
 

 

Artigo original http://dx.doi.org/10.18623/rvd.v23.8074 

Veredas do Direito, v.23, e238074 – 2026 

 

Este trabalho está licenciado sob uma licença Creative Commons 

DIGITAL LOGISTICS AND INVENTORY MANAGEMENT FOR 

CALIBRATION EQUIPMENT IN ENERGY PROJECTS 

 

LOGÍSTICA DIGITAL E GESTÃO DE ESTOQUE PARA EQUIPAMENTOS DE 

CALIBRAÇÃO EM PROJETOS DO SETOR DE ENERGIA 
 

Article received on: 4/17/2026 

Article accepted on: 8/7/2026 

 

 

Mohammed Javeed* 

Mohammed.javeed@siemens-energy.com 

 

Abstract 

Calibration equipment is mobile, sensitive, 

costly, and shared across laboratories and project 

sites. Insufficient control over its identity, 

location, calibration status, transport condition, 

custody, accessories, and return schedule can 

delay commissioning, result in unnecessary 

purchases, and expose energy projects to invalid 

measurements. This structured review 

investigates how digital logistics and inventory 

management enhance the availability, 

traceability, and lifecycle control of calibration 

equipment. Thirty publications from 2020 to 

2025 were synthesised using PRISMA 2020 

principles. The evidence demonstrates that radio-

frequency identification, barcodes, Internet of 

Things sensors, mobile workflows, digital 

calibration certificates, cloud platforms, digital 

twins, analytics, and selective blockchain 

services can establish a reliable chain of custody 

from laboratory release to field use and return. 

The main benefits include improved visibility, 

reduced identification errors, enhanced status 

control, more accurate forecasting, faster 

dispatch, and stronger audit evidence. The 

principal risks involve inaccurate master data, 

metal-related RFID interference, fragmented 

interfaces, cybersecurity vulnerabilities, 

excessive automation, and insufficient 

governance of exceptions. This paper outlines a 

six-layer traceable asset-control framework 

encompassing asset identity, metrological status, 

physical visibility, logistics execution, inventory 

intelligence, and governance, and presents a 

phased roadmap for energy projects. The review 

concludes that digital inventory management 

should not treat calibration instruments as 

ordinary warehouse items. Each item must be 

managed as a measurement asset whose location, 

condition, configuration, traceability, and 

authorised use remain connected throughout its 

functioning lifecycle. 

 

Keywords: Digital Logistics. Calibration 

Equipment. Inventory Management. Rfid. 

 Resumo 

Os equipamentos de calibração são móveis, 

sensíveis, caros e compartilhados entre 

laboratórios e locais de projeto. O controle 

insuficiente sobre sua identidade, localização, 

status de calibração, condições de transporte, 

custódia, acessórios e cronograma de devolução 

pode atrasar o comissionamento, resultar em 

compras desnecessárias e expor projetos de 

energia a medições inválidas. Esta revisão 

estruturada investiga como a logística digital e 

a gestão de estoque aprimoram a 

disponibilidade, a rastreabilidade e o controle 

do ciclo de vida dos equipamentos de 

calibração. Trinta publicações do período de 

2020 a 2025 foram sintetizadas utilizando os 

princípios do PRISMA 2020. As evidências 

demonstram que a identificação por 

radiofrequência (RFID), códigos de barras, 

sensores da Internet das Coisas (IoT), fluxos de 

trabalho móveis, certificados de calibração 

digitais, plataformas em nuvem, gêmeos 

digitais, análises e serviços seletivos de 

blockchain podem estabelecer uma cadeia de 

custódia confiável, desde a liberação pelo 

laboratório até o uso em campo e a devolução. 

Os principais benefícios incluem maior 

visibilidade, redução de erros de identificação, 

melhor controle de status, previsões mais 

precisas, despacho mais rápido e evidências de 

auditoria mais sólidas. Os principais riscos 

envolvem dados mestres imprecisos, 

interferência de RFID relacionada a metais, 

interfaces fragmentadas, vulnerabilidades de 

segurança cibernética, automação excessiva e 

governança insuficiente de exceções. Este artigo 

descreve uma estrutura de controle de ativos 

rastreável de seis camadas, abrangendo 

identidade do ativo, status metrológico, 

visibilidade física, execução logística, 

inteligência de estoque e governança, e 

apresenta um roteiro em fases para projetos de 

energia. A análise conclui que a gestão digital 

de estoque não deve tratar os instrumentos de 

calibração como itens comuns de armazém. 
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Internet of Things. Digital Twin. Traceability. 

