Tsoulakos and Pantouvakis Journal of Shipping and Trade (2026) 11:7 Journal of Shlpplng

https://doi.org/10.1186/s41072-026-00227-5

and Trade

oy e o e . . . @
Maritime digitalization and PSC compliance:
evidence from Greece

Nikolaos Tsoulakos'?"® and Angelos Pantouvakis'

*Correspondence:

Nikolaos Tsoulakos
ntsoulakos@outlook.com.gr
'Department of Maritime Studies,
University of Piraeus, Piraeus,
Greece

?Laskaridis Shipping Co. LTD, 5
Xenias & Ch. Trikoupi, 14562 Athens,
Greece

@ Springer

Abstract

Purpose This study investigates the relationship between digitalization, particularly
through telemetry, and its impact on Port State Control (PSC) deficiencies, detentions,
and associated expenditures. The research emphasizes the importance of the
application of digital tools in enhancing maritime safety and operational compliance
mainly through the resulted reduction in PSC deficiencies.

Design/methodology/approach The study compares a fleet's performance and PSC
outcomes 3 years before and 3 years after the implementation of telemetry-based
digital monitoring systems. Empirical data were used to assess the factors influencing
managerial decision-making related to digital adoption.

Findings The findings reveal that the integration of digital technologies, such as
telemetry, led to a substantial reduction in PSC deficiencies and vessel detentions. This
improvement translated into significant cost savings and enhanced compliance with
international maritime safety standards. The decision to adopt digital monitoring was
influenced by both regulatory pressures and operational performance goals.

Originality/value This study provides empirical evidence, for the first time, linking
digitalization and telemetry with measurable improvements in regulatory compliance
and operational efficiency. Moreover, this study is unique as it compares data from
one fleet over time to avoid implications from other sources (e.g. management style,
culture, crew’s perceptions etc.) It offers a practical framework for decision-makers
considering digital transformation in maritime operations.

Keywords Digitalization, Port state control, Deficiencies, Maintenance cost, Spare parts
cost, Operational performance

Introduction

Over 80% of global merchandise trade by volume and more than 70% by value is trans-
ported by sea, figures that are even higher for many developing nations. The rapid
growth of maritime transport, the expanding size of the global fleet, and the involvement
of seafarers with varying levels qualification from over 150 countries introduce signifi-
cant risks. These include potential property loss, threats to human life, and environmen-
tal harm, as evidenced by the rising number of maritime accidents (Yang et al. 2023). As
shown in Fig. 1, the spatial distribution of maritime accidents in Fig. 1a reveals that these
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Fig. 1 The analysis of global maritime accidents from 2002 to 2022. (Zhang et al. 2025)

incidents are heavily concentrated along major global shipping routes. Furthermore,
the statistical breakdown of casualty types in Fig. 1b highlights that machinery damage
(31%) and fire/explosion (33%) account for most reported incidents (Zhang et al. 2025).
This distribution underlines the vulnerability of ship systems and the importance of pro-
active maintenance practices in preventing failures.

A significant proportion of accidents is associated with deterioration mechanisms
such as structural overloading, coating breakdown, low quality materials, misalignment
of machinery, or vibrations induced by hydrodynamic and mechanical loads. These con-
ditions often manifest as deficiencies later identified during PSC inspections. Previous
research has established strong links between PSC deficiencies, maintenance quality,
spare parts management, and accident occurrence (Cariou and Wolff 2015; Yang et al.
2018; Fan et al. 2022).

Ensuring vessel compliance through inspections during shipbuilding and throughout
the service life therefore remains essential for mitigating these risks. These inspections
enable timely maintenance and repairs based on identified defects or malfunctions (Lin
and Dong 2023).

Ships are designed and operated in accordance with strict international safety and pol-
lution prevention standards. Regular inspections are required to detect deviations from
these standards and initiate corrective action when necessary (Lin and Dong 2023).
While these practices remain central to maritime safety, growing attention has been
directed toward digital technologies. Telemetry systems, predictive monitoring tools,
and real-time data acquisition platforms are increasingly used alongside traditional
inspection methods to improve situational awareness onboard (Ichimura et al. 2022;
Liang et al. 2024; Zonta et al. 2020).

In this view, the present study examines whether telemetry-based digital tools can
contribute to improved vessel compliance and cost efficiency. The research evaluates a
fleet of bulk carriers that installed telemetry systems at different points in time, allow-
ing performance to be compared across two equivalent three-year periods, before and
after digitalization. This research design reduces the influence of external factors such
as management practices, fleet culture, or crew composition. This allows the analysis to
isolate the effects of digitalization more clearly.

Numerous studies emphasize the positive effects of digitalization across various
domains (Dabbous et al. 2023; Xu et al. 2023; Zheng et al., 2023; Cirillo et al. 2021,
Ichimura et al. 2022). Additionally in the maritime context, several research studies
(Ma et al. 2024; Niu et al. 2024; Cao et al. 2023) suggest that digital technologies play a
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significant role in marine accidents, which are indirectly linked to PSC deficiencies and
detentions resulting from poor maintenance of vessel equipment. Onboard monitoring
systems facilitate real-time data collection and analysis (Liang et al. 2024), and intelligent
sensors can strengthen safety system performance (Puisa et al. 2021). These develop-
ments underscore the importance of examining how telemetry may influence opera-
tional and compliance related outcomes.

