed for Saudi mega-project environmental compliance
257 Figure 2. Proposed integrated Smart Environmental Monitoring and Compliance Framework (SEMCF).
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259 Figure 3. Closed-loop digital environmental compliance process from monitoring to continual improvement.
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6. Application to Priority Environmental Risks

Dust and air quality are the most immediate application in the current Saudi context because NCEC has
already linked qualifying Riyadh construction projects to continuous air-quality monitoring expectations.
Smart dust monitoring should combine PM10 and, where relevant, PM2.5 with meteorological data. Wind
direction and speed are essential because a high reading without wind context may not reveal whether the
project is the source. Sensor networks can be located near emission sources, site boundaries and sensitive
receptors, with at least one suitable background or upwind reference where practicable. Predictive models can
combine current concentrations, weather forecasts and planned activities to trigger preventive watering,
reduced vehicle speeds, stockpile controls or temporary work sequencing changes before an exceedance
occurs.

Noise and vibration require similarly contextualised monitoring. Fixed monitors can track continuous levels
near receptors, while mobile instruments can be deployed for high-risk activities such as piling, blasting or
heavy compaction. The digital platform should link measurements to equipment schedules and approved
working hours. Alerts become more useful when they state not only that a threshold is approached but which
activity is occurring and which receptor is affected. Wearable or worker-level devices may support
occupational monitoring, but community and environmental compliance should remain distinct from
occupational exposure requirements.

Water-quality monitoring is particularly important for projects involving dewatering, concrete works, camps,
wastewater systems, coastal construction or stormwater discharge. Continuous probes can measure parameters
such as pH, conductivity, temperature, dissolved oxygen or turbidity, depending on the context, while
laboratory testing remains necessary for parameters that cannot be reliably determined in situ. Smart systems
can identify sudden changes and automatically cross-reference them with rainfall, pumping rates or nearby
activities. For marine works, UAV and remote-sensing methods may help map sediment plumes beyond the
spatial reach of a single probe.

Soil and land contamination monitoring is less continuously sensor-driven but can still benefit from
digitalisation. GIS layers can map fuel storage, chemical areas, spill history, contaminated-soil stockpiles and
sampling locations. Smart tank-level sensors, leak detection, hydrocarbon detectors and connected inspection
records can strengthen prevention. A digital incident map can reveal recurring spill hotspots and guide
redesign of storage or traffic arrangements.

Waste monitoring can combine weighbridge data, QR or RFID tracking, contractor records and geospatial
information. Although waste is often discussed as a circular-economy topic, illegal dumping, poor hazardous-
waste segregation and uncontrolled storage are also environmental compliance risks. Smart monitoring can
reconcile quantities generated, stored and transported, flag unusual balances and preserve waste-manifest
evidence.

Biodiversity and ecological receptors require a different digital approach. UAV imagery, camera traps,
acoustic sensors and satellite data can support habitat surveillance and detect unauthorised encroachment,
vegetation loss or changes in sensitive areas. However, ecological monitoring cannot be reduced to
automation. Specialist interpretation remains essential, particularly for seasonal species, habitat condition and
cumulative effects. Technology should extend ecological observation, not replace field ecology.

Cumulative impacts are where integrated systems can provide their greatest strategic value. Mega-projects
contain many simultaneous work fronts, each of which may appear compliant in isolation while collectively
creating elevated dust, noise, traffic or water pressure. A central platform can aggregate spatial and temporal
data across packages and identify emerging hotspots. This is a fundamental advantage over contractor-by-
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contractor spreadsheets because it allows the project owner to manage environmental performance at
programme scale.

Table 2. Priority environmental domains and smart-monitoring design

. Indicative N . .
Domain parameters/data Monitoring mode Spatial logic Management response
Air / dust PM10, PM2.5, NO2, Continuous + periodic Source, boundary, Early warning;

wind speed/direction

reference checks

receptor and background
points

suppression; work
sequencing

Noise / vibration

LAeq, maxima, PPV
where relevant

Continuous or activity-
based

Sensitive receptors and
high-risk work fronts

Schedule control;
equipment mitigation

Water / discharge

pH, turbidity, EC, DO,
temperature + lab

Continuous probes +
laboratory confirmation

Outfalls, dewatering
points, receiving waters

Containment; treatment
adjustment; stop

parameters discharge

Soil / spills Tank levels, leak Continuous detection + Fuel/chemical storage Isolation; spill response;
detection, mapped inspections and transfer zones remediation
incidents