Energy Projects. 
Cada item deve ser gerenciado como um ativo 

de medição cuja localização, condição, 

configuração, rastreabilidade e uso autorizado 

permaneçam conectados ao longo de todo o seu 

ciclo de vida operacional. 

 

Palavras-chave: Logística Digital. 

Equipamentos de Calibração. Gestão de 

Estoque. RFID. Internet das Coisas. Gêmeo 

Digital. Rastreabilidade. Projetos de Energia. 

 

 

 

1 INTRODUCTION 

 

Energy projects depend on large numbers of measurement and test assets. 

Electrical calibrators, pressure controllers, temperature standards, multifunction process 

calibrators, flow reference devices, insulation testers, relay test sets, high-voltage 

measuring systems, torque tools, data loggers, communication modules, cables, adapters, 

and certified reference instruments may move repeatedly between a central laboratory 

and dispersed project sites. Their availability can determine whether testing and 

commissioning activities proceed on schedule. Their technical status can determine 

whether an accepted measurement is defensible. Logistics and metrology are therefore 

inseparable when equipment is transported, stored, issued, used, returned, inspected, and 

reverified across a project network. 

Traditional control relies on spreadsheets, paper passes, email, and independent 

calibration databases. One system may identify a device by serial number, another by an 

internal asset code, and a third by a description that omits the model or range. Accessories 

may be recorded as free text or not recorded at all. A dispatch document may show that 

an instrument left the warehouse without confirming whether its calibration will remain 

valid for the planned work period. Returned equipment may wait for inspection while the 

inventory record still shows it at site. These gaps create delays, duplicate purchases, 

missed calibrations, and uncertain custody. 

Digital logistics seeks to replace delayed and fragmented records with connected, 

event-based visibility. Radio-frequency identification and barcodes can capture identity 

at receiving, storage, dispatch, site handover, and return. Internet of Things devices can 
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report location or transport environment. Mobile applications can enforce custody and 

inspection steps. Digital supply chain twins can represent inventory, movements, 

constraints, and demand in a continuously updated model. Blockchain can provide 

tamper-evident exchange across organisations when several contractors must share 

records, although it cannot correct false data entered at the physical boundary. Helo and 

Shamsuzzoha (2020), Ivanov and Dolgui (2021), Moshood et al. (2021), and Gerlach et 

al. (2021) collectively show that live data, modelling, and trustworthy event histories can 

strengthen logistics decisions when technology is supported by disciplined processes. 

Calibration equipment differs from consumable material and ordinary tools. A 

physical count is not sufficient. The organisation must know whether an instrument is 

calibrated, suitable for the required range and uncertainty, complete with required 

accessories, protected from environmental damage, reserved for another task, subject to 

a limitation, or awaiting technical review. A device may be physically present but 

unavailable because its certificate has expired. It may be technically valid but 

operationally unusable because a lead, pressure hose, software licence, battery, or 

communication interface is missing. Digital inventory architecture must therefore 

combine logistics information with metrological information. 

This paper reviews recent research on digital warehouses, asset tracking, spare-

parts planning, digital twins, blockchain traceability, smart calibration data, and 

predictive maintenance to develop a specialised framework for calibration-equipment 

logistics in energy projects. It addresses four questions: which digital capabilities improve 

visibility and custody; how should inventory decisions incorporate calibration status and 

project demand; what risks must be controlled; and how can organisations implement a 

scalable system without weakening measurement assurance? The contribution is an asset-

control model that connects identity, metrological validity, movement, condition, 

demand, and governance from laboratory to point of use. 

 

2 REVIEW METHODOLOGY 

 

The review used a structured narrative-synthesis design guided by the PRISMA 

2020 statement (Page et al., 2021). Searches focused on publications from January 2020 

through December 2025. The search concepts combined digital logistics, inventory 
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management, warehouse, RFID, barcode, Internet of Things, digital twin, blockchain, 

asset tracking, spare parts, calibration management, digital calibration certificate, 

predictive maintenance, energy project, and industrial equipment. Peer-reviewed journal 

articles, recognised conference papers, and technically detailed industrial-metrology 

studies were prioritised. 

