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Abstract

Background: The air cargo sector is undergoing significant digital transformation driven
by increasing demands for operational efficiency, transparency, and real-time information
exchange. Despite the growing importance of digitalization, substantial differences re-
main in the level of technological implementation and system integration among air cargo
carriers, while sector-specific evaluation frameworks remain limited. Methods: This study
develops an evaluation framework for measuring digitalization in air cargo logistics. The
framework is based on five evaluation pillars and a structured set of indicators covering
electronic documentation, real-time shipment tracking, automation, digital communica-
tion, technological capabilities, and system integration. A scoring-based assessment meth-
odology was applied to three international air cargo carriers to enable comparative eval-
uation of their digital maturity. Results: The assessment revealed substantial differences
in digitalization among the evaluated carriers, indicating that higher levels of system in-
tegration, automation, and real-time data utilization revealed substantial differences in
digital maturity among the evaluated carriers. Conclusions: The proposed framework pro-
vides a structured, sector-specific approach for assessing digitalization in air cargo logis-
tics. It contributes to existing research by enabling systematic comparison of digital ma-
turity among air cargo carriers while providing a practical benchmarking and decision-
support tool for digital transformation initiatives.

Keywords: air cargo logistics; digitalization; logistic processes; evaluation framework;
logistics automation

1. Introduction

Air cargo logistics plays an important role in global supply chains and international
trade. The sector enables the rapid transportation of high-value, time-sensitive, and per-
ishable goods, including pharmaceuticals, medical supplies, electronic components, and
e-commerce shipments [1]. Although air freight accounts for only a relatively small pro-
portion of total cargo volume worldwide, it represents a substantial share of the total
value of internationally traded goods due to its speed, reliability, and global reach [2]. The
increasing interconnectedness of global markets and the growing importance of fast de-
livery services have further strengthened the strategic significance of air cargo transport
within modern logistics systems [3]. At the same time, the operational environment of air
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cargo logistics has become considerably more complex. Contemporary supply chains re-
quire continuous coordination among multiple stakeholders, including freight forward-
ers, air cargo carriers, airport operators, customs authorities, and ground handling com-
panies [4]. The growing pressure on delivery speed, shipment visibility, and service reli-
ability has significantly increased the importance of accurate and timely information ex-
change throughout the logistics chain. In such conditions, operational inefficiencies
caused by fragmented communication, paper-based documentation, or delayed data
transmission may negatively affect transport performance and disrupt the continuity of
logistics operations [4-6].

As a result, digital transformation has become one of the key development priorities
in the air cargo sector. Logistics companies increasingly rely on digital technologies to
improve operational efficiency, enhance process transparency, and optimize cargo han-
dling activities [7,8]. The transition from conventional administrative procedures toward
integrated digital systems enables faster information processing and more effective coor-
dination of logistics operations [9]. Digitalization is therefore no longer perceived solely
as a technological upgrade but rather as a broader transformation affecting operational
management, communication processes, and decision-making across the entire air cargo
supply chain [10]. Particular attention has recently been devoted to technologies support-
ing automation and real-time data exchange. Electronic air waybills (e-AWB), cloud-based
logistics platforms, API-enabled communication systems, IoT monitoring devices, and au-
tomated cargo handling solutions are becoming increasingly common within modern air
cargo operations [10,11]. In parallel, initiatives such as IATA ONE Record seek to establish
interoperable standards for digital data sharing among supply chain participants [12].
These developments contribute to higher levels of operational transparency, lower ad-
ministrative burden, improved cargo monitoring, and faster processing of logistics infor-
mation. Nevertheless, the implementation of digital technologies remains uneven among
air cargo carriers [13]. Significant differences can be observed in the level of system inte-
gration, the use of automation technologies, the availability of real-time shipment track-
ing, and the adoption of advanced digital infrastructure. While some carriers have devel-
oped highly integrated digital ecosystems supported by automated logistics processes
and data-driven management, others continue to operate using only partially digitalized
or fragmented systems. Such disparities directly influence operational flexibility, service
quality, and overall competitiveness within the rapidly evolving air cargo market [14].

The growing importance of digital transformation has increased the need for system-
atic approaches capable of evaluating the level of digitalization in air cargo logistics. Ex-
isting research has extensively addressed the implementation of individual digital tech-
nologies and broader digital transformation trends in logistics and transportation. How-
ever, relatively limited attention has been devoted to the development of comprehensive
evaluation frameworks specifically designed for assessing digitalization among air cargo
carriers. This highlights the need for structured assessment approaches that would enable
comparative evaluation of digital maturity and facilitate the identification of strengths,
weaknesses, and development opportunities within air cargo logistics systems.

1.1. Literature Review

Digital transformation has become one of the most intensively discussed topics in
contemporary logistics and supply chain research. The growing complexity of global
trade, the rapid expansion of e-commerce, and increasing customer expectations regard-
ing delivery speed and service transparency have significantly accelerated the implemen-
tation of digital technologies across logistics systems [15]. Several authors emphasize that
modern logistics operations are no longer evaluated solely based on transportation per-
formance or cost efficiency, but increasingly according to their ability to process, integrate,
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and utilize operational data in real time [16-18]. As a result, digitalization is gradually
becoming a fundamental determinant of competitiveness within transport and logistics
markets. Existing studies primarily focus on the impact of Industry 4.0 technologies on
logistics performance and operational optimization [19,20]. Research has increasingly ad-
dressed technologies such as cloud computing, big data analytics, artificial intelligence,
blockchain, digital twins, robotic process automation, and the Internet of Things (IoT)
[21,22]. According to numerous authors, these technologies contribute to higher opera-
tional flexibility, improved information visibility, faster decision-making, and more effi-
cient coordination among supply chain participants [20-24]. In addition, digital integra-
tion enables logistics companies to automate repetitive administrative processes and re-
duce operational inefficiencies associated with fragmented communication structures
[25].

Several researchers argue that the importance of digital transformation extends be-
yond technological innovation itself [26-29]. Digitalization increasingly affects organiza-
tional structures, strategic management, communication models, and inter-organizational
collaboration within logistics ecosystems. In this context, digital transformation is fre-
quently associated with the transition toward data-driven logistics systems characterized
by high levels of connectivity, interoperability, and process integration [30]. Existing re-
search suggests that organizations capable of effectively integrating digital technologies
into operational and managerial processes achieve higher levels of supply chain respon-
siveness and resilience [31]. Recent literature has devoted considerable attention to the
role of real-time data exchange in logistics operations [32]. Several studies emphasize that
access to accurate and continuously updated operational information significantly im-
proves transport planning, inventory management, risk mitigation, and customer service
quality [32-34]. Real-time visibility has become particularly important in complex logis-
tics systems involving multiple stakeholders and geographically dispersed supply chain
networks [34]. Consequently, digital platforms capable of integrating operational data
from various logistics participants are increasingly viewed as essential components of
modern supply chain management [35].

The COVID-19 pandemic further intensified academic and practical interest in logis-
tics digitalization. Existing studies indicate that supply chains with higher levels of digital
integration demonstrated greater resilience, adaptability, and operational continuity dur-
ing periods of disruption [36—40]. Several authors highlight that the pandemic exposed
the vulnerabilities of insufficiently digitalized logistics systems, particularly those de-
pendent on manual administrative procedures and fragmented information exchange
[38—40]. As a result, recent research increasingly discusses digital transformation not only
as a tool for operational optimization but also as a strategic mechanism supporting supply
chain resilience and long-term sustainability.