Waste Weights, manifests, Transaction/event based Generation, storage, Segregation; contractor
hazardous stream transport, destination verification
tracking

Biodiversity Imagery, Seasonal / event / Sensitive habitats and Work exclusion;

acoustic/camera data,
habitat change

periodic

exclusion zones

restoration; specialist
review

7. Data Quality, Calibration and Regulatory Defensibility

The credibility of smart environmental monitoring depends on measurement quality. Digital systems can
generate millions of data points, but volume is not equivalent to evidence. Low-cost sensors may drift, respond
to temperature or humidity, require site-specific correction or exhibit differences between units. Therefore,
every project should define a measurement quality hierarchy. Reference or regulatory-grade instruments
should anchor the system; distributed lower-cost sensors can provide spatial density; and laboratory analysis
should confirm parameters that require formal analytical methods.

Calibration must be treated as a controlled compliance process. The platform should record calibration date,
certificate, due date, responsible provider and instrument status. Data from a sensor that is out of calibration
should be automatically flagged and should not be presented with the same evidentiary status as validated data.
Co-location campaigns can compare low-cost devices against reference equipment and support correction
factors, but those factors should be documented, version-controlled and periodically reassessed.

Data completeness is another key parameter. A dashboard can look operational while silently losing data.
Monitoring KPIs should therefore include uptime, data capture rate, communication loss, invalid readings and
time-to-repair. Missing data during a high-risk construction activity should trigger investigation because
absence of evidence is itself an operational concern. Edge buffering and redundant communication routes can
reduce this risk.

Cybersecurity is part of environmental assurance because compromised sensors or altered thresholds can affect
compliance decisions. Access to threshold libraries, permit registers and calibration settings should be role-
based. Administrative changes should be logged. Data transmitted from sensors should be authenticated where
feasible, and project cybersecurity teams should include environmental monitoring assets within vulnerability
and patch-management processes. Environmental systems connected to wider project networks should not
become unmanaged entry points.

Human oversight remains essential. Automated alerts should be designed to reduce cognitive load, not create
alarm fatigue. Thresholds should be tiered and linked to clear response expectations. A minor transient
excursion may require validation, whereas a sustained exceedance may require immediate operational control
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and escalation. Environmental professionals should have authority to interpret anomalous readings in context
and to override automated classifications when justified, with the reason documented.

Regulatory defensibility requires a clear chain of custody for digital evidence. The system should preserve raw
data, processed values, analytical rules and changes to configuration. Where reports are submitted to NCEC or
used to demonstrate permit compliance, the method should align with applicable regulatory guidance and
provider-licensing requirements. This approach is consistent with the logic of 1ISO 14001:2026: monitoring is
valuable when it supports compliance evaluation and continual improvement through controlled information.

Table 3. Example tiered digital alert and escalation model

Required closure

Accountable role o —

Tier Condition System response

Advisory

Approaching internal
trigger or adverse trend

Automated notification;
field check

Environmental
supervisor

Validated status and
preventive action

Action Internal trigger exceeded | Immediate control and Package environmental Control effectiveness
or rapid deterioration investigation manager + construction verified
lead
Significant Permit/regulatory Escalate; modify/stop Project environmental Cause, correction and
threshold exceeded or activity as required; manager + project notification decision
credible pollution event incident process leadership recorded
Critical Major release, repeated Emergency response; Project director / Formal closeout, lessons

exceedance, sensitive
receptor impact

senior escalation;
regulator interface as
applicable

emergency roles learned and management

review

8. Implementation Roadmap for Saudi Mega-Projects

Implementation should proceed in phases rather than through a single technology procurement. Phase 1 is
compliance mapping. The project identifies every environmental permit condition, regulatory monitoring
requirement, contractual environmental commitment and internal risk-control requirement. These are
converted into a digital compliance register with parameters, locations, frequencies, thresholds, responsibilities
and evidence requirements.

Phase 2 is monitoring design. Environmental risks are mapped spatially and temporally to determine what
should be monitored continuously, periodically or through event-based campaigns. Sensor locations are
selected using source—pathway—receptor logic. Connectivity, power, calibration access and physical protection
are considered at design stage. A mega-project may require a hierarchy of central stations, local work-package
sensors and mobile monitoring units rather than one uniform device type.