A source was included when it described an architecture, method, implementation, 

experiment, or systematic review relevant to at least one of five functions: equipment 

identification, real-time location, logistics execution, inventory planning, or calibration-

status integration. Studies concerned only with consumer retailing were excluded unless 

the underlying capability was transferable to controlled industrial assets. Publications 

before 2020 and promotional descriptions without methods were excluded. Thirty sources 

were retained and coded by technology, decision function, evidence type, claimed benefit, 

implementation condition, and risk. 

The evidence is heterogeneous. It includes systematic literature reviews, 

conceptual digital-twin models, warehouse simulations, RFID localisation experiments, 

blockchain prototypes, industrial calibration platforms, and mathematical inventory 

models. A statistical meta-analysis was therefore inappropriate. The synthesis instead 

examined the mechanism by which each capability might improve availability, 

traceability, or control. Greater weight was assigned to studies with real deployments, 

explicit data flows, validated algorithms, security analysis, or clear treatment of 

uncertainty and traceability. Concept papers were used to shape architecture but not 

treated as proof of operational benefit. 

The review also applied a transferability test. A technology suitable for pallets or 

spare parts was considered relevant to calibration equipment only when it could preserve 

individual identity, custody, status, and exception information. This distinction is 

important because a calibration instrument is a controlled technical asset rather than a 

homogeneous stock unit. The final framework was developed by combining recurring 

evidence with requirements derived from laboratory, commissioning, and energy-project 

workflows. 
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3 THE CALIBRATION-EQUIPMENT LOGISTICS PROBLEM 

 

Calibration-equipment logistics contains three interacting cycles. The 

metrological cycle establishes calibration, traceability, uncertainty, limitations, and next-

due status. The logistics cycle covers reservation, picking, packing, dispatch, transport, 

handover, field use, return, inspection, and storage. The project cycle creates demand 

through work packages, outage windows, commissioning sequences, permit availability, 

and contractor mobilisation. Failure to synchronise these cycles is the central source of 

avoidable delay. An instrument may be requested before its calibration is complete, 

dispatched too early, retained at a site after work ends, or returned without enough time 

for the next reservation. 

Inventory classification must reflect criticality rather than purchase price alone. 

Some low-cost adapters or leads can make an expensive calibrator unusable. Some high-

value standards are rarely used but have long replacement or external-calibration lead 

times. Others are common and interchangeable. Zhang et al. (2021) show that spare-parts 

inventory decisions depend on demand pattern, criticality, repairability, system structure, 

and service requirements. The same logic applies to calibration fleets, but an additional 

dimension is technical validity. A practical classification should combine operational 

consequence, demand frequency, lead time, substitutability, calibration interval, 

environmental sensitivity, and accessory dependency. 

Demand is usually intermittent and project-driven. Past usage may contain long 

periods of zero demand followed by several simultaneous requests during an outage or 

commissioning stage. Conventional average-based forecasting can underestimate peaks. 

Hong et al. (2023), Shafi et al. (2023), and Kim et al. (2023) demonstrate the difficulty of 

forecasting lumpy spare-parts demand and the potential of interval prediction and 

artificial intelligence. For calibration equipment, forecasts should incorporate the project 

schedule, asset hierarchy, planned test procedures, crew count, geographic distance, 

expected duration, and probability of rework. Demand should be expressed as equipment-

time requirements rather than simple issue counts. 

The return process is as important as dispatch. Equipment can return with depleted 

batteries, damaged connectors, contaminated pressure fittings, missing accessories, 

changed firmware, or evidence of shock and temperature exposure. A warehouse receipt 
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is therefore not equivalent to technical acceptance. The system should place returned 

equipment in a controlled status until completeness, function, cleanliness, and calibration 

validity are checked. This prevents a device from appearing available before it is ready 

for safe use. 

Custody also crosses organisational boundaries. Energy projects may involve 

asset owners, original equipment manufacturers, testing contractors, transport providers, 

and external laboratories. Each participant may use a different system. Shared records 

should reveal only the data required for the transaction while preserving ownership and 

accountability. Ho et al. (2021), Sunny et al. (2020), Agrawal et al. (2021), and 

Seifermann et al. (2022) show how traceability architectures can improve event integrity 

among multi-party supply chains. Their lesson is not that every movement requires 

blockchain, but that shared custody needs agreed identities, event definitions, 

authorisation, and evidence. 

