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Abstract—Digital transformation is having a significant
effect on quality assurance within safety-critical
infrastructure, but at the moment, aviation-fuel
inspection and calibration still rely in part on paper
records, separate laboratory  systems, periodic
verification, and manual transcription. This study looks
at how digital metrology, machine-readable calibration
records, connected sensing, Quality 4.0 methods, and
technologies for controlling aviation fuel quality can be
combined to create a consistent assurance model for
airports in Saudi Arabia. To carry out the review,
publications from 2020 to 2025 were found using Google
Scholar and other publisher sources in the areas of
metrology, quality engineering, aviation fuel, sensor
monitoring, and Saudi transport policy. Thirty important
publications and official strategy documents were chosen
for thematic analysis. The results show that digital
calibration certificates are able to enhance traceability
and reduce the risk of transcription errors; interoperable
service architectures are capable of linking specialised
laboratories without the need to change the current work
processes; and continuous sensing can augment rather
than replace laboratory verification of fuel characteristics
and contamination. The research on aviation fuel also
shows that water, particulate matter, microorganisms,
thermal instability, and handling errors remain the
primary quality hazards. For Saudi Arabia, the rapid
expansion of aviation as a result of the Vision 2030
initiative makes it especially important to have a
consistent multi-airport assurance system, reliable
measurement data, audit-ready records, and faster
decisions about the release of equipment. The review
proposes a five-layer digital inspection and calibration
framework that links field instruments, laboratory testing,
metrological traceability, rules-based compliance, and
decision analytics. The paper concludes that digital
transformation should be viewed as a redesign of the
assurance system rather than merely as a software
purchase. Priority should be given first to data
governance, calibration traceability, cybersecurity,
interoperable standards, competence, and staged
validation before introducing predictive or automated
decisions into operational aviation-fuel systems.

L INTRODUCTION

The reliability of aviation fuel depends on the
interaction of its chemical quality, mechanical
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integrity, = measurement  science,  operational
discipline, and flight safety. Once fuel has been
delivered to an airport it may pass through storage
tanks, filtration systems, pumps, pipelines or hydrant
networks, refuellers, dispensers, sampling points,
laboratories, and the various interfaces with aircraft
before it is ultimately handed over. At each of these
stages decisions are made on the basis of
measurements including pressure, flow, temperature,
density, differential pressure, conductivity, water
content, particulate contamination, thermal stability,
and calibration status. Should there be a weakness at
any point in that chain of measurements, even a
technically sound procedure can result in an
unreliable decision. This is the reason why Brailko et
al. (2020) do not regard aviation fuel quality control
as simply a laboratory activity but consider it rather
as a safety function which is incorporated into the
airport fuel supply system; their study also indicates
that automation and the use of modern analytical
equipment become important as refuelling intensity
increases and quality decisions have to be made
without delaying operations.

The digital transformation of metrology introduces
another perspective. In conventional calibration
processes, certificates are produced and then read,
recorded, checked and stored by humans. Gadelrab
and Abouhogail (2021) state that this document-
based method limits the usefulness of calibration data
in digital industrial processes. Oppermann et al.
(2022) present a practical alternative by connecting
specialised metrology services through a distributed
architecture, common interfaces, and digital
calibration certificates that machines are able to read.
According to their suggestion, digitalisation does not
require laboratories to abandon their current technical
procedures; instead, reliable data can be passed
between different services while at the same time
maintaining local expertise and traceability.
Nummiluikki et al. (2023) achieve the same thing by
demonstrating the transfer of calibration data within
an industrial environment via a digital system and
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emphasise the continued need for standardisation and
the use of reusable data structures.

The reason why these developments have an effect on
aviation fuel is that inspections and calibrations are
usually carried out over a wide range of assets and
through different organizational boundaries. A fuel
farm may have measuring instruments made by
various manufacturers, a laboratory might use its own
analysers and reference materials, one team could be
responsible for servicing hydrant dispensers, and
audit evidence may be stored in separate systems.
Even though digital transformation has the possibility
of connecting these records, it can also lead to new
kinds of failure if there is no clear understanding of
data provenance, units, uncertainty, authorisation,
and version control. The literature on Quality 4.0
continues to emphasise that technology on its own is
not sufficient. Effective transformation requires
leadership, analytical capability, integration, a
positive culture, competence, and governance (Sony
et al., 2020; Chiarini, 2020; Sader et al., 2022).