To address this gap, the study evaluates the effects of telemetry on PSC performance,
maintenance costs, and spare parts expenditure through three testable hypotheses.

PSC deficiencies and equipment deterioration are often linked, and digital monitoring
can improve the timely identification of conditions that contribute to non-conformities.

H1: PSC deficiencies are significantly lower after the implementation of telemetry
systems.

Maintenance costs constitute a significant portion of vessel operating expenses, and
real-time sensor data can support proactive maintenance planning, reducing unplanned
failures and associated costs (Karatug et al. 2023; Mouschoutzi and Ponis 2022).

H2: Maintenance costs are significantly lower after the implementation of telemetry
systems.

Spare parts represent a substantial share of routine maintenance budgets, and
improved monitoring can reduce unnecessary replacements and inappropriate part
usage (Yang et al. 2021; Al Hanbali et al. 2022).

H3: Spare parts costs are significantly lower after the implementation of telemetry
systems.

These hypotheses allow the study to quantify the operational benefits of telem-
etry using comparable pre- and post- implementation data from real fleet operations.
Although digitalization has been widely discussed in the literature, empirical assess-
ments linking telemetry to compliance and cost performance remain limited primarily
because real operational datasets are rarely accessible. By integrating PSC inspection
records, maintenance expenditure, and spare parts consumption, the study provides evi-
dence-based insights into how digital monitoring technologies influence vessel perfor-
mance and operational readiness.

To gain a comprehensive view of ship performance in real operational conditions,
Zhang et al. (2024) in a previous study, collected high-frequency data with resolution of
60 s during extensive sea trials from a digitalization system. Figure 2 illustrates a typical
telemetry system installed on a bulk carrier, highlighting the components that enable
continuous monitoring.

The methodological framework employed in this study includes data collection from
PSC inspection reports and internal cost records, categorization of vessels into pre- and
post-telemetry periods, data cleaning and validation through normality and outlier tests,
and paired sample t-tests to examine statistical differences. This integrated dataset spans
six operational years and provides a robust basis for evaluating the impact of telemetry
on vessel performance.

The findings indicate substantial reductions in PSC deficiencies, maintenance costs,
and spare parts expenditure following the installation of telemetry systems. These reduc-
tions indicate that real-time monitoring enhances fault detection, improves maintenance
planning, and reduces unplanned failures, thereby strengthening compliance readiness
and operational efficiency across the fleet.
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Fig. 2 Digitalization/telemetry system typical structure onboard a bulk carrier vessel. Source Authors

The structure of the paper is organized to ensure a coherent and systematic explora-
tion of the research objectives. Sect. "Literature” reviews the relevant literature to con-
textualize the study within the existing body of knowledge. Sect. "Methodology" outlines
the methodological framework employed for data collection and analysis. Sect. "Results"
presents the empirical findings derived from the case study, while Sect. "Discussions
and implications" interprets these results in light of the proposed research hypotheses,
discussing their theoretical and practical implications. Sect. "Limitations and directions
for future research” acknowledges the study’s limitations, and proposing directions for
future research and finally Sect. "Conclusions" concludes the paper by summarizing the
key insights.

Literature

To establish a solid conceptual foundation for this study, this section reviews the rel-
evant literature across four key domains: the definition and scope of digitalization in the
maritime sector, trends in scholarly interest and keyword associations, the role of PSC in
maritime safety, and the relationship between vessel maintenance, spare parts logistics,
and operational costs.

Digitalization

The definition

Digitalization is widely recognized as the integration of digital technologies across sec-
tors, enabling improvements in data accessibility, interoperability, and the efficiency of
communication, computation, and storage (Gong and Riviere 2021). These technological
capabilities form the foundation for transforming service delivery, operational models,
and stakeholder relationships.

Liu et al. (2021) emphasize that digitalization facilitates the manipulation and distri-
bution of products and services through enhanced data capabilities, while Proksch et
al. (2021) highlight its role in fostering innovation and performance across industries.
Despite differing emphases, both views converge on the transformative potential of digi-
tal technologies in reshaping organizational processes.
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In the maritime domain, this transformation is particularly evident. Ichimura et al.
(2022) frame shipping digitalization as a reconfiguration of traditional business models
through Industry 4.0 technologies, including intelligent systems and automation aimed
at improving safety, efficiency, and competitiveness.

Building on this synthesis, “Shipping Digitalization” can be defined as the strategic
transformation of maritime operations and business models through the integration of
digital technologies, such as sensors, data analytics, and automated systems, to enhance
operational efficiency, ensure regulatory compliance, improve safety, and support data-
driven decision-making across the vessel lifecycle.

Stimuli and rationale for this research on shipping digitalization

Understanding the impact of digitalization in the shipping industry is essential due to
its rapidly evolving technological landscape and the sector’s critical role in global trade.
Maritime operations are becoming increasingly dependent on data-driven technologies
to manage safety, efficiency, compliance, and environmental performance (Ichimura et
al. 2022; Liang et al. 2024). Despite growing interest, there remains a need for empiri-
cal research that explores how these digital technologies affect operational outcomes in
practice, particularly in areas such as equipment maintenance, inspection performance,
and defect prevention.