 

Table 1 

Six-layer traceable asset-control model for calibration-equipment logistics. 

Layer Controlled information Operational purpose Principal control 

Asset identity Serial number, asset code, model, class, 

configuration and kit structure 

Creates one persistent record 

across systems and locations 

Uniqueness, ownership and 

physical reconciliation 

Metrological 

status 

Validity, capability, limitations, certificate, 

functional and repair state 

Determines technical 

eligibility for the requested 

work 

Technical authority and 

planned-use verification 

Visibility and 

custody 

Location, actor, event, condition, time and 

parent-child relationships 

Reconstructs movement, 

handover and transport 

evidence 

Validated scanning, sensing 

and exception capture 

Logistics 

execution 

Request, reserve, pick, pack, dispatch, 

return and quarantine 

Converts rules into 

controlled work queues 

Blocks incomplete, expired or 

conflicting assets 

Inventory 

intelligence 

Demand, schedule, utilisation, lead time, 

failures and scenarios 

Supports fleet sizing, 

reallocation and resilience 

decisions 

Explainable recommendations 

with uncertainty 

Governance Ownership, security, validation, change 

control and retention 

Sustains trust across 

functions and organisations 

Separation of duties, audit and 

incident response 

 

4 DIGITAL IDENTIFICATION AND REAL-TIME VISIBILITY 

 

A reliable system begins with a persistent asset identity. Each instrument should 

have one authoritative record linking the manufacturer, model, serial number, internal 
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asset number, equipment class, measurement range, firmware where relevant, owner, 

home location, calibration status, and required accessory set. The identifier should remain 

stable even when the asset changes location, custodian, or calibration certificate. 

Duplicate records and reused labels destroy the value of downstream analytics. 

Barcodes and quick-response codes are inexpensive and suitable for controlled 

scanning, but they require line of sight and active user participation. Passive RFID enables 

faster reading and can identify multiple items without direct visual alignment. Park et al. 

(2020) demonstrated RFID-based indoor localisation in multi-stacking warehouse racks, 

showing both its possibilities and the effect of physical layout. Calibration equipment 

adds additional challenges because metal enclosures, shielding, dense storage, and 

electromagnetic environments can reduce read reliability. Tag type, placement, reader 

power, antenna geometry, and test conditions must therefore be validated for each 

equipment family. 

IoT sensing extends identity into condition and location. A transport case can 

include temperature, humidity, shock, tilt, or door sensors. Location may be derived from 

GPS outdoors, cellular systems, Wi-Fi, Bluetooth beacons, ultra-wideband, or gateway 

events. Soori et al. (2023) describe how IoT supports smart-factory asset tracking and 

inventory visibility. However, continuous tracking is not always necessary or 

proportionate. A risk-based design may use event scanning for strong instruments and 

environmental logging for sensitive references. The objective is sufficient evidence for 

decisions, not maximum data collection. 

Every movement should create a standardised event. Useful event types include 

received, inspected, available, reserved, picked, packed, dispatched, in transit, delivered, 

accepted by custodian, in use, returned, quarantined, under calibration, under repair, and 

retired. Each event should carry time, location, actor, asset identity, status, and relevant 

evidence. Mobile workflows can require photographs, accessory confirmation, digital 

signatures, or exception codes. This structure converts an inventory database from a static 

list into a defensible chain of custody. 

Visibility must also extend to accessories and kits. A process calibrator may 

require pressure modules, test leads, hand pumps, hoses, adapters, chargers, 

communication cables, and software licences. Managing only the parent asset creates 

false availability. Kit logic should define mandatory, optional, and job-specific 
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components. The system should prevent dispatch when a mandatory component is 

missing or present the authorised substitute. Parent-child relationships should remain 

visible during issue and return while allowing individual components to be replaced or 

calibrated separately. 

Digital twins can combine physical events with rules and simulation. Kaiblinger 

and Woschank (2022) found that digital twins in production logistics support 

transparency, simulation, optimisation, and control, although definitions and maturity 

vary. Jeschke and Grassmann (2021) emphasised implementation strategy, while 

Pawlewski et al. (2021) linked digital twins with lean intralogistics. For calibration fleets, 

a digital twin need not reproduce the internal physics of each instrument. It can model 

equipment states, locations, reservations, transport times, calibration windows, demand 

scenarios, and constraints. The twin becomes useful when it can answer practical 

questions: which valid instruments can reach a site before the task, what alternative exists 

if a return is delayed, and which reservations are at risk? 