It is obvious that the Saudi situation makes this topic
especially important since the Saudi Aviation
Strategy is intended to establish the Kingdom as a
leading aviation hub and includes targets like 330
million passengers per year, links to more than 250
destinations, and considerable investment in airports
and associated services by the year 2030 (GACA,
2023; GACA, 2024). Furthermore, the National
Transport and Logistics Strategy associates aviation
growth with enhancements in safety, performance,
integration, and logistics capability as part of Vision
2030 (Ministry of Transport and Logistics Services,
2021). This kind of growth will not only raise fuel
throughput but also the number of assets, inspections,
calibrations, handovers, contractors, and compliance
records which have to be consistently managed.

A review focusing in particular on the digital
transformation of aviation fuel inspection and
calibration in Saudi Arabia is therefore suitable. Most
of the existing studies consider digital metrology,
Quality 4.0, jet-fuel contamination, and airport fuel
quality as separate issues. This paper combines them.
The central claim it makes is that digital
infrastructure could allow Saudi airport fuel
assurance to obtain measurement evidence which is
traceable, machine-readable, context-aware, and of
practical operational value, while at the same time
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keeping human accountability and the current testing
procedures.

II.  AIM, OBJECTIVES AND REVIEW
QUESTIONS

This review intends to set up a framework for the
digital transformation of aviation-fuel inspection and
calibration systems in Saudi Arabia with the intention
of protecting measurement integrity, operational
safety, and regulatory confidence. Rather than
evaluating a specific software platform, the review
focuses on incorporating metrology, sensing, quality
management, and aviation-fuel control into an
assurance ecosystem.

The study has five objectives: the first is to identify
the existing digital-metrology practices that could
improve calibration traceability and data exchange;
the second is to bring together the hazards associated
with aviation fuel quality and the inspection
requirements that should be taken into account in any
digital workflow; the third deals with evaluating the
advantages and limitations of connected sensors,
analytics, virtual metrology, and automated
conformity checks; the fourth involves linking to the
resulting capabilities to the growing demand for
aviation fuel in Saudi Arabia and to the priorities
outlined in Vision 2030; and the fifth is to propose a
staged architecture and an implementation roadmap
that would be suitable for a multi-airport fuel
infrastructure.

The review analyzes three questions: which digital
capabilities are best supported by evidence when it
comes to advancing measurement and quality
assurance; how these capabilities can be modified
without jeopardizing physical sampling, calibration,
and independent verification; and what sequence of
implementation is most defensible for Saudi airport
fuel operations from the present time up

I1I. REVIEW METHODOLOGY

We adopted a structured integrative review design
since the research problem spans a number of
different disciplines and makes use of both empirical
and conceptual evidence. A systematic review that
was highly focused on a single intervention could not
have shown how fuel chemistry, inspection practice,
metrology, data architecture, Quality 4.0, and
national aviation strategy influence each other.
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Through the use of an integrative approach it was
possible to compare peer-reviewed studies with
official sector documents while at the same time
keeping clear rules for inclusion, exclusion, and
synthesis.

The literature search covered the period from January
2020 to December 2025. Google Scholar was used as
the primary means of locating articles from various
publishers, with extra help obtained from the
publisher and  journal  sites such  as
Elsevier/ScienceDirect, Springer Nature, Emerald,
Taylor & Francis, MDPI, Acta IMEKO, institutional
repositories, and other appropriate open-access
sources. The searches combined the terms 'aviation
fuel' or 'jet fuel' with 'quality control', 'inspection’,
'contamination',  'monitoring’,
'metrology’; 'digital calibration certificate', 'digital
metrology', 'metrological traceability', and 'Quality
4.0"; and 'Saudi aviation strategy', 'airport digital
transformation', and 'Vision 2030 aviation'. To
identify other closely related work, reference
chaining was carried out on the two anchor papers

'calibration', or

supplied by the users, even though only the materials
published between 2020 and 2025 were included in
the final list of references.

Only those studies that offered direct evidence or
dealt with transferable methods relating to the quality
of aviation fuel, measurement assurance, calibration,
the digitalisation of data, sensor-based condition
monitoring, a digital quality infrastructure, or the
implementation of Quality 4.0 were included. Those
authoritative Saudi strategy documents were taken
into account if they defined the national level of
aviation, specified its direction or established the
governance framework. The exclusion criteria
removed duplicate entries, any publications outside
the specified date range, studies about fuel
production that were not significantly relevant to
quality assurance, purely commercial material, and

all sources whose claims could not be traced to a
reliable publication or to a responsible organisation.
Thirty core sources were selected for synthesis.