Digitalization is more than a technological upgrade as it reshapes cost structures,
compliance practices, and decision-making processes across the vessel lifecycle (Proksch
et al. 2021; Xu et al. 2023). However, the benefits are not guaranteed, as studies highlight
implementation challenges, including high costs, integration complexity, and the need
for organizational adaptation (Dagkinis et al. 2023; Karatug et al. 2023). By investigat-
ing digitalization specifically within the shipping context, this study aims to bridge the
gap between theoretical promise and real-world effectiveness, thereby offering practical
insights for maritime stakeholders navigating the digital transition.

Research on the role and impact of digitalization in shipping has expanded steadily, as
shown in Fig. 3. In alignment with several previous studies (Ametepey et al. 2024; Garg
et al. 2025), this research also utilizes the Scopus database to ensure a comprehensive
and reliable analysis.! Based on 1,944 documents indexed between 2017 and December
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Fig. 3 Number of publications for digitalization over the years.Source Authors

!n this research the following query was employed to retrieve relevant results “digitalization OR digitalisation AND
marine OR maritime OR shipping AND ship OR vessel AND PUBYEAR>2015 AND PUBYEAR<2026” AND (
LIMIT-TO ( LANGUAGE, "English")).
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2024, with only a minor dip in 2018, the trend indicates a sustained and growing interest
in this topic.

A complementary keyword-based screening was performed using Scopus internal
indexing fields. By filtering the 1,944 documents in the Author Keywords and Index Key-
words, the analysis identified 236 port related publications, representing approximately
12 percent of the dataset. This confirms that, while digitalization research is expanding
rapidly, port focused studies still form a relatively limited share of the literature. Fig-
ure 4 presents the proportional distribution of port-related and non-port-related studies
within the dataset.

As digitalization becomes more common in maritime operations, its effects are
increasingly visible at the ship operator level. Operators often struggle to manage mul-
tiple digital platforms that must exchange data reliably while still interfacing with legacy
onboard systems (Zeng et al. 2025). The adoption of IoT monitoring, machine learning
diagnostics, and advanced sensing equipment also requires new technical skills, expos-
ing gaps in data handling, system configuration, and digital maintenance routines (Elsisi
et al. 2025). At the same time, interest in Artificial Intelligence (AI) continues to grow,
but many operators find it difficult to assess deployment complexity and adjust these
tools to diverse operational environments (Farzadmehr et al. 2025). Rapid shifts in tech-
nological trends further complicate long term investment planning (Jalali and Tei 2025).
These challenges show that successful digital transformation for ship operators depends
on structured training, careful planning, and alignment between technology and day to
day operational needs.

Similar difficulties arise within port environments. Many ports rely on outdated sys-
tems, manual processes, and inconsistent data formats, which limits smooth integra-
tion of newer technologies and slows the flow of operational information (Zeng et al.
2025). Efforts to decarbonize ports add further complexity, since environmental mea-
sures must be coordinated with digital upgrades and implemented across multiple stake-
holders (Fadiga et al. 2024). In addition, ports report shortages of personnel with the
skills needed to support automation, digital platforms, and data driven decision mak-
ing, highlighting the need for continuous upskilling (Lopes et al. 2025). Al-based tools
face similar barriers, as their adoption often requires clear prioritization and structured
evaluation of operational impact (Farzadmehr et al. 2025). These factors show that port
digitalization requires coordinated planning, investment in people, and the gradual
modernization of technical infrastructures.

Port-related

digitalization
publications (236)

Non-Port-related
digitalization
publications (1708)

Fig. 4 Port-related versus non-port-related digitalization publications from 2017 to 2024.Source Authors
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Digitalization also introduces new risks that affect both ships and ports. Cybersecu-
rity and data integrity have become major concerns as navigation, cargo handling, and
communication systems grow more interconnected. Cyberattacks frequently exploit
procedural weaknesses, or limited staff awareness, making ransomware, malware, and
denial of service incidents increasingly common in port settings (Tombak et al. 2025;
Senarak 2024). The tighter connection between ship and shore systems increases the
risk of unauthorized access, data manipulation, and disruptions to operational technolo-
gies (Tombak et al. 2025). Compromised data can delay decisions or interrupt essen-
tial services. Recent analyses also show that threats targeting Automatic Identification
System signals, port communication networks, and automated systems are becoming
more sophisticated (Peng et al. 2025). These developments underline the need for strong
cybersecurity practices, regular vulnerability assessments, and targeted training to pro-
tect data integrity and operational continuity.

What differentiates this research is its combined methodological and thematic focus.
While most prior studies concentrate on broad strategic or technological aspects, this
work integrates a targeted operational lens with bibliometric and empirical approaches.
It not only maps the intellectual structure and publication trends but also analyses how
digitalization directly influences specific operational metrics, maintenance efficiency,
inspection accuracy, and defect prevention rates, using real-world maritime datasets.
This dual perspective enables the study to move beyond theoretical discussions and con-
tribute actionable, evidence-based recommendations for ship operators, regulators, and
technology providers. Additionally, by coupling bibliometric mapping with case-driven
operational assessment, this research creates a rare bridge between large-scale trend
analysis and fine-grained operational impact evaluation in the maritime digitalization
discourse.