Warehouse design affects digital performance. Félix-Cigalat and Domingo (2023) 

used RFID and simulation to optimise internal transport within a digital-twin warehouse. 

Similar principles apply to calibration stores: frequently requested items should be 

accessible, sensitive standards should be environmentally protected, quarantine zones 

should be physically distinct, and charging or functional-check stations should be 

integrated into the return flow. Location codes should reflect actual physical positions 

instead of administrative categories that staff cannot recognise. 
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Figure 1 

Proposed architecture linking asset identity, metrological status, custody, execution, 

intelligence and governance. 

 
 

5 INVENTORY PLANNING AND LOGISTICS OPTIMISATION 

 

Real-time visibility is valuable only when it improves decisions. The first decision 

is reservation. A request should specify the measurement task, required range, accuracy 

or uncertainty, accessories, site, start date, expected return, and responsible custodian. 

The system must match this requirement to technically suitable assets rather than 

selecting only by generic description. It should account for calibration validity throughout 

the planned use period and include transport and inspection time. A device that expires 

during a commissioning campaign should be flagged before dispatch. 

The second decision is fleet sizing. Excess inventory increases purchase, storage, 

insurance, maintenance, and calibration cost. Insufficient inventory creates project delay 

and emergency rental. Equipment-time utilisation provides a better measure than issue 

frequency because a rarely issued asset may remain at site for months. Planners should 
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distinguish productive use, transit, waiting at site, calibration, repair, quarantine, and idle 

storage. This reveals whether shortages result from true demand, poor return discipline, 

long external-calibration lead time, or unnecessary reservation buffers. 

Forecasting should combine statistical and schedule-based inputs. Intermittent-

demand models can estimate uncertainty from historical issues, while project data 

provides leading information. A commissioning plan may show the number of panels, 

loops, protection relays, transformers, or pressure instruments to be tested. Converting 

work quantities into equipment-time demand creates a transparent planning model. 

Scenario analysis can then test simultaneous outages, delayed returns, failed inspections, 

or transport disruption. Ivanov and Dolgui (2021) argue that a digital supply chain twin 

supports disruption analysis and recovery by combining real-time state data with model-

based scenarios. The same approach can identify calibration-fleet bottlenecks before they 

stop site work. 

Maintenance and inventory decisions should be coordinated. Zonta et al. (2020) 

show that predictive maintenance uses condition data to anticipate intervention needs. He 

and Gao (2023) and Wang et al. (2021) demonstrate the value of jointly considering 

maintenance and spare-parts decisions. For calibration equipment, the organisation can 

monitor repair history, battery condition, connector damage, drift, failed checks, and 

environmental exposure. A high-risk asset may require earlier inspection or replacement 

even when its official calibration remains valid. Conversely, a reliable asset with stable 

history may justify a review of logistics buffers, though calibration intervals must remain 

under authorised metrological control. 

Dispatch consolidation can reduce cost, but excessive consolidation may delay 

critical work or expose sensitive equipment to unnecessary handling. Route and 

packaging decisions should consider value, fragility, environmental limits, security, and 

project urgency. Digital records should identify the transport case, seals, shock indicators, 

and responsible carrier. For long-distance energy projects, the system should calculate 

realistic lead time that includes security access, gate processing, and site acceptance rather 

than using vehicle travel time alone. 

External calibration creates another planning constraint. Equipment may be 

unavailable for weeks because of shipment, laboratory queue, calibration, repair 

quotation, customs, or certificate review. The inventory model should therefore track each 



11              Mohammed Javeed 

 

 

Veredas do Direito, v.23, e238074 – 2026 

Veredas do Direito, v.23 n.2, e23xxx – 2026 

stage and update the expected return date. Digital calibration-management studies by 

Mustapää et al. (2022) and Mustapää et al. (2024) demonstrate the value of shared 

platforms and machine-readable information for industrial calibration workflows. When 

expected completion changes, reservations should be recalculated automatically and 

planners alerted to material risk rather than every minor delay. 