The evidence was qualitatively assessed using five
criteria:  topical  relevance, = methodological
transparency, recency, the ability to trace the claims,
and suitability for use in making safety-critical
measurement decisions. Greater weight was given to
peer-reviewed reviews, to metrology studies that had
involved the implementation of prototypes, to
aviation-fuel studies which had included specific test
or monitoring methods, and to government strategy
sources in the case where the claims were about Saudi
Arabia. Because the literature includes a variety of
outcomes, ranging from software interoperability and
calibration data exchange to contamination detection
and organizational readiness, a pooled effect size was
not calculated and the numerical values provided by
the individual studies were therefore seen as evidence
specific to each study rather than as general
performance estimates.

A synthesis of the themes was carried out, the results
being divided into five categories: digital metrology
and machine-readable calibration; aviation-fuel
hazards and inspection; continuous sensing and
analytical augmentation; Quality 4.0 governance and
competence; and  the  requirements  for
implementation in Saudi Arabia. The relationships
between the various themes were looked at in order
to find out in which digital tools could remove
information friction and where physical verification
was still needed. It should be pointed out that since
the framework in question is a conceptual structure
based on the review, it has not been tested in an actual
airport environment. It is necessary to verify
calibration validity, sensor drift, cybersecurity, and
local operating conditions before automated
decisions are permitted in real fuel operations.

Table 1. Representative evidence informing the review synthesis (2020-2025).

Evidence

Reference .
domain

Principal contribution

Implication for Saudi aviation-
fuel assurance

Brailko et al. (2020) | Aviation-fuel

Digital/automated laboratory

Preserve physical tests while

QC control; fuel quality as safety digitizing evidence
barrier
Gadelrab & Digital DCC lifecycle, stakeholders, Move beyond scanned certificates

Abouhogail (2021) | calibration

formats and machine
interpretation
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Evidence . . Implication for Saudi aviation-
Reference . Principal contribution
domain fuel assurance
Boschung et al. Digital Hybrid human/machine-readable | Supports transition from paper-
(2021) calibration certificate approach based records
Oppermann et al. Metrology Distributed services, REST Reference architecture for
(2022) ecosystem interfaces, DCC and conformity interoperable assurance
workflows
Mustapai et al. Trusted data Integrity, authenticity and secure | Cybersecurity is part of
(2022a) exchange transfer of metrological data measurement trust
Brailko et al. (2022) | Jet-fuel Dynamic monitoring of water Supports continuous screening
monitoring content in aviation-fuel supply alongside lab tests
Shkilniuk et al. Microbial Systematic monitoring of jet- Connect lab results with asset
(2022) monitoring fuel/fuel-system microbiology history
Nummiluikki et al. Industrial DCC | Proof of concept for digital Demonstrates cross-system
(2023) calibration data generation and calibration workflows
use
Saihi et al. (2023) Quality 4.0 Technology-enabled improvement | Requires governance and process
of quality practices maturity
Pruski & Sprynskyy | Fuel Water, particles, microorganisms, | Digital system must represent
(2024) contamination | FAME and advanced detection multiple hazards/methods
Ramsey & Rostron | Measurement Sampling contribution to total Sample provenance is essential
(2024) uncertainty measurement uncertainty digital context
Soltysinski et al. Federated DCC | Verifiable identity and trusted Relevant to multi-organization
(2025) trust DCC exchange across ecosystems | Saudi airport networks

Iv. DIGITAL METROLOGY AS THE

FOUNDATION OF TRACEABLE
ASSURANCE

What recent research in the field of metrology
indicates is that during digital transformation it is
necessary to keep the semantics of measurement
rather than simply converting paper documents into
PDF format. Although a scanned calibration
certificate is easier to store in, the values, units,
uncertainties, calibration conditions, instrument
identifiers, and validity dates remain mostly invisible
to software. Gadelrab and Abouhogail (2021)
differentiate between the digitisation of a document
and a truly digital calibration certificate in which the
data are structured so as to be understandable by
machines. Boschung et al. (2021) look at an approach
based on PDF/A-3 which combines a format that is
readable by humans with embedded structured data,
demonstrating that practical transition models can
address the needs of both people and machines.
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In 2020 and once again in 2022, Oppermann together
with his colleagues has extended this method not only
to include certificates but also to the whole service
ecosystem through the use of their architecture, this
architecture making use of standardised interfaces to
connect laboratory workflows, identity and access
management, document verification,
calibration applications and external infrastructure. A
fundamental feature in the case of aviation fuel is
architectural separation: this allows laboratories and
field systems to remain technically specialised while
it is the common services that are in charge of the
trusted exchange, status and documentation of
information. It can therefore be said that there is less
need to replace well-established test equipment
simply in order to achieve connectivity, and it is also
possible to include calibration status as part of the
operational data rather than retaining it as a separate

services,

administrative record.