In parallel with the growing implementation of digital technologies, increasing atten-
tion has been devoted to the concept of digital maturity. Research has gradually shifted
from examining individual technologies toward evaluating the broader readiness of or-
ganizations to operate within digitally integrated environments [41,42]. Several authors
define digital maturity as the ability of organizations to effectively implement, integrate,
and utilize digital technologies across operational and managerial activities [42-45]. Ex-
isting maturity models commonly assess dimensions such as technological infrastructure,
process integration, automation capabilities, data management, organizational flexibility,
and digital competencies [46,47]. However, the structure and scope of these frameworks
differ considerably across individual studies and industrial sectors. A substantial propor-
tion of existing digital maturity models has been developed for manufacturing industries,
smart factories, or general supply chain systems [48-50]. Research addressing transporta-
tion-specific sectors remains comparatively less extensive. Numerous studies examining
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logistics digitalization focus primarily on road transport, warehouse management, or ur-
ban logistics systems, while sectors characterized by high operational complexity and in-
tensive information exchange requirements receive relatively less attention [51-53]. This
is particularly relevant in the case of air cargo logistics, where operational coordination
and data interoperability play a central role throughout the transportation process.

Air cargo logistics represents one of the most information-intensive segments of the
transportation industry. Due to the time-sensitive nature of cargo operations, efficient co-
ordination among freight forwarders, airport operators, customs authorities, ground han-
dling agents, and air cargo carriers is essential for maintaining operational continuity and
service reliability [54]. Many authors emphasize that information quality and processing
speed directly influence cargo handling efficiency, transportation reliability, and customer
satisfaction within air cargo operations [55-58]. Consequently, digital technologies have
become increasingly important for improving operational coordination, shipment visibil-
ity, and logistics process management in air cargo transport [59]. Research focusing on
digitalization in air cargo logistics has primarily examined electronic documentation sys-
tems and digital communication standards. Several studies discuss the implementation e-
AWB, Cargo-XML standards, cloud-based logistics platforms, and API-enabled commu-
nication systems facilitating automated data exchange among logistics stakeholders [60-
63]. According to the existing literature, these technologies contribute to faster cargo pro-
cessing, reduced documentation errors, lower administrative burden, and improved op-
erational transparency. Researchers also emphasize that interoperable digital communi-
cation standards are becoming increasingly important due to the growing interconnect-
edness of international logistics networks [64]. Particular attention has recently been de-
voted to the development of real-time cargo monitoring technologies. Existing research
increasingly examines the application of GPS tracking systems, RFID technologies, IoT
sensors, and cloud-based monitoring platforms within air cargo logistics [65,66]. Several
authors argue that real-time cargo visibility significantly improves transport security, risk
management, and operational responsiveness [67-69]. These technologies are especially
important in the transportation of high-value and temperature-sensitive cargo categories,
including pharmaceuticals, biological materials, and perishable products, where continu-
ous monitoring of environmental conditions is essential for maintaining cargo integrity
[70].

Automation technologies represent an important area of current research in air cargo
logistics. Various studies examine the growing use of automated storage and retrieval
systems (ASRS), robotic cargo handling technologies, autonomous guided vehicles, and
robotic process automation within cargo terminals and logistics hubs [71-75]. Existing
findings suggest that automation contributes to reduced handling times, higher opera-
tional accuracy, improved resource utilization, and lower dependency on manual labor
[74,75]. In addition, digital booking platforms and online cargo marketplaces are increas-
ingly transforming commercial interactions within air cargo logistics by enabling auto-
mated quotations, real-time capacity booking, and direct integration between logistics
systems [76].

In recent years, academic interest has also expanded toward the role of integrated
digital ecosystems within air cargo operations. Many authors emphasize that future air
cargo logistics systems will increasingly depend on interconnected digital platforms ca-
pable of enabling seamless information exchange among all supply chain participants [77-
80]. Initiatives such as IATA ONE Record are frequently discussed as important mile-
stones supporting the transition toward standardized and interoperable data-sharing en-
vironments within global air cargo logistics. Research indicates that such integration may
contribute not only to operational efficiency but also to higher levels of supply chain trans-
parency and collaborative decision-making [79,80].
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Table 1 provides a comparative overview of selected studies related to digital trans-

formation, digital maturity, and digitalization assessment in logistics and air cargo

transport. Table 1 includes following categories: authors, research focus, sector, method-

ology, main dimensions of digitalization, key findings, and identified limitations.

Table 1. Overview of Selected Studies on Digital Transformation and Digital Maturity in Logistics

and Air Transport.

Authors

Research Focus

Sector

Methodology

Main Dimensions Key Findings Limitations

Digital maturity

Process manage-  Higher digital maturity ~Focused on general

Tubis et al., assessment of lo Logistics pro- Digital ma- ment, employee sup-improves process effi-  logistics enterprises,
2024 [46] . cesses turity model  port, performance ciency and organizational not transport spe-
gistics processes e
measurement performance cific sectors
Maturit Logistics 4.0 technol- Limited focus on
Golinska-  Digital maturity . Y g External market trends .
. Supply chain model and ogies, market trends, . | . . transportation-spe-
Dawsonet — of logistics pro- logistics Bayesian analy-process digitaliza positively influence logis- cific operational en
al, 2023 [47] cesses & ay yP & tics digitalization e op
sis tion vironments
Systematic lit- Automation, connec-Digital technologies ena-
Logistics 4.0 and Y . . .. & ) & Research oriented
Albrecht et O - erature review tivity, digital plat- ble more integrated and . .
digital technol- Intralogistics . . . . mainly toward in-
al., 2024 [48] and expert in- forms, data integra- responsive logistics sys- -
ogy affordances . ) tralogistics processes
terviews tion tems
. Logistics technolo- .
. Logistics 4.0 ma- __, . Framework de- . Maturity assessment sup- Focused on 3PL pro-
Baglio et al., X Third-party lo- gies, service integra- . .
turity model for . velopment and ports strategic technology viders than cargo
2025 [49] . gistics . ., .. tion, process ma- . .. .
3PL providers pilot validation turit investment decisions transport operations
rity
Review of ma- Process maturity,
. . Supply chain . .. Ré Existing maturity models Lack of sector-spe-
Ferraro et al., turity models in Literature re- digital transfor- O . o .
. management . . vary significantly in struc-cific maturity assess-
2023 [50] supply chain . view mation, organiza- .
and logistics . . ture and applicability ment frameworks
management tional readiness
Digital transfor- Organizational read- Focused mainly on
- g. . . Fuzzy AHP | 8 . Digital maturity assess- . =~ . Y
Kiylilik et al., mation maturity Airline indus- iness, technology in- .1 airlines in general
. and self-assess- . .. ment supports airline
2022 [51] model for air-  try tegration, digital ca- . . rather than cargo lo-
. ment tool . transformation strategies . .
lines pabilities gistics
Airport digital Technological trans- . . . . Passenger-oriented
. . N . . Digital maturity requires .
Halpernet maturity and or- Airport man- Integrative lit- formation, organiza- ) airport focus rather
. . . . . both technological and or-
al.,, 2021 [52] ganizational agement erature review tional readiness, dig- . | . than cargo opera-
. o ganizational adaptation |
transformation ital infrastructure tions

Integrative re-

Conceptual frame-

Machado & Logistics 5.0 ma- . . Al IoT, process Logistics maturity de- .
. ; Logistics sys- view and work without
Rodriguez, turity measure- management, sus- pends on technology and
tems framework Lo . transport-sector ap-
2025 [53] ment model tainability, analytics processes L
proposal plication
Digital twins in Literature re- .. . .. .
. . . Digital twins, trans- Digital twins support .
Le & Fan, logistics and sup-Logistics and ~view and con- . . Primarily conceptual
. . parency, analytics, transparent and resilient . .
2023 [54] ply chain sys-  supply chains ceptual frame- ~ . discussion
resilience logistics systems
tems work
o . . Digital integration, .. . .
Digital twin ma- Maturity-level ) . Port digital maturity de- Port-oriented per-
Klar et al., ) L. : technological readi- . .
turity assessmentPort logistics  evaluation . pends on technological  spective rather than
2022 [55] . ness, operational co- ; . . ..
In ports framework integration and resources air cargo logistics

ordination

The reviewed literature demonstrates that digital transformation is increasingly per-

ceived as a strategic factor influencing logistics performance, operational efficiency, sup-

ply chain visibility, and organizational adaptability. Existing research highlights the

growing importance of real-time information exchange, process automation, and inte-

grated digital infrastructures across transportation and logistics systems. At the same

time, current studies indicate that the level of digital implementation and technological
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integration differs considerably across logistics sectors and operational environments,
particularly within highly complex transport systems such as air cargo logistics.