Performance measures should discourage local optimisation. A warehouse can 

appear efficient by dispatching quickly while sending incomplete or unsuitable kits. A 

laboratory can appear compliant by calibrating on time while equipment remains 

unavailable because certificates are not approved. Balanced indicators should include 

first-time-right dispatch, on-time site availability, valid-use rate, accessory completeness, 

return-cycle time, quarantine time, lost-equipment rate, overdue calibration exposure, 

utilisation by state, emergency rental, and project delay attributable to equipment. Cost 

should be interpreted alongside measurement and schedule risk. 

 

6 INTEGRATING LOGISTICS WITH METROLOGICAL AND QUALITY 

DATA 

 

The most important architectural requirement is the link between physical identity 

and metrological status. A warehouse system should not reproduce only the next 

calibration date. It should receive an authorised status from the calibration system, 

including valid, limited, suspended, under review, or expired. Where appropriate, it 

should also receive measurement range, capability, certificate identifier, and restrictions. 

The source system continues to be authoritative for technical approval, while the logistics 

system uses status to control reservation and dispatch. 

Digital calibration certificates can reduce manual interpretation. Hackel et al. 

(2023) describe the role of the DCC in an end-to-end digital quality infrastructure, while 

Nummiluikki et al. (2023) report industrial application and Mustapää et al. (2024) address 

integration with calibration-management systems. Machine-readable data can allow 

software to verify that the certificate belongs to the correct serial number, extract validity 

and limitations, and associate results with the asset record. Human-readable certificates 

remain important, however structured data reduces repeated entry and supports automated 

checks. 
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Status logic has to account for planned use. A simple green label can hide risk 

when calibration expires during a job. The reservation engine should compare due date 

with dispatch, travel, use, contingency, and return periods. It should also recognise 

temporary restrictions. An instrument calibrated only for part of its range should not be 

offered for an incompatible task. If environmental exposure exceeds a defined limit 

during transport, the system should quarantine the item and request technical review 

instead of assuming continued validity. 

Quality records should connect dispatch and return evidence. The issue checklist 

confirms identification, cleanliness, function, battery, accessories, certificate, and 

protective packaging. The return checklist records condition, completeness, incidents, 

and user feedback. Repeated missing accessories or damage can then be traced to routes, 

custodians, packaging, or work types. Corrective action should focus on the process cause 

rather than treating each event as an isolated warehouse error. 

Data retention and auditability require controlled change histories. Asset status, 

serial number, calibration links, and custody records should not be overwritten without 

trace. Galvanised by blockchain research, some organisations may seek immutable 

ledgers for all events. Sunny et al. (2020), Ho et al. (2021), and Choi and Siqin (2022) 

show both the prospects and limitations of distributed ledgers. A conventional database 

with strong access control, audit trails, backups, and digital signatures may be sufficient 

inside one organisation. Consortium blockchain is more defensible where independent 

organisations require shared verification and no single party should control the record. 

The architecture should preserve separation of duties. Warehouse personnel can 

record movement and completeness, technicians can record functional condition, 

metrology personnel can approve calibration status, and authorised managers can 

override reservations in defined circumstances. Overrides should require a reason and 

generate review. This prevents electronic convenience from silently bypassing technical 

authority. 

 

7 INTEROPERABILITY, CYBERSECURITY, AND HUMAN FACTORS 

 

Digital logistics spans enterprise resource planning, warehouse management, 

laboratory information management, maintenance, project planning, mobile devices, 
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sensors, and external service portals. Point-to-point interfaces become fragile as the 

number of systems grows. The organisation should define canonical identifiers, units, 

event types, status codes, timestamps, and ownership rules. Application programming 

interfaces should validate required fields and reject ambiguous transactions. Gerlach et 

al. (2021) emphasise that digital supply chain twins depend on timely bidirectional data 

links; poor semantics may produce a visually impressive but inaccurate model. 

Cybersecurity must be designed around operational consequence. Threats include 

false status changes, deleted reservations, cloned tags, unauthorised location tracking, 

compromised mobile devices, and denial of service. Sensitive project locations or 

equipment movements may require restricted visibility. Controls should include access 

control by role, multifactor authentication, device management, encryption, network 

segmentation, secure update procedures, logging, backup, and tested offline procedures. 

The warehouse must continue safe operations during a network outage without creating 

uncontrolled duplicate records. 