Digital calibration certificates are compatible with
different aviation fuel control systems; the reading

2349



© SEP 2026 | IRE Journals | Volume 10 Issue 3 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV1013-1723063

from a flow meter can be automatically linked to the
instrument's calibration identifier and the validity
period of that calibration; the uncertainty and
calibration history of a differential-pressure
transmitter can be incorporated into a maintenance
dashboard; and a laboratory analyzer can be
configured so that it does not generate results when
its calibration status has expired or is still unresolved.
Nummiluikki et al. (2023) show that calibration data
can pass through an industrial digital chain, while
Hackel et al. (2023) view the DCC as forming part of
an end-to-end digital quality infrastructure.
Sottysinski et al. (2025) go a step further by looking
at the trusted exchange of DCC information within
federated data spaces, stressing the identity and
verifiable trust between organizations.

The fact that there is digital traceability does not
imply that the measurement is valid; the results are
still influenced by the sampling process, the
calibration procedure, the environmental conditions,
the reference standards, the estimation of uncertainty,
maintenance, and the skill of the operator. Ramsey
and Rostron (2024) note that uncertainty can arise
before the sample has even reached the analytical
instrument. This is particularly important in the case
of aviation fuel, since the sampling location, flushing,
the condition of the sample container, the settling
time, and the representativeness can all affect the
result. Even though a highly detailed digital record
can accurately record a low-quality sample, the
digital system must also record the context along with
the values.

Studies in the area of digital metrology also show that
it is necessary to use interoperable vocabularies and
to ensure that the data is transferred securely.
Mustapdi et al. (2022a) provide an example of the
safe exchange of metrological data in an industrially
connected environment, whereas MiliCevi¢ et al.
(2022) look at trust models in the context of digitally
transformed metrology. Mustapdd et al. (2022b)
demonstrate that digitalisation of calibration-data
management among different users and systems is
possible. Taken together, these studies indicate that
before advanced analytics are introduced, the
transformation of aviation fuel should assign
canonical identifiers to instruments, units, calibration
events, test methods, locations, and the responsible
parties.
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V. AVIATION-FUEL QUALITY CONTROL:
WHAT DIGITALIZATION MUST PROTECT

The information about aviation fuel is not uniform
since it is a physical substance which can be affected
by contamination, handling, storage, transfer and
temperature. According to Brailko et al. (2020),
water, mechanical contamination, resins,
microorganisms and other types of quality problems
are the principal dangers to the reliability of aircraft
fuel systems; their example from the airport
laboratory also shows the operational benefits of
using automated analyzers, carrying out continuous
quality control, making use of reference materials
and using test equipment that can give quick and
repeatable evidence before fuel is released.

The latest research verifies how serious the
contamination issue is. Pruski and Sprynskyy (2024)
examine the contamination resulting from solid
particles, trace elements, water, microorganisms, and
FAME in both conventional and alternative aviation
fuels and find that the detection methods vary: in
certain cases simple operational checks are still
useful but in other cases more specialized analytical
techniques are required. Kotha (2023) adopts the
same perspective, considering fuel quality control to
be a joint responsibility between aircraft and ground
safety and one that includes storage, sampling,
filtration, testing, and operational discipline. Digital
transformation should therefore include a range of
test methods and decision limits rather than requiring
that each quality parameter be watched over by a
single sensor model.

Looking at the water content shows both what real-
time systems can do and what their limitations are.
Brailko et al. (2022) suggest introducing dynamic
monitoring of the actual water content when aviation
fuel is being supplied, showing the way in which
continuous data can supplement periodic laboratory
tests. Abnormal trends could be picked up before a
regular sample indicates that there is a problem.
However, a sensor reading should not be interpreted
unless first its calibration history, the conditions of its
installation, its detection range, and its uncertainty
have been taken into account. The digital inspection
system should therefore make a distinction between
screening measurements, control measurements, and
release-authority tests.

ICONIC RESEARCH AND ENGINEERING JOURNALS 2350



© SEP 2026 | IRE Journals | Volume 10 Issue 3 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV1013-1723063

Microbiological contamination is just one instance of
this. As Shkilniuk et al. (2022) point out, there is a
method for monitoring microbial contamination in jet
fuel and in the fuel systems on which prevention
relies on the regular observation of both the condition
of the fuel and that of the infrastructure. The
advantage of digitalisation does not lie merely in the
fact that it allows for faster reporting; it is in the
capacity to combine laboratory evidence, the history
of the tank, the observations from the water drains,
the records of maintenance work, and the recurring
patterns of contamination. It is only from a
continuous record that deterioration which is not
apparent in individual certificates can be detected.