1.2. Research Gap and Aim of the Article

The literature review confirms that digital transformation has become a strategic pri-
ority across logistics and transportation systems. Existing research extensively discusses
the implementation of Industry 4.0 technologies, real-time data exchange, automation
tools, and integrated digital platforms within supply chain operations. Considerable at-
tention has also been devoted to digital maturity models and organizational readiness for
digital transformation in logistics environments. Many existing studies remain focused
either on general supply chain systems or on isolated technological applications rather
than on transportation-specific operational environments.

Within air cargo logistics, current research primarily examines individual digital
technologies such as electronic air waybills, loT-based monitoring systems, automated
cargo handling solutions, or digital communication standards. While these studies pro-
vide valuable insights into the operational benefits of digitalization, relatively limited at-
tention has been devoted to the development of comprehensive evaluation approaches
capable of systematically assessing and comparing the level of digitalization among air
cargo carriers. Existing maturity models often lack adaptation to the operational charac-
teristics of air cargo logistics, including intensive real-time information exchange, high
process interdependency, and the need for continuous coordination among multiple
stakeholders. At the same time, significant differences can be observed in the level of tech-
nological integration and digital infrastructure implemented by individual air cargo car-
riers. These disparities influence operational efficiency, shipment visibility, process auto-
mation, and overall logistics performance. However, the current literature provides only
limited comparative assessment tools capable of evaluating these differences through a
structured and measurable framework specifically designed for air cargo operations.

Although existing studies provide valuable insights into digital transformation in lo-
gistics, several methodological limitations remain. Most existing frameworks have been
developed for general logistics or manufacturing environments and therefore do not ad-
equately reflect the operational characteristics of air cargo logistics. Furthermore, many
studies focus on individual technologies rather than providing a comprehensive multidi-
mensional assessment framework, limiting their applicability for comparative evaluation
across air cargo carriers. These methodological shortcomings further justify the develop-
ment of a sector-specific evaluation framework.

The aim of this article is therefore to develop an evaluation framework for measuring
the level of digitalization in air cargo logistics. The proposed framework is based on a
multi-dimensional structure reflecting key areas of digital logistics processes, including
electronic documentation, digital communication, process automation, real-time cargo
monitoring, and data integration. The framework is subsequently applied to selected air
cargo carriers to assess their level of digital maturity and enable comparative evaluation
of their technological capabilities and logistics processes. The article contributes to exist-
ing research in several ways. First, it extends current discussions on digital transformation
in logistics by focusing specifically on the operational environment of air cargo transport.
Second, it proposes a structured and adaptable evaluation framework suitable for com-
parative assessment of digitalization among air cargo carriers. Finally, the study provides
practical insights into the role of digital technologies in supporting operational efficiency,
process transparency, and integrated logistics management within air cargo logistics sys-
tems. To achieve the stated objective, the study addresses the following research ques-
tions:
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RQ1: Which key dimensions and indicators should be included in a comprehensive
framework for assessing the level of digitalization in air cargo logistics?

RQ2: To what extent can the proposed evaluation framework identify differences in
digital maturity among selected international air cargo carriers?

2. Materials and Methods
2.1. Research Design

The study applies a comparative evaluation approach aimed at assessing the level of
digitalization in air cargo logistics. The research focuses on the development and applica-
tion of an evaluation framework designed to measure the level of digital maturity among
selected air cargo carriers. The study combines qualitative and quantitative research ele-
ments to enable structured assessment of technological implementation, operational inte-
gration, and digital process utilization within air cargo logistics systems.

The research process consisted of several consecutive stages. In the first stage, a com-
prehensive review of scientific literature related to digital transformation, logistics digi-
talization, Industry 4.0 technologies, and digital maturity assessment was conducted. Par-
ticular attention was devoted to studies examining digital integration, process automa-
tion, real-time information exchange, and technology adoption within transportation and
logistics environments. The literature review served as the basis for identifying the prin-
cipal dimensions influencing digitalization in air cargo logistics. In the second stage, a
structured evaluation framework was developed. The framework was designed to reflect
the operational characteristics of air cargo logistics, particularly the importance of real-
time coordination, digital communication, process interoperability, and integrated data
exchange among logistics stakeholders. Subsequently, a set of evaluation indicators was
established to assess the level of digital implementation within selected operational areas.
The third stage involved the application of the proposed framework to selected interna-
tional air cargo carriers. The evaluation process was based on comparative analysis using
publicly available operational and technological information. The obtained results were
subsequently aggregated and interpreted to identify similarities and differences in digi-
talization levels among the evaluated carriers.

The overall research procedure applied in this study is summarized in Figure 1. The
figure illustrates the individual stages of the research process, including literature analy-
sis, identification of digitalization dimensions, development of the evaluation framework,
selection of indicators, comparative assessment of selected air cargo carriers, and inter-
pretation of the obtained results.

Literature
Review

)

el Development Indicators Methodology Cargo Carriers Evaluation Gap Analysis

eniicatinnal Framework Selection of Scoring Selection of Air \ Comparative Digitalization
Dimensions

v

Figure 1. Research methodology workflow.

2.2. Framework Development Procedure

The evaluation framework was developed based on findings identified in the re-
viewed literature and current digitalization trends observed in logistics and air cargo
transport. Existing studies increasingly emphasize that digital transformation in logistics
should not be evaluated solely according to the implementation of isolated technologies
but rather through the level of operational integration, interoperability, automation, and
data utilization within logistics systems [81-83].
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Many authors highlight that digital maturity assessment requires a multidimensional
perspective reflecting both technological and process-oriented aspects of logistics opera-
tions [84,85]. Therefore, the framework proposed in this study was designed as a multi-
pillar structure incorporating key dimensions associated with digital logistics manage-
ment in air cargo transport.

The framework development process included: identification of key digitalization
dimensions in logistics and air cargo operations, selection of evaluation indicators reflect-
ing operational digitalization, establishment of a comparative scoring methodology and
definition of aggregation and evaluation procedures.

The selection of dimensions and indicators was influenced by the operational char-
acteristics of air cargo logistics, including intensive information exchange, shipment mon-
itoring requirements, cargo documentation processing, and the growing importance of
integrated digital communication platforms. Consideration was given to technologies and
operational solutions frequently discussed within current literature on logistics digitali-
zation and smart transport systems.

The structure of the proposed digitalization evaluation framework is presented in
Figure 2. Figure 2 illustrates the principal dimensions incorporated into the framework
and their role in the comparative assessment of digital maturity among selected air cargo
carriers.

Process
Automation

Digitalization
Strategy

Technological
Level Transparency and
l Services

Evaluation Framework for
— Air Cargo Carriers @wwws  System Integration

l y
Y
Comparative Assessment | Digital Maturity Level
>

Figure 2. Structure of the digitalization framework.

2.3. Structure of the Evaluation Framework

The comparative assessment of digitalization in air cargo logistics was based on five
principal evaluation pillars reflecting key operational and technological areas associated
with digital transformation in cargo transport systems. The framework structure, previ-
ously illustrated in Figure 2, enabled systematic evaluation of technological capabilities,
operational integration, and digital maturity among the selected air cargo carriers.