Figure 5 presents a network map of keyword co-occurrence derived from a full count-
ing analysis conducted on the digitalization dataset using VOSviewer software. This
analysis was undertaken to identify the major thematic clusters and research trends,
offering a clearer view of how current studies are structured and where important gaps
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remain.> Mapping keyword relationships allows for a comprehensive overview of the
domain, revealing not only the most frequently discussed topics but also how these top-
ics interconnect (Bukar et al. 2025; Ichimura et al. 2022).

The keywords and search terms used, such as digitalization, telemetry, shipping, ship,
and vessel, were selected based on their theoretical and practical significance in the
maritime digital transformation domain (Gong and Riviere 2021; Ichimura et al. 2022).
These terms reflect central concepts widely recognized in previous studies and industry
reports as key to understanding the adoption and impact of digital technologies on mar-
itime operations (Mouschoutzi and Ponis 2022; Cao et al. 2023). The search query was
designed to capture literature explicitly linking digitalization efforts to maritime vessels,
consistent with theoretical frameworks on technology diffusion and innovation adop-
tion (Gong and Riviere 2021).

In the resulting network visualization, the distance between keywords indicates the
strength of their co-occurrence relationships, while the size of each keyword reflects its
frequency in the dataset (Gursel et al. 2025).

Among the most frequent terms are “ships’, “digitalization’, “shipping”, “supply chains’,
and “sustainable development” A prominent pattern observed -and triggered this
research—is the close association between “digitalization” and “ships”, highlighting the
increasing application of digital technologies in vessel operations. This strong linkage
suggests that digital tools such as telemetry, predictive maintenance, and Al-driven
monitoring systems are being integrated to enhance operational efficiency, improve
safety, and ensure regulatory compliance.’> These technologies also help minimize
unnecessary maintenance costs by ensuring critical systems remain functional and com-
pliant (Zonta et al. 2020).

These patterns highlight the need for a clear theoretical lens to explain how digita-
lization interacts with regulatory expectations and operational performance across the
maritime sector.

Port state control (PSC)

The discussion of digitalization would be incomplete without considering regulatory
oversight mechanisms such as PSC, which plays a critical role in ensuring vessel compli-
ance and operational safety. Digital technologies, particularly telemetry, predictive main-
tenance, and automated inspection support, are increasingly being integrated to address
many of the same deficiencies that are regularly identified during PSC inspections (Fan
et al. 2022). Theoretically, this connection aligns with institutional theory, which posits
that organizational practices, including technology adoption, are influenced by regula-
tory and compliance pressures (Wang et al. 2025). Empirically, numerous studies have

2In the network visualization, items are represented by their label and, by default, are also depicted within a circle.
The size of an item's label and circle is proportional to its weight meaning that the greater the weight, the larger the
label and circle. The colour of the item is assigned based on the cluster it belongs to. Regarding the full counting
method, the link between two keywords has a strength of 2. This indicates that both keywords have co-occurred in 2
documents. This visualization tool is used to extract and visualize the co-occurrence networks of authors’ keywords
from studies included in the review. The VOS method relies on mapping and clustering based on the same fundamen-
tal principle, which is a weighted and parameterized variant of modularity function (Bukar et al. 2025).

3The following query was used to retrieve results for Fig. 3: digitalization OR digitalisation OR telemetry AND mari-
time OR shipping AND ship OR vessel AND ( LIMIT-TO ( LANGUAGE, "English")) AND ( LIMIT-TO ( PUBYEAR,
2017) OR LIMIT-TO ( PUBYEAR, 2018) OR LIMIT-TO ( PUBYEAR, 2019) OR LIMIT-TO ( PUBYEAR, 2020) OR
LIMIT-TO ( PUBYEAR, 2021) OR LIMIT-TO ( PUBYEAR, 2022) OR LIMIT-TO ( PUBYEAR, 2023) OR LIMIT-TO
(PUBYEAR, 2024)).
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shown that maintenance deficiencies, poor recordkeeping, and equipment failures are
among the most common PSC findings and are often precursors to accidents (Yang et
al. 2024). Therefore, analysing PSC outcomes provides a concrete and measurable lens
through which the impact of digitalization on safety and maintenance performance can
be evaluated.

PSC serves as a control mechanism established to prevent the operation of substan-
dard vessels that fail to comply with international maritime standards from navigating
globally (Sanlier 2020).

The objective of PSC inspections is to improve the maritime safety standards of the
global trade fleet by eliminating substandard vessels (Kara 2022). During a PSC inspec-
tion, any onboard conditions that fail to meet the requirements are identified as defi-
ciencies which require rectification (Wang et al. 2019). Should there be significant
deficiencies that render a ship unfit for navigation, the PSC officer has the authority to
detain the ship and mandate the rectification of subject deficiencies prior departing. Ship
detention is the most serious decision made during an inspection and can be regarded
as the most severe result of PSC inspection. Ship detention not only indicates poor ship
condition and increases the risk of future incidents but may also result in considerable
delays of the vessel and economic losses (Yan et al. 2021).