It is still necessary to take into account the thermal
stability of the fuel and the state of the equipment.
The 2020 study on aviation fuel examines automated
JFTOT testing and its capability to monitor the test
conditions, gather data, and assist in the evaluation of
thermal-oxidative stability (Brailko et al., 2020). In
Saudi Arabia, analyzers of the same type could be
connected to records relating to calibration and
maintenance so that for each result information
would be available on the machine's condition, the
version of the test method, the operator's
authorization, and the source of the sample. The aim
is not to replace laboratory judgment but to make the
evidence chain more difficult to break.

Because sustainable aviation fuel is still available, a
well-developed measurement infrastructure is
necessary. Watson et al. (2024) have looked at the
swiftly developing SAF sector and have
demonstrated that a variety of pathways, properties,
costs, policies, and emission factors are being
incorporated into the aviation system. Even when
fuels have been certified against the relevant
specifications, airports will still have to deal with
changing blends, supply chains, and quality-control
requirements. Digital traceability can be of assistance
in telling the different batches, test records, and
handling conditions apart, but it has to adhere to the
approved specifications and test methods rather than
considering a fuel acceptable simply because of
where it comes from or its sustainability credentials.

VL QUALITY 4.0, ANALYTICS AND
AUTOMATION

Quality 4.0 serves as a useful warning concerning the
excessive dependence on technology. Sony and

IRE 1723063

others (2020) consider data capability, analytics,
integration, leadership, training, culture, and the
support of top management to be the main aspects of
digital quality. Chiarini (2020) arrives at the same
conclusion, stating that Industry 4.0 leads to changes
in quality management by means of the use of data,
analytics, cyber-physical systems, and organizational
practices. Sader and his colleagues (2022) stress that
Quality 4.0 combines technologies with quality
principles rather than replacing them; in the case of
aviation fuel, this means that an IoT platform on its
own is not a quality system but only becomes useful
when its data are governed by validated procedures,
responsibilities, escalation rules, and competence.

An identical conclusion can be reached from more
recent syntheses. Ranjith Kumar et al. (2022)
consider Quality 4.0 to be a management system
suitable for the digital era, whereas Saihi et al. (2023)
indicate that Industry 4.0 technologies are able to
enhance quality-management practices provided that
the organisation's capabilities are aligned. Prashar
(2023) points out the interdependence between the
technological and managerial aspects. Escobar et al.
(2021) concentrate on the problems arising from
large quality datasets, in particular the requirement to
convert high-volume data into reliable decisions.
These problems are directly relevant to airport fuel
networks since digitalisation can generate more data
than organisations are able to verify or act upon.

Virtual metrology and predictive analytics have long-
term potential. Dreyfus et al. (2022) define virtual
metrology as the ability to estimate quality
characteristics based on process data without having
to physically measure each item; in the future it could
be applied in the operation of aviation fuel by
identifying the relationships between pressure,
temperature, filtration differential pressure, tank
conditions, water-drain history, analyzer results, and
maintenance events. Barbosa et al. (2022) also point
out that the main challenges in the field of smart
manufacturing are digital metrology, data
communication, automated assessment, and
simulation. Although these techniques could be used
to prioritise inspections or to detect drift, they should
at first act only as a means of decision support and
not be given the authority to make decisions.

The risk-based hierarchy is the right approach;
automation can be introduced early on in instances
involving low-consequence administrative tasks,
such as when it is necessary to send a notice that a
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calibration is about to expire. Automation may also
be used in cases of medium-consequence quality
actions—for example, when it is decided to carry out
additional sampling of a tank because of trend
anomalies—as long as a human approves the action.
However, high-consequence decisions, including
those involving the release of items that are outside
specification or overriding the required test evidence,
should still be governed by approved procedures and
remain the responsibility of the accountable technical
personnel until local validation shows that the same
or an equivalent level of assurance has been achieved.
Carvalho et al. (2021) define Quality 4.0 as the
combination of digital tools and quality practice;
aviation fuel too needs to strike this proportion, safety
and traceability being the criteria that set the limits
for automation.