The framework was designed to assess digitalization through a multidimensional
approach incorporating both strategic and operational aspects of digital transformation in
air cargo logistics. Particular attention was devoted to areas directly influencing process
efficiency, information exchange, technological integration, cargo visibility, and cus-
tomer-oriented digital services. The detailed structure of the proposed evaluation frame-
work, including the principal evaluation pillars, individual indicators, and weighting dis-
tribution, is summarized in Table 2. The detailed indicator-based evaluation scores pre-
sented in Table Al in Appendix A. Equal weights (20% each) were assigned to the five
evaluation pillars. This approach was intentionally adopted to avoid introducing subjec-
tive bias in the absence of an established weighting methodology for assessing digitaliza-
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tion in air cargo logistics. As the proposed framework represents an initial sector-specific
model, equal weighting provides a transparent, reproducible, and easily interpretable ba-
sis for comparative evaluation. Future research may refine the weighting scheme using
expert-based methods or multi-criteria decision-making techniques.

Table 2. Structure of the Digitalization Evaluation Framework.

Evaluation Pillar Indicators Operational Focus Weight (%)
Digital strategy implementation Strategic orientation toward digital
Digitalization Strat-Investments in digitalization transformation, investments in digital 20

€gy

Innovation projects

technologies, support for innovation-
driven operational development

Electronic documentation e-AWB Automation of cargo handling and ad-
Process Automa-  Process automation level ministrative procedures aimed at im- 20
tion roving operational efficiency and re-
Cargo handling automation proving op . y
ducing manual processing
IoT shipment monitoring Implementation of advanced digital
i technologies supporting real-time mon-
Technological LevelSensor technologies . .g1 . PP g . 20
. . . itoring, intelligent decision-making,
Artificial Intelligence utilization . oyt
and operational visibility
System connectivity (API integration) Interoperability and connectivity of lo-
- istics systems enabling efficient data
System Integration Data exchange (Cargo-XML, ONE Record) gistics sy .1 g : 20
o o exchange and coordinated operational
Digital Communication
management
Shipment tracking Digital services and information acces-
Transparency and Customer platforms sibility supporting shipment visibility, 20

Services

Information accessibility

customer communication, and service
transparency

The first evaluation pillar focuses on digitalization strategy and examines the extent
to which carriers incorporate digital transformation into their operational and strategic
activities. This dimension evaluates the existence of formal digitalization strategies, in-
vestments in digital technologies, and the implementation of innovation-oriented projects
supporting technological development and operational modernization. Strategic orienta-
tion toward digital transformation is considered an important prerequisite for long-term
technological integration and operational adaptability within the air cargo sector. The sec-
ond pillar evaluates process automation within cargo handling and operational manage-
ment activities. Particular attention is devoted to the implementation of electronic docu-
mentation systems, especially e-AWB, automated cargo processing procedures, and auto-
mated cargo handling technologies. Process automation represents one of the key factors
influencing operational efficiency, reduction in administrative burden, and acceleration
of cargo handling operations within modern air cargo logistics systems. The technological
level pillar examines the implementation of advanced digital technologies supporting op-
erational monitoring and intelligent decision-making. This dimension includes loT-based
shipment monitoring, sensor technologies, and the utilization of artificial intelligence
within logistics processes. The implementation of these technologies contributes to higher
operational visibility, improved cargo monitoring capabilities, and more efficient pro-
cessing of operational information in real time. The fourth evaluation pillar focuses on
system integration and interoperability within digital logistics environments. The assess-
ment examines the level of API integration, implementation of digital data exchange
standards such as Cargo-XML and IATA ONE Record, and the use of digital communica-
tion systems enabling interconnected operational management. System interoperability
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increasingly represents a critical requirement for efficient coordination among logistics
stakeholders and seamless exchange of operational information across air cargo supply
chains. The final pillar addresses transparency and digital services provided within cargo
logistics operations. This dimension evaluates shipment tracking capabilities, customer-
oriented digital platforms, and the accessibility of operational information. High levels of
transparency and digital service availability contribute to improved customer experience,
increased shipment visibility, and more efficient communication between carriers and lo-
gistics partners.

The proposed framework enables comparative evaluation of digital maturity among
air cargo carriers while simultaneously supporting more detailed analysis of individual
operational dimensions associated with logistics digitalization. The multidimensional
structure of the framework also facilitates identification of technological strengths, oper-
ational limitations, and varying levels of digital integration across selected air cargo logis-
tics systems.

2.4. Data Collection and Evaluation Methodology

The comparative assessment was based on secondary data obtained from publicly
available sources. Where available, industry reports and publications issued by interna-
tional aviation organizations were used to complement company-reported information
and improve the consistency and reliability of the evaluation. The analyzed materials in-
cluded annual reports, sustainability reports, corporate technology presentations, official
company websites, airport and logistics publications, and industry reports focused on air
cargo digitalization and logistics technologies. Additional information was obtained from
publications issued by international aviation and logistics organizations, particularly
those addressing digital communication standards, cargo process automation, and data
interoperability within air cargo transport. To ensure comparability, the same evaluation
framework, indicator definitions, scoring criteria, and assessment procedure were consist-
ently applied to all evaluated air cargo carriers.

The evaluation methodology applied a scoring-based assessment approach enabling
comparative analysis of digitalization levels among selected air cargo carriers. Individual
evaluation indicators were assessed using a predefined point scale reflecting the extent of
digital implementation and operational integration within each analyzed area. The scor-
ing procedure considered the availability and practical implementation of digital technol-
ogies, the degree of process automation, the level of system interoperability, and the uti-
lization of real-time operational data. Where sufficient evidence regarding the implemen-
tation of a specific digital technology was not available from reliable public sources, no
assumptions were made regarding its implementation status in order to preserve the ob-
jectivity and consistency of the evaluation.

Each indicator was evaluated using a five-point ordinal scale, where a score of 1 in-
dicated the absence or very limited implementation of the evaluated digital solution,
while a score of 5 represented comprehensive implementation and integration into oper-
ational processes. Intermediate scores reflected progressive levels of implementation, con-
sidering not only the presence of the technology but also its operational utilization, level
of integration with other systems, and its contribution to cargo logistics processes. The
evaluation focused on the practical level of implementation rather than on the mere exist-
ence of a particular technology or digital solution. The scoring criteria were applied con-
sistently across all evaluated carriers to ensure the comparability and transparency of the
assessment.
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2.4.1. Evaluation of Digitalization Pillars

Digitalization strategy represents one of the fundamental prerequisites for long-term
technological transformation within air cargo logistics systems. The implementation of
digital technologies in cargo operations requires not only operational modernization but
also strategic coordination of investments, innovation activities, and technological devel-
opment objectives. Existing research increasingly emphasizes that organizations with
clearly defined digital transformation strategies achieve higher levels of technological in-
tegration, operational flexibility, and adaptability to rapidly changing logistics environ-
ments. Within the proposed evaluation framework, the digitalization strategy pillar fo-
cuses on the extent to which air cargo carriers systematically incorporate digital transfor-
mation into their strategic and operational management processes. Particular attention is
devoted to investments in digital technologies, implementation of innovation-oriented
projects, and long-term support for operational digitalization. Strategic orientation to-
ward digital transformation significantly influences the ability of carriers to integrate ad-
vanced technologies into cargo handling operations and broader logistics management
systems. The evaluation also considers the role of innovation initiatives aimed at improv-
ing operational efficiency, shipment visibility, and digital coordination among logistics
stakeholders. In recent years, many air cargo carriers have increasingly invested in intel-
ligent cargo terminals, cloud-based logistics systems, Al-supported operational planning,
and automated communication platforms. These developments demonstrate that digital-
ization strategy has become closely connected with broader organizational modernization
and competitiveness within the global air cargo market.