Maintenance and spare parts cost

Given that many deficiencies identified during PSC inspections stem from poor mainte-
nance practices, the economic dimension of maintenance becomes critical. Inadequate
management not only increases the risk of deficiencies and ship detentions but also
raises operational costs. These costs, particularly those associated with major interven-
tions like drydocking or hull repairs, often lead shipowners to delay necessary mainte-
nance, especially when inspections do not immediately enforce corrective action. Such
delays compromise vessel safety and contribute to recurring PSC deficiencies (Yang et
al. 2018). Analysing maintenance and spare parts costs, therefore, provides key insight
into how digital technologies such as predictive maintenance and telemetry can support
compliance, reduce costs, and enhance operational safety.

Maintenance refers to the upkeep of ship systems and machinery to ensure reliabil-
ity and safety (Dereci and Tuzkaya 2024). As vessels become increasingly complex, the
consequences of delayed or inadequate maintenance grow more severe. Optimized
maintenance improves system availability, reduces downtime, and lowers lifecycle costs
(Karatug et al. 2023). One widely employed strategy in the maritime sector is Time-
Based Maintenance, a form of predictive maintenance based on scheduled service inter-
vals (Karatug et al. 2023).

Spare parts management is a critical component of effective maintenance. Mous-
choutzi and Ponis (2022) define a spare part as an interchangeable item kept in inventory
for maintenance purposes. A common approach is “repair-in-replacement,” whereby
faulty components are replaced with ready-to-use spares to minimize downtime (Mous-
choutzi and Ponis 2022). However, this method depends heavily on the availability and
timely delivery of parts, an ongoing challenge for globally operating vessels, particu-
larly tramp ships. Thus, planning spare parts logistics and maintaining service levels are
therefore vital, as stock-outs can have serious financial and operational consequences
(Mouschoutzi and Ponis 2022).
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Theoretical framework: linking digitalization, regulatory pressure, and operational
performance

The maritime sector's digital transformation goes beyond mere technological advances.
It is deeply influenced by institutional and environmental forces shaping how organi-
zations behave. Two theories help explain why shipping firms adopt digital tools like
telemetry, and how these tools impact operations: Institutional Theory and the Technol-
ogy-Organization-Environment (TOE) framework.

Institutional Theory suggests firms embrace new practices due to three main pres-
sures: coercive, normative, and mimetic (Kuo et al. 2022). In maritime contexts, regula-
tions and international conventions exert coercive pressure, pushing companies to adopt
digital solutions to meet transparency and safety standards. Normative pressure arises
from bodies such as professional associations and port authorities endorsing standard-
ized procedures. Meanwhile, mimetic pressure comes into play as companies follow
competitors who have gained market advantages through digitalization (Kuo et al. 2022).
Studies reinforce that these sector-wide expectations strongly influence digital adoption
(Jovié et al. 2022).

The TOE framework complements this by highlighting how technology readiness,
organizational capabilities, and external environment interact. For instance, digital skills,
system complexity, funding, and management support shape whether firms succeed in
implementing digital technologies. Recent research confirms that these factors collec-
tively determine digital transformation outcomes in shipping (Jovi¢ et al. 2022; Nguyen
2024).

Together, these two frameworks offer a clear rationale for this study’s hypotheses.
Telemetry adoption reflects firms responding to external expectations, regulatory and
competitive, while relying on internal resources to implement effectively. Such digital
tools improve PSC compliance and operational efficiency by enhancing monitoring and
reducing uncertainty. This alignment between external pressures and organizational
capabilities is key to reducing maintenance issues and spare parts costs through data-

driven decision-making.

Methodology
To examine the proposed research questions, this study adopts a data driven method-
ological approach grounded in real fleet operations. The overall process consists of the
following steps:

» Step 1. Raw data were collected from a single shipping company, including PSC
inspection reports and internal financial records covering maintenance and spare
parts expenditures over a six-year period.

» Step 2: Vessels equipped with telemetry systems were identified, and both inspection
and cost data were categorized into two distinct periods, before and after the
implementation of telemetry.

» Step 3: For each vessel, average values of the selected key performance indicators,
PSC deficiencies, maintenance cost, and spare parts cost, were calculated for both
timeframes to enable direct comparison. These averages were computed over
the same 3 years’ operational period for each vessel before and 3 years after the
implementation of digitalization.
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o Step 4: The dataset was refined to include only vessels with complete and reliable
telemetry records, thereby ensuring consistency, comparability, and analytical
robustness (see Sect. "Data collection and processing” for details for data validation
and reliability checks).

o Step 5: Shapiro—Wilk test and Tukey Fence Method were applied to confirm
normality and exclude outliers, justifying the use of the Paired Sample T-Test.

« Step 6: Statistical analysis was performed using the Paired Sample T-Test.

Sections “Data collection and processing” and “Data description” provide a detailed
explanation of the data collection procedures, and a description of the key variables and
metrics used in the analysis.