VIL SAUDI ARABIA: STRATEGIC FIT AND
IMPLEMENTATION CONDITIONS

The extent to which Saudi aviation is expanding
means that standardised digital assurance has a
strategic importance. According to the GACA (2023)
report, there is a national aviation strategy supported
by heavy public and private investment with an aim
of reaching over 250 destinations by 2030,
transporting 330 million passengers and 4.5 million
tonnes of air cargo. In its 2024 State of Aviation
Report, GACA places the Saudi Aviation Strategy in
the context of Vision 2030 and the National Transport
and Logistics Strategy, pointing out airport
expansion, improved connectivity, regulatory reform,
and growth in the aviation sector (GACA, 2024). The
Ministry of Transport and Logistics Services (2021)
makes a similar statement by saying that an
integrated, safe and efficient transport system is one
of the key aspects of the Kingdom's objective of
becoming a global logistics hub.

The problem of assurance is influenced by growth.
The bigger the network becomes, the greater the
number of instruments to measure, the more
calibration cycles there are, the higher the number of
commissioning and handover records, the greater the
number of contractors, the more there are movements
of fuel, and the greater the need for comparable
evidence at various locations. Even though paper-
based or standalone systems may be adequate in
individual facilities, their limitations are more
obvious when management needs a network-wide
perspective on overdue calibrations, recurring
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failures, audit findings, or common equipment risks.
Because the conditions in Saudi Arabia call for the
use of local solutions rather than the direct import of
a foreign system, factors such as high ambient
temperatures, dust exposure, the intensity of airport
operations, long supply chains, and the difference in
the age of the equipment can affect sensor
performance and the demand for maintenance. When
designing the system, it is essential to take into
account matters relating to data residency,
cybersecurity, the availability of the documentation
in Arabic and English, local accreditation procedures,
and integration with both airport and enterprise
systems. Even if a foreign digital calibration system
can provide the technical foundation, acceptance
within operations will depend on how well it is
consistent with Saudi procedures, aviation fuel
standards, and the clearly defined accountable roles.
The most defensible contribution of Vision 2030 is
not the assertion that digitalisation alone leads to
better safety. Rather, it is in improving institutional
capacity—this includes faster access to reliable
evidence, more consistent quality governance, better
visibility into the status of calibration, more efficient
audits, and a data foundation for continuous
improvement. These capabilities can help achieve
growth inevitably  increasing  the
administrative burden, provided that automation is
validated and human competence develops at the
same time.

without

VIIL PROPOSED DIGITAL AVIATION-FUEL
INSPECTION AND CALIBRATION
FRAMEWORK

The evidence indicates that a five-layer structure
must be used to guarantee the supply of fuel at
airports in Saudi Arabia; the first of these layers is the
physical layer, which includes
laboratory analyzers, field instruments, tank gauges,
pressure and differential-pressure devices, flow
meters,  temperature
instruments, water-detection devices, and inspection

measurement

Sensors, conductivity
observations. For every data point it is essential to
record the asset identifier, the location, the
timestamp, the method, the unit, and the name of the
responsible source; this makes certain that any
analysis carried outnot break sever the measurements
from the physical system that produced them.

This stage involves validation and edge control; it
range checks, synchronises the
timestamps, detects any missing data, verifies the

carries out
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status of the instruments, and applies simple
plausibility rules directly at the source. It must not
correct doubtful values silently but should instead
mark them for review. When carrying out manual
inspections, structured digital forms can ask for
photographs or instrument identifiers and include
appropriate mandatory fields, thus preventing the
submission of partial records without pretending that
the checklist acts as an automated sensor.

The third level concerns metrological traceability and
includes linking measurements to calibration
certificates, uncertainty data, reference standards,
calibration intervals, the maintenance status, and the
various versions of the methods. The DCC principles
as described by Gadelrab and Abouhogail (2021),
Oppermann et al. (2022), and Hackel et al. (2023) are
particularly useful here. If the calibration data is in a
machine-readable format, the system would be able
to identify results that have been obtained using
instruments which have expired or are in quarantine
and could maintain a traceable record upon
recalibration or replacement.

The fourth layer deals with compliance and quality
orchestration by establishing rules that connect
measurements and inspections to approved aviation
fuel procedures, specifications, internal acceptance
criteria, audit requirements, and escalation
workflows. It maintains a record of who considered
an exception, the reasons for the decision and the
evidence on hand. Where appropriate, digital
signatures and role-based authorization should be

employed in order to improve accountability. The
objective is to ensure that the compliance logic is
visible and auditable, not to create an opaque
automated gate.

The fifth level concerns analytics and management
intelligence. Once the first four stages have
stabilised, trend analysis will be able to detect
recurring contamination, instrument drift, frequent
alarm positions, types of assets which have an
abnormally high maintenance requirement, or sites
which still have record gaps. Predictive techniques
can then be used to prioritise checks and upkeep, but
the results from these models must include references
to the source data and also state the confidence levels.
Hence, the framework moves from giving reliable
measurements to providing trustworthy decision
support, rather than starting with artificial
intelligence and then attempting to rebuild the
assurance afterwards.