Process automation represents a critical component of digital transformation in air
cargo logistics due to the operational complexity and time sensitivity of cargo transport
activities. The growing volume of cargo shipments and increasing pressure on operational
efficiency have accelerated the implementation of automated systems within cargo termi-
nals, warehouse operations, and administrative procedures. Automation technologies
contribute to reducing manual workload, minimizing operational errors, and improving
the speed and reliability of cargo handling processes. Within the proposed framework,
the process automation pillar evaluates the implementation of electronic documentation
systems, automated cargo processing procedures, and automation technologies inte-
grated into operational workflows. Emphasis is placed on e-AWB, which significantly re-
duce paper-based documentation and improve communication efficiency among logistics
stakeholders. Existing studies indicate that electronic documentation contributes to lower
processing times, higher operational transparency, and improved data accuracy within
air cargo operations. In addition to documentation digitalization, increasing attention is
devoted to automated cargo handling technologies and robotic operational support sys-
tems. Modern cargo terminals increasingly utilize automated storage systems, conveyor
technologies, robotic handling equipment, and intelligent sorting solutions aimed at im-
proving operational capacity and reducing dependency on manual labor. The implemen-
tation of automation technologies therefore represents an important indicator of opera-
tional digital maturity within contemporary air cargo logistics systems.

The technological level pillar evaluates the implementation of advanced digital tech-
nologies supporting real-time operational visibility, intelligent monitoring, and data-
driven decision-making within air cargo logistics. Technological innovation has become
one of the principal drivers of operational modernization in the air cargo sector, particu-
larly in relation to cargo tracking, environmental monitoring, and predictive operational
management. Particular attention within this pillar is devoted to IoT-based shipment
monitoring systems, sensor technologies, and artificial intelligence applications integrated
into logistics operations. IoT technologies enable continuous collection and transmission
of operational data related to cargo location, transport conditions, and shipment status
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throughout the transportation process. Sensor technologies are especially important for
temperature-sensitive and high-value cargo categories requiring continuous environmen-
tal monitoring and operational supervision. Artificial intelligence technologies increas-
ingly support predictive analytics, operational planning, cargo capacity management, and
risk identification within air cargo logistics systems. Existing research suggests that the
integration of intelligent technologies contributes to improved operational responsive-
ness, enhanced decision-making capabilities, and more efficient utilization of logistics re-
sources. Consequently, the technological level of digital infrastructure significantly influ-
ences the operational competitiveness and adaptability of air cargo carriers.

System integration represents one of the key pillars influencing the effectiveness of
digital logistics ecosystems within air cargo transport. Due to the involvement of multiple
stakeholders in cargo operations, efficient coordination depends heavily on the interoper-
ability of digital systems and the ability to exchange operational data in real time. Frag-
mented communication structures and isolated information systems may significantly re-
duce operational efficiency and limit process transparency within logistics networks. The
proposed framework evaluates system integration through indicators related to API con-
nectivity, implementation of digital data exchange standards, and digital communication
capabilities. Importance is assigned to interoperability standards such as Cargo-XML and
IATA ONE Record, which aim to support standardized and interconnected data exchange
among logistics stakeholders. These standards increasingly represent essential compo-
nents of modern air cargo logistics systems and support more efficient operational coor-
dination across global supply chains. API-based integration and cloud-connected opera-
tional platforms enable real-time synchronization of logistics information and facilitate
direct communication among carriers, freight forwarders, airports, and customs authori-
ties. Higher levels of system integration contribute to reduced communication delays, im-
proved operational visibility, and more efficient processing of logistics information. As a
result, interoperability and digital connectivity are becoming critical determinants of dig-
ital maturity within air cargo logistics operations.

Transparency and digital service availability have become increasingly important di-
mensions of modern air cargo logistics systems. Customers and logistics partners increas-
ingly expect continuous shipment visibility, real-time operational information, and acces-
sible digital communication throughout the transportation process. Consequently, air
cargo carriers are progressively expanding customer-oriented digital platforms and
online service capabilities to improve operational transparency and customer experience.
Within the proposed framework, this pillar evaluates shipment tracking systems, cus-
tomer platforms, and the accessibility of operational information provided by carriers.
Shipment visibility represents one of the most significant components of digital logistics
services, particularly in time-sensitive transport operations where customers require ac-
curate and continuously updated cargo information. Real-time tracking technologies con-
tribute not only to customer satisfaction but also to improved operational coordination
and disruption management. Customer-oriented digital platforms increasingly enable
online cargo booking, automated quotations, shipment monitoring, and direct communi-
cation between logistics stakeholders. The availability of integrated digital services sup-
ports higher levels of operational transparency and facilitates faster access to logistics in-
formation. Existing trends therefore indicate that transparency and digital customer ser-
vices are becoming important competitive factors within the rapidly evolving air cargo
logistics market.

2.4.2. Evaluation of Digitalization Indicators

Each indicator was evaluated using a five-point assessment scale, where lower values
represented limited or insufficient implementation of digital solutions, while higher val-
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ues indicated advanced levels of technological integration and operational digitalization.
The scoring scale applied within the evaluation process is presented in Table 3.

Table 3. Scoring Scale for Evaluation of Digitalization Indicators.

Score Level of Digitalization Description

Minimal implementation of digital technologies and lim-

1 Very Low . . . .
ited operational integration

5 Low Partial implementation of selected digital solutions with
limited interoperability

3 Moderate I\I/Ioder.ate levell of digitalization with functional opera-
tional integration

4 High Advanced implementation of digital technologies and in-

tegrated digital processes

Highly integrated digital ecosystem with advanced auto-

5 Very High
ey IS mation and real-time operational capabilities

The final digitalization score was calculated using a weighted aggregation approach
combining individual indicator scores and pillar weights. The evaluation methodology
incorporated both the relative importance of the principal evaluation pillars and the
weighting of individual indicators within each pillar. This approach enabled balanced as-
sessment of strategic, operational, and technological dimensions associated with digitali-
zation in air cargo logistics.

The overall digitalization score was calculated according to Equation (1):

where

e  ODS = Overall Digitalization Score,
e  PWj=weight of evaluation pillar,

e  ISj=score of individual indicator,

e [Wj=weight of individual indicator,
° m = number of pillars,

e n=number of indicators.

The obtained scores were subsequently aggregated and converted into percentage
values to improve comparability and interpretability of the results. The methodology en-
abled both overall comparative assessment of digital maturity among selected air cargo
carriers and more detailed analysis of individual operational dimensions associated with
logistics digitalization.

The proposed scoring methodology was designed to ensure methodological con-
sistency and comparability across carriers while maintaining sufficient flexibility for eval-
uating different operational approaches and levels of technological implementation
within air cargo logistics systems.

2.5. Selection of Air Cargo Carriers

The evaluation framework was applied to three international air cargo carriers rep-
resenting different operational approaches to digitalization and logistics technology inte-
gration. The carrier selection process considered several criteria, including global market
relevance, implementation of digital technologies, operational scale, and availability of
publicly accessible information regarding digital logistics processes and technological in-
frastructure. The selected sample includes Lufthansa Cargo, Turkish Cargo, and Car-
golux. Lufthansa Cargo was selected due to its extensive use of digital cargo monitoring
systems, integrated logistics technologies, and advanced operational management solu-
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tions. Turkish Cargo represents a rapidly developing carrier investing significantly in au-
tomation technologies and intelligent cargo terminal infrastructure, particularly through
the SMARTIST logistics hub. Cargolux was selected as a major European cargo carrier
emphasizing digital booking systems, platform integration, and digital communication
technologies within cargo operations.

The selected carriers represent different levels of technological integration and digital
operational maturity, thereby enabling comparative analysis of digitalization approaches
within air cargo logistics. The diversity of the selected sample also supports broader in-
terpretation of digital transformation trends currently influencing the air cargo sector. The
empirical application presented in this study should be regarded as a pilot demonstration
of the proposed evaluation framework rather than a statistically representative assess-
ment of the global air cargo industry. Accordingly, the primary objective was to verify the
applicability and practical usability of the framework using a purposively selected sample
of carriers with different levels of digitalization and sufficient publicly available infor-
mation. Future research may extend the framework to a larger and more diverse sample
of air cargo carriers to enable broader validation and comparative analysis.