IoT data quality is a security and reliability issue. A sensor reading is not 

automatically trustworthy because it is digital. Devices require identity, calibration where 

relevant, battery monitoring, time synchronisation, and validation. Missing data should 

not be silently interpreted as normal condition. Thresholds should be linked to technical 

rules, and alarms should identify the action required. Excessive alarms encourage users 

to bypass the system. 

Human factors determine adoption. Scanning every minor movement can become 

burdensome, especially at busy project gates. Workflows should capture evidence at 

control points where risk changes: issue, transfer, site acceptance, return, and quarantine. 

Interfaces should minimise free text, display the next required action, and explain why an 

item is blocked. Training should cover not only software operation but the relationship 

between logistics data and measurement validity. 

The system should also support exception work. Energy projects encounter urgent 

breakdowns, remote sites, damaged labels, unavailable networks, and equipment 

borrowed between teams. A rigid process may drive users outside the system. Controlled 

exception paths should allow temporary issue, manual identity verification, offline 

custody, and later reconciliation with approval. The goal is governed flexibility rather 

than perfect compliance only under ideal conditions. 
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8 PROPOSED TRACEABLE ASSET-CONTROL FRAMEWORK 

 

The proposed framework contains six connected layers. The first is definitive asset 

identity. It retains the persistent relationship among serial number, internal identifier, 

equipment class, owner, model, configuration, accessory structure, and lifecycle state. 

Identity quality is measured through uniqueness, completeness, and reconciliation with 

physical stock. No downstream technology can compensate for weak identity. 

The second layer is metrological and technical status. It receives authorised 

calibration validity, capability, limitations, certificate references, functional-check 

results, repair status, and environmental review decisions. The layer answers whether an 

item is technically eligible for a specified task and time window. It does not allow 

warehouse personnel or optimisation algorithms to revise measurement suitability. 

The third layer is physical visibility and custody. Barcodes, RFID, gateways, 

mobile scans, and selected sensors create standardised events. Each event connects the 

item, place, actor, time, condition, and transaction. Parent-child kit relationships remain 

visible. The evidence is sufficient to reconstruct where an item was, who accepted it, and 

whether defined transport limits were exceeded. 

The fourth layer is logistics execution. It manages requests, reservation, picking, 

packing, dispatch, transport, site handover, return, inspection, and quarantine. Rule 

engines block expired, restricted, incomplete, or conflicting assets. Work queues show 

actions rather than only status. Notifications are prioritised by project consequence and 

remaining recovery time. 

The fifth layer is inventory intelligence. It combines historical use, project 

schedules, calibration lead times, transport times, failure history, and service-level 

targets. Forecasts convey uncertainty and distinguish genuine fleet shortage from process 

delay. The digital twin evaluates scenarios such as simultaneous outages, delayed external 

calibration, damaged returns, or site extensions. Recommendations can include 

reallocation, rental, purchase, expedited calibration, revised reservation, or alternative 

equipment. 

The sixth layer is governance and assurance. It defines data ownership, technical 

authority, access, cybersecurity, validation, change control, retention, supplier 

responsibilities, and performance review. Cross-functional governance should include 
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metrology, warehouse, commissioning, project controls, quality, information technology, 

and cybersecurity. Technology changes are validated against representative equipment 

and workflows before release. 

The framework functions as a closed loop. A project request creates demand. The 

system verifies technical suitability and availability, reserves a complete kit, and records 

custody through dispatch and use. Return inspection updates condition and completeness. 

Calibration, repair, and utilisation history determine future planning. Field feedback can 

trigger procedural, packaging, training, or fleet changes. This loop converts logistics 

events into reliability learning. 

Implementation should be phased. Phase one establishes master data, location 

codes, kit structures, and baseline performance. Phase two implements controlled 

scanning at issue and return. Phase three integrates calibration status and project 

reservations. Phase four adds selected RFID or environmental sensing. Phase five 

implements forecasting and scenario analysis. Phase six extends trusted exchange to 

external laboratories and contractors. Each phase proceeds only after data correctness, 

user competence, security, and measurable benefit are demonstrated. 