In each of the five layers, cybersecurity and data
governance function as horizontal controls since
identity management, authorization, audit records,
backup procedures, change control, interface
validation, and recovery plans are necessary owing to
the fact that a corrupt digital record could influence a
number of related decisions. The results of the
secure-exchange study by Mustapéi et al. (2022a),
Milicevi¢ et al. (2022), and Sottysinski et al. (2025)
indicate that trust infrastructure should be regarded as
a technical quality requirement and not as something
added to IT afterwards.

A Trusted Digital Assurance Ecosystem

From physical fuel measurements to audit-ready decisions

°oF; 0y °Q °Fm oy

Physical Validation & Metrological Ly Compliance & Analytics &
Measurement Edge Control Traceability Quality Rules Decisions
* Fuel tests * Range checks * SCC/ certificates * Method version * Trend alerts
* Flow / pressure * Alarm and alerts * Uncertainty * Acceptance logic « Risk prioritization
* Hydrant inspection  Data quality flags « Calibration status + Exception workflow * Real-time dashboard
Horizontal Controls
. o o R
Cybersecurity QO Idcnmy'& i Data Governance —o0- Change Control 1 Audit Trail &
Authentication & Preservation =O== Recovery

Figure 1. A trusted digital assurance ecosystem from physical measurements to audit-ready decisions.
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IX. DISCUSSION AND IMPLEMENTATION
ROADMAP

The proposed framework changes the role of
inspection data. In a conventional workflow,
inspection, laboratory, calibration, maintenance, and
audit records often become separate evidence
packages. In the proposed model, they form a
continuous asset and quality history. This enables
questions that are difficult to answer from paper
archives: whether a contamination event coincided
with a filter trend, whether repeated calibration drift
occurs in a particular environment, whether a test
result was generated by an instrument approaching
expiry, or whether similar deviations appear across
several airports.

A further governance requirement is controlled
change management. When a test method, sensor
firmware, calibration interval, acceptance rule, or
data interface changes, the digital system should
preserve the previous configuration and record
authority for the change. This is important during
commissioning and asset transition, when temporary
settings and staged acceptance can coexist with
permanent operating criteria. Versioned rules prevent
historical results from being reinterpreted silently
under newer thresholds and allow investigators to
reconstruct the assurance context that existed when a
decision was made.

Implementation should proceed in stages. The first
stage is data discipline: establish asset identifiers,
master data, controlled methods, calibration
ownership, and common terminology. The second
stage digitises inspection and calibration workflows
without altering technical acceptance rules. The third
stage connects instruments and laboratory systems
through validated interfaces and introduces machine-
readable calibration information. The fourth stage
develops cross-site dashboards and automated
conformance checks for well-defined rules. The fifth
stage introduces predictive quality and virtual-
metrology functions for selected use cases after
sufficient high-quality historical data exists.
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This sequence addresses a common Quality 4.0
failure mode: applying analytics to unstable
processes. If instrument identities are inconsistent,
calibration dates are unreliable, or inspection codes
vary between airports, machine learning will amplify
ambiguity rather than reduce it. The organisational
evidence reviewed by Sony et al. (2020), Saihi et al.
(2023), and Prashar (2023) suggests that leadership,
training, cross-functional ownership, and process
maturity must develop alongside technology. A Saudi
programme should therefore combine metrology,
aviation-fuel ~ operations, IT,  cybersecurity,
maintenance, quality, and regulatory expertise from
the design stage.

Performance measurement should also be balanced.
Suitable early indicators include percentage of active
instruments with machine-verifiable calibration
status, overdue-calibration rate, proportion of
inspections captured in structured form, time required
to retrieve audit evidence, number of invalid data
records detected before decision use, and closure
time for quality exceptions. Later indicators may
include reduction in repeat deviations, earlier
detection of abnormal trends, maintenance planning
accuracy, and cross-site consistency. Safety outcomes
should be interpreted cautiously because rare-event
statistics can be misleading and because digitalisation
is only one influence on operational risk.