3. Results
3.1. Comparative Assessment of Air Cargo Carriers

The proposed evaluation framework was subsequently applied to selected interna-
tional air cargo carriers to assess their level of digital maturity and operational digitaliza-
tion. The comparative assessment focused on Lufthansa Cargo, Turkish Cargo, and Car-
golux, which represent different approaches to digital transformation, technological inte-
gration, and implementation of digital logistics solutions within air cargo operations.

The evaluation results revealed noticeable differences in the level of digitalization
among the analyzed carriers. Variations were identified particularly in the areas of digital
strategy implementation, process automation, technological infrastructure, system in-
teroperability, and customer-oriented digital services. The comparative assessment was
conducted using the weighted scoring methodology described in Section 2.4, where indi-
vidual indicators were evaluated using a five-point scoring scale and subsequently con-
verted into percentage values for improved comparability and interpretability of the ob-
tained results. The comparative evaluation results of the selected air cargo carriers are
presented in Table 4.

Table 4. Comparative Evaluation Results of Selected Air Cargo Carriers.

Lufthansa Cargo Turkish Cargo Cargolux

Evaluation Pillar

Score % Score % Score %

Digitalization Strategy 3.34 66.8 5.00  100.0 2.66 53.2
Process Automation 4.00 80.0 5.00  100.0 4.00 80.0
Technological Level 2.66 53.2 4.00 80.0 2.34 46.8
System Integration 4.00 80.0 500  100.0 3.34 66.8
Transparency and Services 4.33 86.6 500 100.0 3.34 62.7
Overall Score 3.67 4.80 3.14

Overall Digitalization Level (%) 73.3 96.0 62.7

The obtained results indicate that Turkish Cargo achieved the highest overall level of
digitalization among the evaluated carriers, reaching an overall digitalization level of
96.0%. The carrier demonstrated the strongest performance across all evaluation pillars,
particularly in the areas of digitalization strategy, process automation, system integration,
and transparency and digital services, where maximum evaluation values were achieved.
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The strong performance of Turkish Cargo is closely associated with extensive investments
in intelligent cargo infrastructure, implementation of advanced automation technologies,
and development of integrated digital logistics systems supporting real-time operational
management. Lufthansa Cargo achieved the second-highest level of digital maturity, with
an overall digitalization level of 73.3%. The carrier demonstrated balanced performance
across most evaluation pillars, particularly within transparency and services, process au-
tomation, and system integration. Lufthansa Cargo also showed strong implementation
of shipment monitoring systems and customer-oriented digital services. However, com-
paratively lower results were identified within the technological level pillar, particularly
in relation to the implementation of advanced intelligent technologies and IoT-supported
operational systems. Cargolux achieved the lowest overall digitalization level among the
evaluated carriers, reaching 62.7%. Despite lower overall results, the carrier demonstrated
relatively stable performance in the areas of process automation, system integration, and
customer communication services. Nevertheless, the evaluation identified lower levels of
technological advancement, particularly in relation to artificial intelligence utilization, IoT
implementation, and advanced digital infrastructure integration. These limitations influ-
enced the carrier’s overall digital maturity score and highlighted differences in the extent
of technological transformation among the evaluated carriers.

The comparative assessment further indicates that the most significant differences
among the evaluated carriers were observed within the technological level and digitaliza-
tion strategy pillars. These dimensions appear to represent critical determinants influenc-
ing the broader digital maturity of air cargo logistics systems. In contrast, the transparency
and services pillar achieved comparatively stronger results across all evaluated carriers,
suggesting that customer-oriented digital services and shipment visibility technologies
have become increasingly important components of contemporary air cargo logistics op-
erations.

3.2. Comparative Analysis of Digitalization Levels

The comparative analysis of digitalization levels provided a more detailed overview
of differences in digital maturity among the evaluated air cargo carriers. The obtained
results revealed varying levels of technological integration, process automation, interop-
erability, and customer-oriented digital service implementation across the analyzed logis-
tics systems. The comparative structure of the evaluation framework enabled identifica-
tion of both operational strengths and technological limitations associated with the digital
transformation of individual carriers.

The results presented in Figure 3 illustrate the comparative performance of the eval-
uated carriers across the five principal evaluation pillars incorporated within the pro-
posed framework.
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Figure 3. Comparative Digitalization Levels across Evaluation Pillars.

The graphical comparison demonstrates that Turkish Cargo achieved the highest
evaluation scores across all analyzed pillars, indicating a highly integrated and techno-
logically advanced digital logistics ecosystem. Particularly strong results were observed
within digitalization strategy, process automation, and system integration, where the car-
rier achieved maximum evaluation values. These results reflect the carrier’s extensive in-
vestments in intelligent cargo infrastructure, automated logistics systems, and advanced
digital operational management technologies. Lufthansa Cargo demonstrated compara-
tively balanced digitalization performance across most evaluation pillars. The carrier
achieved strong results particularly within transparency and services, process automa-
tion, and system integration, indicating a relatively high level of operational integration
and customer-oriented digitalization. However, lower evaluation values were identified
within the technological level pillar, suggesting more moderate implementation of ad-
vanced intelligent technologies and IoT-supported operational systems compared with
Turkish Cargo. Cargolux achieved lower digitalization levels across most evaluation pil-
lars, particularly within technological level and digitalization strategy. Nevertheless, the
carrier demonstrated relatively stable performance within process automation and cus-
tomer-oriented digital services. These findings suggest that although the carrier has im-
plemented several digital operational solutions, the broader integration of advanced dig-
ital technologies and intelligent logistics systems remains comparatively limited.

The comparative analysis further indicates that the largest differences among the
evaluated carriers were identified within technological level and digitalization strategy.
In contrast, smaller differences were observed within transparency and services, suggest-
ing that shipment visibility and customer communication technologies have become in-
creasingly standardized within contemporary air cargo logistics operations. The overall
digitalization levels of the evaluated air cargo carriers are summarized in Figure 4.
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Figure 4. Overall Digitalization Levels of Evaluated Air Cargo Carriers.

The overall comparison confirms the dominant position of Turkish Cargo, which
achieved the highest digitalization level of 96.0%, followed by Lufthansa Cargo with
73.3%, while Cargolux reached 62.7%. The obtained results indicate substantial differ-
ences in the extent of digital transformation and technological integration among the eval-
uated carriers. The findings also suggest that strategic investments in automation technol-
ogies, intelligent cargo infrastructure, and interconnected logistics systems significantly
influence the overall digital maturity of air cargo logistics operations.

3.3. Digitalization Gap Analysis

The comparative evaluation identified several significant disparities in the level of
digitalization among the analyzed air cargo carriers. Although all evaluated carriers
demonstrated certain levels of digital integration and implementation of digital opera-
tional solutions, the obtained results indicate considerable differences in technological
maturity, operational interoperability, and strategic digital transformation capabilities.
The largest digitalization gaps were identified within the digitalization strategy and tech-
nological level pillars. Turkish Cargo achieved the highest evaluation scores within both
dimensions due to extensive investments in intelligent cargo infrastructure, automation
technologies, and integrated digital logistics systems. In contrast, lower evaluation results
achieved particularly by Cargolux indicate more limited implementation of innovation-
oriented technologies and comparatively lower integration of advanced digital opera-
tional systems. These findings suggest that strategic commitment to digital transformation
significantly influences the broader digital maturity of air cargo logistics operations. Sub-
stantial disparities were also identified within the system integration pillar. While Turkish
Cargo demonstrated highly integrated operational systems and extensive implementation
of interoperability standards, Lufthansa Cargo and Cargolux achieved lower levels of dig-
ital connectivity and operational integration. The results therefore indicate that interoper-
ability and real-time data exchange remain important challenges affecting operational co-
ordination within the air cargo sector. The comparative differences identified across indi-
vidual evaluation pillars are illustrated in Figure 5.
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Figure 5. Comparative Digitalization Heatmap across Evaluation Pillars.