Data collection and processing

To address the research hypotheses outlined earlier, this study employed real case empir-
ical data from real-time sources. It analyzed PSC inspection reports collected over six
years from a sample fleet of bulk carriers operated by a shipping company. Additionally,
economic data, specifically maintenance and spare parts expenses, were sourced from
the company’s archives for the same vessels and timeframe.

To ensure the reliability of the data used in the analysis, several validation steps were
applied across all datasets. For PSC records, consistency checks were conducted by
cross-verifying deficiency entries with the official inspection dates and ship identifiers,
while duplicated or incomplete inspection reports were removed. Maintenance and
spare parts cost data were also screened for missing monthly entries, internal inconsis-
tencies, and unrealistic cost fluctuations. For the telemetry data, which served only to
classify vessels into pre- and post-implementation periods, completeness checks were
performed to confirm uninterrupted sensor coverage throughout the three-year win-
dows before and after installation. Vessels showing systematic mismatches, irregular pat-
terns, or extended gaps attributable to sensor malfunction or transmission errors were
excluded. Only vessels passing all reliability checks were retained in the final dataset.

This integrated approach provides access to operational information that is often
absent from standard databases and enables a more detailed understanding of PSC
performance patterns. By combining raw PSC report data with financial records, the
study delivers a more nuanced understanding of PSC reporting systems, emphasizing
the key factors behind deficiencies and detentions. The overall data processing workflow
adopted in this research is illustrated in Fig. 6.

Specifically, this analysis covered 234 PSC inspection reports documenting 750 defi-
ciencies and detentions. Most vessels in the fleet are equipped with telemetry and high-
frequency data collection systems. Initially, the analysis was conducted at the individual
vessel level, comparing periods before and after telemetry implementation. Since instal-
lation dates varied across vessels, the average value of each measured parameter for the
pre- and the post-digitalization period was calculated. This method allowed for a more
effective fleet-level analysis.

Subsequently, after removing outliers, vessels lacking digital equipment, and those
with incomplete reports or data, the dataset was refined to 98 PSC inspection reports,
documenting 263 deficiencies and detentions from 23 bulk carriers. This study focused
on this subset of digitally equipped vessels to provide targeted insights.
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Fig. 6 The flowchart of data processing.Source Authors

Data description

The vessels were built between 2010 and 2021, with an average year built of 2015
(SD=3.38). The descriptive analysis shows clear variation in PSC deficiencies, main-
tenance costs, and spare parts expenditure across vessel types and years. For example,
Mini Cape vessels recorded the highest deficiency levels in some years, peaking at 18
deficiencies in 2018, whereas Newcastlemax and Capesize vessels reported near-zero
deficiencies in multiple years. In terms of costs, Panamax vessels consistently recorded
the highest maintenance spending, reaching over $2.1 million in 2021, followed closely
by Post Panamax vessels at around $1.29 million in 2020. Spare parts expenditure was
also largest for Panamax vessels, peaking at $2.16 million in 2021, with Post Panamax
vessels and Ultramax vessels also showing high annual totals. When adjusting costs per
deficiency, volatility becomes more pronounced. For instance, the cost-per-deficiency
for Capesize vessels in 2020 exceeded $80,000 for maintenance and $81,000 for spare
parts, while in some years it was effectively zero due to no recorded deficiencies. Across
the fleet, average maintenance cost per deficiency peaked at $105,599 in 2020, and spare
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Table 1 Descriptives for PSC deficiencies

N Mean Median SD SE
PSC deficiencies before telemetry 23 1.92 1.75 1.63 0.34
PSC deficiencies after telemetry 23 0.71 0.66 0.71 0.15

Source Authors

Table 2 Descriptives for maintenance and spare parts cost

N Mean Median sD SE
Maintenance cost ($) before telemetry 23 94,810.1 92,1104 44,405.9 9259.3
Maintenance cost ($) after telemetry 23 72,262.8 73,849.2 31,0326 6470.7
Spare parts cost ($) before telemetry 23 105,480.4 116,090.1 48,654.9 10,145.2
Spare parts cost ($) after telemetry 23 83,690 92,2856 43,5229 9075.1

Source Authors

parts cost per deficiency peaked at $108,014 in the same year, likely reflecting pandemic-
related operational disruptions.
Three key patterns emerge:

1. Performance disparities: Certain vessel classes, such as Mini Capes, have persistently
higher deficiency counts, while others maintain consistently low rates.

2. Cost concentration: Panamax and Post Panamax vessels account for the largest share
of total maintenance and spare parts expenditure, highlighting where efficiency gains
from telemetry could have the biggest financial impact.

3. External volatility: The years 2020-2021 saw sharp spikes in cost-per-deficiency
across all vessel types, underscoring the influence of global disruptions like COVID-
19 on cost-effectiveness and compliance.

These patterns provide a robust baseline for evaluating whether the adoption of telem-
etry systems leads to measurable improvements in both regulatory compliance and cost
efficiency.

The descriptives for PSC deficiencies are presented in Table 1 while the descriptives

for Maintenance and Spare Parts Cost are presented in Table 2.