Phase 3 is platform integration. Environmental data should be connected to project GIS, BIM or a digital twin
where these systems exist. Integration should focus on decision usefulness, not technological novelty. The first
priority is to make environmental readings spatially intelligible and linked to work activities. Only after this
foundation is stable should advanced Al models or automated source attribution be added.

Phase 4 is controlled automation. Thresholds and alert logic are tested against historical or pilot data.
Escalation rules are agreed with construction and project leadership. Automated notifications should include
the parameter, value, threshold, location, trend, weather context, likely source and required response. The
system should create a response ticket so that an alert cannot disappear without closure.

Phase 5 is assurance and scaling. The project audits calibration, data completeness, response times, false
alarms, unresolved exceedances and user behaviour. Successful monitoring packages can then be scaled to
additional work fronts. Lessons from one project can inform standard owner requirements across a portfolio,
creating a consistent digital environmental governance model.
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Procurement strategy is important throughout. Technology vendors should be evaluated not only on sensor
specifications but also on interoperability, calibration support, data ownership, export formats, cybersecurity,
service continuity and the ability to integrate with regulatory reporting. Contracts should state who owns
environmental data and how long it must be retained. Proprietary lock-in should be avoided where it would
prevent migration or independent audit.

The project should also establish a digital environmental governance committee or equivalent cross-functional
forum. Environmental, construction, digital, HSE, legal, cybersecurity and project-controls representatives can
review system performance and unresolved data issues. This is particularly valuable where digital platforms
cross organisational boundaries between the owner, PMC, consultants and contractors.

Suggested implementation KPIs include percentage of high-risk sources under continuous monitoring, sensor
uptime, proportion of devices within calibration, median time from exceedance to acknowledgement, median
time to corrective action, percentage of alerts closed with verification, repeat-exceedance rate, data
completeness, number of manually altered records and percentage of required monitoring reports generated
from validated data. These KPIs should be piloted and refined rather than assumed to be universally
applicable.

Table 4. Suggested implementation KPIs for future project validation

KPI group Example metric Purpose

Sensor assurance

% devices in calibration; data completeness;
uptime

Shows whether monitoring evidence is
technically dependable

/ control

Detection Median time from environmental change to Measures monitoring responsiveness
alert
Response Median time from alert to acknowledgement | Measures operational integration

Effectiveness

% alerts closed with verified control
effectiveness

Prevents administrative closure without
environmental verification

Recurrence Repeat exceedance rate by source/work Identifies weak root-cause control
package

Governance Number of unauthorised configuration Measures integrity of the digital compliance
changes / unresolved data-quality flags system

Reporting % required monitoring reports generated Links digital platform to formal compliance

from validated data obligations

9. Discussion

The analysis indicates that smart environmental monitoring can materially strengthen environmental
management in Saudi mega-projects, but only when it is designed as a compliance operating system rather
than a collection of devices. The strongest technological pattern in the reviewed literature is convergence. 10T
provides continuous sensing, digital twins and BIM add context, Al adds prediction, UAVs extend spatial
coverage and secure data architectures strengthen traceability. Each technology addresses a different weakness
of conventional monitoring.

Saudi Arabia is particularly well positioned for this convergence because its mega-projects are generally new-
build developments with substantial digital infrastructure and centralised owner governance. New projects can
specify sensor-ready monitoring stations, data standards, digital submission requirements and integrated
control rooms from the outset. Retrofitting fragmented legacy projects is usually more difficult. The current
NCEC direction toward real-time dust monitoring and risk-based inspection strengthens the institutional case
for digital compliance systems.

Nevertheless, technology can create new forms of risk. The first is false confidence. A high-density network of
poorly calibrated sensors may provide more data but worse evidence. The second is algorithmic opacity.
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Predictive models may perform well under historical conditions and poorly when construction activities or
weather patterns change. The third is fragmentation: contractors may deploy incompatible platforms that
prevent programme-level analysis. The fourth is cybersecurity and data-governance exposure. The fifth is
behavioural: if site teams see monitoring as surveillance imposed by the environmental department, alerts may
be ignored or controls bypassed.