The graphical comparison highlights that the most substantial disparities were ob-
served within digitalization strategy and technological level, where the differences be-
tween the highest and lowest evaluation scores exceeded 30 percentage points. Compar-
atively smaller differences were identified within process automation and transparency
and services, suggesting that customer-oriented digital services and certain automation
technologies have become more broadly implemented across the evaluated carriers. De-
spite the identified disparities, all evaluated carriers demonstrated relatively strong im-
plementation of shipment tracking systems and digital communication platforms. These
findings indicate that operational transparency and customer visibility have become in-
creasingly standardized requirements within contemporary air cargo logistics systems.
Nevertheless, differences remain in the level of intelligent automation, integration of Al-
supported technologies, and implementation of advanced interoperability standards.

The identified digitalization gaps reflect broader challenges associated with digital
transformation within the air cargo sector. The implementation of advanced digital tech-
nologies requires substantial financial investments, technological expertise, and long-term
strategic coordination. Consequently, carriers with stronger investment capabilities and
more aggressive digital transformation strategies can achieve higher levels of operational
integration and technological maturity. The results additionally suggest that future devel-
opment of air cargo logistics will increasingly depend on intelligent automation, interop-
erability, real-time operational visibility, and integration of advanced digital decision-
support systems. The identified disparities therefore emphasize the importance of coordi-
nated digitalization strategies and continuous technological modernization to improve
operational efficiency, cargo visibility, and competitiveness within the global air cargo
market.

4. Discussion
4.1. Interpretation of the Findings

The conducted comparative evaluation confirmed that substantial differences cur-
rently exist in the level of digitalization among air cargo carriers. The obtained results
demonstrated that digital maturity within air cargo logistics is not determined solely by
the implementation of isolated digital technologies, but rather by the degree of integration
between technological infrastructure, process automation, interoperability, and strategic
digital transformation initiatives. The analysis revealed that carriers investing more inten-
sively in intelligent logistics systems, automation technologies, and integrated digital eco-
systems achieve significantly higher levels of operational digital maturity.
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In addition to strategic investments, the level of digitalization may also be influenced
by external and organizational factors, including airport infrastructure, regulatory re-
quirements, regional digital readiness, organizational culture, managerial commitment to
digital transformation, collaboration among logistics stakeholders, and the operational
complexity of carrier networks. These contextual conditions may facilitate or constrain the
implementation of advanced digital technologies and should therefore be considered
when interpreting the evaluation results.

The findings of this study are consistent with previous research emphasizing the
growing importance of digital transformation within logistics and transport systems. Sev-
eral authors argue that digitalization represents a critical determinant of operational effi-
ciency, flexibility, and supply chain responsiveness in contemporary logistics environ-
ments [15,22,35]. Similarly, the results obtained in this study indicate that carriers demon-
strating higher levels of technological integration and automation also achieve stronger
operational digital maturity and broader implementation of customer-oriented logistics
services. The strong performance achieved by Turkish Cargo particularly supports previ-
ous findings associated with Logistics 4.0 and intelligent logistics systems. Existing stud-
ies emphasize that automation technologies, IoT-based monitoring, artificial intelligence,
and integrated operational systems significantly improve logistics efficiency, cargo visi-
bility, and operational responsiveness [23,43]. The implementation of intelligent cargo in-
frastructure and highly automated operational systems therefore appears to represent an
increasingly important competitive advantage within the air cargo sector.

The identified importance of interoperability and system integration also corre-
sponds with findings presented in previous digital maturity research. This finding can be
explained by the inherently networked nature of air cargo logistics, where efficient cargo
movement depends on continuous information exchange among carriers, freight forward-
ers, airport operators, customs authorities, and ground handling agents. Consequently,
higher levels of interoperability facilitate faster decision-making, reduce administrative
delays, and improve coordination across the entire logistics chain. Several studies high-
light that real-time information exchange, API connectivity, and standardized digital
communication protocols are becoming essential prerequisites for efficient logistics coor-
dination and supply chain integration [41,48]. The results of this study similarly demon-
strate that carriers achieving higher levels of digital connectivity and interoperability also
demonstrate broader digital maturity and more effective integration of operational logis-
tics processes.

The comparatively lower evaluation results identified within the technological level
pillar among certain carriers additionally support previous observations regarding une-
ven adoption of advanced digital technologies across logistics systems. Although digital
communication platforms and cargo tracking technologies are becoming increasingly
standardized within the air cargo sector, implementation of more advanced intelligent
technologies such as Al-supported operational systems, predictive analytics, and IoT-en-
abled automation remains inconsistent [20,37]. This finding suggests that technological
modernization within air cargo logistics continues to depend heavily on investment capa-
bilities, strategic priorities, and organizational readiness for digital transformation. This
may be explained by the relatively high investment costs associated with advanced intel-
ligent technologies, differences in organizational digital capabilities, and the varying pace
of digital transformation across international air cargo carriers. The results additionally
indicate that customer-oriented digital services and operational transparency are becom-
ing increasingly important components of competitive air cargo logistics systems. All
evaluated carriers demonstrated relatively strong implementation of shipment tracking
systems and digital communication platforms, which supports conclusions presented in
previous studies emphasizing the growing importance of real-time visibility and cus-
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tomer accessibility within logistics operations [30,82]. Increasing customer expectations
regarding transparency, responsiveness, and digital accessibility therefore continue to ac-
celerate the adoption of customer-oriented digital technologies across the air cargo indus-
try.

The comparative assessment of the three evaluated carriers also illustrates how dif-
ferent digitalization strategies may translate into varying levels of digital maturity. Turk-
ish Cargo achieved the highest overall evaluation, which may be associated with its ex-
tensive investments in intelligent cargo infrastructure, automation technologies, and the
SMARTIST logistics hub. Lufthansa Cargo demonstrated consistently high scores across
multiple dimensions due to its advanced implementation of digital communication plat-
forms, electronic documentation, and integrated cargo management systems. Although
Cargolux achieved comparatively lower scores in several evaluation pillars, the results
indicate significant progress in customer-oriented digital services and system integration
while also highlighting opportunities for further development in advanced automation
and intelligent technologies. These observations support the practical applicability of the
proposed framework in identifying both strengths and areas for improvement among in-
dividual air cargo carriers.

4.2. Research Implications

An important contribution of this study lies in the development of a dedicated eval-
uation framework specifically designed for the operational environment of air cargo lo-
gistics. While existing digital maturity models and logistics digitalization frameworks fre-
quently focus on general supply chain systems, manufacturing environments, or broader
transportation sectors, relatively limited attention has been devoted to sector-specific as-
sessment approaches reflecting the operational characteristics of air cargo transport. The
proposed framework therefore extends existing research by integrating strategic, techno-
logical, operational, and customer-oriented dimensions into a unified evaluation structure
adapted to the requirements of air cargo logistics systems.

The multidimensional structure of the framework enables systematic comparative
assessment of digital maturity across individual operational areas, including process au-
tomation, interoperability, real-time shipment visibility, and digital communication. In
contrast to more generalized digital maturity models, the proposed framework incorpo-
rates indicators directly associated with air cargo operational processes and contemporary
logistics digitalization trends, including e-AWB implementation, Cargo-XML and IATA
ONE Record interoperability standards, IoT-supported monitoring technologies, and in-
telligent cargo infrastructure. The framework therefore contributes not only to theoretical
discussions on logistics digitalization but also provides a practical benchmarking and de-
cision-support tool applicable within the air cargo industry.