Methods

First, the normality of the sample was examined using Shapiro-Wilk normality test
with a significance level of a=0.05. The Shapiro—Wilk test is widely recommended
(Monter-Pozos and Gonzalez-Estrada 2024), as it allows for using small sample sizes
(<50 samples). The Shapiro—Wilk test on the differences in PSC deficiencies before
and after the implementation of telemetry indicated that the assumption of normality,
W(23)=0.9678, p=0.6361>0.05 cannot be rejected. The test statistic falls within the
95% region of acceptance [0.9142, 1], supporting the conclusion that the data are nor-
mally distributed. Similarly, for the differences in Maintenance Cost, the Shapiro—Wilk
test yielded W(23)=0.9678, p=0.1593>0.05, indicating that the assumption of normal-
ity cannot be rejected. Regarding the differences in Spare Parts Cost, the test produced
W(23) =0.9719, p =0.7354 > 0.05, also suggesting normality of the data.

In addition, to identify any potential outliers, the Tukey Fence method, which uses
the interquartile range (IQR), was applied (Dastjerdy et al. 2023). This method allowed
the assessment of whether any of the 23 difference values (after—before) were extreme
enough to potentially distort the results of the paired samples t-test. Using the standard
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threshold of k=1.5 and considering that the minimum and maximum values in the PSC
deficiencies dataset were 1.000 and -3.889 respectively, the minimum and maximum
values in the Maintenance Cost dataset were $56,488.9 and $120,718.8 respectively,
and the minimum and maximum values in the Spare Parts Cost dataset were $81,422.6
and -$116,968.3 respectively, all data points fell within the calculated bounds for PSC
deficiencies: Lower fence=-0.48688 and Upper fence =2.5213, for Maintenance Cost:
Lower fence = -$163,759.8 and Upper fence = $130,255.9 and for Spare Parts Cost: Lower
fence =-$163,030.2 and Upper fence = $130,265.9. Therefore, no outliers were detected,
supporting the assumption of no extreme outliers and confirming the appropriateness of
the paired t-test for this analysis.

To evaluate the differences in key performance metrics before and after telemetry
implementation basis on the hypothesis that PSC deficiencies, Maintenance and Spare
Parts Cost decrease after adopting digital tools, a left-tailed Paired Sample T-Test (Lan-
genberg et al. 2023) was applied to conduct the paired analysis of the two samples.

Interpretation follows Cohen's general guidelines (Langenberg et al. 2023):

o |d| & 0.10 : small effect
o |d| & 0.30 : medium effect
o |d| > 0.50 : large effect

This approach provides both statistical significance and a meaningful measure of the
practical impact of digitalization.

Results

The number of PSC deficiencies was compared before and after the installation of telem-
etry. The median number of deficiencies before telemetry (Mdn =1.75) was higher than
after telemetry (Mdn=0.66). A left-tailed paired sample t-test showed that this reduc-
tion was statistically significant, t(22)=-4.64, p<0.001, with the test statistic falling

below the critical value (t —-1.717), indicating strong evidence of improvement

critical =
after telemetry. The detailed statistical results are presented in Table 3.

Maintenance costs were also compared before and after telemetry installation. The
median maintenance cost before telemetry (Mdn=$92,110.40) was higher than after
telemetry (Mdn=$73,849.20). A left-tailed paired t-test revealed a statistically signifi-
cant reduction, t(22)=-2.01, p=0.028, again with the test statistic below the critical
threshold (t -1.717).

Similarly, spare parts costs decreased after telemetry was implemented. The

critical ~

median cost before telemetry (Mdn=%$116,090.10) was greater than after telemetry
(Mdn =$92,285.60). A left-tailed paired t-test confirmed this reduction to be statistically
significant, t(22) =—1.93, p =0.033, with the test statistic also below the 95% critical value
(¢ sitica=—1.717), providing moderate evidence for a cost-saving effect. A summary of
these results is shown in Table 4.

Discussions and implications

This study offers rare empirical evidence from the maritime sector showing that telem-
etry-based digitalization improves PSC compliance, maintenance efficiency, and spare
parts expenditure. By comparing equivalent pre- and post-implementation periods

within the same fleet, the analysis isolates the effect of telemetry more clearly than cross
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sectional approaches that may be affected by variations in management practices, crew
culture, or vessel employment patterns.

All three hypotheses are supported. For Hypothesis 1, the significant reduction in PSC
deficiencies after telemetry installation aligns with earlier studies showing that many
deficiencies stem from undetected machinery deterioration or delayed corrective actions
(Fan et al. 2022; Yang et al. 2024). For Hypotheses 2 and 3, the observed decreases in
maintenance and spare parts costs indicate that real-time monitoring improves diag-
nostic accuracy and resource allocation, supporting fewer unplanned failures and more
efficient use of resources (Karatug et al. 2023; Liang et al. 2024). These cost reductions
contribute directly to operational profitability by lowering unexpected expenditures and
stabilizing maintenance budgets.