For these reasons, environmental monitoring should remain risk based. Not every parameter needs a sensor,
and not every sensor needs Al. The value of a digital tool depends on the decision it improves. A simple
automatic threshold alarm with a reliable calibrated monitor may be more useful than a complex predictive
model that users do not trust. Technology maturity should therefore follow environmental need.

The framework also changes the role of the environmental professional. Instead of spending most of the time
collecting and compiling data, practitioners can increasingly focus on system design, risk interpretation,
investigation and control effectiveness. This does not reduce the need for professional expertise; it increases
the importance of understanding data quality, digital systems and regulatory evidence. Environmental
competency frameworks for Saudi mega-projects may therefore need to expand toward digital environmental
assurance.

At regulator level, standardisation could generate significant benefits. Common data schemas, approved
monitoring interfaces and clearer guidance on the evidentiary status of continuous sensors would reduce
inconsistency across projects. NCEC’s electronic services and current technology-supported monitoring
indicate a foundation on which such standards can develop. Future regulatory innovation could include
machine-readable permit conditions, automated submission interfaces and risk-based inspection models
informed by verified continuous data.

The proposed SEMCF is deliberately not presented as validated. Its performance should be tested through
multi-case research across different Saudi project types. Quantitative studies could compare incident detection
time, exceedance duration, corrective-action closure and reporting efficiency before and after implementation.
Expert studies could assess framework completeness and regulatory fit. Longitudinal research could evaluate
whether predictive alerts reduce exceedances rather than simply improve documentation. These empirical
steps are necessary before claiming causal performance benefits.

10. Conclusion

Saudi mega-projects are entering a period in which environmental compliance, digital transformation and
large-scale construction increasingly intersect. Current NCEC practice demonstrates that real-time monitoring
and technology-supported oversight are becoming operational elements of environmental governance. This
makes smart monitoring a practical compliance issue, not only a research topic.

This paper developed a Smart Environmental Monitoring and Compliance Framework that integrates sensing,
edge computing, BIM/GIS, digital twins, Al, UAVs and secure data governance with permit conditions, risk
controls, alerts, corrective action and reporting. The central finding is that technology creates environmental
value only when the complete control loop is designed. Measurements must be reliable, contextualised and
linked to accountable action. Calibration, data quality, cybersecurity, threshold governance and human
professional judgement are therefore as important as sensor density or analytical sophistication.

For Saudi mega-projects, the most promising near-term applications are continuous dust and air-quality
monitoring, noise and vibration surveillance, water-quality early warning, digital waste traceability, remote
ecological observation and programme-level cumulative-impact dashboards. A phased implementation
beginning with compliance mapping and monitoring design is preferable to technology-first procurement.
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The framework provides a foundation for empirical research and project implementation. Future studies should
validate it with Saudi regulators, project owners, environmental consultants and contractors; test it on active
mega-projects; and quantify the effect on detection time, response performance and compliance outcomes.
Such evidence would allow smart environmental monitoring to progress from promising digital capability to a
mature component of Saudi Arabia’s sustainable infrastructure governance under Vision 2030.

11. Limitations and Future Research

This study is a conceptual review and framework-development paper. It does not use primary monitoring data
from a named Saudi mega-project and therefore cannot quantify the magnitude of performance improvement
attributable to the SEMCF. The selected academic literature is intentionally multidisciplinary and targeted
rather than exhaustive, and the descriptive technology coding should not be interpreted as a formal
bibliometric analysis of the entire field.

Future research should proceed in three directions. First, a Delphi or structured expert-validation study
involving NCEC-licensed environmental consultants, mega-project owners, contractors, digital-system
specialists and regulators can test the relevance and completeness of the proposed layers. Second, project case
studies can evaluate technical performance, including sensor accuracy, data completeness, false-alarm rates,
system uptime and integration with BIM/GIS platforms. Third, longitudinal comparative research can evaluate
management outcomes such as exceedance duration, response time, recurrence rate and the quality of
regulatory reporting before and after implementation.

A further research priority is evidentiary equivalence. Studies should distinguish between sensors suitable for
operational early warning and measurement methods accepted for formal compliance. This distinction is
important because digitalisation should increase regulatory confidence rather than blur the boundary between
indicative and reference measurements. Research on cybersecurity, data ownership, machine-readable permit
conditions and standardised environmental data models would also support scaling across Saudi project
portfolios.
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