The economic case should similarly focus on avoided
friction rather than speculative savings. Potential
benefits include less manual transcription, faster
certificate retrieval, reduced duplicate entry, quicker
handover of commissioned assets, more targeted
maintenance, and lower audit preparation effort.
Oppermann et al. (2022) show that modular service
integration can reuse existing specialised workflows,
which is attractive for brownfield airport
infrastructure. The architecture can therefore evolve
without requiring simultaneous replacement of every
analyser, meter, or local application.
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Maturity Pathway to 2030

Build assurance capability before predictive automation

Primary capability

Assurance value

i )\ Data discipline
\ 2026

Digital workflows
2026-27

Connected metrology
2027-28

Network intelligence
2028-29

Predictive quality
2029-30

Asset IDs, controlled methods, ownership

Structured inspections and calibration records

Validated interfaces and machine-readable calibration

Cross-site dashboards and rule-based checks

Validated anomaly models and virtual metrology

Reliable baseline

Auditability

Traceability

Consistency

Earlier intervention

Figure 2. Maturity pathway to 2030 for building assurance capability before predictive automation.

Table 2. Proposed implementation roadmap for Saudi airport aviation-fuel assurance.

Indicati .

Stage enp;:i)iiv Core capability Assurance gate Expected value
1. Data 2026 Asset IDs; master data; Valid asset registry; clear Reliable baseline
discipline method control; calibration |responsibility

ownership
2. Digital 2026- Structured inspections; e- | Record completeness; version | Auditability
workflows 2027 records; document control | control
3. Connected 2027- Validated interfaces; DCC; | Traceability; uncertainty; Machine-verifiable
metrology 2028 instrument-status checks interface validation evidence
4. Network 2028- Cross-site dashboards; rules | Human approval for critical Consistency and
intelligence 2029 engines; exception analytics | exceptions faster response
5. Predictive 2029- Anomaly models; risk Independent validation; drift | Earlier intervention
quality 2030 prioritization; virtual monitoring; model governance

metrology pilots

X. LIMITATIONS AND FUTURE RESEARCH

This review has four main limitations. The first of
these is that the evidence cited comes from a variety
of different fields, so there are very few direct
experimental studies dealing with fully digital
aviation-fuel calibration ecosystems. Even though it
is conceptually reasonable to transfer knowledge
from the fields of manufacturing and legal metrology,
it still needs to be verified at the airport level. The
second limitation is that an integrative approach has
been taken rather than a meta-analytic one because
the results differ. Thirdly, the quantity of peer-
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reviewed evidence specifically from Saudi Arabia on
the topic of aviation-fuel digital metrology remains
limited, which means that the architecture proposed
here can only be referred to as a contextual synthesis
and not as a proven national model. Finally, the
rapidly changing standards concerning machine-
readable calibration, digital identity, and data spaces
could result in modifications to the implementation
decisions after 2025.

The framework needs to be tested by controlled pilot

studies at airport fuel facilities which are typical of
those in Saudi Arabia. The pilot studies that should
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be given priority are those involving the verification
of the digital calibration certificates for the fuel-flow
and pressure instruments, the examination of sensor
behaviour under the environmental conditions
existing in Saudi Arabia, the combination of
laboratory analyzers with data regarding the
provenance of the samples, the carrying out of
cybersecurity threat modelling for connected fuel-
quality data, and the comparison of manual audit
preparation with machine-assisted audit preparation.
In the longer term, virtual metrology could be
assessed for the purpose of prioritising anomalies,
provided that the predictive results are compared with
independent laboratory measurements and that
operational decisions remain traceable.

XL CONCLUSION

Digital transformation in Saudi Arabia might help
with the inspection and calibration of aviation fuel
provided that it focuses on ensuring measurement
integrity rather than on adopting new technology.
Experience in the field of digital metrology shows
that machine-readable calibration data, interoperable
services, a secure way of exchanging information,
and well-structured conformity procedures can
reduce information friction and improve traceability.
Yet, studies of aviation fuel reveal that physical
sampling, the control of contamination, laboratory
testing, the state of the equipment, and sound
judgment are still necessary. The appropriate
approach is therefore hybrid in character: connected
data and automated checks should support, not
replace, the current assurance measures.

The importance of Vision 2030 lies in the fact that it
sets up quality governance which can be expanded as
the aviation network keeps on growing. A five-layer
structure—linking physical
validation, metrological traceability, compliance
orchestration, and analytics—provides a practical
way forward. Implementation should begin with
master data, instrument identity, calibration

measurements,

governance, and standard operating procedures
before progressing to predictive systems. If the
stakeholders at Saudi airports adhere to this order,
digital transformation will be able to enable quicker
retrieval of evidence, improve the consistency of
multi-site assurance, enhance auditability, and result
in more informed maintenance decisions, all while
still retaining the conservative decision-making

IRE 1723063

discipline that is required within safety-critical
aviation operations.
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