The mechanism behind these improvements is evident in operational practice. Fig-
ure 7 illustrates a case where the exhaust gas temperature of a single cylinder trended
upward toward the alarm threshold. Because the system detected the deviation early,
the crew inspected and cleaned a fouled injector before the next port call, avoiding
what would likely have emerged as a machinery related deficiency during inspection.
In another instance, combining route information with sensor data made it possible
to schedule maintenance and arrange spare parts in advance, preventing a repeat defi-
ciency previously caused by a repair delay. These examples show how telemetry converts
emerging faults into timely corrective actions, reducing the likelihood of PSC findings.

The implications are relevant for several stakeholder groups. For shipowners and tech-
nical managers, telemetry reduces operational uncertainty, enhances maintenance pre-
dictability, and limits avoidable expenditure. Ports and PSC authorities benefit indirectly,
since vessels with fewer latent technical issues reduce inspection burdens and minimize
operational delays. Technology providers can use these insights to refine monitoring
tools that directly support compliance readiness.

The applicability extends beyond bulk carriers. Tankers can employ telemetry for
pumps and cargo handling systems, container ships for reefer units and auxiliary
machinery, and passenger vessels for accommodation, ventilation, and safety related
equipment. Across segments, early detection of anomalies reduces machinery failure
probability and supports smoother PSC outcomes.

The findings also connect to broader sustainability and resilience objectives. Preven-
tive maintenance reduces unnecessary component replacement, minimizes waste, and
lowers emissions associated with corrective repair work. More stable machinery perfor-
mance enhances operational resilience by reducing unplanned downtime and improving
the ability to absorb disruptions during periods of supply chain or staffing constraints.
These outcomes align with current policy goals promoting safe, efficient, and environ-
mentally responsible maritime transport.

Overall, the results show that telemetry enabled digitalization delivers tangible com-
pliance, economic, and environmental benefits. The study offers evidence-based guid-
ance for policy makers, managers, and technology developers, and highlights the wider
value of expanding digital monitoring practices across the maritime sector.
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Limitations and directions for future research

As with any academic research, this study also encounters certain limitations. The pri-
mary constraint lies in the fact that the data was sourced from a single shipping com-
pany, which may constrain the generalizability of the findings. Future scholars should
endeavour to mitigate this limitation by acquiring data from a broader sample that
includes multiple shipping companies. Expanding the dataset in this manner would
enhance the generalizability and reliability of the results, thereby contributing to a more
comprehensive understanding of the subject.

Secondly, it is important to acknowledge two significant limitations in the scope of this
research. First, this analysis is limited to a dataset that spans merely a six-year timeframe,
thereby constraining the temporal dimension of this analysis. This temporal limitation
hampers the capacity to identify long-term patterns and variations in the data, poten-
tially resulting in an incomplete representation of the phenomenon under investigation.
Additionally, by focusing solely on one vessel type, bulk carriers, this study does not cap-
ture the diversity and variability present across the wider maritime industry. Therefore,
to enhance the comprehensiveness of future research, it would be beneficial to prolong
the data collection period, enabling a more in-depth exploration of long-term trends as
well as incorporating data from various types of vessels to reflect the inherent heteroge-
neity within the industry. This would enable researchers to achieve a more holistic and
robust understanding of the factors influencing the performance and dynamics of the
maritime sector.

Thirdly, some vessels have installed their digitalization system during 2022. For future
research, refining further the same dataset, either by excluding these vessels or by defin-
ing better the period prior- and post-digitalization implementation could enhance the
accuracy of the results.

Conclusions

This study examined whether telemetry-based digitalization can meaningfully improve
vessel compliance and operational performance, using a rare longitudinal dataset that
compared equivalent pre- and post-implementation periods within the same fleet. The
results demonstrate that digital monitoring contributes to fewer PSC deficiencies, lower
maintenance expenditure, and reduced spare parts consumption, confirming all three
hypotheses. These improvements stem from earlier fault detection and more accurate
maintenance planning, which reduce the likelihood of equipment related non-conformi-
ties during inspection.

Beyond the measured outcomes, the study shows that digital tools can reshape oper-
ational practices by enabling more timely intervention and supporting a shift toward
predictive rather than reactive maintenance. The findings also indicate that the benefits
extend across different stakeholder groups, from ship operators seeking more reliable
performance, to ports and authorities aiming for more efficient inspection processes,
and to technology providers refining monitoring systems that support regulatory
readiness.

The evidence suggests that telemetry supports broader sectoral priorities related to
safety, sustainability, and resilience. By reducing unnecessary component replacement,
limiting unplanned failures, and improving the stability of onboard systems, digital
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Fig.7 Main engine cylinder exhaust gas temperatures recorded by the telemetry system, showing early detection
of a rising temperature trend.Source Authors

monitoring contributes to more efficient resource use and strengthens the fleet’s capac-
ity to manage operational disruptions.

Overall, the study highlights the role of telemetry as a practical and effective compo-
nent of maritime digitalization. While the analysis focuses on bulk carriers, the mecha-
nisms identified are applicable to other vessel types, providing a foundation for further
research and wider industry adoption.

Abbreviations

Al Artificial Intelligence

N Number

PSC Port State Control

p-value  Probability Value

SD Standard Deviation

SE Standard Error

TOE Technology-Organization-Environment
w Shapiro-Wilk test statistic
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