From a theoretical perspective, the proposed framework contributes to the growing
body of knowledge on digital transformation in logistics by providing a structured, sector-
specific approach to evaluating digital maturity in air cargo operations. Unlike existing
maturity models developed for broader logistics environments, the framework explicitly
reflects the technological and operational characteristics of air cargo logistics, thereby ex-
tending the methodological approaches currently available in the literature.

From a practical perspective, the proposed framework offers a standardized ap-
proach for assessing the level of digitalization across air cargo carriers using a consistent
set of indicators and evaluation criteria. The framework can support comparative bench-
marking, identification of digitalization gaps, and monitoring of digital transformation
progress, while also providing a structured basis for evaluating future technological initi-
atives within air cargo logistics.
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From a managerial perspective, the proposed evaluation framework may serve as a
practical decision-support tool for air cargo carriers and logistics stakeholders. The frame-
work enables systematic identification of technological strengths and operational weak-
nesses across individual dimensions of digitalization, thereby supporting benchmarking
activities, strategic planning, and prioritization of future digital investments. The struc-
tured evaluation approach may also facilitate monitoring of digital transformation pro-
gress and assessment of organizational readiness for implementation of advanced logis-
tics technologies. The findings of this study additionally emphasize that successful digital
transformation within air cargo logistics requires not only technological investments, but
also strategic coordination and long-term integration of digital initiatives across opera-
tional processes. Carriers implementing fragmented or isolated digital solutions may
achieve partial operational improvements; however, broader digital maturity appears to
depend primarily on interoperability, integration of operational systems, and alignment
between technological modernization and organizational strategy.

4.3. Research Limitations

Despite the practical and theoretical contributions of this study, several limitations
should be acknowledged. The evaluation framework was applied to a limited sample of
selected air cargo carriers, which may restrict broader generalization of the obtained re-
sults across the entire air cargo sector. In addition, the assessment was based primarily on
publicly available information and secondary data sources related to digital technologies
and operational processes implemented by the evaluated carriers. Although the proposed
scoring methodology enabled structured and comparable evaluation of digitalization lev-
els, future studies may further enhance the analytical robustness of the framework
through incorporation of additional operational datasets, expert validation procedures,
and quantitative performance indicators. Nevertheless, the proposed framework provides
a systematic and adaptable approach for comparative assessment of digital maturity
within air cargo logistics systems. Furthermore, as the empirical application was intended
to demonstrate the applicability of the proposed evaluation framework, the study does
not seek to establish statistically significant relationships among variables or to provide
statistically generalizable findings.

Another limitation of the proposed framework is that it evaluates the level of digital-
ization independently of organizational size, fleet size, cargo volume, or market share.
Consequently, the assessment focuses on the implementation and integration of digital
technologies rather than on the overall scale of carrier operations. In addition, the empir-
ical application should be regarded as a pilot demonstration of the proposed framework
rather than a statistically representative assessment of the global air cargo industry. The
use of publicly available secondary data may also introduce reporting bias, as the availa-
bility and level of detail of disclosed information may differ among carriers despite efforts
to cross-check multiple information sources.

4.4. Future Research

Future research could expand the proposed framework by incorporating a larger
sample of air cargo carriers, additional operational indicators, and expert-based valida-
tion approaches. Further studies may also apply advanced multi-criteria decision-making
methods, fuzzy logic models, or Al-supported evaluation techniques to improve scoring
precision and analytical robustness. Longitudinal application of the proposed framework
could provide valuable insights into the evolution of digital maturity over time, enabling
assessment of the effectiveness of digital transformation initiatives and changes in tech-
nological priorities within the air cargo sector. Future research could also investigate al-
ternative weighting schemes based on expert judgment or multi-criteria decision-making
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methods and evaluate the robustness of the proposed framework through sensitivity anal-
ysis.

5. Conclusions

The presented study focused on the development of an evaluation framework for
measuring the level of digitalization in air cargo logistics. The proposed framework incor-
porated five principal evaluation pillars reflecting strategic, operational, technological,
and customer-oriented dimensions of digital transformation within air cargo logistics sys-
tems. The framework was subsequently applied to selected international air cargo carriers
using a comparative scoring methodology. The obtained results confirmed substantial dif-
ferences in digital maturity among the evaluated carriers. Turkish Cargo achieved the
highest level of digitalization due to extensive implementation of automation technolo-
gies, integrated digital systems, and intelligent cargo infrastructure. Lufthansa Cargo
demonstrated relatively balanced digital maturity, particularly in the areas of operational
integration and customer-oriented digital services, while Cargolux achieved lower evalu-
ation results mainly within advanced technological implementation and intelligent oper-
ational systems.

The study confirmed that process automation, interoperability, real-time operational
visibility, and strategic digital transformation initiatives represent important determi-
nants influencing digital maturity within air cargo logistics. At the same time, the findings
indicate that customer-oriented digital services and shipment tracking technologies are
becoming increasingly standardized across contemporary air cargo operations.

An important contribution of this article lies in the development of a sector-specific
evaluation framework adapted to the operational characteristics of air cargo logistics. The
proposed framework may serve as a practical benchmarking and decision-support tool
for comparative assessment of digital maturity among air cargo carriers and logistics
stakeholders.

Future research may further extend the framework through incorporation of addi-
tional operational indicators, expert validation methods, and broader comparative anal-
yses involving larger samples of air cargo carriers.

Author Contributions: Conceptualization, K.K. and A.N.; methodology, K.K. and M.K,; software,
K.XK. and M.K;; validation, K.K., A.N. and A.N.S.; formal analysis, M.K. and A.N.S; investigation,
K.XK. and A.N.; resources, A.N.; data curation, K.K. and A.N.; writing —original draft preparation,
KK, AN, MK. and A.N.S.; writing—review and editing, K.K., A.N., M.K. and A.N.S,; visualiza-
tion, K.K.; supervision, M.K; project administration, A.N.; funding acquisition, A.N. All authors

have read and agreed to the published version of the manuscript.

Funding: This research was funded by VEGA 1/0555/26 “Research on the Competitiveness of Eu-

ropean Regional Airports”.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the

article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/logistics10070160


https://doi.org/10.3390/logistics10070160

Logistics 2026, 10, 160

23 of 27

Abbreviations

The following abbreviations are used in this manuscript:

Al Artificial Intelligence

API Application Programming Interface

ASRS Automated Storage and Retrieval Systems
e-AWB Electronic Air Waybills

GPS Global Positioning System

IATA International Air Transport Association
IoT Internet of Things

RFID Radio-Frequency Identification
Appendix A

The detailed indicator-based evaluation scores presented in Table Al provide a com-

prehensive overview of the scoring process applied to the selected air cargo carriers across

all evaluation pillars and indicators incorporated within the proposed framework. The

assessment was conducted using publicly available information obtained primarily from

annual reports, sustainability reports, official company websites, and corporate publica-

tions related to digital technologies and logistics operations implemented by the evalu-

ated carriers.

Table A1. Detailed Indicator-Based Evaluation Scores of Selected Air Cargo Carriers.

Evaluation Pillar Indicator Lufthansa Cargo Turkish Cargo  Cargolux
Digital strategy implementation 4 5 3
Digitalization Strategy Investments in digitalization 3 5 3
Innovation projects 3 5 2
Electronic documentation (e-AWB) 4 5 4
Process Automation = Process automation level 4 5 4
Cargo handling automation 4 5 4
IoT shipment monitoring 3 4 2
Technological Level ~ Sensor technologies 2 4 2
Artificial Intelligence utilization 3 4 3
System connectivity (API integration) 4 5 3
System Integration Data exchange (Cargo-XML, ONE Record) 4 5 3
Digital communication 4 5 4
Shipment tracking 5 5 4
iirca;;sparency and Ser- Customer platforms 4 5 3
Information accessibility 4 5 3
Overall Average Score 3.67 4.80 3.14
Overall Digitalization Level (%) 73.3% 96.0% 62.7%
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