The framework is especially suitable for geographically distributed energy 

projects. A central laboratory can preserve technical authority while regional stores and 

site teams execute controlled movements. Offline mobile functions enable remote 

locations. Dashboards can distinguish equipment physically at site, technically valid, 

actively used, awaiting return, and at risk of missing another reservation. Senior managers 

receive exception-focused information instead of raw scan volumes. 
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Figure 2 

Closed-loop lifecycle connecting project demand, field custody, technical restoration 

and inventory learning. 

 
 

Table 2 

Incremental implementation roadmap, release gates and performance indicators. 

Phase Scope Release gate Illustrative indicators 

1. Foundation Clean master data, locations, criticality 

classes and kit structures 

High-criticality records match 

physical equipment 

Duplicate rate, 

missing identifiers, kit 

completeness 

2. Controlled events Barcode/mobile issue, transfer, return 

and quarantine workflows 

Events are reliable under normal and 

offline operation 

Search time, custody 

gaps, return-cycle 

time 

3. Status integration Connect calibration, repair and 

reservation information 

Blocked and eligible decisions match 

technical review 

Expired dispatches, 

first-time-right issue, 

review time 

4. Smart visibility Selective RFID, location and 

environmental sensing 

Read and alarm performance is 

validated in realistic conditions 

Read accuracy, 

missing events, 

exposure exceptions 

5. Intelligence Forecasting, utilisation states and digital-

twin scenarios 

Recommendations are explainable 

and operationally useful 

Emergency rental, 

availability, avoidable 

idle time 

6. Ecosystem exchange External laboratories, contractors and 

shared evidence 

Security, ownership and 

responsibilities are contractually 

defined 

Interface failures, 

certificate latency, 

audit findings 
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9 IMPLEMENTATION PRIORITIES AND RESEARCH GAPS 

 

The first implementation priority is data cleansing. Organisations should 

physically verify high-criticality equipment, remove duplicate records, standardise 

names, link accessories, and identify authoritative systems. The second priority is a 

limited pilot covering one equipment family and a small number of sites. Baseline 

measures should be captured before automation. A pilot should not be declared successful 

merely because tags can be read; it should reduce search time, incorrect dispatch, overdue 

exposure, or project delay. 

Procurement specifications should require durable labels, open interfaces, 

exportable records, audit trails, offline capability, cybersecurity support, and clear 

ownership of collected data. Vendors should demonstrate performance around metal 

equipment, packed cases, dense racks, and realistic site conditions. Upgrades should be 

regression-tested because a change in scanner, mobile application, or interface can alter 

control behaviour. 

Research gaps remain substantial. Many digital-logistics studies concern pallets, 

retail products, or production work in progress rather than individually controlled 

measurement assets. More field evidence is needed on RFID performance with calibration 

cases, the value of environmental sensing, forecasting of project-driven equipment 

demand, and integration of DCC data with reservation engines. Longitudinal studies 

should measure total lifecycle cost, reduction in duplicate purchases, project-delay 

avoidance, lost-equipment reduction, and effect on invalid-measurement risk. 

Future work needs to also examine explainable optimisation. Planners must 

understand why the system recommends a purchase, reallocation, or reservation change. 

Models should expose demand assumptions, uncertainty, and consequences rather instead 

of generate opaque scores. Regional research in Saudi Arabia and the Gulf should 

consider long transport distances, heat, dust, access controls, contractor interfaces, and 

rapid project mobilisation. These conditions can shape both technology selection and 

governance. 

Success should ultimately be judged by operational and technical outcomes: 

equipment available when required, complete kits, valid calibration throughout use, faster 

controlled return, fewer losses, better utilisation, and auditable custody. Digitalisation is 
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valuable when it improves these outcomes without creating a new dependency that users 

cannot understand or safely bypass during disruption. 

 

10 CONCLUSION 

 

Digital logistics and inventory management is able to transform calibration-

equipment control in energy projects by connecting identity, location, custody, condition, 

metrological status, and demand. The reviewed evidence supports barcodes, RFID, IoT 

sensing, mobile execution, digital twins, machine-readable calibration data, analytics, and 

selective blockchain services. Their value depends on authoritative data, validated 

capture, secure interfaces, and disciplined exception handling. Calibration instruments 

should be managed as measurement assets, not ordinary warehouse stock. The six-layer 

framework links identity, controlled scans, status, inventory intelligence, and multi-party 

traceability. Cross-functional governance can reduce delay and inventory while 

strengthening overall lifecycle measurement assurance. 
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